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cover letter

Dear Editor

My colleagues and | are pleased to submit our manuscript entitled “The role of peptide
conformation presented by MHC in the induction of TCR triggering” for publication in
Biophysical Journal.

While crystal structure identifies all visible bonds stabilizing TCR-pMHC complex, it
cannot explain a possible mechanism of TCR triggering. Indeed, the structures of
stimulatory and non-stimulatory TCR-pMHC complexes has been found to be
essentially identical. To unravel the mechanism of TCR triggering, we have utilized
supercomputing modeling and metadynamics approach to reconstruct all possible TCR
orientations relative to pMHC surface from available crystal structures of syngeneic and
allogeneic TCR bound to either stimulatory or non-stimulatory pMHC ligands. We
compared canonical docking states with intermediate docking states for the TCR-pMHC
complexes and revealed a unique metastable orientation in the stimulatory complexes.
This unique metastable orientation indicates a clear difference between stimulatory and
non-stimulatory TCR-pMHC complexes. We believe that these findings allows us to
propose a model that explains how TCR discriminates between various pMHC ligands
and triggers TCR-mediate signaling.

We would like to suggest the following reviewers:

Brian Baker, University of Notre Dame, email - brian-baker@nd.edu

David Margulies, National Institute of Health, email - david.margulies@nih.gov
Eric Martinez-Hackert, Michigan State University, email - emh@msu.edu

Balbino Alarcon, Universidad Autonoma de Madrid, email — balarcon@cbm.csic.es
Diana Gil Pages, University of Missouri, email- GilPagesd@health.missouri.edu
Zoe Cournia, Biomedical Research Foundation, Academy of Athens, email -
zcournia@bioacademy.gr

Vittorio Limongelli, Universita della Svizzera italiana: Lugano, CH, email -
vittorio.limongelli@usi.ch

Giovanni, Bussi, Scuola Internazionale Superiore di Studi Avanzati, Trieste, Italy, email
— bussi@sissa.it

Respectfully,

Yuri Sykulev
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Response to Reviewers

To the Editor
Biophysical Journal

Dear Editor

We are grateful to reviewers for the in-depth analysis of our manuscript and
useful comments. They believe that the proposed analysis revealed a unique
metastable TCR orientation bound to stimulatory pMHC ligand, which was not
observed for TCR interacting with non-stimulatory pMHC ligand. In addition, the
reviewers raised number of issues requiring changes in presentation of
experimental data that is necessary to support the conclusions.

We systematically addressed all reviewers’ questions and provided detailed
answers and clarifications. All changes in the revised manuscript have been
highlighted in red. We believe that all these changes provided necessary
clarifications. As a result, the revised manuscript has been significantly
improved, and we hope that the manuscript will now be considered for
publication in Biophysical Journal.

Below are point-by-point answers to reviewers’ questions.
Reviewer #1

1. The authors through that the text identifies a set of simulation trajectory as
"supercomputer simulation”. This raises a question, namely, are the authors
referring to equilibrium molecular dynamics simulations? If yes, how long these
simulations were performed and how many replicates have been determined?

Answer: We performed biased molecular dynamics, namely metadynamics
simulations with funnel potential. Meta-dynamic was run in two steps. First, an
exploration run was performed for 1 ys. Followed by the production runs for
every system, the final metadynamics trajectory amounted to 15 ps with six mpi
walkers each of 2.5 ys. Convergences of simulation are presented in
Supplementary Figures 5 and 6.

2. The order of text in this manuscript for critical details such as initial structural
model, molecular dynamics methodology details fall short to the standards of
Biophysical Journal. For instance, in the section "Model," the authors included
details about the structure of the TCR-pMHC interface at high resolution with
reference to the accession code/codes. It was confusing weather this was an
experimentally determined structure or generated by a deep-learning algorithm.
Note, both can be at high resolution. The reviewer suggests rearranging the text
stating clearly what are characteristics of the starting model that has been used
for simulation. This is important to ensure that there is no initial model bias
towards the claims and conclusions in the manuscript



Answer: In the section “Model,” we provided information about the structure of
the TCR-pMHC interface derived from published high-resolution X-ray
crystallographic data. This allows comparison of the structure derived from X-ray
crystallographic data with the structure attained from computational analysis. In
metadynamics simulations from our Exploration runs (based on X-ray data), we
identified 6 minima corresponding to non-X-ray states. These minima were then
used as starting states for Production runs (independent of X-ray data). Thus, our
simulations reproduced contacts found in X-ray data as well as identify
intermediate metastable states.

Questions 3 and 9 touch on similar topics and require similar answer. Both
guestions are listed below back-to back, and our response aims to answer both
guestions.

3. Analyzing the present work, | found that the author’s choice imposing
positional restraints to the C-alpha atoms in MHC is ambiguous. The authors
stated that this choice was to avoid inappropriate orientations between
interacting pMHC ligands and TCR. | was concerned that the authors choice
could have an impact of the final result. Speaking succinctly, how limitation of the
degree of freedom (DOF) to a certain range impacts the free energy surface plots
(Figure 8 and supplementary Figure 1). My interpretation (based on Fig. 1
caption) of the authors simulation design is that restraints of MHC were applied
to restrict (or make the domain stiff) or to improve sampling efficiency between
TCR-MHC. However, is this scenario physiologically relevant? Detailed
clarification relating this choice to physiology is necessary.

9. In relation to my earlier comment on the restrained DOF, how was ~ 35
degrees considered physiologically relevant? Also, how did the authors
determine 1000 kJ/(au . mol) restraint applied to MHC corresponds to ~ 35
degrees? Has this been quantified from a equilibrium trajectory? Please include
the time-series plot in the manuscript.

Answer: 1000 [L], is a soft limit allowing an efficient sampling that

au?xmol
includes values up to 35 degrees of TCR tilt. Only C-alpha atoms of the beta-sheet
in the MHC were restricted. This accounts for physiological restriction on MHC
movement: MHC is anchored to the membrane by a transmembrane domain and is
tightly clustered. No restrictions were applied to MHC helixes that are responsible for
TCR interaction. Our goal was to focus on peptide-specific physiologically relevant
TCR-pMHC interaction at the interface, specifically during the early stages of
TCR-pMHC engagement following initial recognition events. TCR-pMHC
interactions proceed in the context of constrained space between target and
effector cell membranes. Both TCR and pMHC are also present on the surface of
the membrane as clusters thus facilitating mostly vertical orientation. This, in
turn, limits physiologically relevant TCR tilt from the normal vector to the pMHC
surface. According to Singh et al., Proteins. 2019;88:503-513, in physiologically



derived TCR-pMHC complexes incidence angles don’t exceed ~35 degrees. We
conclude that in our analysis limitations reflect physiological conditions.

The tilt angle analysis below was performed with the same settings as described
for metadynamics simulation in the main methods but utilized equilibrium
trajectories for plumed driver routine.

PDBID: 1A07

[ Equlibrium MD
I Metadynamics

N w w
w (=) w

N
o

Normalized frequency

0.825 0.850 0.875 0.900 0.925 0.950 0.975
Cosine of tilt angle

Histogram analysis of values of the tilt angle (scheme on Fig 1) in equilibrium
simulation molecular dynamics and in metadynamics simulation of TCR-peptide-
MHC binding process.

4. Related to my previous comment, have the authors performed simulation with
different force constants - when restraining C-alpha atoms in MHC, on the impact
it has on the free energy surface? Alternately, and more importantly, have the
authors started with different conformations (meaning different orientations of
THC) to ensure that current results do not include initial model bias? | would urge
the latter to be included, to ensure the identified metastable conformations are
indeed observed across multiple replicates. In fact, authors mention that they
started from "6 different non-X-ray states". What are these states? Please
indicate and it would be better if you can include this as a schematic diagram in
one of the figures.

Answer:

For each system, we made a separate run with a trajectory length of about 6 ps,
under the same conditions. We call this run an “exploration run”. For these runs,
we plotted the FES as a function of the distance between the centers of mass of
the proteins and the torsional angle of TCR rotation relative to the MHC. We
selected 6 positions of TCR bound to pMHC with minimum energy and used the
conformations in these minima as starting states for “production runs”; this
provided a basis to derive the main results. Supplementary Figure 3



5. The free energy surface plots are pixelated, and certain key features in terms
of barriers and wells are unclear. Please include a clearer image

Answer: New hi-resolution images have been produced

6. In Fig. 3, how were states classified as metastable from metadynamics
simulations? Please provide details on how the free energy surfaces were
analyzed; was this based on population statistics between ensemble members,
the clustering algorithm, which finally led to a conformation indicating the long-
lived state in biased sampling trajectory.

Answer: In our first assumption, we considered the X-ray-derived state as the
global minimum, and any other state found in metadynamics simulation as an
intermediate metastable state. To be more precise, we used a reweighting-based
approach: state extraction was performed from chosen conformations that belong
to minima determined by selected CVs (distance and RMSD). For each state, the
weight was determined by superimposed bias as in Tiwary reweighing. The
states were clustered using GROMACS with a 0.3 nm cutoff and the clusters
populations were reweighed. The most populated cluster was declared as a
metastable state. The procedure was performed using Python and nupmy in
Jupyter notebook.

7. What was the lifetime of the hydrogen bond between B-CDR1 and Y8 of the
TAX peptide (Figure 2C) in the equilibrium trajectory? Can you include a time
series plot?

Answer:

We used equilibrium molecular dynamics simulation as reference for biased
dynamics, to estimate tilt angle (see question 3 and 9) and h-bond lifetime. The
hydrogen bond between 3-CDR1 and Y8 of the TAX peptide was analyzed with
the MDAnNalysis module for Python [Beckstein et al., 2009. J Mol Biol. 394:160-176]
as described in the documentation. Results of this analysis on Supplementary
Figures 1 and 2. We may conclude that hbond survived well in trajectory with
length 1us

8. This sentence is incomplete: "To effectively scan possible interactions
between the TCR loops and the MHC surface with the presented peptide, we
utilized well-tempered metadynamics in Gromacs (37) with the Plumed plugin
where we used two CV's, TCR position on XY plane. "What is the other CV?
Collective variable?

Answer:

The sentence was revised: To effectively scan possible interactions between the
TCR loops and the MHC surface with the presented peptide, we utilized well-
tempered metadynamics in Gromacs (Darden et al., J. Phys. Chem. 98:10089.)
with the Plumed plugin where we used two collective variables X and Y
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coordinates of TCR Center Of Mass interacting with the pMHC surface that
defines the XY plane.

9. See above in answer to question 3

10. In sub-section production runs, the authors use 'mks'. What is mks? See,
"Each walker ran for 2.5 mks with a 2-fs time step, resulting in a 15 mks
trajectory for every system."

Answer:

Originally, “mks” stood for microseconds (us). The sentence has been corrected -
"Each of the six walker runs had a trajectory length of 2.5 ps with a 2-fs time step
resulting in a 15 ys metadynamics trajectory length for every system."

11. Please include the convergence analysis for the free energy as part of the Sl.

Answer:
New graphs for convergence shown in Supplemental Figures 5 and 6
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12. TIP3P water model needs citation. "CI-"; "-" should be a superscript. Include

details about electrostatic calculations, cutoff for non-bonded interactions? Also, |
would rename the sub-section "system setup" to system setup for enhanced
sampling or similar.

Answer:
We used Amber forcefield with explicit solvent simulations (Lindortt-Larsen at al.,
Proteins, 2010; 78:1950-1958) that were performed at T = 300 K under control of



velocity rescaling thermostat (Bussi et al., J. Chem. Phys. 2007, 126: 74101), with
isotropic constant pressure boundary conditions under the control of the
Berendsen algorithm of pressure coupling (Berendsen et al, J. Chem. Phys. 1984;
81:3684-3690), and application of particle mesh Ewald (Darden et al., J. Chem.
Phys. 1993; 98:10089-10092) method for long-range electrostatics interactions
(PME) with short and long-range cutoff radius 0.9nm and the same cutoff radius
for VAW interaction.

13. In various analyses | did not find any analysis that is indicative of catch bonds
or their lifetimes. However, that is the strongest point in the abstract. Please
clarify.

Answer: The mechanism of catch bond formation is not entirely clear. It has been
shown that the application of physical force from 8 to 15 pN to a cognate TCR-
pMHC complex results in the development of catch bonds. The application of
physical force to the non-cognate TCR-pMHC complex results in the formation of
a slip bond, leading to the dissociation of the complex. Thus, the application of
physical force to pMHC-bound TCR may distinguish between short-lived non-
cognate and longer-lasting cognate TCR-pMHC contacts. It is likely that catch-
bond formation will irreversibly denature engaged TCR. In fact, it has been
shown that T cell recognition of a strong pMHC ligand on target cells results in
irreversible TCR endocytose and leads to a significant decrease of the level of
TCR on the surface of T cell attacking target cell (Valitutti et all, 1995, Nature).

We have found approximately 150 degrees deep TCR turn relative to
stimulatory pMHC, while the same analysis of non-stimulatory TCR-pMHC
interaction did not reveal similar TCR turn but led to a formation of different TCR
orientation over the non-stimulatory pMHC. This may suggest that recognition of
non-stimulatory pMHC may not lead to particular TCR CDR loop engagement
that would facilitate TCR triggering. Consistent with this we observed significant
changes in the structure of the cognate pMHC interface bound to the TCR,
namely, dramatic changes of the C-terminal end bound to MHC peptide that were
not evident in the interface of non-cognate pMHC. We would like to suggest that
a dramatic TCR reorientation over pMHC was found only in the syngeneic
signaling complex, indicating that TCR triggering likely involves the formation of
non-canonical TCR-pMHC interactions. This may facilitate rapid pMHC
recognition by improving the kinetics of the TCR-pMHC interaction or contribute
to catch-bond formation under mechanical stress.

Reviewer #2

While the study offers valuable insights, the clarity of the results and the
justification for certain methodological choices could be improved.

1. The authors should provide a more explicit justification for the selection of
collective variables (CVs), addressing their interdependence and ensuring that
they adequately capture the conformational space of the TCR-pMHC complex.



Typically, docking angle (angle between the MHC pocket and the vector between
the TCR domains) and incident angle (angle between the MHC peptide groove
plane normal vector and the TCR interdomain axis of rotation) are used to
describe the orientation of TCR over pMHC. Using these established ones as
CVs would enhance clarity.

Answer: We used X and Y as CVs to allow us to account for a wider range of
movement, including lateral movement within the plane TCR-pMHC interface.
We hypothesized that this type of movement can result from cell movement and
play a role in physiological interactions.

2. The justification for applying restraints on the C-alpha atoms of MHC needs to
be clarified. How does this approach prevent inappropriate orientations between
pMHC and TCR? The authors should explain how these restraints do not limit the
sampling of relevant conformations in the TCR-pMHC complex.

Answer: 1000 [L], is a soft limit allowing an efficient sampling that

au?xmol
includes values up to 35 degrees of TCR tilt. Only C-alpha atoms of the beta-sheet
in the MHC were restricted. This accounts for physiological restriction on MHC
movement: MHC is anchored in the membrane by a transmembrane domain and is
tightly clustered. No restrictions were applied to MHC helixes that are responsible for
TCR interaction. Our goal was to focus on peptide-specific physiologically relevant
TCR-pMHC interaction at the interface, specifically during the early stages of
TCR-pMHC engagement following initial recognition events. TCR-pMHC
interactions proceed in the context of constrained space between target and
effector cell membranes. Both TCR and pMHC are also present on the surface of
the membrane as clusters thus facilitating mostly vertical orientation. This, in
turn, limits physiologically relevant TCR tilt from the normal vector to the pMHC
surface. According to Singh et al., Proteins. 2019;88:503-513, incidence angles
for physiologically derived TCR-pMHC complexes don’t exceed ~35 degrees.
Based on our analysis, we conclude that our limitations reflect physiological
conditions. The tilt angle analysis below was done with the same settings as
described for metadynamics simulation in the main methods, except equilibrium
trajectories were used for plumed driver routine.
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Histogram analysis of values of the tilt angle (scheme on Fig 1) in equilibrium
simulation molecular dynamics and in metadynamics simulation of TCR-peptide-
MHC binding process.

3. The reason for using two collective variables to explore the metastable states
of the complex is unclear. A detailed explanation of how these CVs contribute to
understanding metastable states would strengthen the argument.

Answer: We defined X and Y as coordinates on a plane of pMHC surface to allow
us to account for lateral movement of the TCR in the plane in addition to TCR
turn and tilt. We assume lateral movement can be forced by cell movement and
might have a significant contribution to signaling.

4. The authors should consider presenting 1D free energy surfaces for the
appropriate collective variables, which will provide more insight into the
metastable states and the energy barriers separating them. This will also allow
for easier comparison between the stimulatory and non-stimulatory pMHC
ligands.

Answer: Please see below 1D RMSD FES.
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5. The authors should confirm that the free energy surfaces have converged,
ensuring the statistical significance and reliability of the results.

Answer: Confirmed that FES converged.Please see supplemental information
(picture below)
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6. None of the figures provided in the manuscript are clear. They are quite
blurred, making it difficult to interpret the data. The authors need to replace all
the figures with higher-quality versions that are clear and easy to understand.

Answer: all figures have been reproduced with higher quality
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ABSTRACT

High resolution crystal structure of stimulatory peptide-MHC (pMHC) ligands bound to TCR revealed
different conformation of the two peptides at positions P6 and V7 compared to the conformation of the
same peptides presented by unliganded MHC. Supercomputer simulation and well-tempered
metadynamics approach revealed several meta-stable non-canonical TCR-pMHC interactions that depend
on the conformation of the MHC-bound peptides. The diversity of meta-stable states was significantly
more represented in signaling TCR-pMHC complex. These findings suggest that TCR-pMHC recognition
can be informed by a conformation of peptide presented by MHC that notably influences the orientation of
TCR recognizing pMHC ligand. It appears that TCR bound to stimulatory pMHC possess a significantly
higher degree of freedom to assume various metastable TCR orientations which are distinct from
canonical docking. In contrast, TCR interacting with non-stimulatory pMHC ligand revealed markedly less
meta-stable non-canonical interactions and disengaged from the pMHC. This suggests that productive
TCR-mediated signaling may depend on non-canonical interactions between TCR and pMHC, either
facilitating early recognition events or providing new contacts for catch-bond formation. Our discovery can
inform future attempts to simulate the catch-bond formation mechanism in TCR-pMHC recognition,

allowing the formation of new bonds mediating alternative peptide presentation.

STATEMENT OF SIGNIFICANCE

T-cell receptor (TCR) is a multisubunit complex containing recognition and signaling units. How TCR
discriminates between stimulatory and non-stimulatory pMHC ligands is not understood. We have applied
well-tempered metadynamics and supercomputing to reveal several meta-stable non-canonical TCR-
pPMHC interactions that depend on the conformation of MHC-bound peptides. Modeling of various TCR
orientations relative to stimulatory pMHCs revealed a unique metastable TCRs orientation bound to
stimulatory pMHCs that was not evident for TCRs interacting with non-stimulatory pMHC ligands. This
suggests that establishing a unique metastable TCR position relative to pMHC is required for TCR

triggering and has not been previously observed.



INTRODUCTION

TCR is a transmembrane multisubunit protein complex that contains a,3-TCR recognition unit and CD3
signaling complex. TCR recognizes binary ligands - short peptide fragments presented by MHC proteins.
Both MHC moiety and peptide adduct contribute to TCR-pMHC interactions (1). Relative contributions of
the peptide and MHC are not clearly defined, but they are likely varied and depend on TCR, MHC and
peptide combination. TCR could also recognize MHC proteins that are not expressed in the host and are
called allo-MHC. Although it is believed that allo-MHC moiety contributes significantly more than peptide to
the TCR binding (1) and, therefore, could be recognized in association with various self-peptides (2-5), in
some cases TCR recognition of allo-MHC is strongly peptide-dependent (6,7). It is likely that peptides
could induce a unigue conformation of MHC helixes that mediate interactions with the TCR (5,8). It has
been shown that TCR can recognize various peptides bound to the MHC, accounting for TCR cross-
reactivity. How is TCR capable of recognizing multiple peptide-MHC proteins? Available evidence
suggests that the flexibility of TCR CDR loops allows specific binding to the contact surface of various
pMHC ligands (9,10). In addition, water molecules that are trapped in the cavities at the TCR-pMHC
interface could also contribute to the stability of TCR-pMHC complex (11,12). Variation in relative
orientation of pMHC-bound TCR is yet another factor that is thought to influence the specificity of TCR
towards various pMHC ligands (13,14).

Because MHC molecules and TCR are confined to the cell surface, the TCR on a T cell recognizes
pMHC ligands on the surface of other cells, called antigen presenting or target cells. This makes it very
difficult to analyze TCR-pMHC interactions at physiological conditions and to understand molecular basis
of antigen recognition by TCR. Since TCR and MHC proteins are not randomly distributed on the cell
surface and could form homo and hetero clusters with other cell surface molecules (15-19), evaluation of
the TCR-pMHC interactions occurring between the two cells becomes even more complex. In addition, not
all TCRs that bind to pMHC with appreciable affinity trigger T cell activation (e.g., (20)). These findings
suggest that the mode of TCR engagement by pMHC regulates communications between TCR recognition
unit and CD3 signaling complex determining in a large extent mechanism of the induction of TCR-

mediated signaling and quality of T cell response (21). In accord with this, a recent discovery shows that



productive TCR engagement is linked to catch bond formation as opposed to non-productive engagement
(22,23) . However, the mechanism of catch bond formation is not understood. A recent approach utilizing
steered molecular dynamics (SMD) simulations to model the observed conformational changes in TCR
and MHC in response to mechanical stress provided evidence suggesting a mechanism of signal initiation
and propagation (24). However, the exact mechanism of the catch-bond formation at the interface is not
clear and remains to be understood. Indeed, there has been rising interest in utilizing computational
approaches to analyze properties of the TCR-pMHC interface that contribute to antigen recognition (25).

We have utilized available data of high-resolution structures of well characterized TCR-pMHC
complexes (14,26) and applied supercomputer simulations and well-tempered metadynamics approach
that reveal the dynamic changes of TCR-pMHC interactions. We have found that initial TCR engagement
resulting in establishing canonical orientation of pMHC-bound TCR may change allowing formation of
various metastable positions. One of such positions may be unique for TCR bound to stimulatory but not
to non-stimulatory pMHC. These data provide a novel insight into how dynamic changes at the TCR-

pMHC interface influence antigen recognition by TCR and triggering TCR-mediated signaling.

RESULTS

Approach

Having the structure of the TCR-pMHC interface at high resolution, we exploited an approach that allows
to model dynamics of TCR-pMHC interactions and to identify various TCR orientations over the
stimulatory and non-stimulatory pMHC ligands. Because the binding of TCR to pMHC occurs at the
interface between the two cells, it is expected that the interaction between cell surface proteins is limited
by deviations from the initial contact between the two cells. For both receptor and ligand, their orientation
is further constrained by TCR and MHC clustering (27),(28). Thus, the physiological range of possible
angles of TCR-pMHC interaction that are peptide-specific is limited (29). Based on these considerations,
we introduced restraints in our modeling to impose positional restrictions on the C, atoms in the beta-
sheets of MHC molecule to avoid inappropriate orientations between interacting pMHC ligands and TCRs

(Fig. 1). To identify possible interactions between the TCR loops and the peptide-MHC surface, we



exploited metadynamics, a variant of biased molecular dynamics that allows faster scanning of
conformational space for complex systems in a time-dependent manner. We maintain freedom of the TCR
movement relative to the surface of the pMHC while imposing restrictions on the TCR displacement from
the surface of the pMHC, keeping a generally vertical TCR orientation (Fig. 1). Movements over the
surface of the pMHC were also limited to minimize the time the proteins spent in an unbound state. Thus,
while maintaining the position of the MHC, it was possible to test multiple probing of the pMHC surface by

TCR, allowing the mobility of atoms in both TCR and pMHC interacting surfaces.

Static crystal structures fail to divulge the mechanism of antigen recognition by TCR.

To model the dynamic behavior of TCR bound to either stimulatory or non-stimulatory pMHC ligands, we
utilized available high-resolution TCR-pMHC crystal structures of A6-TAX-HLA-A2 and A6-Y8A-HLA-A2
complexes (1ao7 and 1gsf in PDB)(30). The stimulatory complex TAX-HLA-A2 is recognized by A6 TCR
and differs from the non-stimulatory complex by one amino-acid residue in the TAX peptide (Y8A) (Figure
2A, B). The two X-ray structures were found to be almost identical, except for a possible hydrogen bond
between 3-CDR1 and Y8 in the TAX peptide (Figure 2C, Supplementary Figure 1 and 2). The lack of
significant difference in crystal structure between stimulatory and non-stimulatory TCR-pMHC complexes
suggested that the TCR is capable of distinguishing ligands based on the dynamic properties of the

contact interfaces. To reveal these properties, we resorted to well-tempered meta-dynamic simulations.

The meta-dynamics approach reveals unique intermediary states in cognate antigen recognition.
We started from 6 different non-X-ray states, and the full atomic model simulation revealed the canonical
orientations as well as metastable intermediate states of both signaling (A6-TAX-HLA-A2) and non-
signaling A6-Y8A-HLA-A2 TCR-pMHC complexes. This analysis was also performed independently of
available information on the crystal structure of the TCR-pMHC complexes and reproduced both canonical
and metastable states of TCR orientation. Our initial analysis of simulated TCR-pMHC complexes allowed
us to compare the torsion angles of TCR relative to both pMHCs and revealed a unique metastable state

in the stimulatory A6-TAX-HLA-A2 complex (Figure 3 and Supplemental Figure 3-4). To overcome the



limitations of the histogram analysis by TCR torsion angle, we exploited a more accurate approach of Root
Mean Square Deviation (RMSD) for both X-ray structures and found the unique metastable state in the
signaling complex (Figure 4 and Supplemental Figures 5-6) This analysis reveals the stark contrast
between stimulatory and non-stimulatory complexes, demonstrating that non-stimulating complex A6-Y8A-
HLA-A2 lacks the degrees of freedom to assume metastable states that are observed in the stimulatory

complex.

Signaling complex archives unique intermediary states during antigen recognition via
conformational changes in peptide presentation.

In a metastable state of the A6-TAX-HLA-A2 signaling complex, the TCR adopted a “reversed orientation”,
i.e., 171.6 degree turn around TCR-pMHC interface central axis that is positioned near Y5 of the peptide
(Fig. 3a,b). This conformation appears to be an intermediary state of the complex during initial pMHC
recognition by TCR. The new TCR orientation has been achieved through a different mode of peptide
presentation (Figure 5A). While structures of TAX and mutated Y8A peptides within the HLA-A2 binding
grove of the canonical TCR-pMHC complexes were identical with the exception of the presence of tyrosine
in position 8, the C-terminal end of the peptide bound to TCR in reverse orientation experiences significant
changes of its conformation accompanied by a change in special arrangements of the MHC helixes (Fig. 5
a,b). Specifically, the close positioning of Y5 and Y8 within the peptide results in a very different
landscape of the pMHC contact surface. This re-arrangement is facilitated by the conformational change
of the peptide backbone, with V7 facing the MHC binding groove similar to peptide conformation found in
TAX-MHC crystal complex (Supplemental Figure 7). This conformational change is facilitated by a “kink”
in the alpha-1 helix, which creates new contacts between His70 and His74 of the alpha-1 helix and
backbone oxygen of V7 (Figure 5C). These redundant hydrogen bonds facilitate the novel peptide-MHC

conformation, establishing non-canonical TCR orientation (Fig. 5A-C).

The allogeneic TCR-pMHC complex assumes intermediate states resembling those found in the

non-signaling syngeneic complex.



We applied the same approach to analyze the dynamic behavior of TCR in two allogeneic TCR-pMHC
complexes, namely, signaling (42f3-QL9-H2-L%) and high affinity non-signaling non-canonical (42f3-p3A1-
H2-L complexes (Fig. 6).

Initial analysis of the TCR torsion angle relative to the pMHC revealed that neither signaling nor non-
signaling 42f3-QL9/p3A1-H2-L complexes had any significant free-energy minima similar to the unique
metastable state in A6-TAX-HLA-A2 complex (Supplemental Fig. 4). A low affinity (Kq ~399 mM) (14) of
signaling allogenic complex 42f3-QL9 -H2-L% has all its significant free-energy minima located at torsion
angles resembling X-ray structure (Fig 6 and Supplemental Fig 4). Non-signaling high-affinity system
with synthetic peptide 42f3-p3A1-H2-L%(Kq ~3.9 mM) also has its significant minima resembling the X-ray
structure, a unigue non-canonical structure reported in (14) (Fig 6 and Supplemental Fig 4). Importantly,
the Free Energy Surface maps of non-signaling complex A6-Y8A-HLA-A2 revealed the deepest minima at
a torsion angle that is similar to the minima found in both low-affinity signaling 42f3-QL9-H2-L% complex
and high affinity non-signaling 42f3-p3A1-H2-LY complex (Supplemental Figure 4 and 8). These data

suggest that some TCR orientations don't facilitate effective TCR triggering and signaling.

The allogeneic system lacks the required degrees of freedom to assume intermediate states found
in syngeneic signaling complex.

To effectively compare syngeneic and allogenic systems we performed RMSD calculations for the second
system. This approach requires reference structures, in this case, X-ray, and unique metastable
orientation found in A6-TAX-HLA-A2. Since the simulations of the second allogeneic system did not
reveal any significant unigue metastable states, we had to use rare conformations approximating the
unique metastable orientation found in the A6-TAX-HLA-A2 metastable state (Fig. 7). This analysis
confirmed that both low-affinity signaling 42f3-QL9-H2-L¢ complex and high-affinity non-singling 42f3-
p3A1-H2-LY complex lack the degree of freedom necessary to assume conformations similar to the unique
metastable state found in A6-TAX-HLA-A2 (Fig. 8). A notable limitation of this analysis is the loss of
accuracy with increasing RMSD values, resulting in heterogeneous clustering. Thus, we observe

heterogeneous deep minima for both systems at extreme torsion angles and high RMSD values.



DISCUSSION

Our findings demonstrate that analysis of possible dynamic variations of TCR positioning bound to pMHC
allowed to identify differences in metastable TCR orientations for stimulatory and non-stimulatory pMHC
ligands. These data let us identify a metadynamic state of TCR orientation that was evident only for the
stimulatory TCR-pMHC complexes but not for non-stimulatory complexes, suggesting that this unique
TCR orientation makes a critical contribution to antigen recognition and TCR triggering.

It is notable that MHC-bound peptides that play essential role in determining the specificity of TCR-
pPMHC interactions, has only 20-30% of exposure of the surface area to solvent with the rest being buried
in the MHC binding groove (31). Assuming that on average 25 cal per A2 can be contributed for protein-
protein interactions, the peptide contribution would be limited to 3,500 cal, while the free energy (AG°) of
TCR-pMHC interactions may vary from 6,000 to 9,700 cal (1). Thus, MHC moiety supplies a comparable
or significantly larger amount of energy stabilizing TCR-pMHC complex. This suggests that TCR
recognizes not only the specific peptide presented by self-MHC but rather the whole p-MHC interface.
Indeed, peptide binding could change the conformation of MHC helixes (32), which is further altered by the
emergence of MHC extended conformations resulting from mechanical stress facilitated by TCR-pMHC
catch bond formation (33) that contribute to the specificity of TCR towards pMHC ligand. Despite a
relatively small accessible surface, MHC-bound peptide significantly influences the landscape of the
pPMHC contact surface and interactions of MHC helixes with TCR. Thus, the peptide could either directly or
indirectly mediate the specificity of TCR-pMHC reactions (5,9,34). For example, the formation of A6-TAX-
HLA-A2 complex results in changes in TAX peptide conformation at positions at P6 and V7 (26). The
same residues experience further conformational changes facilitating alternative TCR orientations (see
Fig. 4 and Supplemental Figure 7). The above considerations regarding the peptide contribution to the
specificity of TCR-pMHC suggest that initial pMHC binding to TCR may not mediate TCR triggering.
Subsequent dynamic changes of the TCR orientation over pMHC surface and the formation of a unique
metastable TCR positioning over pMHC appear to be a hallmark of productive TCR engagement. Under
these circumstances, TCR CDR interactions with agonist pMHC-ligand, but not null pMHC, mediate the

formation of metastable TCR-pMHC complex required for TCR triggering. Thus, our findings suggest that



previously “invisible” peptide contribution may influence pMHC landscape and TCR orientation over
various pMHC ligands. Indeed, in the crystal structures of TCR-pMHC complexes analyzed here (14,26)
the formation of metastable TCR orientation relative to stimulatory and non-stimulatory peptide-pMHC
complexes were observed and provide further evidence that a unique TCR orientation relative to pMHC
constitutes the mechanism by which TCR discriminates between various peptides bound to the same
MHC. These data may suggest that the “reverse orientation” of TCR over pMHC might stunt signaling due
to inefficient Lck ITAM phosphorylation caused by spatial constraints of CD8 binding (35). However,
recently reported mechanical properties of the TCR, namely its ability to assume an extended
conformation under mechanical stress (23) suggest that a productive syngeneic recognition event might
not have these limitations. It is plausible that the mechanically induced TCR conformational changes could
relieve any spatial constraints precluding CD8 from delivering Lck close enough to the ITAM CD3
complex. Namely, taking advantage of the CD8 extracellular domain’s capacity to stretch along extended
TCR in order to remain in contact with the a3-MHC domain.

It is very likely that unique metastable TCR orientation over the stimulatory pMHC leads to formation of
a stronger TCR-pMHC interactions. It has been shown that T-cells during scanning target cells hunting for
antigen apply tension to TCR-pMHC complexes within observed permissive ranges of force, i.e., 10-20 pN
(23,24). This may lead to alternative thermodynamically favorable TCR-pMHC orientations, allowing the
formation of new bonds under stress, i.e., the formation of catch bonds. Indeed, the formation of a strong
TCR-pMHC interaction under shear force was observed in experiments utilizing biomembrane force probe

and was defined as catch bond (22). However, it was not clear whether the formation of the catch bonds

requires strengthening of preexisting bonds or the formation of new bonds under mechanical stress.

Indeed, recognition of non-stimulatory peptide-MHC ligands leads to the formation of slip bonds and rapid
TCR-pMHC dissociation. Ellis Reinherz and colleagues have used the laser trap to apply force to the
TCR-pMHC bond in either cell free system or the system with live T cells and also demonstrated the
formation of catch and slip bounds (23). In addition, they have proposed that FG loop at the C-terminal

end of the TCR B-chain play an important role in the formation of catch bond. Demonstration of catch and



slip bonds provides basis to link the formation of these bonds to our findings suggesting mechanism by
which engaged a,3-TCR “informs” CD3 complex to initiate signaling.

Based on the above considerations, we would like to propose that TCR recognition is based on
distinguishing between various landscape patterns of pMHC contact surface that are mediated by MHC-
bound peptide. Our findings have important implication for designing TCR that could be optimally engaged
by pMHC of interest after virtual maturation of TCR-pMHC interface to achieve the most favorable energy
distribution at the interface. An optimal TCRs could then be utilized to engineer highly effective T cells for

therapeutic interventions to fight viruses and cancer.

Methods

Model building
MHC-peptide-TCR complex models were built from PDB ID: 1ao7, 1gsf, 3tf7, and 3tjh. For each model,
only Fv fragments of TCR and MHC contact surface (residues 1-180) were utilized. For all models, the

contact MHC surface was positioned along the XY plane of the simulation.

MM Model Preparation and Equilibration

All models listed above were parameterized in the Amber99sb force field (33). Each structure was placed
in a cubic box with periodic boundary conditions and solvated with TIP3P (36). Na* and CI- ions were
added to neutralize the net charge and reach 0.15 M ionic strength. Modeling of each structure was
minimized to 5000 steps of the steepest descent. All simulations were performed at T = 300 K with a
velocity rescaling thermostat (34) for temperature coupling, and a stochastic cell-rescaling barostat was
used for pressure control (35). A time step of 2 fs was used in all systems under study. Coulomb
interactions were evaluated with particle mesh Ewald method (37) for long-range electrostatics
interactions (PME) with short and long-range cutoff radius 0.9nm and the same cutoff radius for VdwW

interaction.

System setup

[E



The interaction of TCR with pMHC occurs between the two cells; it is expected that this contact is limited
due to deviations from the membrane surface (Figure 1). We implemented this consideration in the form
of a restraint in our modeling of the deviations of the pMHC from the normal vector to the cell surface
when imposing positional restrictions of 100 kJ/mol on the C-alpha atoms of the beta sheet in the MHC.
The mostly vertical orientation of TCR relative to MHC was maintained with PLUMED’s (38) lower wall
restraining bias on vector projection to normal MHC position at the cell surface (Fig. 1). Vector was

defined with two points: center of mass (COM) for TCR loops to the center of mass of the whole TCR. The

: " . k
restrain was positioned at 0.82 with force constants 1000 [lemol

|, which corresponds to an angle of
about 35 degrees.

To effectively scan possible interactions between the TCR loops and the MHC surface with the
presented peptide, we utilized well-tempered metadynamics in Gromacs (36) with the Plumed plugin
where we used two collective variables X and Y coordinates of TCR Center Of Mass interacting with the
pMHC surface that defines the XY plane. Well-tempered metadynamics is a variant of molecular dynamics
with imposed time-dependent bias. The freedom of movement of the TCR over the pMHC surface was
maintained while imposing restrictions on displacement beyond the surface of the pMHC and maintaining
a generally vertical orientation as described above. The allowed XY TCR Center of Mass (COM)
coordinates were restrained with elliptical cylinder potential oriented to the normal of MHC surface with a-
radius 5 nm and b-radius 5.5 nm. Movement along the normal vector to the pMHC surface was also
limited with an upper wall restraint on TCR COM position at 5.8 nm on the normal vector, minimizing the
time that proteins spent in an unbound state. Thus, while maintaining the position of the MHC, it was

possible to carry out multiple probing of the pMHC surface by TCR, including the mobility of atoms in both

proteins and the peptide.

Exploration runs
Each exploration run with metadynamics was performed with a 1 ys simulation length. Well-tempered

metadynamics simulations were performed for each of the four initially bound TCR-pMHC models. The



Gaussian potential with a height of 1 kJ/mol and a width of 0.05 nm was deposited every 500 steps. The

bias factor was set to 16. (Supplemental Figure 3)

Production runs

We selected six minima on free energy surface and used them as starting points for the production run
with six walkers. Each of the six walker runs had a trajectory length of 2.5 ys with a 2-fs time step
resulting in a 15 ys metadynamics trajectory length for every system. Aggregate information from
the walkers was used to assess and confirm the convergence of simulations for each individual starting
model. Aggregate information between different starting models was used to assess and confirm
reproducibility and build final free energy profiles. In each scenario, Tiwary reweighting (39) was used to
build profiles with the first 500 ns of a walker run discarded as the initial transient. The same scheme was

utilized later to project profiles to different variables.

Supplementary Methods.

Convergence analysis. Metadynamics simulation was done in six walkers. For each walker, we saved
the c(t) reweighting factor and used that to obtain the normalized bias. Thus, all data from walkers were
joined to a new file with the pandas module in Python. With the selected trajectory time slice we saved
separate files and used them to estimate FES at a certain time in all walkers with the above-mentioned
reweighting procedure.

H-bond analysis. We used equilibrium molecular dynamics simulation as a reference for biased dynamics
to estimate the h-bond lifetime. Hydrogen bond between 3-CDR1 and Y8 of the TAX peptide were

analysed with the MDAnalysis module for Python (40) as described in documentation.
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FIGURE LEGENDS

Figure 1. Model restrictions

To allow sufficient freedom of movement for peptide and TCR while limiting the amount of physiologically
irrelevant structures, we restricted the complex volume and TCR tilt while allowing TCR lateral movement.
We assume the interaction of TCR and MHC during cell-to-cell contact (A) and that the ligand and receptor
are constrained by clustering (B). We defined the volume as cylindrical space around the TCR-pMHC
complex and the tilt as a vector connecting TCR and TCR-pMHC centers of mass projected onto the
normal vector to the MHC surface (C). The target cell and target cell membrane are red, T-cell and T-cell
membrane are blue. TCR is green, MHC helixes is pink, and MHC groove is blue. The cylinder limiting
TCR-pMHC space is dark red. The normal vector to the MHC surface is in dark blue. The vector

connecting TCR-pMHC and TCR centers of mass is in red.

Figure 2. Positioning of TAX (left) and Y8A (right) Peptides within A6-HLA-A2 complex.

Comparison of A6-TAX-HLA-A2 and A6-Y8A-HLA-A2 complexes represent a rare example of X-ray
structures of stimulatory and non-stimulatory TCR-pMHC complexes whose structures are almost
identical.

A) X-ray Structure of Stimulatory A6-TAX-HLA-A2 Complex (left) and non-stimulatory A6-Y8A-HLA-A2
complex (right).

B) Peptide Close—up: Differences in peptide conformation in signaling (left) and non-signaling (right) TCR-
pMHC complexes.

C) TCR CDRs- X-ray of Stimulatory (left) AG-TAX-HLA-A2 vs non-stimulatory (right) A6-Y8A-HLA-A2. The
red box shows the difference in B-CDR-1 contact with Y8 of TAX and A8 of Y8A peptide.

TCR surface is shown as transparent; the peptide backbone is grey, backbone nitrogen is dark blue,
oxygen is red, Y8 is cyan, and mutated Y8A is orange. CDRs are shown as: a-CDR-1 is green, a-CDR-2 is

purple, a-CDR-3 is dark red, 3-CDR-1 is yellow, 3-CDR-2 is blue, B-CDR-3 is red.
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Figure 3. Meta-dynamics simulation reveals a unique metastable state in the A6-TAX-HLA-A2

signaling complex that is absent in non-signaling A6-Y8A-HLA-A2 complex.

Structure of canonical A6-TAX-HLA-A2 (left) and unique metastable state of AG-TAX-HLA-A2 (right)
complexes. In the unique metastable state TCR rotates 171.6 degrees over the MHC surface. TCR
surface is shown as transparent, CDRs are shown as a-CDR-1 is green, a-CDR-2 is purple, a-CDR-3 is

dark red, B-CDR-1 is yellow, p-CDR-2 is blue, -CDR-3 is red.

Figure 4. Free Energy Maps of simulated complexes in RMSD and TCR torsion angle coordinates.
A) A6-TAX-HLA-A2 X-ray structure

B) Free Energy Map of AG-TAX-HLA-A2 structure in RMSD and TCR torsion angle coordinates

C) Free Energy Map in RMSD of the simulated unique metastable state structure of A6-TAX-HLA-A2 and
TCR torsion angle coordinates

D) AG-TAX-HLA-A2 simulated structure showing the unique metastable state

E) A6-Y8A-HLA-A2 X-ray structure

F) Free Energy Map of A6-Y8A-HLA-A2 in RMSD and TCR torsion angle coordinates

G) Free Energy Map in RMSD of the simulated unique metastable state structure of A6-TAX-HLA-A2 and

TCR torsion angle coordinates

H) Schematic A6-YBA-HLA-A2 structure for showing TCR torsion over the pMHC interface. TCR torsion
was calculated as an angle between a line connecting two ends on MHC a1-helix (E54 and R81) and a

line connecting centers of mass of TCR a and (3 variable domains.

Figure 5. Comparison of canonical A6-TAX-HLA-A2 signaling complex orientation and non-
canonical unique metastable state interface.

A) Comparison of peptide conformation in X-ray structure of stimulatory A6-TAX-HLA-A2 (left) and unique
metastable state of A6-TAX-HLA-A2 (right). The unique metastable TCR orientation is drastically different

from canonical TCR orientation, resulting in a very different peptide conformation.



B) Distinct CDR positions in X-ray of stimulatory A6-TAX-HLA-A2 (left) and unique metastable state of AG-
TAX-HLA-A2 (right) complexes. The metastable state is facilitated by changes in peptide presentation and
MHC helix conformation resulting in a significant alteration of the pMHC interface allowing a novel mode of

TCR recognition.

C) Close-up on MHC a1-helix kink stabilizing changes in TAX peptide backbone conformation in
metastable state AG-TAX-HLA-A2. The peptide conformational change is facilitated by novel contacts

between MHC helix residues His7- and His74 and oxygen of V7 residue of the peptide backbone.

TCR surface is shown as transparent; peptide backbone is grey, backbone nitrogen is dark blue, oxygen is
red, peptide residues within 5 A of TCR are cyan, peptide atoms within 3 A of TCR are magenta, CDRs
are shown as a-CDR-1 is green, a-CDR-2 is purple, a-CDR-3 is dark red, B-CDR-1 is yellow, -CDR-2 is

blue, B-CDR-3 is red. V7 and His70 and His 74 are yellow.

Figure 6. Interface comparison between signaling allogenic 42F3-QL9-H2-L® and Non-signaling

high-affinity 42F3-p3A1-H2-LY complexes

A) X-ray of Signaling allogenic 42F3-QL9-H2-L¢ vs non-signaling high-affinity 42F3-p3A1-H2-L¢
High-affinity synthetic peptide 42F3-p3A1-H2-L¢ is a non-singling system with a unique non-canonical
orientation

B) TCR orientation comparison X-ray of Stimulatory 42F3-QL9-H2-L vs unique Reverse state 42F3p3A1-
H2-L¢

This unique presentation results in a significantly different TCR recognition mode.

TCR surface is shown as transparent, peptide backbone nitrogen is dark blue, oxygen is red, QL9 peptide
is cyan, synthetic high-affinity p3A1 is orange, CDRs are shown as a-CDR-1 is green, a-CDR-2 is purple,

a-CDR-3 is dark red, 3-CDR-1 is yellow, 3-CDR-2 is blue, B-CDR-3 is red.

Figure 7. The unique metastable state found in the syngeneic A6-TAX-HLA-A2 signaling complex is

absent in allogenic 42F3-QL9-H2-L¢ and 42F3-p3A1-H2-L complexes.
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Theoretical 42F3-p3a1-H2-L¢ orientation that is analogous to unique metastable state found in A6-TAX-

HLA-A2.

Figure 8. Free Energy Maps of stimulating 42F3-QL9-H2-L? and non-stimulating 42F3-p3A1-H2-L¢

complexes in RMSD and TCR torsion angle coordinates.

A) Free Energy Map in RMSD derived from X-ray structure of 42F3-QL9 -H2-L? and TCR torsion angle
coordinates

B) Free Energy Map in RMSD derived from the theoretical unique metastable state structure of 42F3-QL9
-H2-L and TCR torsion angle coordinates

C) Free Energy Map in RMSD derived from X-ray structure of 42F3-p3a1-H2-L¢ and TCR torsion angle
coordinates

D) Free Energy Map in RMSD derived from simulated 42F3-p3a1-H2-LY complex in the theoretical unique
metastable state and TCR torsion angle coordinates

E) Schematic calculation of TCR torsion over the pMHC interface. TCR torsion was calculated as an
angle between a line connecting two ends on MHC a1-helix (E54 and R81) and a line connecting centers

of mass of TCR a and {8 variable domains.
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