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Calculations Show Substantial Serial Engagement of T Cell Receptors
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ABSTRACT The serial engagement model provides an attractive and plausible explanation for how a typical antigen
presenting cell, exhibiting a low density of peptides recognized by a T cell, can initiate T cell responses. If a single peptide
displayed by a major histocompatibility complex (MHC) can bind, sequentially, to different T cell receptors (TCR), then a few
peptides can activate many receptors. To date, arguments supporting and questioning the prevalence of serial engagement
have centered on the down-regulation of TCR after contact of T cells with antigen presenting cells. Recently, the existence
of serial engagement has been challenged by the demonstration that engagement of TCR can down-regulate nonengaged
bystander TCR. Here we show that for binding and dissociation rates that characterize interactions between T cell receptors
and peptide-MHC, substantial serial engagement occurs. The result is independent of mechanisms and measurements of
receptor down-regulation. The conclusion that single peptide-MHC engage many TCR, before diffusing out of the contact
region between the antigen-presenting cell and the T cell, is based on a general first passage time calculation for a particle
alternating between states in which different diffusion coefficients govern its transport.

INTRODUCTION

The activation ba T cell begins with the formation of an their surfaces. Further, over a period of hours during which
“immunological synapse” (Shaw and Dustin, 1997; Grakouithe immunological synapse is maintained, thousands of
et al., 1999), a region of contact betwea T cell and an TCR are internalized. This observation led Valitutti et al.
antigen presenting cell (APC). Complementary adhesiorf1995) to propose that a single peptide-MHC can interact
molecules first form bonds between the T cell and APC,with many TCR, often causing the TCR to be internalized.
holding the two surfaces that constitute the contact areghey estimated that when there was a low density of spe-
within about 40 nm of each other. These adhesion bondgific peptide-MHC on the APC, a single peptide could
rapidly migrate to the outer region of the contact area. Theserially engage 200 TCR, i.e., the ratio of TCR internalized
surface of the APC also displays a heterogeneous populgo peptide-MHC on an APC was approximately 200. In
tion of peptide-major histocompatibility complexes (MHC). different experiments, Itoh et al. (1999) observed down-
If activation is to proceed, the homogeneous population Of'egulation of 80 to 100 TCR per peptide-MHC. However,
T ce_II receptors (TCR) must bind tq a subpopulation of th_eserial engagement has been challenged by Sanetoak
peptides on the APC. When TCR bind to peptide-MHC, th'S(ZOOO), who showed that TCR that have not been engaged
brings the surfaces closer, within about 15 nm. Th.e. TCRby peptide-MHC can be internalized in a peptide-MHC-
peptide-MHC bonds are found, after a short transition, ingependent manner. This observation raises the possibility
the inner region of the contact area, surrounded by aring G4t the internalization of more TCR than peptides on the

adhesion bonds._ i i .APC may be due to a bystander effect rather than serial
The TCR-peptide bond is weak, characterized by a rapi ngagement

glc')ssomatl_on ra(;[e_ C%nSt.ant tanld alggg'“f; In th_? ran?e foélDZO We present here a way to decide whether serial engage-
s (reviewed in Davis et al., )- Recruitment o ment occurs under physiological conditions that are inde-

or CD8 coreceptors on T cells that bind to MHC molecules . L ;

i . . endent of TCR internalization. Our approach is to deter-
helps stabilize the TCR-peptide-MHC bond and increase thgnine how serial enaagement depends on the parameters
half-life (Garcia et al., 1996), but even T cells deficient in gag P P

) ) governing the T cell-APC interaction, i.e., the forward and
coreceptors or with blocked coreceptors can be activate ‘ tants for the TCR tide bond. th ‘
(Hampl et al., 1997). T cell activation has been triggere cverse rate constans for the “peptide bond, e surace

with APCs having fewer than 100 specific peptide-MHC on densities of pepﬂder-MI—!C and TCR the radius of the con-
tact area, and the diffusion coefficients of the TCR, peptide-
MHC, and the bound complex that they form with each
other. We derive analytic expressions, in terms of the fun-
Received for publication 15 June 2000 and in final form 21 Novemberdamental parameters, for the total number of TCR bonds
2000. formed, serially, by a single peptide-MHC, before the com-
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RESULTS wherel, andl, are modified Bessel functions (Abramowitz

and Stegun, 1964) angl = ((A/D;) + (A,/D,))*2
Mean residence time for a particle alternating g ) ((A4/Dy) + (A/D2)

between two diffusing states

. . . . . . Application to fi d TCR-bound tide-MHC
The analysis starts with a model in which a particle diffuses ppiication fo ree an ound peplide

in a circular region of radius, alternating between state 1, For a peptide-MHC that is either free (state 1) or bound to
where it diffuses with diffusion coefficier,, and state 2, a TCR (state 2), the transition rates are
where its diffusion coefficient i®, (Fig. 1). The transition M=k T A=k @)
from state 1 to state 2 occurs at a rajeand the transition Lo ot 2 ot
from state 2 to state 1 occurs at a rate We calculate the where k., is the effective two-dimensional forward rate
mean residence time for the particle in the region, or equiveonstant (Dustin et al., 1996; Shaw and Dustin, 1997) for
alently, the mean time until the particle crosses the boundthe binding of peptide-MHC to TCR, within the contact area
ary of the region. For the case where the diffusing particldoetween an APC and T cek,y is the reverse rate constant,
is a peptide-MHC in an immunological synapse, alternatingand T denotes the concentration of unbound TCR in the
between unbound and TCR-bound states, the calculatiofontact area. We make the approximation fhat constant
gives the mean time the complex remains in the contact areznd uniform in the contact area over the period of interest.
between the APC and the T cell. The estimates we present are for low densities of peptide-
In the Appendix, we show that the mean residence timeMHC, so that binding does not significantly deplete the pool

(ty), for a particle starting in state 1 at a random location®f unbound TCR, nor do peptide-MHC compete among
within the circular region, is given by themselves for unbound TCR. Further, the estimates hold

only for short times, before internalization and other pro-
a2 At Ay cesses cause extensive down_—regulatiqn of TCR or spatial
(t) = (8) ()\D+AD) redistribution of TCR and peptide-MHC in the contact area.
=2 7 A2 There are three diffusion coefficients of interdst, for
AD,(D, — D) 21,(ad) the free peptide-MHC on the APO; for the free TCR on
D, + D)2 ( ) (1) the T cell, andDg for the bound complex. If, when a bridge
=2 0 AR forms between a TCR and a peptide-MHC, there are no
induced cytoskeletal interactions, then from the Einstein
relation it follows that the diffusion coefficient of the bound

T cell complex is

 aalyea)

D:D;
P~ Dy + Dy )

From Eg. 3, we see thddg = Dp. If the cell-cell bridge
formed by a bound TCR-peptide-MHC induces cytoskeletal
constraints beyond those that act separately on unbound
mobile TCR and peptide-MHC, the bound complex may be
essentially immobile; thedg ~ O.

In the notation of the general mod&, = Dy andD, =
Dg. The expression for the mean residence time in the
contact area (Eq. 1) simplifies in the two extreme cases:

2

(ty = 87Dp

A
PC ¥><1+M):£(1+RT) ifDg=0  (5)

. . . . () = (BD A
FIGURE 1 Peptide-MHC diffuse on an antigen-presenting cell (APC) P 2
and bind to T cell receptors (TCRha@ T cell, in the region of contact of — - . . . .
the two cells. In the model used to calculate the number and rate of seridVNere K- = Ko /Ky is the two-dimensional equilibrium
TCR encounters by a peptide-MHC, the contact area is taken to be circulagOnstant.
with radius a. The initial position of the complex is specified by the
distancer from the center of the region. The diffusion coefficient govern-
ing movement of the peptide-MHC B, when the complex is not bound Number and rate of TCR hits per peptide-MHC
to a TCR (pathway 1 to 2; then binding occurs at position 2). The diffusion .
coefficient isD, when the complex is TCR-bound (pathway 2 to 3 to 4; W€ can now estimate the number and rate of encounters

dissociation occurs at position 4). (“hits”) between a peptide-MHC and T cell receptors in an
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immunological synapse. The number of TCR hits by a5 and

single peptide-MHC, while it remains in the contact area, is

approximately equal to the mean time in the contact area, hits ~
(ty), divided by the mean cycle time, i.e., the sum of the 8Dp
mean time for a free peptide-MHC to bind to a TCR, ) ) . o
1/(k,.T), and the mean lifetime of the resulting bondk 4/ Equation 9 shows that in the special case where diffusion of

n

if Dg = 0 9)

Then the bound complex is negligible, the total number of hits is
independent of the reverse rate constiypt The hitting
ko KT rate, however, depends &g.
NS = Uiom) + W @ =11 k7w 6

The hitting rate per peptide is the number of hits divided by=-Dmates from data

the time a peptide spends in the contact area We can now use the general expression we derived for the
hitting rate (Eq. 7) to see if, under typical experimental
. t conditions, serial engagement occurs. The two-dimensional
hits/s~ 1+ KT (7)  dissociation constanky = 1/K = k,q/k,, has been deter-
mined to be 1x 10° cm ? (K = 1 X 10 ° cn?) for the
From Eq. 7, we see that the hitting rate depends only on thBinding of TCR to the peptide MCC88-103 complexed with
two-dimensional equilibrium constant and the reverse raténobile MHC molecules on a planar bilayer (Grakoui et al.,
constant, or equivalently, on the forward and reverse ratd999). For this peptide,; = 0.057 s*. For a T cell with
constants. The hitting rate does not depend on the diffusiog % 10" TCR per cell (Shaw and Dustin, 1997) and a
coefficients or the radius of the contact area. An alternativéurface are® = 5 x 10 ° cn® (Grakoui et al., 1999), the

way to obtain the hitting rate is simply to note that there isTCR concentration at the start of the experimént 6 X
one hit per mean cycle time. 10° cm™2, andKT = 6. From Eq. 7, the hitting rate therefore

equals 0.05 s,

We can estimate how many hits a single peptide makes
while in the contact area by multiplying this hitting rate by
the average time a peptide spends in the contact &rea,
Two limits are helpful in understanding what determines theThe radius of the contact area is aboutxs 10 * cm

Limiting cases

rate of serial engagement, for different peptides (Grakoui et al., 1999). We assume the diffusion coefficient
~ of the MHC on an APC is typical of transmembrane pro-
, Kog If KT>>1 teins (reviewed by Saxton and Jacobson, 1997) and take
hits/s=~ { k, T if KT<<1 ®) Dp = 3 X 10 % cn/s. For major histocompatibility anti-

gens on various cell lind8, ~ 1 — 4 X 10 *%cn/s (Wade

WhenKT >> 1, so that a peptide-MHC complex spends aet al., 1989; Edidin et al., 1991; Qui et al., 1996; Munnelly
large fraction of its time bound to TCR, the dissociation rateet al., 2000). From Egs. 4 and 5 we know thak8D;) =
determines the hitting rate. In this limit, increasing the TCR(t,) = (1 + KT)a%(8D;) and for the case being considered,
concentration no longer increases the hitting rate. The TCRO00 s= (t;) = 700 s. (The lower bound corresponds to both
concentration is already sufficiently high that when a pep-the free and bound peptide diffusing at the same rate, and
tide-MHC complex dissociates, it will immediately find and the upper bound corresponds to the bound complex being
bind to a new TCR. In the other limit, wheliT << 1, the ~ immobile.) Thus, we estimate that at the start of an exper-
rate of hitting is determined by the rate of binding. In thisiment, when APC and T cell have attached and a contact
case, dissociation is so rapid relative to binding that the timarea has formed, a peptide initially in the contact area will
between TCR hits is essentially the time it takes a freeengage 5 to 35 TCR in the period of 100 to 700 s (2 to 12
peptide-MHC to bind to a TCR. min) before leaving the contact area. Over a 5-h period, as

If we consider peptide-MHC complexes with similar in the experiments of Valitutti et al. (1995), a peptide will
rates of binding to TCR in an immunological synapse, butenter and leave the contact area numerous times, engaging
with a wide range of dissociation rate constants, the hittingadditional TCR. For the set of parameters we have consid-
rates can range from near O (whé&py is so small that ered, we therefore predict that a significant number of serial
KT >> 1 and the hitting rate is approximateky,) up to  engagements occur. (From the results we have derived, we
konT (Whenk, is so large thakKT << 1). cannot estimate how many serial encounters occur over long

Potentially, the total number of TCR hits while a peptide- periods of time, sinc& will decrease with time and become
MHC remains in the contact area (Eq. 6) depends on all ohonuniform as TCR internalization occurs, and the mean
the system parameters, through (Eq. 1). However, if the time a peptide-MHC spends in the contact area will change
TCR-bound complex is immobile, theh) is given by Eq. as complexes enter the region from the periphery.)
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Effect of internalization Eqg. 10 indicates that internalization does not alter the pre-

Int lizati ¢t TCR. and oth that viously estimated rate (Eq. 7) of serial TCR encounters by
nernaiization o » and OIher processes that may Congeytige.MHC in the immunological synapse.

tribute to TCR down-regulation on a time scale consisten
with published data (Valitutti et al., 1995; San Jaeal.,
2000; Niedergang et al., 1997) do not affect our estimates 0Berial engagement of TCR by peptide agonists,
the extent of serial engagement in the initial period ofweak agonists, and antagonists
cell-cell contact. It is easy to apply our_general_ quel to thf?.l.0 estimate the hitting rate (Eq. 7), we must knkyy and
case where bound TCR are subject to internalization. In thlﬁ1 : . N . 4y

. e two-dimensional equilibrium binding constait, As
case, there are two ways for a peptide-MHC to make a

transition from state 2 (bound) to state 1 (free), ie., byd|scussed,for the one peptide (MC88-103) TCR interaction

internalization of the bound TCR (at raig or by dissoci- for which K has been determined (Grakoui et al., 1999),

: . K =1 x 10 °cn? ks = 0.057 s* and, thereforek,,, =
ation of the bond between the TCR and the peptide-MH a1 » off . ' ron
(at ratek,). ThenA, = ko, + A and the hitting rate is .7 % 10~ cn?/s. Grakoui et al. (1999) determined from

a biosensor study that the three-dimensional forward rate

_ 1 constantk,, = 900 M~ * s,
hits/s= UkoT) + Wks + V) If we assume that for all the peptides they studieg.is
" " proportional tok,,, we can estimate hitting rates and upper
kot KT and lower bounds on the number of peptide-TCR serial

1+ (KTIL + (Mkop)) (10)  encounters. T_his is d_one in Table 1, where we see that serial
engagement is predicted to occur for agonists, weak ago-
To obtain a rough estimate af in Fig. 2 we fit a simple nists, and antagonists.
exponential decay to the data of Valitutti et al. (1995) and In reaching this conclusion, we assumed that the mean
obtained\ ~ .028/min or 4.7X 10~ “s when the peptide time for a peptide-MHC to dissociate from a TCR is the
density is 25 nM and ~ .038/min or 6.3X 10 %/s when  same as that obtained from measurements where one of the
the peptide density is 20M. For most TCR-peptide-MHC,  reactants is in solution, such as in a BIACORE experiment.
ko = 0.01 s* (Davis et al., 1998). Thea/k,y << 1, and  This assumption will break down if there is a significant
probability that when the bond between a TCR and a pep-
tide-MHC dissociates, the peptide-MHC will rebind to the
same TCR. Such rebinding will increase the effective life-
time of the bond, i.e., reduce the valuekgf, and, from Eq.
- 7, reduce the hitting rate. Dustin (1997) investigated this
rebinding question for the binding of the glycoprotein CD2
on T cells to CD58 on glass-supported planar bilayers and
. showed that dissociation of CD2-CD58 bonds led to the
creation of new partners rather than reformation of the same
pairs. Apparently, the relative diffusion between a CD2 and
o) CD58 pair upon dissociation was such that the two mole-
i cules became well separated. Is this true as well for TCR/
peptide-MHC pairs in the contact region? In the experi-
7 ments of Grakoui et al. (1999), 80% of the TCR population
] appeared to be immobile in a fluorescence photobleaching
recovery experiment. Let us estimate what the diffusion
o 7 coefficient of the peptide-MHCD,, must be to achieve
0 1 L 1 1 1 1 TCR/peptide-MHC separation after dissociation, in the ex-
0 50 100 150 200 250 300 350  treme case when all TCR are immobile. Upon dissociation,
Time (min) in a timet the peptide-MHC diffuses a mean square distance
, _ r?= 4D t. Assuming re-formation of the same pair does not
FIGURE 2 The data, from Fig. 1b of Valitutti et al. (1995), show the . . . . .
time course of CD3 down-regulation when T cells are conjugated WithOCCUI‘, the peptlde-MHC will diffuse a mean timkt =

peptide-pulsed APC at peptide concentrations of 25 Al gnd 20uM 1/(k,nT) before binding another TCR. (Recall that, is the

(@), corresponding to approximately 50 and 1500 peptides per APC (seeffective two-dimensional forward rate constant drid the
Valitutti et al., 1995, for details). Theolid linesare separate nonlinear concentration of unbound TCR in the contact area.) If the
least squares fits to these data of the function: exp) + f;, wherea is peptide-MHC diffuses a distance that is less than the aver-
the apparent internalization rate afdis the fraction of TCR remaining . L

after down-regulation is complete. The best fit values of the parameters arége distance b?tw_e_en TCR, then rebmdlr_]g t_o the same TCR
A = 0.028+ 0.005,f, = 0.50= 0.02 (J); A = 0.038= 0.003f, = 0.14= may become significant. For randomly distributed TCR on

0.02 @). a surface, the mean square distance between TQR)is-

Percent TCR Internalization
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TABLE 1 Estimates of hitting rates and initial number of hits for peptide-MHC interacting with TCR

Hitting rate
K Kot Kon Kon K per peptide Initial
Ligand Type (nM~Y (s M~ tsh (cré/s) (cr?) KT s hits*
Cytochrome system
MCC88-103 Agonist 16.6 0.057 900 571071 1.0x10°° 6.0 0.05 5-36
T102S Weak agonist 4.2 0.36 1500 X510 2.6x1071° 1.6 0.22 23-59
T102G Antagonist 0.66 5.0 3400 2210°1° 43x 10 0.25 4.0 417-521
Hemoglobin system
Hb64-76 Agonist 83 0.064 5557 3%10°1° 55X 10°° 33 0.062 6-259
N72T Weak agonist 101 0.14 15374 K710~ 1° 7.2x10°° 43 0.13 14-610

The values oK, k, andk,, are from Table 1 of Grakoui et al. (1999). The two-dimensional forward rate corigfafur the peptide MCC88-103 was
calculated from itk value and the two-dimensional dissociation conskgnt= 1/K = 1 X 10° cm 2, determined in Grakoui et al. (1999). For the other
peptidesk,,, was calculated by assuming that the proportionality constant betiygandk,, was the same as for MCC99-108 = k. /k.. The last three

columns were calculatedifa T cell having 3x 10* TCR, a surface ared= 5 X 10 cn?, so thatT = 6 X 10° cm™2, and a circular contact area between

APC and T cell of radius 5 10 “ cm. (By contact area we mean the region in which the TCR-peptide bonds are confined.) The hitting rate per peptide
was calculated from Eqg. 7. * Initial hits is the average number of hits a peptide-MHC makes before leaving the contact area, if it starts at a raodom posit

in the contact area and the TCR concentration remains uniform at concenfratioife the peptide-MHC diffuses in the contact area. The two estimates

are upper and lower bounds obtained by assuming either that the TCR-peptide bond is immobile or that it diffuses with the same diffusion coefficient as
the unbound peptide-MHC.

1/(#T). Thus we expect rebinding of the same pairs to bebinding to the TCR and where the peptide-MHC becomes
negligible andk ¢ in the contact area to be the intrinsic off immobile upon forming a bond. We used these results to see
rate constant wheb, > (H(4AL) = k. /(4m). The peptide if serial engagement occurs at the start of an experiment,
in Table 1 with the largest forward rate constaky, = when an APC and T cell have come into contact, and the
9.7 X 10 *%cn¥/s, is the weak agonist N72T. The inequal- peptide-MHC and TCR concentrations are still uniform in
ity predicts that ifD, > 8 X 10~ cni/s, re-formation of  the contact area. We estimated, for each of a series of
the same TCR-peptide-MHC bond will be negligible and peptides, lower and upper bounds on the number of hits
ko in the contact region will be the same as determined TCR engagements) a peptide-MHC makes before it leaves
from solution measurements. Although the measured valughe contact area (Table 1).

Dp~1—4Xx10 °cn?/s (Wade et al., 1989; Edidinetal., The estimates of serial engagement rates, per peptide-
1991; Qui et al., 1996; Munnelly et al., 2000), is close to theMHC, depend on the TCR concentration being approxi-
predicted value for re-formation of a TCR-peptide-MHC mately uniform in the contact area during the first few
bond, indirect evidence suggests thgt is not reduced in  minutes of the experiment but are independent of how TCR
the contact area. The off rate constant or, equivalently, thare transported on the T cell surface. The predictions are the
mean lifetime of the TCR-peptide MHC bond, is the dom-same whether active (Valitutti et al., 1995; "\fing and
inant factor in determining whether a peptide is an agonistDavis, 1998) or passive (diffusive) transport mechanisms
weak agonist, or antagonist (Matsui et al., 1994; Lyons etlominate the movement of TCR into the immunological
al., 1996; Kersh et al., 1998). N72T is a weak agonist withsynapse. The estimates show that for agonists (i.e., peptides
an intrinsick,; = 0.14 s'% If k, was reduced by a factor that trigger T cell responses), weak agonists, and antago-
of just 2 or 3 in the contact area, we would expect N72T tonists, serial engagement occurs.

be a full agonist (see Table 1). Since N72T is not a full Previous arguments supporting serial engagement (Vali-
agonist, we conclude that its intrindig; characterizes bond tutti et al., 1995; Itoh et al., 1999; Lanzavecchia and Sal-
dissociation in the contact area as well as in solution. lusto, 2000) have been based on the observation of exten-
sive TCR down-regulation, apparently triggered by a
relatively small number of peptide-MHC. If bystander ef-
DISCUSSION fects lead to the internalization of more than one TCR per
We have derived an expression, Eq. 6, for the number opeptide-TCR encounter (San Jaateal., 2000; Niedergang
TCR a peptide-MHC binds, sequentially, before diffusinget al., 1997), published estimates of the number of serial
out of the immunological synapse, assuming the peptideengagements per peptide (Valitutti et al., 1995) may be
MHC starts from a random position within the contact areahigh. Nevertheless, for the parameters that characterize pep-
From this expression we obtained the per peptide hittindide-TCR interactions, serial engagement is expected to be
rate, Eq. 7. We also obtained expressions for the shortespbust.

and longest times a peptide-MHC spends in the contact area, If all peptide-MHC that interact with TCR, whether ago-
Egs. 4 and 5. These times correspond to the two extremenjsts, weak agonists or antagonists, undergo serial engage-
where the motion of the peptide-MHC is not influenced byment, what role does serial engagement play in T cell
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activation? The simple formation of bonds between TCR We noted that in Table 1, the antagonist has the highest
and peptide-MHC within the immunological synapse ishitting rate. One way antagonism can occur is if a critical
probably not sufficient to initiate a T cell response. As with initiating kinase is limiting, as is the initiating kinase Lyn
all other multisubunit immune recognition receptorsfor the MIRR F&RI, in rat basophilic leukemia cells (To-
(MIRR), there is considerable evidence that receptor aggredgoe et al., 1997; Wofsy et al., 1997). As proposed by
gation must occur before a TCR can initiate a signalingTorigoe et al. (1998), the initiating kinase can be tied up in
cascade (Boniface et al., 1998; Bachmann et al., 1998jnproductive associations with TCR that are repeatedly
Bachmann and Ohashi, 1999). Oligomerization of TCRforming short-lived bonds with antagonist peptide-MHC.
bound to peptide-MHC is followed rapidly by a series of The result is that less initiating kinase is available for
TCR modifications. First, specific tyrosines residing in im- association with TCR that form long-lived bonds with ag-
munoreceptor tyrosine-based activation motifs (ITAMs) ononist peptide-MHC. A second way the agonist may be
subunits of the TCR-CD3 complex are phosphorylated byinhibited is through the formation of mixed oligomers com-
the protein tyrosine kinase (PTK) Lck. This results in re-posed of TCR-agonist bonds and TCR-antagonist bonds.
cruitment of the PTK ZAP-70 from the cytosol to the These heterogeneous oligomers will have shorter lifetimes
phosphorylated TCR chain. Zap-70 in turn becomes phos- than oligomers formed solely by TCR-agonist bonds and be
phorylated and, as long as the signaling complex remainkess effective at signaling (Davis et al., 1998). Of course, if
intact, the signaling cascade proceeds (reviewed in Germaithe lifetime of the TCR-antagonist bond becomes too short,
and Stefanova, 1999; Lanzavecchia et al., 1999). even the initiating kinase will not have time to associate.
The mean lifetime of the TCR-peptide-MHC bond This cannot be compensated for by raising the hitting rate
(1) appears to be the dominant factor in determiningand creating more oligomers, because in the limit of large
whether a peptide is an agonist, weak agonist, or antagoni&ts, the hitting rate becomes independentkgf and ap-
(Matsui et al., 1994; Lyons et al., 1996; Kersh et al., 1998) proaches its maximum valug,, T (Eq. 9). The balance
From Table 1 we see that there is a strong correlatiodetween hitting rates and the TCR-peptide-MHC bond life-
betweenk.y, the hitting rate, and a peptide’s ability to time, i.e., between serial engagement and kinetic proofread-
activate T cells. In Table 1, agonists have the smakgst ing, plays a dominant role in determining the rangekgf
values and slowest hitting rates and the antagonist has th@lues over which peptides are active, whether as agonists,
highestk., and the fastest hitting rate. However, a secondveak agonists, or antagonists.
mechanism, kinetic proofreading, has been invoked to ex-
plain the correlation between T cell activation and the
lifetime of the TCR-peptide-MHC bond (McKeithan, 1995). APPENDIX
The kinetic proofreading model postulates that for a particperjvation of mean time in the contact area
ular cellular response to occur, the TCR must complete a

series of modifications (e.g. phosphorylations associationgor a particle diffusing in a circular region of radias with an initial
' ! positionr = a and initial state (i = 1, 2), we defing; as the mean time

with enzymes’ adaptors). If the lifetime of the TCR'peptide'to reach the boundary of the region. The mean residence tireasd t,
MHC bond is too short, then almost always, a bound TCRsatisfy the partial differential equations

will dissociate from the peptide-MHC, become disengaged ,

from any signaling molecules it has associated with, and be DVt — M+ e +1=0 (11)
dephosphorylated to its basal level before it undergoes the 2 -~

necessary number of modifications to achieve activation. As DVt = e + Ay +1=0 (12)
observed, the kinetic proofreading model predicts that thevhereD,, D,, A,, and, are the diffusion coefficients for the two states,
best agonist peptides will have the longest TCR-peptideand rates of transition between the states, defined previously. A heuristic
MHC bond lifetimes. derivation of Egs. 11 and 12, based on a two-dimensional random walk, is

. . . . analogous to the derivation of Eqgs. 10a, b presented in Appendix A of
I |'<|n.et|C prOOfreadmg is all that matters, ther,] the IongerGoldstein et al. (1984). The boundary conditions for the application we
the lifetime (the smaller thi.) of the TCR-peptide-MHC  c;nsider here are(a) = 0 andt(0) is finite, fori = 1, 2.
bond, the better the peptide will be at activating T cells. If  Multiplying Eqg. 11 by, and Eq. 12 byx, and adding the resulting
that is so, why have no agonists been reported with halfequations gives Poisson’s equation for an avetage

lives longer than about 30 s (Corr et al., 1994; Lyons et al.,

2+
1996; Grakoui et al., 1999; Davis et al., 1999)? Lanzavec- DVit=-1 (13)
chia et al. (1999) have argued that in addition to the lifetimeyhere
of the TCR-peptide-MHC bond, of key importance in T cell
activation is the number of triggered TCR. For a fiXeg, D= Az D. + M D (14a)
ask,; decreases, the hitting rate (Eq. 7), decreases. Thus, VR VR D VD P
what appears to place an upper limit on the lifetime of an
agonist peptide is the balance between the lifetime of the t= A2Dy + MD: t (14b)
TCR-peptide-MHC bond and the hitting rate. MDD, + 2Dt MD, + AD; 2
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The solution to Eq. 13, subject to the boundary conditiony)s= (a2 — Germain, R. N., and |. Stefanova. 1999. The dynamics of T cell receptor
r)/(4D). Using the definition ot (Eq. 14b) to eliminaté, in Eq. 11 gives signaling: complex orchestration and the key roles of tempo and coop-
this equation fott,: eration.Annu. Rev. Immunoll7:467-522.

Goldstein, B., R. Griego, and C. Wofsy. 1984. Diffusion-limited forward
D,V — (A; + A,DJ/DYY; = —1 rate constants in two dimensions: application to the trapping of cell

surface receptors by coated piBiophys. J46:573-583.
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The general solution is the following sum of the general solution to the Machine controlling T cell activatiorScience285:221-227.

corresponding homogeneous equation (Abramowitz and Stegun, 1964) arid@mpl, J., Y. Chien, and M. M. Davis. 1997. CD4 augments the response
a particular solution to Eq. 15: of a T cell to agonist but not to antagonist liganttamunity.7:1-20.
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t,(r) = Alg(ar) + BKy(ar) engagement and down-modulation by peptide:MHC molecule ligands:
relationship to the quality of individual TCR signaling everitsimmu-
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(1 - Dy/D)(D/D) (16)  Kersh,G.J. E.N.Kersh, D. H. Fremont, and P. M. Allen. 1998. High- and

ALt A, low-potency ligands with similar affinities for the TCR: the importance
of kinetics in TCR signalinglmmunity.9:817—-826.
where |, and K, are modified Bessel functions angd = ((A,/D;) + Lanzavecchia, A., G. lezzi, and A. Viola. 1999. From TCR engagement to
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+ (a? — r?)/(4D) +
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