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T cell receptor and T cell development

T cell development in the thymus: space and time
Developing T cells spend at most two weeks in the thymus.
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An exquisitely stringent test: less than 5% chance to pass

T cells interact with special cells that present ligand (that can bind
to TCR) on their surface:

I if no TCR signal ⇒ death by neglect,
I if strong TCR signal ⇒ death by apoptosis (negative

selection), and
I if intermediate TCR signal ⇒ export to the periphery

(positive selection).
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Problem A: Time scales of T cell responses (molecular)

Where are we now?

I Timescales: TCR-pMHC binding (seconds) and
TCR-mediated signal transduction (hours).

I TCR-pMHC engaged for sufficiently long to initiate the
signalling cascade, resulting in productive signal transduction.

I T cells can integrate signals: counting devices are at work in
T cells to allow signal accumulation, decoding and translation
into biological responses.

Valitutti, Coombs and Dupré.
The space and time frames of T cell activation at the immunological synapse.
FEBS Letters, 584 4851–4857 (2010).
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Affinity thresholds in negative selection
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Probability of a productive binding event
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Counting productive binding events
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Stochastic mathematical model

I TCR and pMHC binding

+
k+


k−

I Palmer’s hypothesis: affinity threshold ⇒ hierarchy of ligands
for a given TCR and ligand discrimination.

I H: T cell responses take place once a given number of TCRs,
N , has been bound to ligand, for at least a time, τ , each.

I First passage time (FPT) analysis implies:

T (N, τ) = τ + N eτk−
k+NRNL

.

I J. Currie et al. (Royal Society Interface, 2012).
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Calculation of mean time to N productive bindings

I Let N ′ be the mean total number of binding events before the
N th productive one ⇒ N ′ = exp(τkoff) N .

I Let tn be the time when the nth ligand-receptor complex is
formed.

FPT(N, τ) = τ + tN ′ and T (N, τ) = τ + IE(tN ′) .

I Each of the N ′ times between binding events, tn+1 − tn, is
exponentially distributed.

I The time tN ′ is a sum of exponentially distributed random
times with mean (k+NRNL)−1.

IE(tN ′) = N ′

k+NRNL
and V(tN ′) = N ′

(k+NRNL)2 .

I T (N, τ) = τ + N eτk−
k+NRNL

.
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Experimental data from Ed Palmer’s laboratory

TCR and peptide variants

I Transgenic mice: CD8 T cells with T1 TCR.
I SYIPSAEK(ABA)I is the agonist peptide with a proline

residue at position 4 (4P).
I Two peptide variants: alanine (4A) and asparagine (4N).

Cell type Ligand KD (M) t1/2 (s)
SP thymocyte 4P at 37◦C 1.1× 10−7 41
SP thymocyte 4A at 37◦C 5.5× 10−6 0.8
SP thymocyte 4N at 37◦C 5.8× 10−5 0.08

Luescher, I.F., Cerottini, J.C. and Romero, P.
Photoaffinity labelling of the T cell receptor on cloned cytotoxic T lymphocytes by covalent photoreactive ligand.
Journal of Biological Chemistry 8 5574 (1994).
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Implications of stochastic model: hierarchy of ligands

I Negative selecting ligand —–
I Threshold ligand —–
I Positive selecting ligand —–
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Implications of stochastic model: N and τ

A) B)
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First passage time: other implications

I If receptor and ligand molecules anchored on cell membranes:

T (2D)(N, τ) = τ + N eτk
(2D)
off

k
(2D)
on AcMRML

.

I If receptor molecules anchored on cell membrane and ligand in
solution:

T (3D)(N, τ) = τ + N eτk
(3D)
off

k
(3D)
on NRρ

.

I Self-nonself discrimination: ligand F koff = 1.0s−1 and ligand
S koff = 5.0s−1, both have the same value of kon, but the
concentration of S is one hundred times that of F. If
konNRρ = 10s−1 for F and konNRρ = 1000s−1 for S, then
T (10, 4) = 59s for F and T (10, 4) = 5× 106s for S.
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Experimental evidence on TCR/CD3 complexes (Alarcón)

I Natural or native state of the TCR/CD3 complexes:
monomers or oligomers (nanoclusters with a maximum of 20
TCR units).

I Existence of TCR (nano)clusters increases the sensitivity to
ligand concentration (extremely helpful at low ligand
concentrations) ⇒ signal amplification due to signal spreading
from bound TCRs to free TCRs in the same cluster.

I TCR/CD3 complex ligand-induced conformational change in
the intracellular domain of CD3.

Kumar et al.
Increased sensitivity of antigen-experienced T cells through the enrichment of oligomeric T cell receptor complexes,
Immunity 35 375–387 (2011).
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Problem B: Binding and conformational change (TCR clusters)

Where are we now? (Alarcón, Blanco and van Santen)

I Proteins as dynamic ensembles of (conformational) states.
I The binding of ligand to one subunit can trigger a

conformational change transmitted to neighbouring units.
I Ligand binding can shift distribution of protein states ⇒

transition probabilities to and from different protein states
change once ligand is bound to a given site.

I Cooperative shift: substrate binding-favourable state.
I Competitive shift: substrate binding-unfavourable state.
I TCR/CD3 complex: what are its molecular states (as a

protein that can be in different conformations).
I How is TCRαβ ligand binding information transmitted to the

CD3 complex (εγ, εδ and ζζ) to lead to early signalling?

19 / 45



At the receptor level TCR and conformational change Thymic selection Thanks

Time course experiments: OT-1 with soluble tetramer (OVA)
(Alarcón and Blanco)
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Time course experiments: OT-1 with soluble tetramer (APLs)
(Alarcón and Blanco)
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Allostery in proteins

I Example: protein with two binding sites (S1 and S2). Binding
of L1 increases (or decreases) the binding properties of S2. S1
and S2 may be on the same polypeptide chain in different
domains or in different subunits.

I Weber 1972: ligand binding ⇒ shifts the population of
conformational states in the dynamic ensemble.

I Allostery as a consequence of a redistribution of protein
conformational ensembles (states).

I Ligands, point mutations or external conditions may lead to a
population shift.

I Redistribution of the ensemble: how does binding affect
protein binding sites and protein function?

I All protein structures obey the same principles ⇒ as a
population of conformational states (statistical ensemble).
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Allostery

Gunasekaran, Ma and Nussinov.
Is allostery an intrinsic property of all dynamic proteins?
Proteins: Structure, Function and Bioinformatics, 57 433–443 (2004).

Boehr, Nussinov and Wright.
The role of dynamic conformational ensembles in biomolecular recognition.
Nature Chemical Biology, 5 789–796 (2009).
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information about exchange between two or more conformational 
substates on the s–ms timescale and also provide information about 
chemical shifts in the higher energy state that can be used to char-
acterize its structure (see Fig. 2). Advances toward directly incorpo-
rating chemical shifts in NMR structure refinement35 and newer R2 
relaxation dispersion experiments that report on internuclear vector 
orientations in higher energy substates36,37 provide structural con-
straints that may allow for direct characterization of higher energy 
protein conformations38.

Conformational selection processes are implicated in a number 
of enzymes, including RNase A39, adenylate kinase27,40 and dihydro-
folate reductase41,42. The results with adenylate kinase are especially 
significant since this enzyme has been used as a textbook example for 
induced fit. NMR analyses of mesophilic (Escherichia coli) and ther-
mophilic (Aquifex aeolicus) adenylate kinases are consistent with two-
state conformational exchange between the open and closed states 
observed in X-ray crystal structures of free and ligand-bound adenyl-
ate kinase, respectively27,40. Chemical shift values from R2 relaxation 
dispersion experiments ( ) obtained during catalytic turnover show 
a strong linear correlation between the chemical shift differences ( ) 
between the open and closed conformational states. Moreover, there is 
a strong correlation between the lid opening rates (44 s!1 and 286 s!1 
for E. coli and A. aeolicus, respectively) measured by R2 relaxation 
dispersion and catalytic turnover (kcat = 30 s!1 and 263 s!1 for E. coli 
and A. aeolicus, respectively)40. These results suggest that both adenyl-
ate kinases fluctuate between open and closed conformations during 
catalysis, and that product release depends on the closed-to-open 
conformational transition. Conformational exchange between open 
and closed conformations is not solely the function of catalytic turn-
over considering that similar motions are also observed in the free 
enzyme27. In the crystal structure of the free A. aeolicus enzyme, there 
are three molecules in the asymmetric unit, each with a slightly dif-
ferent conformation27. These conformations lie along the trajectory 
between fully open and fully closed conformations27. Moreover, R2 
relaxation dispersion NMR spectroscopy, single-molecule FRET and 
paramagnetic NMR relaxation experiments are all consistent with 
the fluctuation of the enzyme into a ‘bound’ conformation in the 
absence of substrate27,43.

In the case of dihydrofolate reductase (DHFR), the dynamics of 
five different complexes, representing all the intermediates formed in 
the catalytic cycle, were measured using NMR relaxation dispersion 
techniques41,42. The conformational dynamics of DHFR are ligand 
dependent, in marked contrast to the ligand-independent fluctuations 
observed in other proteins27,44. The binary complexes, with cofactor 

or product bound, both fluctuate into conformations resembling the 
ternary complex (that is, bound with both cofactor and substrate or 
product), as suggested by the linear correlation between the dynamic 
chemical shift differences between lowest and higher energy confor-
mations for the binary complexes ( binary) and the ground-state 
chemical shift differences between the binary and ternary complexes 
(  (binary-ternary))41 (Fig. 2). Single-molecule experiments also 
support the fluctuation of DHFR into other conformations in the 
presence of substrate or cofactor that may assist binding of the second 
ligand45. The dynamics observed in complexes of DHFR appear to be 
functionally relevant in that each complex fluctuates into a conforma-
tion resembling the next and/or previous step in the catalytic cycle41. 
Thus, population re-distributions, mediated by the interactions 
between enzyme and ligands, play roles in substrate binding, product 
release and catalytic turnover. This suggests that the free energy land-
scape of E. coli DHFR is dynamic11, in the sense that ligand binding 
(or release) can alter the nature of the thermally accessible substates 
in the conformational ensemble and the kinetic and thermodynamic 
parameters governing the conformational equilibria41,46–48.

Conformational selection in protein interactions
Studies of enzyme-substrate and enzyme-product complexes dem-
onstrate that proteins can fluctuate into conformations that resem-
ble those of the bound state, even in the absence of ligand. These 
results and others49–54 provide structural support for conforma-
tional selection in molecular recognition between proteins and small 
molecules. Similar experimental support exists for conformational 
selection mechanisms in protein-protein55–60 and protein–nucleic 
acid interactions61–63.

NMR provides a number of observables, other than relaxation 
dispersion, that are used to gain insights into the nature of the con-
formational ensemble. An especially powerful approach is to use 
NMR observables as restraints in molecular dynamic simulations, 
or alternatively, NMR observables can be used to bias populations of 
pre-generated conformations representing potential substates within 
the conformational ensemble (for more comprehensive discussion 
of the methodology, see reviews64–66 and references therein). In one 
approach, NMR order parameters and nuclear Overhauser effects 
(NOEs) were used to characterize the conformational ensembles of 
ubiquitin67 and calmodulin55. NOEs are commonly used as restraints 
in NMR structure determination, while Lipari-Szabo order para-
meters (S2)68 give an indication of the amplitude of protein motion 
on a ps–ns timescale. Intriguingly, the calculated conformational 
ensemble of Ca2+-calmodulin includes structures that are very similar  
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bFigure 2 Conformational selection in protein-ligand interactions 
observed by NMR R2 relaxation dispersion experiments. (a) Locations 
of conformational exchange are indicated as spheres on the structure 
of DHFR (Protein Data Bank (PDB) code 1RX5). (b) A linear correlation 
between  (chemical shift difference between ground state and  
higher energy conformations) from R2 relaxation dispersion  
experiments of the product binary complex of DHFR (enzyme bound 
with tetrahydrofolate (E–THF)) and  from ground-state chemical  
shift differences between product binary and ternary (enzyme bound 
with tetrahydrofolate and NADPH cofactor (E–THF–NADPH))  
complexes indicates that the higher energy conformation of the  
product binary complex is structurally similar to the ground state  
of the product ternary complex (that is, chemical shifts of the higher 
energy conformation of the product binary complex are similar to  
the chemical shifts of the ground-state conformation of the product 
ternary complex) (data taken from ref. 41). (c) The binding of the 
NADPH cofactor changes the free energy landscape of the enzyme. 
Structurally similar conformations are colored alike.
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First modelling attempt: ensemble of two states

I Basal state: closed proline-rich-sequence (PRS) in CD3ε.
I Active state: open PRS in CD3ε (conformational change).

! !

!"#$%&'%%()*%+&,-.')"/$&0"%1&%02&
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Second modelling attempt: ensemble of three states
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Basal (B), active (A) and inactive (I) states of TCR/CD3 oligomer

Hypothesis about B, A and I TCR/CD3 states

I Basal conformation: TCRαβ inactive and CD3 inactive.
I Active conformation: TCRαβ active and CD3 active

(cooperative shift).
I Inactive conformation: TCRαβ active and CD3 inactive

(competitive shift) (cannot signal even when oligomer is
bound to pMHC).

Reaction Rates Description
B A

qon, qoff Conformational change
A I

pon, poff Inactivation
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Ligand binding: monomeric and cross-linking rates
Figure 3. Hypothesised thermodynamical landscape for the free energy of the TCR.

Reaction Rates Description
B B

k
(B)
on , k

(B)
off Binding

A A
k

(A)
on , k

(A)
off Binding

I I
k

(I)
on , k

(I)
off Binding

B B
k

(B)
x,on, k

(B)
x,off Cross-linking

A A
k

(A)
x,on, k

(A)
x,off Cross-linking

I I
k

(I)
x,on, k

(I)
x,off Cross-linking

B A
qon, qoff Conformational change

B A
qon, qoff Conformational change

B A
q̃on, q̃off Enhanced conformational change

A I
pon, poff Inactivation

A I
pon, poff Inactivation

A I
p̃on, p̃off Enhanced inactivation

Table 3.1. Summary of reactions. The + sign stands for empty or occupied TCR. By spanning some of the
reactions with that sign the number of different species rise to 22. MARIO: Tengo que rehacer los dibujos para
trimeros

kx,off ) through the values of the binding rates for monomers an tetramers.This connection between monomeric and
oligomeric rates can be rationalized by assuming that, the reactions in the sequence

, (1)

can be replaced by effective coefficients through the relation

kx,on = kmonomer
off

�
Kmonomer

D

K trimer
D

, (2)

KD being the affinities, defined as

KD =
koff

kon
. (3)

The rates between TCR states cannot be estimated from the experiments but, rather, inferred from comparison
with the experimental outcome. However, Fig. 3 helps to establish a hierarchy of rates and explore the relevance
of the ratio between those rates. In addition, to ascertain the relevance of the inactive state, we parametrize the

5

Stone, Artyomov, Chervin, Chakraborty, Eisen and Kranz.
Interaction of streptavidin-based peptide–MHC oligomers (tetramers) with cell-surface TCRs.
The Journal of Immunology, 187 6281–6290 (2011).
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Allostery in TCR/CD3 oligomers induced by ligand binding
(Hypothesis)

! !
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Basal (B), active (A) and inactive (I) states: ligand-induced transitions

Figure 3. Hypothesised thermodynamical landscape for the free energy of the TCR.

Reaction Rates Description
B B

k
(B)
on , k

(B)
off Binding

A A
k

(A)
on , k

(A)
off Binding

I I
k

(I)
on , k

(I)
off Binding

B B
k

(B)
x,on, k

(B)
x,off Cross-linking

A A
k

(A)
x,on, k

(A)
x,off Cross-linking

I I
k

(I)
x,on, k

(I)
x,off Cross-linking

B A
qon, qoff Conformational change

B A
qon, qoff Conformational change

B A
q̃on, q̃off Enhanced conformational change

A I
pon, poff Inactivation

A I
pon, poff Inactivation

A I
p̃on, p̃off Enhanced inactivation

Table 3.1. Summary of reactions. The + sign stands for empty or occupied TCR. By spanning some of the
reactions with that sign the number of different species rise to 22. MARIO: Tengo que rehacer los dibujos para
trimeros

kx,off ) through the values of the binding rates for monomers an tetramers.This connection between monomeric and
oligomeric rates can be rationalized by assuming that, the reactions in the sequence

, (1)

can be replaced by effective coefficients through the relation

kx,on = kmonomer
off

�
Kmonomer

D

K trimer
D

, (2)

KD being the affinities, defined as

KD =
koff

kon
. (3)

The rates between TCR states cannot be estimated from the experiments but, rather, inferred from comparison
with the experimental outcome. However, Fig. 3 helps to establish a hierarchy of rates and explore the relevance
of the ratio between those rates. In addition, to ascertain the relevance of the inactive state, we parametrize the

5

Hypothesis: cross-linking, enhancement and cooperation

I Cross-linking of TCRs (in the same oligomer) by ligand
enhances transitions to the active state, for example:
(qon, qoff) −→ (q̃on, q̃off).

I We assume that every TCR unit in the oligomer adopts the
same conformation (B, A or I) ⇒ cooperation.

I We could also enhance the inactivation due to ligand
cross-linking, for example: (pon, poff) −→ (p̃on, p̃off).
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Results (no ligand, no receptor down-regulation and no recycling)
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Results (ligand, no receptor down-regulation and no recycling)
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Results (ligand, no receptor down-regulation and no recycling)
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Problem C: Selection rates in thymic selection
(Hogquist/Stritesky and Yates/Seddon)

Where are we now?

I Quantify rates of thymic selection.
I Apoptotic cells are efficiently engulfed by thymic

macrophages.
I Nur77GFP mice: GFP expression reflects the signal strength

perceived by the TCR.
I GFP high indicates a high affinity interaction and GFP

intermediate indicates an intermediate affinity interaction.
I Yates/Seddon mathematical/experimental approaches ⇒

asymmetric death for SP CD4 and SP CD8 thymocytes.
I Hogquist/Stritesky experimental approaches ⇒ steady state

cell numbers.

34 / 45



At the receptor level TCR and conformational change Thymic selection Thanks

post−DPpre−DP SP

neglect apoptosis apoptosis

thymic export
input

thymic

proliferation

positive
selection DP to SP

n1 n2 n3

φ

µ2

CORTEX MEDULLA

µ3µ1

λ

ψ1 ψ2 ψ3

I Population n1: pre-selection double positive cells (CD4 and
CD8).

I Population n2: post-selection double positive cells (CD4 and
CD8).

I Population n3: single positive cells (CD4 or CD8).
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Mathematical model

I Population 1:

dn1
dt

= φ− ϕ1n1 − µ1n1 ,

I Population 2:

dn2
dt

= ϕ1n1 − ϕ2n2 − µ2n2 ,

I Population 3:

dn3
dt

= ϕ2n2 − ϕ3n3 − µ3n3 + λ3n3 .

I The steady state of the system is given by:

n∗1 = φ

ϕ1 + µ1
, n∗2 = n∗1ϕ1

ϕ2 + µ2
, n∗3 = n∗2ϕ2

ϕ3 + µ3−λ3
.
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Experimental data (Hogquist and Stritesky)

mouse n∗1 (pre-DP) [cells] n∗2 (post-DP) [cells] n∗3 (SP) [cells]
1 82.5840 ×106 9.3018 ×106 18.3594 ×106

2 142.1900 ×106 19.9420 ×106 26.1960 ×106

3 89.0000 ×106 5.9800 ×106 15.9800 ×106

4 29.3150 ×106 2.0910 ×106 5.6068 ×106

5 29.3150 ×106 2.0915 ×106 5.6068 ×106

6 51.2550 ×106 5.9335 ×106 9.0088 ×106

7 64.4770 ×106 6.8101 ×106 11.6421 ×106

8 218.9440 ×106 15.4176 ×106 40.1984 ×106

mean 88.3850 ×106 8.4459 ×106 16.5748 ×106

standard deviation 60.1076 ×106 5.8878 ×106 11.0474 ×106

I The average residence time in each compartment:
τ1 = 60h , τ2 = 16h , τ3 = 96h .

I The residency times are:

τi = 1
ϕi + µi

, for i ∈ {1, 2, 3} .

I Thymic output from Scollay et al. (1980):
ϕ3 n

∗
3 = 2.5× 106cells per day .
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Parameters

I φ = 35.35× 106 cells per day.
I ϕ1 = 0.14 per day and µ1 = 0.26 per day.
I ϕ2 = 0.19 per day and µ2 = 1.30 per day.
I ϕ3 = 0.15 per day and µ3 = 0.09 per day.
I λ3 = 0.15 per day.

Thymic selection rates (death: neglect or apoptosis)

I µ1
ϕ1+µ1

=0.65.
I µ2

ϕ2+µ2
=0.87.

I µ3
ϕ3+µ3

=0.38.
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Asymmetric death rates for SP4 and SP8 (Yates and Seddon)
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Mathematical model

dn1
dt

= φ− ϕ1n1 − µ1n1 ,

dn2
dt

= ϕ1n1 − (ϕ4 + ϕ8)n2 − µ2n2 ,

dn4
dt

= ϕ4n2 − ξ4n4 − µ4n4 + λ4n4 ,

dn8
dt

= ϕ8n2 − ξ8n8 − µ8n8 + λ8n8 .

The steady state of the system is given by

n
∗
1 =

φ

ϕ1 + µ1
, n

∗
2 =

n∗1ϕ1

ϕ4 + ϕ8 + µ2
, n

∗
4 =

n∗2ϕ4

ξ4 + µ4 − λ4
, n

∗
8 =

n∗2ϕ8

ξ8 + µ8 − λ8
.
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Experimental data (Hogquist and Stritesky)

mouse n∗1 (pre-DP) [cells] n∗2 (post-DP) [cells] n∗4 (SP CD4) [cells] n∗8 (SP CD8) [cells]
1 82.5840 ×106 9.3018 ×106 13.8528 ×106 4.5066 ×106

2 142.1900 ×106 19.9420 ×106 18.7325 ×106 7.4635 ×106

3 89.0000 ×106 5.9800 ×106 11.8800 ×106 4.1000 ×106

4 29.3150 ×106 2.0910 ×106 4.3973 ×106 1.2095 ×106

5 29.3150 ×106 2.0915 ×106 4.3973 ×106 1.2095 ×106

6 51.2550 ×106 5.9335 ×106 6.8501 ×106 2.1587 ×106

7 64.4770 ×106 6.8101 ×106 9.0298 ×106 2.6123 ×106

8 218.9440 ×106 15.4176 ×106 29.4624 ×106 10.7360 ×106

mean 88.3850 ×106 8.4459 ×106 12.3253 ×106 4.2495 ×106

standard deviation 60.1076 ×106 5.8878 ×106 7.9358 ×106 3.1231 ×106

I The average residency time in each compartment:

τ1 = 60h , τ2 = 16h , τ4 = 96h , τ8 = 96h .

I From Seddon/Yates: µ4 = 0.04 and µ8 = 0.108 per day.
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Thymic selection rates

I µ2
ϕ4+ϕ8+µ2

=0.88.
I ϕ4

ϕ4+ϕ8+µ2
=0.09.

I ϕ8
ϕ4+ϕ8+µ2

=0.03.
I µ4

ξ4+µ4
=0.16.

I µ8
ξ8+µ8

=0.44
I λ4=0.15 per day.
I λ8=0.18 per day.

I µ4 = 0.04, ξ4 = 0.21 and ϕ4 = 0.14.
I µ8 = 0.11, ξ8 = 0.14 and ϕ8 = 0.04.
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Outline

1 At the receptor level

2 TCR/CD3 complexes: oligomers and allostery

3 Thymic selection: Hogquist Nur77GFP experimental system

4 Acknowledgements

43 / 45



At the receptor level TCR and conformational change Thymic selection Thanks

Thanks

I Keith Ball and the ICMS: for the kind invitation.
I Post-graduate students at the University of Leeds: James

Currie, Mark Day, Joseph Reynolds, Maria Sawicka and Emily
Stirk.

I Theoretical collaborators: Hugo van den Berg, Mario
Castro and Grant Lythe.

I Experimental collaborators: Alarcón, Blanco and van
Santen (Madrid) , Palmer (Basel) and Hogquist and Stritesky
(Minessota).

I The audience (for your patience), the speakers and the session
chairs.

I Support is acknowledged from the BBSRC, FP7, BSI, White
Rose and the University of Leeds.

44 / 45



At the receptor level TCR and conformational change Thymic selection Thanks

Parameter values for allostery model (OVA)

Parameter Description Value Source

k
(B)
on Forward binding rate for B state (monomer) 2040 M−1s−1 [10]

k
(B)
on Forward binding rate for B state (tetramer) k

(B)
on [7, 9]

k
(B)
off Backward binding rate for B state (monomer) 0.022 s [10]

k
(B)
off Backward binding rate for B state (tetramer) 0.018 s [9]

k
(A)
on Forward binding rate for A state (tetramer) k

(B)
on H1

k
(A)
off Backward binding rate for A state (tetramer) k

(B)
off H1

k
(I)
on Forward binding rate for I state (tetramer) k

(B)
on H1

k
(I)
off Backward binding rate for I state (tetramer) k

(B)
off H1

k
(B)
x,on Forward crosslinking rate for B state 0.88 s Eq. (2)

k
(B)
x,off Backward crosslinking rate for B state k

(B)
off [7]

k
(A)
x,on Forward crosslinking rate for A state k

(B)
x,on H2

k
(A)
x,off Backward crosslinking rate for A state k

(B)
x,off H2

k
(I)
x,on Forward crosslinking rate for I state k

(B)
x,on H2

k
(I)
x,off Backward crosslinking rate for I state k

(B)
x,off H2

qon Forward conformational change rate 10−6 s H3
qoff Backward conformational change rate 10−3 s H3
pon Forward inactivation rate 10−2 s H3
poff Backward inactivation rate pon/δ H3
q̃on Enhanced forward conformational change rate q

1/n
on Eq. (8)

q̃off Enhanced backward conformational change rate qoff H4
p̃on Enhanced forward inactivation rate pon H4
p̃off Enhanced backward inactivation rate poff H4
NR Number of trivalent TCR clusters 1× 104 See Sec. 6
NC Number of cells 2.5× 105 See Sec. 6
V Volume 50 µl See Sec. 6
ρ Initial ligand density 5− 100 nM See Sec. 6

Table 3.2. Hypothesis 1 (H1): We assume that all the reaction rates are the same independently of the TCR state.
A state-dependent binding rate would be responsible of binding amplification (see Sec. 4). Hypothesis 2 (H2):
Cross-linking rates are indepenedent of the TCR state. Hypothesis 3 (H3): The rates are chosen with the aim of
setting the maximum of the APA1/1 staining curve to the range 5-10 min and to capture the thermodynamical
landscape sketched in Fig. 3. Hypothesis 4 (H4): We assume that the effect of ligand on conformational change
enters in an increase in the q̃on rate but does not affect q̃off , p̃on and p̃off .

One of the aims of our modelling approach is to establish the need of a third TCR state (the inactive one) and
the robustness of the Apa1/1 staining curves for different concentration/ligands.

In Fig. 6 we show the robustness of the peak of the number of TCR in the active state among different para-
meters. In Fig. 6A we reproduce the curve for the active state in Fig. 5B to see more clearly the position of the
maximum. One of the central assumptions of the model is the entropic character of the ligand induced conforma-
tional change. Through the parameter n we quantify the degree of change in the entropy due to the loss of degrees
of freedom in the active state. In Fig. 6B we show that for n > 3 the position of the peak is only weakly affected
by the this parameter.

Similarly, in Fig. 6C we show the need of the other important hypothesis of the theory: the existence and
stability of the inactive state. In that figure, the parameter δ quantifies the depth of the free energy level of the
inactive state. Thus, for δ → 0 the maximum disappears but, interestingly, for large values of δ the position of
peak is very robust (so we have a freedom for the choice of the numerical values of the parameters).

In the context of the experiments showed in Sec. 2, in Fig. 1D-F we showed that increasing the free ligand
concentration the position of the peak decreases slightly, but in a less pronounced way than the 40-fold increase in
the concentration. This feature is also captured by the theory and showed in Fig. 6D. An interesting prediction of

7
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