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Kinetic Proofreading Model
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Abstract
inetic proofreading is an intrinsic property of the cell signaling process. It arises as a conse-
B quence of the multiple interactions that occur after a ligand triggers a receptor to initiate a
ignaling cascade and it ensures that false signals do not propagate to completion. In order
for an active signaling complex to form after a ligand binds to a cell surface receptor, a sequence of
binding and phosphorylation events must occur that are rapidly reversed if the ligand dissociates from
the receptor. This gives rise to a mechanism by which cells can discriminate among ligands that bind
to the same receptor but form ligand-receptor complexes with different lifetimes. We review experi-

ments designed to test for kinetic proofreading and models that exhibit kinetic proofreading.

Introduction

For many receptors the occupancy of their binding sites by the appropriate ligand is insuf-
ficient to initiate a cellular response; rather these receptors must aggregate with additional
membrane proteins or among themselves to initiate a signal. As exemplified by the multichain
immune recognition receptors (MIRRs), transmitting information across the cell membrane by
juxtaposing the cytoplasmic tails of receptors is a common signaling mechanism used in every
facet of immune system function. The subunits of the MIRRSs can be divided into those that
participate in binding and those that participate in signaling. All the signaling subunits, but none
of the binding subunits, have at least one copy of a common sequence motif, an immunoreceptor
tyrosine-based activation motif (ITAM) in their cytoplasmic domains. Each ITAM is composed
of a pair of YXXL/I sequences usually separated by seven or eight amino acid residues.’” Upon
receptor aggregation, ITAM tyrosines become phosphorylated. It is by converting cytoplasmic
domains of the receptor to phosphorylated forms that the cell first “senses” the external ligand
and a signaling cascade is initiated.

The cell synthesizes information during signal transduction through chemical reactions that
build and use transient molecular scaffolds. The cytoplasmic domains of the receptors and other
scaffolding proteins are sites for coalescence of kinases, phosphatases and adapters. The structures
formed are ephemeral with components going on and off rapidly. Completion of construction
depends on the lifetime of the receptor-ligand complex. If the lifetime of the complex is too short,
most of the chemical cascades that are initiated will fail to go to completion, the signaling will
be aborted and no response will be produced. This is the essence of kinetic proofreading, an idea
introduced by Hopfield** to explain how high specificity arises in biosynthetic pathways and resur-
rected in the context of cell signaling by McKeithan,’ who proposed it as a mechanism to explain
how T-cell antigen receptors (TCRs) discriminate between foreign and self-antigens.
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Kinetic Proofreading Illustrated through FceRI Signaling

The clearest demonstration of kinetic proofreading in cell signaling used ligands of low valence
with different dissociation rate constants to aggregate high-affinity IgE receptor FceRI on mast
cells and trigger downstream responses.® We will review this experimental work but first we will
illustrate kinetic proofreading using a detailed mathematical model of the initial signaling cascade
mediated by FceRL The beauty of using such a model is that we know exactly what is in the model,
which molecules make up the chemical network and how they interact and we can pick the perfect
ligands and concentrations to test our ideas.

In Figure 1, we review how FceRI ITAMs become phosphorylated, how this leads to the re-
cruitment of the protein tyrosine kinase (PTK) Syk from the cytosol and how Syk then becomes
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Figure 1. Initial steps in FceRl signaling. FceRl is a four chain MIRR. The a chain binds IgE with
high affinity. The f and twoy chains participate in signaling and each contain a single ITAM. In the
basal state, the Src kinase Lyn constitutively associates with the unphosphorylated g chain.!2
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activated. All the reactions shown in Figure 1 are included in the mathematical model. Briefly, the
initiating Src family kinase Lyn constitutively associates with the f chain of the receptor. Upon
receptor aggregation, if Lyn is present in an aggregate, it can transphosphorylate both the f§ and
¥ ITAM tyrosines. The amount of Lyn available to the receptor in rat basophilic leukemia (RBL)
cells is limiting, so that often (at least in this cell line) receptor aggregates initially contain no
Lyn #1° In the basal state, the Src kinase Lyn constitutively associates with the unphosphorylated
[ chain.""'? Lyn can bind through its single SH2 domain to a phosphorylated § ITAM while
Syk, with two SH2 domains, can form a stable complex with ay chain ITAM only when both of
the ITAM tyrosines are phosphorylated.’*! Syk is phosphorylated on multiple tyrosines by both
Lyn and Syk.'*'¢ Syk is fully activated when the two tyrosines in its activation loop, Tyr519 and
Tyr 520, are phosphorylated.””*® The roles of the specific tyrosines of Syk are reviewed in ref. 18.
In the model, all the phosphorylation reactions that take place at the receptor are trans, i.e., Lyn
and Syk cannot phosphorylate substrates that are associated with any of the chains of the receptors
they are associated with. Transphosphorylation of the receptor by Lyn has been demonstrated'?
and there is indirect evidence that Syk phosphorylation of Syk is trans as well.'* In the model, this
is assumed and thus two Syk molecules must be simultaneously associated with a receptor ag-
gregate for a Syk to transphosphorylate the activation loop of an adjacent Syk. Whether signaling
proceeds depends to a large extent on the competition between kinases and phosphatases. Even
while receprors are held in an aggregate, they are constantly undergoing phosphorylation and
dephosphorylation with kinases and phosphatases moving in and out of the aggregate.?®* When
areceptor leaves an aggregate and is separated from the kinase that is phosphorylating its ITAMs,
it undergoes rapid dephosphorylation.” In the mathematical model, a pool of unspecified protein
tyrosine phosphatases account for the dephosphorylation reactions.

A detailed description of the model along with all the parameters and how they were obtained
is given in Faeder et al” The model consists of the receptor, FceRI, a bivalent ligand that can only
aggregate receptors into dimers (higher aggregates can’t form), the PTKs Lyn and Syk, and a back-
ground pool of phosphatases. The model describes the association, dissociation, phosphorylation
and dephosphorylation among the components. In the model, these reactions can lead to 354
distinct chemical species. Using software called BioNetGen (http://bionetgen lanl.gov/) that was
developed to build cell signaling models,*** 354 ordinary differential equations can be generated
whose solutions give the concentrations of cach chemical species as a function of time. Although
we can look at the time courses of all 354 chemical species,” the most useful outputs of the model
usually correspond to experimentally determined quantities. For example, if we are interested in
how the phosphorylation of the § ITAM changes in time, we add up the time courses of all the
concentrations of the chemical species that have the f ITAM phosphorylated, a few of which are
shown in Figure 2. We can then predict how the phosphorylation of the 8 ITAM changes in time
after the addition of the bivalent ligand.

To see if this network model of the carly events of FceRI-mediated cell signaling exhibits
kinetic proofreading, we take as our ligands three monoclonal anti-FceRI that aggregate FceRI
into dimers (Fig. 3). We take these ligands to have the same forward rate constants, £,; and £, ,,
but to differ in their reverse rate constants, £_; and £_,. Note that the mean lifetime of a receptor
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Figure 2. Six of the 170 chemical species in the model that have at least one g ITAM phos-
phorylated. The model lumps the two ITAM tyrosines together so that an ITAM is either
phosphorylated or not phosphorylated.
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Figure 3. Kinetic scheme for the binding of an anti-lgEa monoclonal antibody to an FceRI.

in a dimer formed by a monoclonal antibody bridging two FceR1 is 1/£_,. In the simulations, we
take the value of £_, for the three ligands to be 0.05s7',0.5s and 557,

Shown in Figure 4 are the predicted levels of  and y ITAM phosphorylation and Syk au-
tophosphorylation (Syk is phosphorylated in its activation loop by another Syk) at long times
when the model has reached a steady state. Because none of the components in the model are
downregulated, the model goes to a steady state with a distribution of chemical species populated.
These quantitices are plotted as a function of the number of FceRI in aggregates. From Figure 4,
we can compare the responses induced by the three ligands when they form the same number of
aggregates on the cell surface. For example, for the vertical dotted line in Figure 4, all the ligands
maintain 3000 dimers on the cell surface in the steady state. To achieve this number of dimers,
the ligand concentration for the most rapidly dissociating ligand is about 100-fold higher than
the ligand with the intermediate dissociation rate, whose concentration is in turn about 100-fold
higher than the slowest dissociating ligand (see the three horizontal dotted lines in Fig. 4). As can
be seen, there is little difference in the amount of § and y ITAM phosphorylation induced by the
ligand but for the response furthest downstream in our model, the autophosphorylation of Syk,
there is a dramatic difference in the response to the three ligands. This is a manifestation of kinetic
proofreading, where the lifetime of the receptor in an aggregate strongly influences downstream
responses. In summary, the model shows that a rapidly dissociating ligand will often be less effective
in generating a response than a slowly dissociating ligand, even when the ligand concentrations
are chosen to give the same number of receptors in aggregates.

As illustrated in Figure 5, higher ligand concentrations can compensate for faster rates of
dissociation up to a point. For the slowest and intermediate dissociating ligands one can choose
concentrations for each, 3 x 10* Mand 2 x 10~ M, respectively, that induce 1000 molecules per
cell of autophosphorylated Syk. If there were no further proofreading downstream of Syk, then
we would expect these ligands at the two different concentrations to produce similar, but prob-
ably not identical, cellular responses. Since the time course of binding and formation of receptor
aggregates differ for the two ligands, the time courses of the responses and possibly their magni-
tudes might differ as well. We will address the question of whether there is further proofreading
beyond Syk shortly.

To test for kinetic proofreading experimentally, Torigoe et al¢ compared the time courses of
cellular responses triggered by rapidly and slowly dissociating multivalent ligands that bound to
and aggregated a monoclonal anti-2,4-dinitrophenyl (DNP) IgE. RBL cells were sensitized with
anti-DNP IgE, creating long-lived complexes of anti-DNP IgE and FceRI on the cell surface. The
concentrations of the two ligands were adjusted so that the rapidly dissociating ligand induced a
maximal receptor phosphorylation (the sum of f§ and y ITAM phosphorylation) that was twice
that of the slowly dissociating ligand. Figure 6 shows that the rapidly dissociating ligand was
progressively less effective in stimulating downstream events. The experiments permit comparison
between the relative phosphorylation levels of each protein induced by the two ligands, but do not
permit comparison between the phosphorylation levels of different proteins. As seen in Figure
6, the maximum phosphorylation of Syk induced by the rapidly dissociating ligand was less than
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Figure 4. Simulation using a network model for three monoclonal anti-FceRla that aggregate
receptors only into dimers. The figure is modified from Figure 8 of Faeder et al (2003) where
all the parameters values for the simulation are given. The values plotted are obtained at
steady state. For the three ligands, the forward rate constants are taken to be the same at
k.= 108 M~ s and k,,R; = 0.5 s where Ry is the RBL surface concentration of FceRI. The
reverse rate constants, k_, = k,, have the following values: 0.05 s (black solid lines), 0.5 s
(red dashed lines) and 5.0 s™' (blue dash-dot lines). The x axis is in number of receptors in ag-
gregates. (a) Ligand concentration required to achieve given levels of aggregation, (b) number
of receptors per cell with the B ITAM phosphorylated, (c) number of receptors per cell with
the y ITAM phosphorylated and (d) number of autophosphorylated Syk per cell. Modified
from a figure in ] Immunol.
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Figure 5. The two panels from Figure 4 with the results for the rapidly dissociating ligand, k ;=
5.0 s, omitted. Over a limited range higher ligand concentrations can compensate for faster
rates of dissociation. Concentrations for the two ligands (top panel) can be found so that both
activate 1000 Syk molecules per cell (bottom panel). Modified from a figure in | Immunol.

one-third of that induced by the slowly dissociatingligand. Follow up experiments confirmed these
results for Syk.? For Erk phosphorylation, which is known to be downstream of Syk, the ratio of
the maximal responses was about a tenth. From these experiments, Torigoe et al® concluded that
“these findings are consistent with a kinetic proofreading regime.”

Although the experiments are consistent with the predictions of kinetic proofreading, a feature
of cell signaling not controlled for in these experiments was the level of phosphorylation of the
individual tyrosines in the f and Yy ITAMs of the receptors. Even though the receptors on RBL
cells exposed to the rapidly dissociating ligand had maximum levels of total receptor phosphory-
lation that were higher than for the receptors on cells exposed to the slowly dissociating ligand,
the distribution of phosphorylated tyrosines for these two cases may have been quite different. If
that were the case, the differences in downstream signaling could result from different patterns of
tyrosine phosphorylation rather than the different rates of dissociation. Simulations of the model
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indeed show that y and B phosphorylation exhibits different behaviors as the ligand dissociation
rate is varied,® but this relatively small difference does not account for the dramatic reduction of
Syk phosphorylation at higher dissociation rates (Fig. 4d). Experiments also show that the ratio of
/B phosphorylation changes as the ligand dissociation rate increases,* but these differences seem
unlikely to account for the full extent of the decrease in downstream activation events. Because
the  and y ITAMs contain 3 and 2 tyrosines respectively, it would be necessary to repeat these
studies using site-specific anti-phosphotyrosine antibodies to fully resolve the effects of differential
phosphorylation of individual tyrosines and ITAMs.

The Extent of Kinetic Proofreading in FceRI Signaling

A major function of activated Syk associated with FceRlI is to phosphorylate the transmembrane
adaptor protein linker for activation of T-cells (LAT ).” When receptor aggregates are broken up
by adding large amounts of hapten that compete for IgE-binding sites with the ligand responsible
for receptor aggregation, LAT is rapidly dephosphorylated.”® The present view is that LAT phos-
phorylation is maintained through enzyme-substrate reactions involving transient associations of
LAT with activated Syk- FceRI complexes. These reactions are thought to occur predominantly
in specialized lipid domains where LAT is preferentially located” and where aggregated receptors
tend to cluster,*** although electron microscopy suggests a more complex topographical organiza-
tion of membrane microdomains.*® If the lifetime of the association of activated Syk with LAT is
short compared to the lifetime of a receptor in an aggregate, then we expect events that stem from
LAT phosphorylation not to be subject to kinetic proofreading. The experiments of Torigoe et al®
suggest a way to test this idea—use the same rapidly and slowly dissociating ligands but choose
concentrations such that the ewo ligands induce the same level of LAT phosphorylation, then see
if downstream events still show signs of kinetic proofreading. Counter to what we anticipated,
our results werc consistent with kinetic proofreading beyond LAT phosphorylation.” In these
experiments, however, although the overall level of LAT phosphorylation was the same, the pattern
of LAT phosphorylation was not determined, leaving open the possibility that differences in the
phosphorylation pattern could be responsible for the apparent proofreading.

Some Responses May Escape Kinetic Proofreading

Although many cellular responses are subject to kinetic proofreading some responses have
been observed that appear to “escape” kinetic proofreading.?**% The same rapidly and slowly dis-
sociating ligands used by Torigoe et al® to detect kinetic proofreading were subsequently found to
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Figure 6. Time course of phosphorylation of several proteins in RBL cells sensitized with
anti-DNP IgE after stimulation with (A) a slowly dissociating (high affinity) DNP-conjugated
antigen (50 ng/ml) or (B) a rapidly dissociating (low affinity) 2NP-conjugated antigen (375 ng/
ml). Adapted from Science: Torigoe C, Inman JK and Metzger H. An unusual mechanism for
ligand antagonism. Science 1998; 281:568-72.
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stimulate the transcription of the gene for monocyte chemotactic protein-1 (MCP-1) to about the
same extent. Even though this is a late response and one might think it should be subject to many
proofreading steps, it appears that that is not the case. To explain how a cellular response might
avoid kinetic proofreading, a mechanism was proposed in which a soluble “messenger” generated
carly in the chain of chemical modifications that follow receptor aggregation determines the re-
sponse. To investigate this idea, McKeithan's® mathematical formulation of kinetic proofreading
(see below) was extended to allow a branch reaction in which a modified receptor, one that has
associated with appropriate signaling molecules, acts as an enzyme on an intracellular substrate to
generate a messenger.’*? If the response saturates as a function of the messenger concentration,
then even if the rapidly dissociating ligand leads to the production of less messenger than the
slowly dissociating ligand, both amounts may be sufficient to produce the same response. If this is
the mechanism, then at lower concentrations of both ligands, when the rapidly dissociating ligand
produces message below the saturating level, kinetic proofreading should once again be observed
as it is for the production of mRNA for MCP-1.2 In general, if a response saturates with respect
to the level of an intermediate messenger, kinetic proofreading may be masked at high ligand
concentrations but be revealed at low concentrations.

McKeithan’s Mathematical Formulation

McKeithan’ introduced a simple mathematical model to explain how the binding properties
of peptide-MHC (pMHC) for the TCR influence the activation of the TCR (reviewed in refs.
38 and 39). According to the model, a bound receptor must complete a series of modifications to
generate a cellular response. The model replaces the complex chemistry of the signaling cascade
by a linear sequence of reactions but tries to capture a basic feature of the signaling process, that
multiple events unspecified in the model must happen for the TCR to become activated. The series
of modifications can be thought of as representing intermediate steps, such as the steps required for
the formation of the scaffolding about the receptor and LAT. If the ligand dissociates before all the
modifications have occurred, the receptor reverts to its basal state and no productive signal results
as, for example, when FceRI dissociates from aggregates and rapidly undergoes dephosphorylation
An attractive feature of the model, illustrated in Figure 7, is that minor differences in the lifetime
of a TCR-pMHC complex lead to huge differences in TCR-mediated signaling.

Since McKeithan’® introduced his model, the view of the surface events that drive T-cell activa-
tion has changed. Atlow agonist pMHC surface concentrations, it appears that agonist/endogenous
pMHC heterodimers act as the signaling unit that initiates T-cell signaling.’ Thus, it might be
useful to generalize the model to include endogenous pMHC and heterodimer formation, but as
we discuss below, the main weakness of the McKeithan model and extended versions considered
so far is the overly simplistic way in which signaling is treated.

There are four parameters in the McKeithan model, the forward and reverse rate constants for
binding and dissociation of the pMHC to and from the TCR in the immunological synapse, k,,
and k_; and the parameters that characterize the signaling events, k; and N. From Figure 7, we sce
that in the model, N is the number of successive, irreversible modifications a bound TCR must
complete to become activated and k, is the rate constant for each modification. The difhiculty is
that the model does not specify how to determine these parameters from experiment and as a
result, the model cannot make testable quantitative predictions. At the heart of the problem is
the replacement of a highly branched biochemical network with a linear chain of reactions. Not
surprisingly, there is no clear correspondence between the model parameter k, and the set of reac-
tion rates in the chemical cascade nor becween N and the average number of reactions that occur
for receptor activation. In the model N/k, is the mean time for a receptor to become activated so
we can put an estimate on this quantity, N/k,. If we arc interested in a rapid response, such as the
activation of ZAP-70, it is probably of order seconds, whereas if we are interested in late response,
such as IL-2 production, it might be hours.
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T-Cell Activation and the Competition between Kinetic Proofreading

and Serial Engagement

Despite its shortcomings, the McKeithan model has been used to make interesting qualitative
predictions. The most investigated of these concerns the implications of the competition between
kinetic proofreading and serial engagement (Chapter 9 and Valitutti et al*). To achieve a robust
T-cell response, the activation of many TCRs is required. Kinetic proofreading works at the level
of the individual receptor and to become activated, a TCR bound to a pMHC must complete a
series of biochemical modifications before dissociating from the pMHC. Thus, the half-life of the
pMHC-TCR complex must be long enough to allow completion of the signaling events required
for TCR activation. Under physiological conditions, the density of cognate pMHC on antigen-pre-
senting cells (APCs) is low. Thus, the half-life of the pMHC-TCR complex must be short enough
to permit a single peptide to bind and dissociate many times, i.e., to serially engage multiple TCRs.
The recognition that there is a trade off between kinetic proofreading and serial engagement led
to the proposal that there is an optimal pMHC-TCR half-life for T-cell activation.”* One way
to see this is to look at the initial rate of TCR activation after synapse formation.

activation rate = (hits/s) x (fraction activated) (1)

By hitting rate (hits/s) we mean the rate at which a single pMHC engages TCRs. In the absence
of TCR internalization, or if internalization of TCR only occurs when a TCR is not bound to
pMHC, the rate of serial engagement per pMHC is**

hits/s = 1/(1/k_+1/(k,, T)) = k KT/(1+KT) @)

where K=k, /k , is the two-dimensional equilibrium constant K for binding in the immuno-
logical synapse of pMHC on an APC toa TCR on a T-cell and T is the concentration of unbound
TCR in the synapse. An assumption underlying Eq. (2) is that the density of cognate pMHC is
small relative to the density of TCR so that individual pMHC do not compete for TCRs.

For the model in Figure 7, the fraction of pMHC-bound TCRs that go through all the steps

leading to activation is
fraction activated = (k, /( k, + k)™ (3)
The initial activation rate, Eq. (1), therefore becomes
activation rate = (k,KT/(1+KT)) (k,/( k, + k)Y (4)

For even modest values of N the fraction of activated TCR can be quite sensitive to small
variations in k. For example, consider two pMHC-TCR complexes whose half-lives differ by a
factor of 2. For N = 10 and k ,/k, = 1 and 2, respectively, the fractions activated are 9.8 x 10~
and 1.7 x 1075, i.e., 57 times more TCRs are activated by the pMHC with the longer complex
half-life. However, in the model this power of discrimination comes at the expense of the overall
sensitivity to specific pMHC. To continue with our example, if k.; = 0.05 s and 0.1 s™* for the
two pMHC and KT>>1 for both, the initial activation rates per pMHC would be 4.9 x 10-*
s~ and 1.7 x 107857, respectively. Even if there were a thousand peptides per APC, the agonist
pMHC, k, = 0.05 s}, would only activate on average one TCR every 20s. To get around this
problem, McKeithan proposed (not shown in Fig. 6) that once the TCR had gone through N
modifications and becomes activated, its half-life increases. This would allow the fully modified
TCR to build up over time and achieve higher sensitivity. One problem with this proposal is that
such a mechanism would inhibit serial engagement. In what follows we ignore the possibility of
a change in the half-life of a pMHC-TCR complex when a TCR is fully modified since we know
of no evidence that indicates this occurs.

By differentiating Eq. (4) with respect tok_; and assuming that KT'>> 1, we find the value ofk
where the rate of activation is maximal, is given approximately by k" =k, /(N-1). We expect k"
to correspond to a dissociation rate for strong agonist peptides, about 0.01 s™!. For the expression
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Figure 7. Kinetic proofreading model. T is the concentration of unbound TCR, By is the con-
centration of bound TCRs that have not been modified and B; is the concentration of TCRs
that have undergone i modifications. Each modification occurs with the same rate constant
k,. When a TCR has gone through N modifications, it is activated.

for k™" to be a reasonable approximation, we need KT'> 1. For T-cells with 50,000 TCR per cell
and a surface area of 800 wm’ this requires that K >1.6 x 10 cm.? For some but not all agonist
peptide-MHC-TCR complexes, this inequality is satisfied.** From Eq. (2) we see that in this limit
hits/s = k_, and the rate limiting step in serial engagement is the breaking of the pMHC-TCR
complex. Once a pMHC i free it rapidly finds a new TCR and binds wo it.

"To show that there is an optimal range of half-lives for cytotoxic T-lymphocyte (CTL) activa-
tion, Kalergis et al used a series of CD8* T-cell hybridomas expressing the wild type TCR and
TCRs that had point mutations in their CDR3f domain and bound a VSV peptide-MHC with
differing affinities. Using the same system, similar results were observed for the downregulation
of TCR.*If these results arise from competition between kinetic proofreading and serial engage-
ment, then the model predicts that going to high pMHC densities on the APC surface should
remove the need for serial engagement in T-cell activation and an optimal range of half-lives for
activation should no longer be observed. Consistent with this prediction, it was observed that
when pMHC was present at high density, T-cell activation no longer went through a maximum as
afunction of the pMHC-TCR half-life but became a monotonic increasing function that reached
a plateau for long half-lives."”

A problem with these studies is that the half-lives were not determined directly or at the same
temperature that activation was measured. Rather the half-lives of pMHC-tetramers were measured
at4°C and it was assumed that the order of the half-lives was unchanged for the pMHC-monomers
at 25°C. Whether the same ordering of half-lives occurs at 25°C is unknown. Holler and Kranz*®®
used T-cells transfected with normal and engineered TCRs that had a wide range of pMHC-TCR
half-lives and determined their half-lives and affinities at 25°C. They observed that T-cell activa-
tion was a monotonic increasing function of affinity that reached a plateau as a function of the
pMHC-TCR halflife. They detected no optimal lifetime for the pMHC-TCR complex. Consistent
with their results, Weber et al® engineered high affinity TCRs with slower off rates (also faster
on rates) and found that the cognate peptide acted as a strong agonist for T-cells that had been
transfected with these TCRs.

The evidence for pMHC serially engaging multiple TCRs at low peptide densities is compel-
ling*#% a5 is the evidence for kinetic proofreading occurring in MIRR signaling ¢ As discussed, it
has been proposed that at low pMHC densities TCR activation is a result of competition between
these two effects and should result in TCR activation increasing to a maximum value and declining
as a function of the pMHC-TCR complex lifetime. For interleukin 2 (IL-2) production, Kalergis
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et al* observed an optimal range of half-lives for TCR activation while Holler and Kranz*® did
not. IL-2 production is a late response with many signal events occurring between pMHC-TCR
binding and IL-2 production. To help resolve the question of whether competition occurs during
signaling and leads to an optimal half-life for pMHC-TCR complex-triggered responses, early
responses such as the activation of ZAP70 or the phosphorylation of LAT would make a much
better target for study. As yet these studies have not been done.

Concluding Remarks

Kinetic proofreading is an intrinsic property of the cell signaling process. It arises as a conse-
quence of the multiple interactions that occur after a ligand triggers a receptor to initiate a signaling
cascade and it ensures that false signals do not propagate to completion. An important consequence
of kinetic proofreading is that it prevents signal propagation in the basal state due to fluctuations
in the density of receptors (Facder and Goldstein, unpublished results). In its basal state, a cell
with receptors diffusing over its surface will always have some receptors close enough together that
if one of the receptors is a PTK or associated with a PTK it can transphosphorylate its neighbor.
Low levels of receptor phosphorylation occur in the absence of cognate ligands, but this phos-
phorylation does not generate a cellular response unless the receptors are overexpressed. Similarly,
kinetic proofreading allows quality-controlled responses to the various ligands that a receptor can
bind. Signals initiated by ligands with short binding half-lives are arrested at an early stage. This
is particularly important for the MIRRs because either directly (the T-cell and B-cell receptors)
or indirectly (the Fc receptors) they bind ligands with widely varying half-lives. It is therefore not
surprising that kinetic proofreading was first introduced to cell-surface receptor signaling in this
context and that the MIRRs have become the testing-ground for understanding the details of the
manifestation of kinetic proofreading. There is considerable work still to be done.
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