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other regions implicated in TCR oligomerization or associa-
tion with CD3 subunits (3, 28). The reduction in exchange
behavior for both DMF5 and A6 mapped to the structures
of the TCRs is shown in Fig. 3.

Highly correlated internal dynamics of the TCR are dampened upon
ligation

To investigate changes in TCR dynamics upon pMHC
binding further, we performed ANM dynamics simulations,
which report on low-frequency protein motions captured by
HDX-MS (reviewed in Ref. 29). In ANM simulations, slow
motions inaccessible to traditional molecular dynamics sim-
ulations are sampled by modeling protein structures as con-
nected nodes whose motions are regulated by empirically
determined force constants. ANM simulations have been
used to study the dynamics of complex systems as large as
ribosomes and have been particularly useful in exploring
how ligand-induced changes in flexibility can give rise to
allosteric effects. Several comparisons have shown good agree-
ment between ANM data and experimental assessments of
low-frequency protein motions, including data from hydrogen/
deuterium exchange and NMR (29).

ANM simulations of the free and complexed A6 TCR
reproduced the general features of the HDX-MS analysis,
showing the global dampening of dynamics associated with
ligand binding (Fig. 4A). The motions of the binding loops
were extensively affected, as were those of the FG loop and
other elements of the constant domains. We next performed
a cross-correlation analysis of the data to examine the dy-
namic coupling between regions of the TCR. In its free state,
a high degree of local, fragment-level correlated motion was
observed throughout the TCR, including both within and
across the Va,, VB, Ca, and CB domains (Fig. 4B). These
correlated local motions were significantly reduced in the
ligated state. Rather than correlated motion occurring be-
tween individual elements such as the CDR and constant
domains loops, in the bound state the domains themselves
moved in correlated, en bloc motions (Fig. 4C). This switch
from fragment-level correlated to domain-level correlated mo-
tion suggests the TCR is mechanically optimized to respond
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FIGURE 3. Percent change in deuteration upon binding of each A6 and
DMF5 fragment mapped to the TCR structure. The distributed reduction
in exchange behavior stemming from the Ag binding site to the constant
domains is clearly visible. As indicated by the scale, warmer colors indicate
a large change, and cooler colors indicate a smaller change. Fragments colored
gray were not resolved in the experiments.
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FIGURE 4. ANM simulations indicate the TCR possesses a high degree
of correlated internal motion that is reduced upon ligand binding.
(A) Fluctuations in the first normal mode plotted for the A6 TCR a-chain
(lef) and B-chain (righ?). Consistent with the HDX-MS experiments, the
simulations show a global dampening of TCR motions. The positions of
the CDR, FG, and AB loops are indicated. (B) Correlation analysis for
the first normal mode of the free TCR reveals a high degree of correlated
motion within and across the Va,, VB, Ca, and CB domains. As indicated
in the scale at the bottom, green indicates no correlation, blue indicates full
negative correlation (in-phase motion in which two groups move toward and
away from each other), and red indicates full positive correlation (in-phase
motion in which two groups move in the same direction). (C) Ligand
binding results in a substantial reduction in the correlated motion of
individual fragments, with correlated motion instead occurring between
individual domains. The scale is the same as in (B).

dynamically to pMHC ligation. The interconnected nature
of the Ig fold could underlie this behavior. Interdomain dy-
namics and their reduction upon binding could be commu-
nicated through the domain linkers, which in other modular
proteins have been shown to be key elements in propagating
signals from one domain to another (30). Another contributor
could be the inherent flexibility in the relatve positioning of
the TCR variable domains (31), the reduction of which upon
binding could impact the motions within and between the
constant domains.

TCR ligation also rigidifies the HLA-A2 H chain and B ym

To determine if TCR ligation alters the dynamics of the
MHC, we performed HDX-MS on Tax/HLA-A2. TCR li-
gation resulted in an overall reduction in deuteration of the
HLA-A2 H chain from 27 to 16% (Supplemental Fig. 2, with
supporting mass spectrometry data in Supplemental Fig. 1).
As expected, the al and a2 helices had decreased incorpo-
ration of deuterons when ligated to the TCR. However, dis-
tant regions (including sites that contact the CD8 coreceptor)
also had lower levels of deuteration, indicating that, similar
to the TCR, the MHC also rigidifies upon binding. 8,m
also rigidified, showing a reduction in deuteration from 24 to
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18%. The latter observation confirms that binding-induced
changes in flexibility can be communicated across interfaces
in noncovalently associated complexes. Further, the distrib-
uted reduction in pMHC flexibility could underlie recent
observations of cooperative CD8 binding to a TCR-pMHC
complex, with a concomitant positive impact on T cell sig-
naling (32).

In conclusion, we demonstrate that formation of a TCR~
pMHC complex results in global TCR rigidification. Via
entropic and packing effects, rigidification will promote asso-
ciations with other neighboring proteins and strengthen the
stability of existing complexes. New or strengthened assemb-
lages could impact the density, positions, and accessibility of
cytoplasmic domains and their associated kinases, as well
as prime a complex to communicate a mechanical stress.
Overall, our data raise the possibility that the TCR and its
pMHC ligand are components of a dynamically modulated,
allosteric T cell signaling system.
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