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ABSTRACT The coordinated (dis)engagement of the membrane-bound T cell receptor (TCR)-CD3-CD4 complex from the
peptide-major histocompatibility complex (pMHC) is fundamental to TCR signal transduction and T cell effector function. As
such, an atomic-scale understanding would not only enhance our basic understanding of the adaptive immune response but
would also accelerate the rational design of TCRs for immunotherapy. In this study, we explore the impact of the CD4 coreceptor
on the TCR-pMHC (dis)engagement by constructing a molecular-level biomimetic model of the CD3-TCR-pMHC and CD4-CD3-
TCR-pMHC complexes within a lipid bilayer. After allowing the system complexes to equilibrate (engage), we use steered mo-
lecular dynamics to dissociate (disengage) the pMHC. We find that 1) the CD4 confines the pMHC closer to the T cell by 1.8 nm
at equilibrium; 2) CD4 confinement shifts the TCR along the MHC binding groove engaging a different set of amino acids and
enhancing the TCR-pMHC bond lifetime; 3) the CD4 translocates under load increasing the interaction strength between the
CD4-pMHC, CD4-TCR, and CD4-CD3; and 4) upon dissociation, the CD3-TCR complex undergoes structural oscillation and
increased energetic fluctuation between the CD3-TCR and CD83-lipids. These atomic-level simulations provide mechanistic
insight on how the CD4 coreceptor impacts TCR-pMHC (dis)engagement. More specifically, our results provide further support
(enhanced bond lifetime) for a force-dependent kinetic proofreading model and identify an alternate set of amino acids in the
TCR that dominate the TCR-pMHC interaction and could thus impact the design of TCRs for immunotherapy.

SIGNIFICANCE The (dis)engagement of the membrane-bound T cell receptor determines T cell effector function and
depends on several coreceptor interactions including the CD3 and CD4. The ability to design T cell receptors will be
advanced by understanding the process by which signals are transferred from the T cell receptor to the CD3 and CD4. This
work explores the dynamic coordination of these coreceptor interactions during (dis)engagement of the membrane-bound
CD4-CD3-TCR from the pMHC.

INTRODUCTION duction (1-5) include the following: microphysiological
systems (i.e., lab-on-a-chip) to examine cellular migration
in physically tuned microenvironments (6—10), bio-
membrane force probes to control and quantify applied
force on protein-protein interactions (11-15), and a host
of multifaceted probing techniques that simultaneously
capture in situ nonequilibrium protein kinetics and/or
biochemical signaling in real time (e.g., micropipette aspi-
ration (16-18), atomic force microscopy (19,20), optical
tweezers (21,22), magnetic tweezers (18), laminar flow
chamber (23-25)). However, none of these techniques pro-

Cellular sensation is defined, in part, by the (dis)engage-
ment of membrane-bound protein-protein interactions
that occur in dynamic disequilibrium. Understanding these
molecular- and atomic-level interactions has required a
modernization of tools to discern the in situ mechanics
and kinetics that initiate transmembrane activation and
propagation of downstream intracellular signaling. The
suite of experimental tools at the frontier of signal trans-
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uniquely capture atomic-level insight on protein-protein
association and dissociation (26-29).

A central feature of the adaptive immune response is the
(dis)engagement of the peptide-major histocompatibility
complex (pMHC) with the T cell receptor (TCR), which
may (or may not) result in the activation of the T cell and
effector function. Atomic-level understanding of this pro-
cess is limited yet fundamental to advance TCR design as
a central feature of immunotherapies. The TCR is stabilized,
in part, by a three-dimer coreceptor (3¢ and ye heterodimers
and ¢¢ homodimers) known as the CD3 (30-33) that is
required for localization of the TCR to the cell surface
(34). TCR cell signaling is initiated by binding to a cognate
pMHC. It is not yet known which amino acids in the TCR
dominate the interactions during (dis)engagement and
whether engagement, disengagement, or both initiate signal
transduction to the intracellular domain of the CD3 corecep-
tor where 10 immunoreceptor tyrosine-based activation mo-
tifs (ITAMs) are phosphorylated by lymphocyte-specific
kinases (LCKs) (35).

In addition to the CD3 coreceptor, the TCR complex in-
cludes the CD4 or CD8 coreceptor, which has a dual role
in localizing the LCKs to the cell membrane through the
interaction of the cytoplasmic tail of the CD4 or CD8 core-
ceptor (36,37), as well as stabilizing the extracellular TCR-
pMHC interaction (38,39). The transmembrane mechanism
by which CD3 ITAM phosphorylation is enabled by the
TCR (dis)engagement to a cognate pMHC remains debated
(35,40). In brief, the cytoplasmic chains of the CD3 are
thought to be sequestered to the lipid bilayer preventing
ITAM phosphorylation until the (dis)engagement from a
cognate pMHC releases the ITAMs from the inner mem-
brane (35,40). The mechanism by which signal is trans-
ferred from the TCR-pMHC interaction to the CD3
ITAMs is unknown but may be mechanically transduced
(2-5,41). Moreover, despite demonstration that the coordi-
nated trimolecular (CD4-CD3-TCR or CD3-TCR-CDS8)
disengagement from the pMHC amplifies molecular bond
lifetime under load and enhances antigen discrimination
(42,43), there is no atomic-level understanding of how this
trimolecular coordination is achieved.

We began this investigation by utilizing the recently
deposited CD3-TCR complex (30) to construct two biomi-
metic models: a CD3-TCR-pMHC and a CD4-CD3-TCR-
pMHC complex embedded in a lipid bilayer (44). This
approach allows us to specifically probe the impact of the
CD4 coreceptor on the TCR-pMHC (dis)engagement. We
equilibrated these molecular systems at physiological condi-
tions to simulate engagement and then used steered molec-
ular dynamics to pull the pMHC from the TCR complexes to
simulate disengagement. We then quantitatively analyzed
the interaction energy and relative motion of the system sub-
components to provide atomic-level mechanistic insight on
the impact of the CD4 coreceptor on the (dis)engagement
process.
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MATERIALS AND METHODS
Superposition and homology modeling

The cryo-EM structure of the CD3-TCR complex (30) (PDB: 3TOE) is
the starting structure for generating the CD3-TCR-pMHC and CD4-
CD3-TCR-pMHC systems. Next, the TCR from the deposited TCR-
CD4-pMHC cocrystal structure (38) (PDB: 6JXR) is superimposed and
fused on the TCR from the CD3-TCR complex using PyMOL (Schro-
dinger; New York, NY). The TCR is the MS2-3C8 that engages the
self-peptide  derived from myelin basic protein (MBP;14.126,
FSWGAEGQRPGFG) in complex with HLA-DR4 at a measured Kp
5.0 uM in solution (45). Moreover, the CD4 was subjected to directed-
evolution by random in vitro mutagenesis to increase affinity to HLA-
DR4 (Kp = 10.1 uM) (38). This CD4 complex has enhanced affinity to
the pMHC compared with the wild-type; however, the wild-type cocrystal
structure is not available, and the TCR affinity is still stronger than the
mutant CD4, so we determined this was sufficient for this initial investi-
gation. Future work may elucidate the effects of additional CD4 mutants
on TCR-CD3-CD4-pMHC (dis)engagement. Next, the CD4 intracellular
domain (46) is attached to the N-terminus of the CD4 by generating a
set of 10 structures with the lowest DOPE score (47) via Modeller
v10.1 (48,49). The final CD4-CD3-TCR-pMHC system was selected by
assessing the ability of the system to be embedded in a lipid bilayer
(see below), largely determined by the relative orientation of the CD3
and CD4 transmembrane domains. The CD3-TCR-pMHC system was
generated from the CD4-CD3-TCR-pMHC system by removing CD4
before the lipid bilayer embedding. We aimed primarily to understand
the effects of pMHC (dis)engagement on the T cell (TCR, CD3, CD4,
and membrane) and thus elected not to embed the pMHC in a membrane.
This limitation may be the subject of future investigation; however, solu-
tion-based pMHCs have been shown to activate T cells in vitro (50,51).
The CD3 ITAM motif structures and the relative membrane orientation
are not known, so we decided it was premature to predict their structure
from sequence via homology modeling or deep learning. This allowed
us to primarily focus on the effect of the CD4 on pMHC dissociation;
however, the CD3 ITAM modeling is an important and nontrivial future
direction of research. Moreover, recently deposited CD3-TCR complexes
(52,53) allow additional investigations of CD3-TCR-CD8 and CD4-CD3-
TCR association and dissociation from the pMHC. In addition, these
structures allow for future exploration of the inhibiting effects of choles-
terol bound to the TCR transmembrane domain (53).

Lipid bilayer and protein embedding

The heterogeneous lipid bilayers were constructed using the CHARMM-
GUI membrane builder (54). The CHARMM-GUI generates output files
for GROMACS simulations in six steps (55-60): 1) protein coordinates
are read from the CD3-TCR-pMHC and CD4-CD3-TCR-pMHC system;
2) proteins are then oriented by aligning the first principal axis along the
z axis; 3) determination of system size by specifying lipid ratios and an
initial guess (20 x 20 nm?) for bilayer xy area; 4) components are built
around the protein including the lipid bilayer, solvent, and ions; 5) compo-
nents are assembled into GROMACS formatted topology; and 6) files are
output for multistep energy minimization and equilibration.

The ~20 x 20 nm? biomimetic bilayers consist of 1600 lipids (800 in the
upper and 800 in the lower leaflet). The lipid bilayer is evenly divided across
leaflets and in total consists of 784/1600 cholesterol (CHL1), 304/1600 phos-
phatidylcholine (POPC), 272/1600 phosphatidylserine (SOPS), 128/1600 cer-
amide (CER160), 96/1600 dioleoylphosphatidylethanolamine (DOPE), and
16/1600 phosphatidylinositol (SAPI). Importantly, lipid order and molar ra-
tios have been shown to affect T cell function (61). Therefore, the lipid molar
ratios were determined from measured mass spectrometric lipid analysis in
activated Jurkat T cells (44). Activated T cells contained ~49% cholesterol,
~19% PC, ~17% PS, ~8% SM, ~6% PE, and ~1% PI. In this work, we
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TABLE 1 System atom restraints for six-step relaxation
Force constants for restraints

Relaxation step  Ensemble  Time step  Relaxation time  Protein back bone®  Protein side chain®  Lipid head” Lipid tail° Water” Ions®
1 NVT 1fs 125 ps 40 20 10 10 2.5 10
2 NVT 1fs 125 ps 20 10 4 4 2.5 0
3 NPT 1fs 125 ps 10 5 4 2 1.0 0
4 NPT 2 fs 500 ps 5 2 2 2 0.5 0
5 NPT 2 fs 500 ps 2 0.5 0.4 1 0.1 0
6 NPT 2 fs 500 ps 0.5 0 0 0 0 0

#Positional harmonic restraints (x, y, z) in kecal/mol - A2
®Positional harmonic restraints (z) in kcal/mol- A2
“Dihedral restraints in kJ/mol-rad>

used the ceramide, CER 160, as surrogate for the sphingomyelin (SM) moiety,
which is a class of sphingolipids containing a sphingosine core, neutrally
charged headgroup, and representative lipid tails (18:1/16:0). Moreover,
although the basal ceramide levels were not detected in the mass spectrom-
etry analysis, sphingomyelinase, which hydrolyzes sphingomyelin to cer-
amide, has been shown to be upregulated in stimulated T cells essential for
signal amplification (62,63), and ceramide colocalizes with TCR-CD3 in acti-
vated T cells (64).Therefore, due to the spatiotemporal limitations of mass
spectrometry and the importance of localized ceramide in activated T cells,
we elected to replace sphingomyelin with the hydrolyzed version, ceramide
CER160. The membrane potential of activated T cells is ~50 mV (65,66),
and the lipid charge density is ~0.00055 protons/nm? for this 400-nm? lipid
bilayer (p = %). Therefore, the net charge across the upper and lower
leaflet is neutral. Extended preproduction molecular dynamics simulations
are performed to model the protein-lipid systems at physiological conditions
(details below) and minimize artifacts from superposition, homology
modeling, and lipid bilayer embedding.

Molecular dynamics setup

The output files from CHARMM-GUI were the starting point for the sub-
sequent molecular simulations. In CHARMM-GUI (54), titratable protein
residues were determined by calculation of pKa and deprotonated if pKa
was below 7.4. Systems were solvated in rectangular water boxes with
the TIP3P water model large enough to satisfy minimum image conven-
tion. Na™ and C1~ were added to neutralize the protein charge and to reach
physiologic salt concentration of ~150 mM. Simulations were performed
in full atomistic detail using the CHARMMS36 all-atom lipid force
field (67,68) with orthorhombic periodic boundary conditions. The protein
groups were indexed by atom count in the structure files: MHC (atoms =
1-2873, 3084-5976), peptide (atoms = 2874-3083), CD3 (atoms = 5977—
14508), TCR (atoms = 14,509-22794), and CD4 (atoms = 22,795
29723). Lipids are included in the topology file and indexed according
to atoms in their headgroup and stereospecific numbered tails (snl &
sn2): CHL1 (headgroup = O3 | snl = n/a | sn2 = n/a), POPC
(headgroup = PN,C11 | sn1 = C31-C316 | sn2 = C21-C218), SOPS
(headgroup = P,N,O13A | snl = C31-C318 | sn2 = C21-C218),
CER160 (headgroup = NF,01,CIS | snl = C2S-C18S | sn2 = C1F-
C16F), DOPE (headgroup = P, N,C11 | snl = C31-C318 | sn2 = C21-
C218), and SAPI (headgroup = P,C11,C14 | snl = C31-C318 | sn2 =
C21-C220).

TABLE 2 TCR-pMHC system preproduction simulation
constituents

TCR-pMHC system  Water Molecules Ions Total Atoms
CD3-TCR-pMHC 256,064 1015 Na*, 710 CI' 928,634
CD4-CD3-TCR-pMHC 247,032 1017 Na*, 689 CI' 962,680

Energy minimization, equilibration, and
preproduction

The assembled systems undergo several relaxation steps (with restraints)
before the unrestrained molecular dynamics preproduction simulations.
All steps are performed in GROMACS 2021.3 (69,70) with domain decom-
position on 4 AMD EPYC 7532 32-Core Processors. First is steepest
descent energy minimization to ensure correct geometry and absence of ste-
ric clashes. Next, a six-step relaxation (Table 1) with various restraints that
are progressively relaxed on the protein, water, ions, and lipids is provided
by CHARMM-GUI (55-60): 1) harmonic restraints on ions and protein
heavy atoms, 2) planar restraints on water to prevent diffusion into the
membrane’s hydrophobic region, and 3) planar restraints on the lipid head-
groups to prevent migration along the z axis. The restraint forces are pro-
gressively relaxed to avoid dynamic integration instability while relaxing
the systems to temperature (310 K) and pressure (1.0 bar). The first two
relaxation steps are in the constant volume ensemble (NVT), and the re-
maining four steps are in the constant pressure ensemble (NPT).

Preproduction MD runs used the Nose-Hoover thermostat (71) and
Parrinello-Rahman barostat (72) to ensure true ensemble sampling and to
maintain temperature and pressure, respectively. Temperature was maintained
by coupling all protein, lipid, and solvent atoms to separate baths. Pressure and
temperature time constants 5.0 and 1.0 ps, respectively, were used with the
isothermal compressibility of water, 4.5 x 107> bar~'. Box sizes after prepro-
duction runs were 18.68105 x 18.68105 x 26.02621 nm® (CD3-TCR-pMHC)
and 18.6705 x 18.6705 x 27.04916 nm® (CD4-CD3-TCR-pMHC) with
~250,000 water molecules, ~1700 ions, and ~900,000 total atoms (Table 2).
The particle Ewald mesh algorithm (73,74) was used for long-range electro-
static calculations with cubic interpolation and 0.12-nm maximum grid
spacing. Short-range nonbonded interactions were cut off at 1.2 nm. All
bond lengths were constrained using the LINCS algorithm (75); except, water
bond lengths were constrained by SETTLE (76). The leap-frog algorithm was
used for integrating equations of motion with 2-fs time steps. Two metrics were
used to assess the convergence of the preproduction simulations for steered
molecular dynamics: 1) the root mean-square deviation (RMSD) from the
initial configuration of all protein groups (TCR, CD3, CD4, peptide, MHC)
and 2) average area per lipid for the upper and lower leaflets. The converged
preproduction simulations were considered complete once both metrics had
flattened for at least 50 ns of simulation time. This resulted in 150-ns and
300-ns preproduction runs for the CD3-TCR-pMHC and CD4-CD3-TCR-
pMHC systems, respectively. Three configurations were selected from the
CD3-TCR-pMHC system (100, 125, 150 ns) and the CD4-CD3-TCR-
pMHC system (250, 275, 300 ns) preproduction runs to minimize time-
correlated structures (77) and enhance steered molecular dynamics (SMD)
sampling (78).

Steered molecular dynamics

After the preproduction runs, the protein-lipid configurations were selected
25 ns apart in the 50-ns time windows and solvated in simulation boxes
with an extended z axis: 18.68105 x 18.68105 x 44.02621 nm’
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TABLE 3 TCR-pMHC system steered molecular dynamics simulation constituents

TCR-pMHC system Preproduction equilibration time (ns) Water Molecules Tons Total Atoms

CD3-TCR-pMHC 100 442,854 1714 Na*, 1388 CI 1,517,498
125 442,913 1714 Na™, 1388 CI 1,517,675
150 442,888 1714 Na*, 1388 CI 1,517,600

CD4-CD3-TCR-pMHC 250 452,280 1724 Na™, 1419 CI 1,552,746
275 452,280 1724 Na*, 1419 CI 1,552,746
300 452,280 1724 Na™, 1419 CI 1,552,746

(CD3-TCR-pMHC) and 18.6705 x 18.6705 x 45.04916 nm® (CD4-CD3-
TCR-pMHC). SMD system details are provided (Table 3), and the 18-nm
box extension was sufficient to separate the pMHC and was based on our pre-
vious work (29,79-81). Solvation was followed by 1) the addition of Na* and
CI" ions, 2) 100 ps NVT, and 3) 100 ps NPT as described previously to relax
re-solvated water-ion boxes (with no restraints) (29,79-81). There are two
ways to apply load (82): controlling pull force (29,59,60,84) or pull rate
(17,18). Both methods are readily used in the literature, and we selected to
control pulling force to focus, in part, on comparing the force-dependent
dissociation kinetics of the TCR-pMHC systems. As an improvement on
our previous reports (29,59,60) and previous studies (17,18), we chose to
apply a constant force of 250 pN to the center of mass (COM) of the lipid
membrane and pMHC in the z-direction, until the distance between the
COMs reached 0.49 times the box size. This was more than adequate to fully
separate the CD3-TCR and CD4-CD3-TCR systems apart from the pMHC
(i.e., interaction energy with pMHC reached zero). The break point is defined
as the point where the interaction energy (both Coulombic and Lennard-
Jones) reaches zero between the TCR-pMHC, which corresponded to & =
16.3 nm + 0.66 across the six steered MD runs. The COM of the membrane
was chosen as the pulling location to mimic the in situ TCR, and pulling from
the COM of pMHC was selected because pulling from the termini results in
artificial unfolding (29). Although force is critical in TCR-pMHC interactions
(14,83), it remains difficult to interpret and measure the direction of applied
force on the nanometer scale (84). A previous investigation exploring force
directions found minimal binding dependence on force direction across
TCR-pMHC pairs (17), and thus we elected to pull perpendicular to the lipid
membrane to ensure full separation from the membrane-coreceptor complex.
All simulation trajectories and selected frames were visualized in the PyMOL
Molecular Graphics System (Schrodinger; New York, NY).

Data and statistical analysis

Data analysis was performed with the GROMACS suite (69,70) (i.e., gmx
make_ndx, gmx hbond, gmx rms, gmx_rdf, gmx_density, gmx rmsf, and
gmx_energy) and python packages for data handling and visualization
(i.e., numpy (85), pandas (86), matplotlib (87), GromacsWrapper (88),
scipy (89), and pingouin (90), and custom python scripts). The geometry
of a Lennard-Jones contact is defined as a distance less than 0.35 nm be-
tween atoms. The principal component analysis of the simulation trajec-
tories was performed using the package MD analysis (91,92). FATSLiM
(93) was used for calculating area per lipid, and LiPyphilic (94) was used
for calculating area per lipid, lipid order parameter, assigning lipid leaflets,
and 2D Voronoi tessellations. Statistics were performed in python using
scipy for Student’s t-tests, scipy for one-way analysis of variance
(ANOVA), and pingouin for pairwise Tukey-HSD post-hoc tests.

RESULTS

The solved CD3-TCR complex (30) was superimposed on
the TCR of the TCR-pMHC-CD4 complex (38). The CD4
was then homology modeled (47-49) to include the cyto-
plasmic tail (46). Next, the CD3-TCR-pMHC and CD4-
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CD3-TCR-pMHC complexes (Fig. 1) were embedded in a
lipid bilayer composed of lipids at the stoichiometric ratio
to model activated T cells (44). The systems were solvated,
multistep energy minimized, and simulated with no re-
straints for 150 ns without CD4 and 300 ns with CD4 to
equilibrate the protein-lipid structures at physiological con-
ditions (see Materials and Methods). Consistent with previ-
ous work, during the unrestrained molecular dynamics
simulations, all protein chains and lipids were monitored,
and the equilibration point was indicated by flattening of
the RMSD (Fig. S1 A and B) and area per lipid (Fig. S1 C
and D) plots, respectively (95-97). The CD3-TCR-pMHC
and CD4-CD3-TCR-pMHC systems reached equilibrium
after ~100 ns and ~250 ns of simulation time, respectively.

The lipid distributions were analyzed in the upper and
lower leaflet of both CD3-TCR-pMHC (Fig. 2 A) and
CD4-CD3-TCR-pMHC (Fig. 2 B) systems after equilibra-
tion. We found that the lipids were uniformly distributed
around the proteins with an area per lipid between 0.4 and
1.0 nm? in the upper and lower leaflet (Fig. 2 C and D).
Moreover, heterogeneous membrane normal lipid densities
were between 50 and 600 kg/m3 (Fig. 2 E and F). In addi-
tion, we assessed the individual lipids by analyzing the
area per lipid and lipid order parameter in the upper and
lower leaflet (Figs. S2—S7). The area per lipid is the density
of lipid headgroups in the leaflet plane, and the lipid order
parameter is the averaged second Legendre polynomial of
orientation of lipid tail heavy atoms with respect to the
membrane normal. We found that CHL1 is uniformly
distributed in the bilayer, and the area per lipid is
~1-2 nm?, which is consistent with the molar ratio
(Fig. S2). Similarly, POPC (Fig. S3), SOPS (Fig. S4), cer-
amide (CER160) (Fig. S5), DOPE (Fig. S6), and SAPI
(Fig. S7) lipids are evenly distributed with an area per lipid
proportional to their molar ratio. Moreover, the average or-
der parameter of lipid tails is between 0.2 and 0.5 for POPC,
SOPS, CER160, DOPE, and SAPI (Figs. S3-S7).

To effectively capture the ensemble of possible configura-
tions at equilibrium, we selected configurations in triplicate
after the equilibration point and used SMD to pull apart
(dissociate or disengage) the CD3-TCR-pMHC and CD4-
CD3-TCR-pMHC complexes from each configuration
(Fig. 3 A-C). In total, each system is approximately ~1.5
million atoms with a summation of ~1 us of simulation
time (Table 3). We found that, under load, the presence of
CD4 significantly increases the average TCR-pMHC bond
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FIGURE 1 TCR-pMHC systems. Protein-mem-
brane systems include (left) the CD3-TCR-pMHC
and (right) the CD4-CD3-TCR-pMHC protein
complex embedded in a lipid bilayer. System
groups are color coded: TCR (black), CD3 (pur-
ple), CD4 (green), peptide (blue), MHC (orange),
and lipids (gray). To see this figure in color, go on-
line.

lifetime from 6.4 ns to 282.7 ns (Fig. 3 A). At equilibrium, E). Furthermore, this CD4 confinement substantially in-
the pMHC is confined 1.80 nm closer (§p = 11.5 *+ 0.28 nm creases the coulombic interaction energy (about eightfold)
compared with £ = 13.3 = 0.32 nm) to the T cell mem- between the TCR-pMHC at the initial reaction coordinate,
brane in the presence of the CD4 coreceptor (Fig. 3 D and £, and is maintained (about twofold) along the reaction

FIGURE 2 TCR-pMHC system lipid profiles. The lipid profiles for the CD3-TCR-pMHC (left) and CD4-CD3-TCR-pMHC (right) systems. This includes
views of the lipid membrane: top-down view of the upper leaflet for system without CD4 (A, left) and system with CD4 (B, left) as well as bottom-up view of
the lower leaflet for system without CD4 (A, right) and system with CD4 (B, right). The lipid color schematic: CHL1 (cyan), POPC (forest green), SOPS
(yellow), CER160 (blue), DOPE (brick red), SAPI (magenta). Protein components are also depicted in the top row in the same color schematic as Figure 1.
2D Voronoi tessellations (x-y plane) of the lipid headgroups’ area per lipid for the system without CD4 (C) and with CD4 (D) for the upper (left) and lower
(right) leaflet. Lipid count for the upper and lower leaflet is provided in the top left of each area per lipid plot. Membrane normal (z axis) densities of all
system components for CD3-TCR-pMHC system (E) and CD4-CD3-TCR-pMHC (F). The unit vectors are displayed in a cartesian coordinate system.
To see this figure in color, go online.
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FIGURE 3 TCR-pMHC dissociation. The kinetics and energetics of pMHC dissociation. (A) Average TCR-pMHC bond lifetime in nanoseconds for the
system without CD4 (left) and with CD4 (right). Systems are statistically compared (n = 3): #p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001 by one-way
ANOVA followed by Tukey-HSD post-hoc test. Graphical representation of steered molecular dynamics for system (B) without CD4 and (C) with CD4.
System groups are color coded: TCR (black), CD3 (purple), CD4 (green), peptide (blue), MHC (orange), and lipids (gray). The red arrows indicate the
site and direction of applied force. The bottom red lines with red circles at both terminals indicate the initial reaction coordinate, &, for each system in nano-
meters. Interaction energy as a function of the reaction coordinate is displayed for (D) the CD3-TCR-pMHC system and (E) the CD4-CD3-TCR-pMHC
system. Interaction energy between the TCR and pMHC is decoupled into coulombic (gray) and Lennard-Jones (black) potential. Additionally, for the
CD4-CD3-TCR-pMHC system, the CD4-pMHC coulombic (green) and Lennard-Jones (forest green) potential is shown. The interaction energies are re-
corded at 10-ps intervals and distributed into ~0.5-A bins where the lines represent mean = SEM across triplicate steered MD runs. The TCR-pMHC break
point, £ _ 143 nm, is indicated by the dashed vertical line. To see this figure in color, go online.

coordinate (Fig. 3 D and E). Moreover, the coulombic inter-
action energy between the CD4-pMHC is ~ -100 to
—200 kJ/mol greater than the TCR-pMHC. This coordinated
CD4 binding to the pMHC is further strengthened by
~ =400 kJ/mol at £ = 16.3 nm, which corresponds to the
average break point of the TCR-pMHC interaction (Fig. 3
E). The pMHC breakpoint when CD4 was present was
15.9 * 0.6 nm, and the break point when CD4 was not pre-
sent was 16.6 = 0.6 nm. This closer break point in the pres-
ence of CD4 is likely because the pMHC configuration is
1.8 nm closer to the membrane at equilibrium. Interestingly,
this results in a longer reaction distance of 4.4 nm in the
presence of the CD4 (i.e., 15.9 nm-11.5 nm) compared
with 3.3 nm in the absence of CD4 (i.e., 16.6 nm—13.3 nm).

Next, we analyzed the hydrogen bonds and Lennard-
Jones contacts between the TCR-pMHC to discern the
characteristic residues that contribute to the spatial and dy-
namic energetics. During the pulling simulations of the
CD3-TCR-pMHC and CD4-CD3-TCR-pMHC systems,
we found significantly more hydrogen bonds between the
TCR-pMHC in the presence of the CD4 coreceptor during
dissociation (Fig. 4 A). In summation with the CD4-pMHC
interactions, the CD4-CD3-TCR complex has on average
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17.4 hydrogen bonds with the pMHC (TCR-pMHC
(8.8 = 2.4) + CD4-pMHC (8.6 *= 3.0)) compared with
only 3.8 = 1.9 hydrogen bonds for the CD3-TCR complex
(Fig. 4 A). To understand the differences in the TCR-
pMHC interactions, we evaluated the total percentage of
simulation time that all hydrogen bonds were occupied
for each system. We then examined the top five hydrogen
bonds ranked by occupancy percentage for each system
(Fig. 4 B). Interestingly, we found asymmetric hydrogen
bonding during dissociation. For example, the TCR argi-
nine 115 demonstrated 97.8% occupancy to the peptide
arginine 9 for the CD4-CD3-TCR-pMHC system
compared with 0.0% occupancy for the CD3-TCR-pMHC
system. Conversely, the TCR glycine 115 demonstrated a
28.0% occupancy hydrogen bond to the peptide alanine 5
for the CD3-TCR-pMHC system compared with 0.0% oc-
cupancy for the CD4-CD3-TCR-pMHC system. These
asymmetric interactions are highlighted by the shift in
interaction “hotspots” at the TCR-pMHC interface
(Fig. S8). This shift is initiated during the preproduction
equilibration of the systems, and the asymmetry in bonding
is measured during the SMD dissociations. Similarly,
the number of Lennard-Jones contacts between the
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FIGURE 4 TCR-pMHC bonds. Hydrogen bonds and Lennard-Jones contacts for the CD3-TCR-pMHC and CD4-CD3-TCR-pMHC systems. This includes
(A) the probability density of hydrogen bonds between the TCR-pMHC and CD4-pMHC for each system, (B) the top five hydrogen bonds between TCR-
pMHC for each system (10 total), (C) the probability density of Lennard-Jones contacts between the TCR-pMHC and CD4-pMHC for each system, (D) and
the top five Lennard-Jones contacts between TCR-pMHC for each system (10 total) (right). The top five interactions for the CD3-TCR-pMHC system are
colored light gray, and the top five interactions for the CD4-CD3-TCR-pMHC system are colored dark gray. Systems are statistically compared (n = 3): #p <
0.10, *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA followed by Tukey-HSD post-hoc test. To see this figure in color, go online.

TCR-pMHC was significantly greater for the CD4-CD3-
TCR-pMHC system (Fig. 4 C), and there were comparable
asymmetric interactions between the systems (Fig. 4 D).
Furthermore, we generated heat maps for the hydrogen
bonds and Lennard-Jones contacts as a function of the re-
action coordinate by distributing the time points into
~0.5-A bins and calculating the fractional occupancy of
each respective bin. These heat maps were averaged over
the triplicate pulling simulations for each system, and the
top ten interactions are displayed for each system for com-
parison (Fig. S9). The heat maps again demonstrate a sig-
nificant shift in the amino acids contributing to the
hydrogen bonds and Lennard-Jones contacts.

To postulate a potential mechanism for how disengage-
ment of the TCR-pMHC may generate a mechanical pertur-
bation, and thus a signal, that is transferred to the CD3, we
examined the CD3-TCR, CD3-lipids, and lipid-lipid inter-
actions during (dis)engagement. We found that the CD3-
TCR interaction energy along the reaction coordinate is
similar in magnitude for both the CD3-TCR-pMHC and
CD4-CD3-TCR-pMHC systems (Fig. 5 A); however, there
are increased energetic fluctuations (=200 kJ/mol) near
and after the TCR-pMHC break point, £ = 16.3 nm
(Fig. 5 A). Moreover, these energetic fluctuations persist
near and through this reaction coordinate for the CD3-lipids

(Fig. 5 B) and lipid-lipid interactions (Fig. 5 C and D). With
a fixed reaction coordinate (i.e., near the TCR-pMHC break
point), the overlayed structures at the peak and trough of
energetic fluctuation demonstrate structural oscillation in
the CD3-TCR complex for both systems (Fig. S10). For
example, the CD3-TCR without CD4 fluctuates coulombic
potential between —1871 kJ/mol and —1603 kJ/mol with a
CD3-TCR RMSD of 1.49 nm after membrane alignment
(Fig. S10 A). Additionally, the CD3-TCR with CD4 fluctu-
ates coulombic potential between —2016 kJ/mol and
—2447 kJ/mol with a CD3-TCR RMSD of 2.36 nm after
membrane alignment (Fig. S10 B). These structural oscilla-
tions are supported by the principal component analysis
of the trajectories (Videos S1-S12). For the CD3-TCR-
PMHC system, the first principal component (PC1) is domi-
nated by the direction of pulling, and PC2-5 are dominated
by various scissor and twist motions of the CD3-TCR
(Fig. S11; Videos S1-S12). For the CD4-CD3-TCR-
pMHC system, PC1 is dominated by the CD4 translocation
to stabilize the CD3-TCR-pMHC, PC2 is dominated by the
direction of pulling, and PC3-5 are dominated by CD3-TCR
scissor and twist motions (Fig. S11; Videos S1-S12). Impor-
tantly, the CD4 translocation, demonstrated by PCl1, is
further supported by an increase in coulombic energy be-
tween CD4-pMHC (Fig. 3 E) near the TCR-pMHC break
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FIGURE 5 CD3-TCR, CD3-lipids, and lipid-lipid interactions. Interaction energy as a function of the reaction coordinate is displayed for the CD3-TCR-
pMHC and CD4-CD3-TCR-pMHC systems. Interaction energy is decoupled into coulombic (gray, green) and Lennard-Jones (black, forest green) potential
for the respective systems (CD3-TCR-pMHC, CD4-CD3-TCR-pMHC). This includes the (A) CD3-TCR, (B) CD3-lipids, (C) lipid-lipid coulombic potential,
and (D) lipid-lipid Lennard-Jones potential. The interaction energies are recorded at 10-ps intervals and distributed into ~0.5-A bins where the lines represent
mean = SEM across triplicate steered MD runs. The TCR-pMHC break point, & _ 143 nm, is indicated by the dashed vertical line. To see this figure in color,

go online.

point. Moreover, this translocation results in additional sta-
bilizing coulombic interactions between the CD4-TCR and
CD4-CD3 (Figs. 6 and S12) that hinder dissociation.

DISCUSSION

The CD4 colocalizes with the CD3-TCR complex and hin-
ders the dissociation of the TCR-pMHC. This trimolecular
coordination is achieved by the CD4 1) confining the
pMHC 1.80 nm closer to the T cell membrane, 2)
increasing the strength of the TCR-pMHC interaction by
shifting the TCR along the pMHC binding groove to
engage a different complement of amino acids and about
an additional five hydrogen bonds, and 3) translocating in
proximity to the CD3-TCR-pMHC, effectively stabilizing
the pMHC bound complex and hindering dissociation by
276.3 ns. Moreover, dissociation of the pMHC from the
CD3-TCR and CD4-CD3-TCR complexes creates
increased energetic and structural fluctuations that may
contribute to signal transduction.

System equilibration

The TCR, CD3, pMHC, and lipid bilayer equilibrate with
CD4 on timescales of tens of nanoseconds, thus requiring
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more simulation time than in the absence of CD4 (Fig. 1).
The original cocrystal structure does not contain the mem-
brane or the CD3 embedded TCR; therefore this reorienta-
tion is expected to accommodate the physiological state.
Furthermore, to ensure an equilibrated state, we elongated
the equilibration simulations to achieve at least a 50-ns win-
dow of stabilized structures (protein chains and lipids) to
sample the triplicate configurations for SMD (Fig. S1).

The overall area per lipid of 0.4—1.0 nm? in the leaflets of
the equilibrated systems (Fig. 2 C and D) is consistent with
rigid lipid bilayers (98—101) such as the activated immuno-
logical synapse of a T cell (44,102). This rigidity can be
attributed to a high lipid molar ratio 0.49 (784/1600) of
CHLI1 and the reduced lipid fluidity caused by hydrogen
bonding from the cholesterol hydroxyl group to other
lipid amide headgroups (103,104). Moreover, heteroge-
neous membrane normal lipid densities between 50 and
600 kg/m® (Fig. 2 E and F) reveal stable protein-lipid
systems. We did not find any significant lipid-specific
lateral diffusion around the membrane proteins during
equilibration (not shown) or during the pulling simulation
(Fig. S13). Moreover, lipids are evenly distributed around
the membrane proteins (Figs. S2-S7). This may be attrib-
uted to reduced lateral lipid diffusivity in rigid (or CHLI-
rich) membranes (104).



CD4 confinement, hindered dissociation, and
translocation

We have previously demonstrated that SMD is robust at de-
tecting small differences in protein-protein interactions
including mutations and glycosylation (29,80). Moreover,
mutations made to the peptide of the TCR-pMHC complex
can alter the observed bond lifetime (79). However, prior
work has not considered the CD3 and CD4 co-receptors
and key contributors to the overall energetic landscape
and thus possible contributors to the (dis)engagement of
the pMHC-TCR. In this study, we demonstrate that the
CD4 hinders TCR-pMHC dissociation by significantly
increasing bond lifetime under load (Fig. 3 A), which is
consistent with experimental bond lifetime measurements
(42,43). This trimolecular coordination to increase bond
lifetime has been shown to enhance antigen discrimination
for CD4/CD8 T cells (42,43) and is consistent with a
force-dependent kinetic proofreading model (29). Further-
more, we found that this bond lifetime augmentation is
caused by three predominate structural changes. First, the
CD4 confines the pMHC closer to the T cell membrane,
& = 11.5 nm with CD4 compared with & = 13.3 nm
without CD4 (Fig. 3 B and O).

Second, the CD4 confinement induces a TCR shift along
the pMHC binding groove resulting in a stronger interaction
(Fig. 3 D and E) and asymmetric bonding characteristics
during dissociation (Fig. 4). For example, the coulombic
interaction energy between the TCR-pMHC is about eight
times stronger for the system with CD4 at £, and remains
200-300 kJ/mol stronger along the reaction coordinate
(Fig. 3 D and E). The binding modes are formed after pre-
production equilibration (§y), and the measured binding
asymmetry occurs during the SMD dissociations. These
distinct binding characteristics are more easily visualized
with hotspot residue interactions (Fig. S8) and made clear
when the interaction heat maps are compared along the re-
action coordinate during disengagement (Fig. S9). These
observations are particularly intriguing as they identify an
entirely different set of amino acids that dominate the inter-

A model of the CD4-CD3-TCR complex

FIGURE 6 CD4 translocation. Visualization of
the CD4 translocation to stabilize the TCR-
pMHC interaction. This includes (A) the equilib-
rium configuration, which is also the starting point
of the pMHC dissociation, and (B) a time point
~40 ns before the pMHC dissociates from the
CD4-CD3-TCR complex. The configurational
time point, reaction coordinate, CD4-pMHC
coulombic potential, TCR-CD4 coulombic poten-
tial, and CD3-CD4 coulombic potential are dis-
played in the top left of each panel. Small red
arrows indicate the direction of CD4 translocation.
To see this figure in color, go online.

action energy landscape of the TCR-pMHC during (dis)
engagement and thus provide new targets in the design of
TCRs for immunotherapy.

Third, the CD4 translocation hinders pMHC dissociation
by stabilizing the TCR-pMHC interaction. Stabilization is
demonstrated by an increased coulombic potential of
approximately —400 kJ/mol between the CD4-pMHC along
the reaction coordinate beyond the TCR-pMHC break point,
£ = 16.3 nm (Fig. 3 E), resulting in a 44-fold increase in
simulated bond lifetime (Fig. 3 A). Moreover, the CD4
translocation dominates essential atomic motion (i.e.,
PC1) (Fig. S11; Videos S1-S12) and results in additional
stabilizing interactions of more than —500 kJ/mol between
the TCR-CD4 and CD3-CD4 (Figs. 6 and S12). These find-
ings agree with experimental measurements and provide
an explanation for how trimolecular CD4-CD3-TCR
complexes coordinate to enhance pMHC bond lifetime un-
der load.

CD3-TCR oscillation

The release of sequestered CD3 ITAMs from the inner
leaflet of the cell membrane is fundamental to T cell activa-
tion because TCRs do not have an intracellular signaling
domain. The ability to understand transmembrane mechano-
transduction from the TCR to CD3 is experimentally limited
(105,106), and thus molecular dynamics provide an oppor-
tunity to explore interprotein conformational mechanisms
across the lipid bilayer (107-109). In this study, we demon-
strate that upon dissociation of a CD3-TCR or CD4-CD3-
TCR complex from a cognate pMHC, there are increased
energetic and structural fluctuations that occur between
the CD3-TCR, CD3-lipids, and lipid-lipid. Superimposed
structures at the peak and trough of energetic fluctuation
demonstrate structural oscillation in the CD3-TCR complex
with an RMSD of 1.49 nm for the system without CD4 and
RMSD of 2.36 nm with CD4 (Fig. S10). These structural os-
cillations between the CD3-TCR exhibit corresponding en-
ergetic fluctuations upward of =+ 134 kJ/mol without CD4

Biophysical Journal 122, 3133-3145, August 8, 2023 3141



Rollins et al.

(Fig. SI0 A) and *=215.5 kJ/mol with CD4 (Fig. S10 B) near
and beyond the TCR-pMHC break point, £ = 16.3 nm
(Fig. 5 A). These energetic fluctuations are propagated to
the CD3-lipid (Fig. 5 B) and lipid-lipid (Fig. 5 C and D) in-
teractions upon dissociation of the pMHC. Moreover, these
structural fluctuations dominate the essential atomic motion
and present as various scissor and twist motions of the CD3-
TCR complex: PC2-5 without CD4 and PC3-5 with CD4
(Fig. S11; Videos S1-S12). These results suggest that the
TCR rocks or wobbles upon disengagement of a cognate
pMHC, and this motion propagates energy to the CD3-
TCR and CD3-lipid interactions. The energetic fluctuations
may contribute to the mechanical release of the ITAMs from
the inner leaflet. Moreover, these results agree with recent
simulation reports that show CD3 ITAM regulation may
be controlled by the tightly coupled CD3-TCR dynamics
upon pMHC binding (110-112). This hypothesis may be
modified when the structure of the complete CD3 cyto-
plasmic domains become available on the PDB data bank
(40). However, previous simulations of the CD3e cyto-
plasmic tails suggest that ITAM sequestration is mediated
by canonical tyrosine residues binding to negatively charged
lipids (e.g., SAPI) at the liquid ordered-liquid disordered
(L,-Ly) membrane interface (113). Moreover, these results
show that the CD3e tails become more unstructured with
reduced membrane interactions to liquid-ordered (L) mem-
branes. Because activated T cells have L, membranes, it is
possible that upon pMHC disengagement, the lipid-lipid en-
ergy fluctuations cause the already loosened CD3e tails to be
completely released from the membrane and enable
maximum ITAM phosphorylation. This work provides the
impetus to attach the CD3 ITAM motifs to the CD3 core-
ceptor via deep learning structure generation methods
(114-116) and to explore the direct effect on the membrane
sequestered CD3 ITAMs upon TCR-pMHC disengagement
of several TCR-pMHC pairs.

CONCLUSION

We demonstrated three central modes of action for how the
CD4 coordinates with the CD3-TCR complex to hinder
dissociation from the pMHC and thus potentially stimulate
signal transduction and effector function. The mechanisms
include the CD4 confinement of the pMHC 1.8 nm closer
to the T cell membrane at equilibrium, the CD4 shift of
the TCR along pMHC binding groove to strengthen the
TCR-pMHC interaction by greater than 200 to 300 kJ/mol,
and the stabilizing CD4 translocation that increases interac-
tion energy between the CD4-TCR and CD4-pMHC. The
shift of the TCR along the pMHC binding groove engages
a different set of amino acids, and thus it has implications
for the design of TCRs for immunotherapy. In addition,
we find that the TCR rocks or wobbles upon pMHC
dissociation and propagates energy fluctuations to the
CD3-TCR, CD3-lipid, and lipid-lipid interactions. This en-
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ergetic propagation may facilitate the release of CD3
ITAMs from the inner leaflet of the T cell providing a
mechanotransduction-based mechanism for TCR-pMHC
signal transduction. Although the generalizability to all
TCR-pMHC pairs is to be determined, these results are sup-
ported by experimental observation, provide mechanistic
insight on CD4-CD3-TCR trimolecular coordination, and
provide impetus for future investigations on CD4-CD3-
TCR/CDS trimolecular coordination with membrane-bound
CD3 ITAMs.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2023.06.018.
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