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CD8™ cytotoxic T lymphocytes (CTL) can recognize and kill
target cells expressing only a few cognate major histocompati-
bility complex (MHC) I-peptide complexes. This high sensitivity
requires efficient scanning of a vast number of highly diverse MHC
I-peptide complexes by the T cell receptor in the contact site of
transient conjugates formed mainly by nonspecific interactions of
ICAM-1 and LFA-1. Tracking of single H-2K“ molecules loaded
with fluorescent peptides on target cells and nascent conjugates
with CTL showed dynamic transitions between states of free diffu-
sion and immobility. The immobilizations were explained by asso-
ciation of MHC I-peptide complexes with ICAM-1 and strongly
increased their local concentration in cell adhesion sites and hence
their scanning by T cell receptor. In nascent immunological syn-
apses cognate complexes became immobile, whereas noncognate
ones diffused out again. Interfering with this mobility modulation-
based concentration and sorting of MHC I-peptide complexes
strongly impaired the sensitivity of antigen recognition by CTL,
demonstrating that it constitutes a new basic aspect of antigen
presentation by MHC I molecules.

A hallmark of CD8" CTL* s their ability to recognize and kill
target cells expressing only a few cognate MHC I-peptide com-
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plexes (1, 2). The initial encounter of CTL with target cells is a
nonspecific adhesion, mainly based on intercellular interac-
tions between LFA-1 (CD18,CDl11la) and ICAM-1 (CD54)
(3—6). This nonspecific adhesion starts at an initial contact site,
and after about 2.5 min LFA-1-ICAM-1 ring junctions are
formed (4). In such antigen-nonspecific conjugates LFA-1 trig-
gers reorganization of the actin cytoskeleton and phosphoryla-
tion of molecules involved in cell adhesion on CD8" T cells,
which lowers the threshold of T cell activation (5). At this stage
CTL scan target cells for expression of cognate MHC I-peptide
complexes. Effective eradication of transformed or virus-in-
fected cells depends heavily on the efficiency of this scanning; to
recognize target cells expressing only a few cognate MHC
I-peptide complexes, CTL need to be able to recognize these
among high numbers (>10°) of vastly diverse MHC I-peptide
complexes during the brief nonspecific CTL target cell encoun-
ter. Interaction of cognate MHC I-peptide complexes with TCR
induces elevation of intracellular calcium, diverse phosphoryl-
ation events, activation of integrins, rearrangement of the
cytoskeleton, translocation of adhesion and auxiliary molecules
and their ligands to the contact site, resulting in the formation
of an immunological synapse (IS) (2-6). As the IS matures,
antigen recognition molecules (e.g. TCR/CD3, MHC mole-
cules, and coreceptor) localize in the central supramolecular
activation complex (cSMAC) and adhesion molecules (e.g.
LFA-1/ICAM-1) in peripheral SMAC (pSMAC) (6-10). This
molecular segregation occurs by differential actin cytoskeleton-
mediated translocations and allows avid polyvalent interactions
of TCR and coreceptor with MHC-peptide complexes, respec-
tively, and integrins with their ligands, as both sets of molecules
are of different size (6, 11).

The mobility of human and murine MHC-I molecules has
been examined on different cell types using fluorescence recov-
ery after photobleaching (FRAP), indicating that a fraction of
MHC I molecules was immobile within the measured time scale
of 50 ms to 30 s (12-14). Studies using single particle tracking
(SPT) showed mobile MHC I molecules following anomalous
diffusion (i.e. nonlinear time dependence) over time scales of
100 ms to 300 s or transient confinements within domains of
various sizes (13—16). The lateral diffusion of MHC-I molecules
in plasma membranes was increased upon truncation of their
cytoplasmic tail or replacement of their transmembrane and
intracellular portions with a glycosylphosphatidylinositol (GPI)
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anchor (12, 16). There is compelling evidence that the anoma-
lous diffusion of MHC I molecules depends on the actin
cytoskeleton. Actin plays a key role in membrane compart-
mentalization and determines the barriers of a random walk
of MHC I molecules (12, 14, 17). An attractive possibility is
that MHC I molecules transiently interact with the actin
cytoskeleton via ICAM-1, which has been shown by coim-
munoprecipitation and fluorescence resonance energy
transfer experiments to associate with MHC I molecules
(18-20) and to interact with the actin cytoskeleton (21).

It is not clear what role, if any, the anomalous diffusion of
MHC I-peptide complexes has for antigen recognition by CTL.
Biological studies on GPI-linked MHC I molecules have
reached vastly diverging conclusions. Although some studies
showed that GPI-linked MHC I molecules exhibit defective
thymic selection and alloantigen recognition by CD8 T cells
(22-24), others reported that they are well recognized by anti-
gen-specific CTL (25, 26).

The objective of this study was to investigate the relation
between the movements of normal and GPI-linked MHC
I-peptide complexes on target cells and their recognition by
CTL and to elucidate how cognate and noncognate MHC
I-peptide complexes diffuse in nascent IS. The dynamics of
MHC II-peptide complexes containing fluorescent peptides
have been assessed by single molecule microscopy, a technique
that provides unprecedented detailed and accurate information
on molecular movements on living cells (11, 27-30). For track-
ing experiments, we used fluorescent derivatives of the Plasmo-
dium berghei circumsporozoite (PbCS) peptide 252-260
(SYIPSAEKI). This peptide, conjugated with photoreactive
4-azidobenzoic acid (ABA) on Lys-259 (PbCS(ABA)), is recog-
nized by S14 and related CTL clones in the context of K¢ (31).
These clones were derived from mice immunized with PbCS-
(ABA) and hence the ABA group is an essential part of the
epitope they recognize (31). Fluorescent ATTO,,, dye was
introduced in PbCS(ABA) by replacing PbCS Ser-252 with N-vy
ATTO,, diaminopropionic acid (Dap(ATTOg,,)-YIPSAEK-
(ABA)I). Alternatively, ATTO,,, was introduced in PbCS-
(252-260) on Lys-259, i.e. SYIPSAEK(ATTOg,,)1. For simplic-
ity, the former peptide derivative henceforth is referred to as
peptide P1 and the latter as peptide P2. This system has the
significant advantage that although both modifications pre-
served the binding of the peptide to K9, peptide P1 but not
peptide P2 was recognized by S14 CTL (31, 32).

We report that K¢-peptide complexes on fibroblast L-K and
RMA-S-K“ thymoma cells exhibit dynamic transitions between
states of free diffusion and immobility. The immobile periods
greatly increased in cell adhesion sites, thus increasing the local
concentration of complexes. In the nascent synapse with CTL,
cognate but not noncognate K-peptide complexes became
immobile, resulting in their selective local trapping. The mobil-
ity of K%-peptide complexes was substantially increased upon
disruption of the cytoskeleton or for GPI-linked complexes. In
both cases the recognition by S14 CTL was greatly reduced,
demonstrating for the first time that mobility modulation-
based sorting and trapping of MHC I-peptide complexes in the
immunological synapse increases the sensitivity of antigen rec-
ognition by CTL.
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EXPERIMENTAL PROCEDURES

Cells and K* Transfectants—ICAM-1 and K%-transfected L
cells (L-K%) and S14 CTL were propagated as described (31, 33).
DNA of K%, was obtained by truncating C-terminal K¢ after
Thr-280 and fusion with the GPI anchor of CD55 using the
insertion sequence (SRPNKGSGTTSGTTRLLSGHTCFTLT-
GLLGTLVTMGLLT; GPI anchoring is at the S) as described
(34). Both K and K?;,; DNA were inserted in the pRRLsin.
PPT.hPGK lentiviral vector (35) and viruses produced by
transfecting HEK293T cells with envelope (pMD2.VSVG),
packaging (pCMVARS8.91), and lentiviral plasmids. RMA-S
cells (10°/ml) in DMEM supplemented with Polybrene (4
pg/ml) were cultured for 24 h at 37 °C with viruses incubated
for 2.5 h at 37 °C with PbCS(ABA) peptide (10~ ° m), stained
with anti-K¢ monoclonal antibody SF1-1.1.1-FITC, and sorted
on an Aria sorter (BD Biosciences). After PbCS(ABA) peptide
loading, the K surface expression, as assessed upon staining
with SF1-1.1.1-FITC, was 81 (MFI) for RMA-S-K¢, 171 for
RMA-S-K? ., and 279 for L-K cells. The ICAM-1 expression,
as determined by staining with monoclonal antibody YN1/
1.7.4-PE was 58 (MFI) for RMA-S-K9, 54 for RMA-S-K¢ op,
and 82 for L-K cells.

Peptides and K*-Peptide Complexes—Chemicals were from
Novabiochem-Calbiochem, Sigma, or ATTO-TEC GmbH (Sie-
gen, Germany). Peptides were synthesized on solid phase using
Fmoc for transient N-terminal protection as described (31, 32).
ATTO-PbCS(ABA) (Dap(ATTO)-YIPSAEK(ABA)I; where
Dap is diaminopropionic acid), referred to as peptide P1, was
obtained by reacting Fmoc-Dap-YIPSAEK(ABA)I with
ATTOg,, N-hydroxysuccinimide ester in DMSO/N,N-dimeth-
ylformamide/di-isopropylethylamine (3/2/0.1) at 20 °C for 1 h.
After removal of Fmoc the deprotected peptide was purified on
a semi-preparative C4 column (Vydac, Hesperia, CA). The syn-
thesis of PbCS(ATTO) (SYIPSAEK(ATTO)I), referred to as
peptide P2, was analogous, using Fmoc-SYIPSAEKI. All pep-
tides were characterized by matrix-assisted laser desorption
ionization time-of-flight-mass spectrometry. 1 um K%-peptide
P1 containing a free cysteine in position 275 of the K¢ heavy
chain was reacted with 5 uM of 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-maleimidophenyl)butyra-
mide] in phosphate-buffered saline containing 20 mm CHAPS
for 2 h at 20 °C and purified by gel filtration on a Superdex S75
column (Amersham Biosciences) in 20 mm CHAPS.

Functional Assays—RMA-S-K? cells were incubated in
DMEM containing 2.5% dialyzed fetal calf serum (Invitrogen), 2
pg/ml of 2 M and 10 mm HEPES with graded concentrations of
peptide at 32 °C for 90 min. RMA-S-K9_,; cells were incubated
without 3,-miroglobulin for 5 min at 37 °C. Peptide binding
was assessed by using PbCS(biotin) (SYIPSAEK(biotin)I) pep-
tide and flow cytometric detection of bound peptide via phyco-
erythrin-labeled streptavidin (Caltag, San Francisco, CA) as
described (36). Antigen recognition by S14 CTL was assessed by
>ICr release experiments as described (33). Conjugate forma-
tion was assessed as described previously (37). In brief, Indo-1-
labeled S14 CTL were mixed with carboxyfluorescein succin-
imidyl ester (CFSE)-labeled L-K? cells previously sensitized
with graded concentrations of peptide 1 (CTL/target = 1: 1),
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centrifuged for 1 min at 1000 X g. After 1 min incubation at
37 °C CFSE and Indo-1 cell-associated fluorescence were ana-
lyzed by flow cytometry on an LSR flow cytometer (BD Bio-
sciences). The percentage of conjugates was calculated as
follows: 2 X CFSE* Indo-1 + counts/(2 X CFSE + Indo-1 +
counts + CFSE + Indo-1 — counts + CFSE — Indo-1 +
counts) X 100.

Single Molecule Microscopy—L-K¢ cell monolayers on glass
coverslips (Assistant, Sondheim, Germany) were incubated in
measurement buffer (Hanks’ buffered salt solution supple-
mented with HEPES (10 mm) and 3,-microglobulin (2 ug/ml))
with 1.5 nm peptide P1 for 1 h at 32 °C. Alternatively, L-K¢ cells
were pulsed likewise with 1.5 nm peptide P2 followed by addi-
tion of 1 um PbCS(ABA) peptide after 30 min. RMA-S-K¢ cells
were incubated with 10 nm of peptide P1 in DMEM supple-
mented with 2.5% dialyzed fetal calf serum and 3,-microglobu-
lin (2 pg/ml) for 90 min at 32 °C. RMA-S-K9,, cells were incu-
bated with 1 nm of the ATTO peptides at 37 °C for 5 min. Single
molecule images were recorded at 37 °C on a modified wide
field microscope (Axiovert 200 M, Zeiss, Feldbach, Switzer-
land) as described (29). Samples were illuminated with 632.8
nm light of a He-Ne laser for 10, 20, or 50 ms per image using
average illumination intensities of around 1.2, 0.5, and 0.3 kilo-
watt/cm?, respectively, and imaged with an intensified CCD
camera (I-Pentamax 512 EFT, Roper scientific, Trenton, NJ) or
with a back-illuminated electron multiplying CCD camera
(Ixon DV 887, Andor Technology, Belfast, UK). Using white
light illumination and the settings for single molecule micros-
copy, we focused on the contact site of newly formed conju-
gates, just exhibiting high and stable calcium flux and recorded
series of single molecule images.

Data Analysis of Single Molecule Trajectories—Fluorescence
spots of single K%-peptide complexes were discriminated from
cellular fluorescence background by their near-diffraction-lim-
ited sizes and intensities. Analysis of single molecule images
was performed with a program written in IGOR PRO (30). Tra-
jectories were evaluated from complexes displaying more than
six steps and single-step photobleaching. The diffusion coeffi-
cients (D) were determined from a linear fit of the first four data
points of the plot of the mean square displacement (MSD) ver-
sus the time lag, £,,,, using MSD = 4 D £,,,. The confinement
length (L) was evaluated from a fit of the plot of MSD versus f,,,
using a confined diffusion model MSD = noise + A*(1 — exp(— 4
Dt,,,/A)), where noise is the measurement noise and A the con-
finement size. To discriminate between immobile K¢-peptide
complexes and those diffusing in confined domains, the distri-
bution of L was compared with those of ATTO647 molecules
immobilized on a glass surface (30). Average domain sizes (S)
were evaluated from (S) = (24) = (((L)/2)* — (noise))'’? using
({L)/2)* measured on glass-immobile ATTO molecules to assess
(noise). Mobility transitions within trajectories were detected by
screening for immobile/confined periods (38). The probabilities
of transitions from mobile to immobile, P, —;mop and from
immobile to mobile, P, ..ob-~mon, Were calculated by dividing
the number of detected transitions by the total number of steps
summed over all mobile or immobile molecules, respectively.
The lifetimes of the mobile, 7., and immobile periods,

mob? immo’

were calculated using 7,,,., = 1/(V"Poob-~immon) a0d T,

mob mmo
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1/(rPimob- =mob)» Where vis the recording frequency of 10 Hz.
Values are given as (mean * 95% confidence intervals). Error
bars in graphs and histograms represent standard deviations
and standard errors, respectively.

RESULTS

Single Molecule Microscopy of K*-Peptide P1 Complexes on
Living L-K* Cells—Single molecule images of individual K-
peptide complexes on K?-transfected fibroblasts (L-K%) were
acquired using the fluorescent peptide P1 (ATTO,,,-PbCS-
(ABA)), which was recognized by cloned S14 CTL nearly as
efficiently as the parental PbCS(ABA) peptide (Fig. 14). For
tracking experiments L-K? cells were loaded for 1 h at 32°C
with 1.5 nm peptide P1, corresponding to about maximal lysis
by S14 CTL. As determined from images, such L-K¢ cells dis-
played 65 = 35 (1 = 8) K%-peptide P1 complexes per cell. Indi-
vidual complexes were discernible as discrete, diffraction lim-
ited spots, distinct from diffuse cellular autofluorescence (Fig.
1B). As assessed by confocal microscopy, peptide internaliza-
tion was barely detectable under these conditions, and unspe-
cific binding on untransfected L cells was negligibly small (data
not shown). These spots exhibited single step photo-bleaching,
proving that they were single K®-peptide complexes (Fig. 1C).
The diffusion of the complexes was assessed by recording
sequences of images at the rate of 10 Hz (Video 1). From the
trajectories three types of complexes were discernible as fol-
lows: (i) immobile (Fig. 1D); (ii) mobile (Fig. 1E); and (iii) those
undergoing transitions between i and ii (Fig. 1F).

Diffusion of K*-Peptide P1 Complexes on the Lower Plasma
Membrane of L-K* Cells—The diffusion coefficients (D) of K-
peptide complexes on the lower, support-adhered plasma
membrane of L-K9 cells were calculated from the short time
regime of the trajectories of individual complexes (supplemen-
tal Fig. S1). Populations of mobile and immobile/confined com-
plexes were clearly distinguishable in the histogram of the dif-
fusion coefficients D and distinct from those of ATTO
molecules immobilized on a glass slide (Fig. 24). Because of
insufficient time resolution, D poorly discriminated between
complexes that were immobile or confined in small nanometer-
sized domains. We therefore calculated confinement lengths
from the long time regime of the trajectories, which scale with
sizes of domains explored by single complexes. In the histo-
gram of the confinement lengths L the calculated confinements
within regions of varying lengths resulted either from real or
apparent confinements, caused by the stochastic nature of the
diffusion of mobile complexes (Fig. 2B). Confinement lengths
of <360 nm resulted from real confinements, as they did not
occur in simulated trajectories of complexes following Brown-
ian diffusion. Using 360 nm as threshold showed that 42 = 10%
of complexes were immobile or confined in small domains (Fig.
2C). The distribution of L was shifted compared with immobi-
lized ATTO molecules (Student’s ¢ test, p < 0.05), indicating
that these complexes were confined in very small domains. By
subtracting the noise from the average confinement length, an
average domain size of 90 = 40 nm was obtained (supplemental
Fig. S1).

A hallmark of the diffusion of K%-peptide complexes was the
mobility transitions between mobile and immobile/confined
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FIGURE 1. Single molecule microscopy of K-peptide P1 complexes on
L-K9 cells. A, °'Cr-labeled L-K9 cells were pulsed with the indicated concen-
trations of PbCS (circles), PbCS(ABA) (squares), peptide P1 (triangles), or pep-
tide P2 (crosses) and incubated with cloned S14 CTL (CTL/target = 3/1). After
4 h, the specific lysis was determined from released >'Cr. One representative
experiment out of three is shown. B, image of K®-peptide P1 complexes on the
lower glass-adhered membrane of two L-K¢ cells (contoured by dashed lines)
within an illuminated circular region of 20 um. Single complexes exhibit dif-
fraction-limited spots, like the one encircled. The scale bar is 5 um. C, single
molecule trace displaying typical single-step photobleaching. D-F, typical
trajectories of an immobile/confined complex (D), a mobile one (E), and one
undergoing a transition from an immobile/confined to a mobile state (F). The
pixel size is 225 nm.

periods. To quantify this, we used Monte Carlo simulations to
calculate the number of stochastic mobility transitions occur-
ring during Brownian diffusion. The simulated trajectories
were screened for time periods for which the square displace-
ments remained below 0.016 um? indicating that none
exceeded six frames. Screening of the trajectories of K-peptide
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complexes for immobile periods exceeding seven frames
showed real mobility transition for 4 molecules of the 66 ana-
lyzed; in three cases, mobile complexes became immobile, and in
one case an immobile one became mobile (supplemental Fig. S2A4).
The probability of occurrence of immobile periods, P, ..., s cal-
culated by dividing the number of immobile periods (4) by the total
number of steps (1174), was 0.34 * 0.33%, which was significantly
higher than predicted by Brownian diffusion (x* test, p < 0.05).
There was a probability of P, —inmor = 0.26 £ 0.29% for a
mobile molecule to immobilize and of P, b ~mon, = 0.19 *
0.37% for an immobile molecule to become mobile (Fig. 2G). From
these values estimates for the lifetime of the mobile periods, 7.,
of 38 s and of the immobile periods, 7,,,,,,,.1,» 0f 53 s were calculated.
As we underestimated the real number of transitions, these life-
times represent upper limits.

Diffusion of K*-Peptide P1 Complexes on the Upper Plasma
Membrane of L-K* Cells—On the upper surface of L-K¢ cells
the same analysis yielded a significantly (x* test, p < 0.001)
lower fraction of immobile/confined complexes (13 * 7%; Fig.
2, D-F). The distribution of L for the confined molecules (L
<360 nm) did not differ from the corresponding distribution
on the lower surface (Student’s ¢ test, p > 0.2) with a small, but
significant shift (Student’s ¢ test, p < 0.05) compared with the
distribution of glass-immobilized ATTO molecules. The aver-
age domain size of 130 = 60 nm was therefore similar to the
domain size determined on the lower surface.

Eight immobile periods were detected among the trajectories
of 64 mobile molecules (2085 steps), corresponding to a prob-
ability of entering immobilization periods of Py, ..ob periods =
0.38 = 0.26% (supplemental Fig. S2C). Although the probabil-
ities of entering immobilization periods were statistically
similar () test, p > 0.8) in both membranes, the trajectories on
the upper surface showed shorter immobilization periods
than those on the lower (supplemental Fig. S2C). This
allowed some K-peptide complexes to undergo two mobil-
ity transitions in the same trajectory (supplemental Fig.
S2B). In total six transitions from mobile to immobile and
four from immobile to mobile were observed, corresponding
to transition probabilities of P, ~inmon = 0-29 = 0.23%
(Tomob =~ 34s) and P, 1 ob-~mob = 1-4 £ 1.3% (T, me =~ 7-1'8),
respectively (Fig. 2G). P, .p-~immob Values were not statisti-
cally different (x* test, p > 0.8) on the lower and upper sur-
faces, indicating that K-peptide complexes became immo-
bile with the same frequency. By contrast, P, .. ob-=mob WaSs
statistically higher on the upper surface (x* test, p < 0.05),
resulting in shorter periods of immobilization and hence in a
larger average fraction of mobile molecules (Fig. 2G).

The differences in the diffusion of K9-peptide complexes
between the upper and the lower surfaces correlated with dif-
ferences in the density of the actin cytoskeleton; the lower sub-
strate-adhered membrane displayed a considerably higher den-
sity of actin as compared with a median section (Fig. 2, H and I).
The finding that K¢ coimmunoprecipitated with ICAM-1 and
vice versa (supplemental Fig. S3, lanes I and 4) argues that the
transient immobilizations of K%-peptide complexes are
explained, at least in part, by their interaction with actin
cytoskeleton-associated ICAM-1 (21).
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FIGURE 2. Trajectories of single K?-peptide P1 complexes on L-K¢ cells. A-C, diffusion of K%-peptide com-
plexes on the lower substrate-adhered cell membrane. A, diffusion coefficients (D) of single K%-peptide com-
plexes (red bars; 96 molecules on 12 different cells). B, confinement length (L) for single K°-peptide complexes
(red bars). Molecules with L >1 um are represented in a bar at >1 um. Blue bars represent L of complexes
following simulated Brownian diffusion and were normalized such that the bars at >1 um are identical. ATTO
molecules immobilized on glass were analyzed the same way (black bars). C, using length of 360 nm as thresh-
old shows that 42 =+ 10% of the molecules were immobile/confined and 58 = 10% mobile (mean value = 95%
confidence interval). The errors in the histogram indicate standard errors. D-F, diffusion of complexes on the
upper cell membrane. D, diffusion coefficients (D) of single complexes (red bars; 87 molecules on 27 different
cells). E, histogram of length (red bars). Complexes with length >1 um are represented in a barat >1 um. Black
bars represent glass slide-immobilized ATTO molecules and blue bars complexes following simulated Brown-
ian diffusion. F, using length of 360 nm as threshold shows that 13 = 7% of the complexes were immobile/
confined and 88 * 7% mobile. G, bars on the left side represent transitions from mobile to immobile
normalized (100% referring to the total number of steps for all mobile molecules) and on the right side
transitions of immobile to mobile (100% referring to the total number of steps summed over all immobile
molecules). H-1, confocal images of L-K9 cells stained with FITC-phalloidin on the lower membrane (H) or

on a median section (/). Scale bars are 10 um.

Disruption of the Actin Cytoskeleton Increases the Mobility of
K*-Peptide P1 Complexes and Decreases T Cell Recognition—To
find out whether the confinements of the K®-peptide com-
plexes were related to the cytoskeleton, their diffusion was
assessed on L-K? cells pretreated with latrunculin, to block
actin polymerization. Because latrunculin-treated L-K9 cells
detached from the substrate, tracking experiments were per-
formed only on the upper cell surface. Remarkably, virtually all
complexes were mobile with diffusion coefficients roughly 10
times larger than on untreated cells (Fig. 3, A—C). Also the pro-
portion of molecules exhibiting confinements of less than 1 um
clearly decreased upon latrunculin treatment. These results
argue that the transient confinements of K%-peptide complexes
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2]

were because of interaction with the
cytoskeleton or cytoskeleton-asso-
ciated entities.

The proportion of conjugate for-
mation was considerably decreased
when target cells were pretreated
with latrunculin, especially at low
peptide concentrations (Fig. 3D),
—— indicating that the increased mobil-
> ity of K-peptide complexes consid-
erably inhibited the conjugate for-
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F 100- mation of S14 CTL with L-K9 cells.
GPI-anchored K“-Peptide Pl

9 & Complexes  Display  Increased
& 60 Mobility—To  generalize these
B w0 findings we likewise examined K-
Iy peptide complexes on K%-trans-
20- fected RMA-S cells (RMA-S-K9).

Because RMA-S cells are weakly
adherent, the diffusion of K®-pep-
tide P1 complexes was only assessed
on the upper cell surface. As on
L-K? cells transient confinements
were observed, but the confinement
lengths were considerably larger
with an average domain size of
240 *= 30 nm (Fig. 4, A and B). 16 *
8% of the complexes were confined,
which is similar as on L-K< cells (x?
test, p > 0.3) (Fig. 4C).

To find out to what extent the
confinements of K%peptide P1
complexes were determined by
their transmembrane and/or cyto-
plasmic portion(s), we replaced
these by a GPI anchor. K¢;,,-pep-
tide complexes displayed diffusion
coefficients in average 3-fold larger
than K% peptide complexes (Fig. 4,
A and D). Nearly all complexes
(99 = 2%) were mobile (Fig. 4, E and
F). Because GPI-anchored mole-
cules partition into lipid rafts (34),
the transient confinements ob-
served for wild type K%-peptide
complexes were not accounted for by partitioning in rafts. Sim-
ilar findings were obtained for K-peptide P1 complexes that
were incorporated into the membrane of L cells (H-2") via the
lipid anchor di-palmitoylphosphatidylethanolamine (39). On
the lower membrane only one immobile period was detected in
the trajectories of 50 complexes, demonstrating that the diffu-
sion of full-length K®-peptide P1 complexes on the lower mem-
brane was not influenced by interactions of their extracellular
portion with the substrate (data not shown). Moreover, K¢, but
considerably less K¢, coimmunoprecipitated with ICAM-1
and vice versa (supplemental Fig. S3, lanes 2, 3, 5, and 6), which
correlated with the different motilities of K¢ and K9 ,-peptide
complexes (Fig. 4).
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molecules and blue bars molecules following simulated Brownian diffusion. C, all complexes (100 = 3%) were
mobile. D, indo-1-labeled S14 CTL were incubated at 37 °C for 1 min with CFSE labeled L-K9 cells (CTL/target =
1/1) that were sensitized with the indicated concentrations of peptide P1 and pretreated (gray bars) or not
(black bars) with latrunculin. The percentage of Indo-1 and CFSE-positive conjugates was analyzed by flow

cytometry. Mean values and S.D. were calculated from four experiments.

GPI-anchored K*-Peptide P1 Complexes Are Inefficiently Rec-
ognized by S14 CTL—RMA-S cells transfected with GPI-linked
K¢ (RMA-S-K9;,,) expressed considerably higher levels of K¢
and bound more peptide than RMA-K? cells, when tested
under identical conditions (Fig. 54). To conclusively compare
the CTL recognition of wild type and GPI-linked K“-peptide
complexes, we determined loading conditions that provided
equal peptide binding. To this end we used biotinylated PbCS
peptide (PbCS(biotin)), which binds to K¢ as well as PbCS-
(ABA) (31) and flow cytometric detection of cell-associated
PbCS(biotin) via phycoerythrin-labeled streptavidin (36). By
varying the incubation time and temperature, equal peptide
binding was observed when RMA-S-K9,,; cells were incubated
at 37 °C for 5 min and RMA-S-K? cells at 32 °C for 90 min in
medium containing dialyzed serum (Fig. 5B). As assessed in a
®1Crrelease assay, RMA-S-K“ cells were recognized by S14 CTL
several hundredfold more efficiently than RMA-S-K¢,, cells
loaded with equal amounts of PbCS(ABA) peptide (Fig. 5C).

Cognate K?-Peptide P1 but Not Noncognate K?-Peptide
P2 Complexes Are Immobilized in the Immunological
Synapse—For tracking of K%-peptide complexes in the immu-
nological synapse formed between peptide P1-pulsed L-K¢ cell
and S14 CTL, newly formed conjugates were selected that
exhibited strong and stable calcium flux in the CTL (Fig. 64 and
data not shown). K% peptide P1 complexes were exclusively
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Cc found in the contact site and colo-
calized with high density of actin
(Fig. 6, B and C) and were distrib-
uted over most of the extended con-
tact site, typically forming bright
clusters (supplemental Fig. S4 and
Videos 2 and 3). All complexes were
immobile/confined (100 = 6%) (Fig.
6F). The average confinement
length was slightly larger as com-
pared with ATTO dye immobilized
on a coverslip, which was explained,
at least in part, by the reduced sig-
nal-to-noise ratio in the synapse
(Fig. 6E). We cannot, however, rule
out that some of the K-peptide P1
complexes were confined within
very small domains.

A strikingly different situation
was observed for noncognate K9-
peptide P2 complexes. Because pep-
tide P2 was not recognized by S14
CTL (Fig. 1A4), L-K cells were
pulsed first with a low concentra-
+ tion of peptide P2, followed by a
high concentration of unlabeled
PbCS(ABA) peptide. As in the pre-
vious experiment S14 CTL were
selected that just formed stable con-
jugates exhibiting high calcium flux
(Fig. 7A). Importantly, although
cognate K%peptide P1 complexes
exclusively accumulated in the con-
tact site, noncognate K¢-peptide P2 complexes were enriched
there but were also found outside (Fig. 7B, supplemental Fig. S5,
and Video 4). Whereas in the synapse cognate complexes were
immobile (or confined in very small domains), noncognate ones
retained mobility (Fig. 7F, and Video 4). As shown in Fig. 7C,
about half of the K¢-peptide P2 complexes in the synapse were
confined in domains of various sizes (trajectories 4 and 5), oth-
ers were mobile (trajectory 3), and some exhibited reversible
confinements, hopping from one domain to another (trajecto-
ries 1 and 2). The diffusion coefficients (D) of K%-peptide P2
complexes were larger than those of K-peptide P1 complexes
(Figs. 6D and 7D). Using the confinement length (L) of 360 nm
as threshold showed that 56 = 15% of K-peptide P2 complexes
were immobile/confined and 44 = 15% mobile (Fig. 7, E and F).
The average size of the domains for K®-peptide P2 complexes
was 130 = 60 nm.

Essentially the same findings were obtained on conjugates
between RMA-S-K cells and S14 CTL. In the synapse formed
between RMA-S-K¢ cells and S14 CTL cognate K®-peptide P1
complexes were all localized in the synapse and immobile or
confined in small domains (supplemental Fig. S6 and Video 5).
By contrast, noncognate K-peptide P2 complexes were only
enriched in the synapse and rapidly diffused in and out of the
synapse (supplemental Fig. S7 and Video 6). In the synapse
formed between peptide P2-pulsed RMA-S-K¢,, cells and S14
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FIGURE 4. Trajectories of single K%-peptide P1 complexes on RMA-S-K9 cells. 4, diffusion coefficients
(D) of single complexes (red bars, 94 molecules on 17 different cells). B, histogram of the confinement
lengths (L) of complexes (red bars). Complexes with length >1 um are represented by a bar at >1 pum.
Black bars represent immobilized ATTO molecules and blue bars molecules following simulated Brownian
diffusion. C, using length of 360 nm as threshold showed that 16 = 8% of the molecules were confined,
and 84 =+ 8% were mobile. D-F, K9-peptide P1 complexes on RMA—S—KdGP, cells. D, diffusion coefficients (D)
of single complexes (red bars, 100 molecules on 18 different cells). E, confinement lengths (L) (red bars).
Complexes with length of >1 um are represented in a bar at >1 um. F, using the length of 360 nm as
threshold shows that 1 = 2% of the molecules were confined and 99 * 2% mobile.

CTL essentially all complexes were mobile and recruitment
into the synapse was scant (supplemental Fig. S8 and data not
shown).

DISCUSSION

A key finding of the present study is that MHC I-peptide
complexes reversibly immobilize in cell plasma membranes
and that the duration of these confinements increased consid-
erably in membranes engaged in adhesion (Figs. 2 and 7 and
Videos 4 and 6). Substantially more K®-peptide P1 complexes
were confined in small domains on the lower membrane of
L-K? cells than on the upper membrane (Fig. 2 and Video 1).
Moreover, the diffusion of noncognate K%-peptide P2 com-
plexes in the synapse between L-K¢ cells and S14 CTL resem-
bled the one in the lower membrane of L-K¢ cells, except that
the confinement lengths were smaller (Figs. 2 and 7 and Videos
1 and 4). Transitions between different diffusion modes within
the trajectory of single MHC I molecules have been observed
previously in single particle tracking experiments (16). How-
ever, this study lacks information on the size and frequency of
the confinements, making a comparison with our results diffi-
cult. The dynamic and reversible confinements of K%-peptide
complexes observed in our study explain why MHC I molecules
were found to follow anomalous diffusion in the time scale of
minutes (Figs. 2 and 4 and Videos 1-3 and 5) (15). Reversible
confinements can give rise to anomalous diffusion by restrict-
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c ing the apparent diffusion of initially
mobile molecules over long dis-
8 tances as compared with free
Brownian diffusion (40).
i Our results on the diffusion of
K% peptide P1 complexes are con-
sistent with previous studies using
FRAP. The diffusion coefficient of
K9-peptide P2 complexes on the
upper cell membrane of 0.1 um?/s
(Figs. 2 and 4) lies within the range
of 0.06-0.3 um?/s reported for
100 MHC-I molecules (12—-14). Smaller
diffusion  coefficients  (0.004—
0.0067 um?/s) were reported in
studies using SPT (14 -16), a finding
often observed when comparing
SPT and FRAP data (13, 41). With a
diffusion coefficient of 0.1 um?/s, it
takes K9-peptide P2 complexes 3.27
min to explore the 78.5-um? area of
plasma membrane of a cell with a
diameter of 5 um. This is at variance
with the observations that nonspe-
cific CTL target cell conjugates are
short lived and that cognate MHC
I-peptide complexes are rapidly
concentrated in nascent CTL target
cell contact sites (Fig. 6, supplemen-
tal Fig. S4 and Videos 2 and 3) (2).
Thus, mechanisms other than
purely diffusion controlled trans-
port of MHC I-peptide must exist to make possible efficient
TCR scanning.

The observation that MHC I molecules dynamically asso-
ciate with ICAM-1 explains how they can become transiently
linked to the actin cytoskeleton (supplemental Fig. S3) (18 —
20, 42). Because nonspecific conjugates of CTL and target
cells are primarily mediated by LFA-1 and ICAM-1, these
molecules are highly enriched in pre-synaptic contact sites
(3-5, 18, 42). Dynamic mobility modulation of MHC I-pep-
tide complexes via association with ICAM-1 therefore well
explains their efficient diffusional trapping in nascent con-
tact sites (Figs. 2 and 7 and supplemental Fig. S3). The thus
greatly increased density of MHC I-peptide complexes in
pre-synaptic contact sites in turn permits efficient TCR
scanning. This view is consistent with the finding that K¢ -
peptide P1 complexes, which exhibit increased mobility and
poorly associated with ICAM-1, were recognized by S14
CTL far less efficiently than wild type complexes (Figs. 4 and
5 and supplemental Fig. S3). It is also consistent with the
finding that inhibition of the actin cytoskeleton of L-K9 cells
greatly increased the mobility of K%-peptide P1 complexes
and inhibited conjugate formation with S14 CTL (Fig. 3).
Stable conjugate and IS formation heavily depend on MHC
I-peptide triggered TCR signaling, which activates LFA-1 for
high avidity binding to ICAM-1 on target cells (3-5, 42).
Moreover, target cell recognition by CTL is independent of

_~! 1 mmobié mobile

Fraction [%)]
& 8 8

=]

() —

] mmobiie mobide
>1 cwhne§

VOLUME 283 -NUMBER 35+AUGUST 29, 2008


http://www.jbc.org/cgi/content/full/M803549200/DC1
http://www.jbc.org/cgi/content/full/M803549200/DC1
http://www.jbc.org/cgi/content/full/M803549200/DC1
http://www.jbc.org/cgi/content/full/M803549200/DC1
http://www.jbc.org/cgi/content/full/M803549200/DC1
http://www.jbc.org/cgi/content/full/M803549200/DC1
http://www.jbc.org/cgi/content/full/M803549200/DC1
http://www.jbc.org/cgi/content/full/M803549200/DC1
http://www.jbc.org/cgi/content/full/M803549200/DC1
http://www.jbc.org/cgi/content/full/M803549200/DC1
http://www.jbc.org/cgi/content/full/M803549200/DC1
http://www.jbc.org/cgi/content/full/M803549200/DC1

The Journal of Biological Chemistry

Jjbe

-]
]
[=]
(=]

J

150

100+

Peptide binding [MFI]
o
o

o
A d
[ ]

12 " 10 9 8 7 6

e
w

PbCS (biotin) [-log M]

(] =]
o o

Peptide binding [MFI] w
[=]

13 12 1 m) 9 8 7 6
PbCS(biotin) (-log M)

Q
-
o
5]

-
(4]

Specific lysis [%)]

13 1? 11 10 9 8 7 6
PbCS(ABA) [-log M]

FIGURE 5. GPI-linked K9-peptide P1 complexes are less efficiently recog-
nized. A, RMA-S-K® cells (squares), RMA-S-K%p, (circles), or untransfected
RMA-S cells (triangles) were incubated with the indicated concentrations of
PbCS(biotin) peptide at 37 °Cfor 1 h, and the peptide binding was assessed by
flow cytometry as mean fluorescent intensity (MFI). B, alternatively, RMA-S-K9
cells (open symbols) were incubated at 32 °C with graded concentrations of
PbCS(biotin) peptide for 30 min (open squares), 60 min (open circles), or 90 min
(open diamonds). For RMA—S—K“GF,I cells (closed symbols), the incubations were
performed at 37 °C for 1 min (filled triangles), 5 min (filled diamonds), and 10
min (filled squares). One out of four experiments is shown. B, RMA-S-K9 cells
(squares) were incubated at 32 °C for 90 min and RMA-S-K% ., cells (triangles)
at 37 °Cfor 5 min with graded concentrations of PbCS(ABA) peptide and their
recognition by cloned S14 CTL assessed in a >'Cr release assay. One out of
three experiments is shown.

costimulation by CD28, but it does rely on costimulation by
ICAM-1/LFA-1 (43). ICAM-1 (and possibly other ICAMs)
therefore are uniquely suited for the here described mobility
modulation-based concentration of MHC I-peptide com-
plexes in newly formed contact sites.
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Our assessment of the tempo-spatial dynamics of individual
K9-peptide complexes revealed for the first time that cognate
complexes were immobilized in small clusters scattered over
most of the extended, nascent synapse with CTL (Fig. 6 and
supplemental Figs. S4 and S6 and Videos 2, 3, and 5). Similar
microclusters have been observed on CD4™ T cells rapidly after
their interaction with APC or ICAM-1 and MHC II-peptide
reconstituted planar membranes; they were shown to contain
TCR and diverse signaling molecules and to be sites of intense
signaling (5, 7-9). Initially these microclusters contain ICAM-
1/LFA-1, but as they migrate toward the center to form the
¢SMAC, adhesion molecules become segregated from antigen
recognition molecules (4, 6, 9, 11).

In the nascent synapse between S14 CTL and L-K“ cells, cog-
nate K%-peptide P1 complexes were immobilized, whereas non-
cognate K%-peptide P2 complexes retained mobility and even-
tually diffused out again (Figs. 6 and 7 and supplemental Figs.
S5-S8 and Videos 2—6). The difference between the two com-
plexes is that one strongly and the other barely detectably inter-
acts with S14 TCR,® arguing that the retention of MHC I-pep-
tide complexes in the synapse depends on the strength of their
interaction with TCR, which upon triggering are cytoskeleton
linked (5, 7, 8, 11). Noncognate K%-peptide P2 complexes were
not recognized by S14 CTL (Fig. 1A), yet such ligands can par-
ticipate in T cell recognition and increase its sensitivity (32, 44).
Considering the dimeric recognition modes proposed by these
studies and the observation that MHC I-peptide complexes can
form compact aggregates, it is conceivable that noncognate
complexes partially become immobilized by association with
cognate ones (45, 46). This is consistent with the finding that
the diffusion coefficients (D) and confinement lengths (L) for
cognate and noncognate complexes partially overlap, and both
exhibit the same cluster formation (Figs. 6 and 7 and supple-
mental Figs. S4—S7 and Videos 2—6).

Other factors accounting for the remarkably slow diffusion
of noncognate complexes in nascent synapses include the fol-
lowing. 1) the diffusion of noncognate complexes was consid-
erably slower in the synapses of S14 CTL with L-K¢ cells than in
the synapses with RMA-S-K9 cells and especially with RMA-S-
K9, cells (supplemental Videos 4 and 6).° Because L-K cells
express more ICAM-1 than RMA-S cells (see “Experimental
Procedures”) and K¢, associates poorly with ICAM-1 (sup-
plemental Fig. S3), this argues that the density of cytoskeleton-
associated ICAM-1 modulates the mobility of noncognate
complexes in the synapse. 2) CD8 in the synapse can bind to and
retain noncognate MHC I-peptide complexes (47). These
authors proposed that CD8 increases the local density of MHC
I-peptide complexes in the synapse and vice versa and that this
enhances the sensitivity of antigen recognition. Costimulation
by irrelevant peptides was most pronounced on thymocytes,
moderate on naive T cells, and mild on effector T cells (48).

The biological significance of dynamic mobility modulation
of MHC I-peptide complexes was evidenced by the adverse
effects on antigen recognition by measures that interfere with
it, such as disruption of the cytoskeleton or replacement of the

5 J.-M. Segurea and . F. Luescher, unpublished results.
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(B) and ATTOg,, fluorescence image of the same conjugate (C). Scale bars are 10 um. D, diffusion coeffi-
cients (D) of single K9-peptide P1 complexes (red bars, 37 molecules in 19 different synapses). E, confine-
ment length (L) of single K9-peptide complexes (red bars). Black bars represent glass immobilized ATTO
molecules. F, 100 * 6% of the complexes were immobile.
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FIGURE 7. Single molecule microscopy of K¥-peptide P2 complexes in the synapse between an L-K¢ cell
and an S14 CTL. A, transmission and overlaid Fluo-3 fluorescence micrograph image. B, corresponding
ATTO4,, fluorescence image. Scale bars are 5 um. C, trajectories of K9-peptide P2 complexes in synapse exhib-
ited reversible confinements followed by free diffusion (7 and 2), free diffusion (3), confinement (4, apparent
domain size of 280 nm), or immobility (5, apparent confinement of 140 nm). Scale bar is 500 nm. D, diffusion
coefficients (D) of single complexes (red bars, 49 molecules in 12 different synapses). E, confinement lengths (L)
of single complexes (red bars). Complexes with length >1 um are represented in a bar at >1 um. Blue bars
represent complexes following simulated Brownian diffusion, and black bars represent ATTO moleculesimmo-
bilized on a coverslip. F, using the length of 360 nm as threshold showed that 56 + 15% of the K%-peptide
complexes were immobile/confined.

transmembrane and cytoplasmic portions by a GPI anchor
(Figs. 3-5). Our finding that K¢, molecules exhibited greatly
increased surface expression and binding of exogenous pep-
tides (Fig. 5A) apparently is accounted for by their inefficient
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loading with endogenous peptides
in the endoplasmic reticulum (49,
50). Because thymic selection of
CD8™ T cells and alloantigen recog-
nition rely on presentation of endo-
genously produced peptides, this
explains why GPI-linked MHC I
molecules exhibited little or no
activity in such studies (12-14).
Conversely, in studies where exoge-
nous peptides were presented to
CTL of defined specificity, GPI-
linked MHC-I molecules were
active (25, 26). However, from these
studies it is not known with what
precise efficiency GPI-linked MHC
I molecules present exogenous pep-
tides, because GPI-linked MHC I
molecules, lacking avid endogenous
peptides, bind exogenous peptides
better than wild type molecules.
After careful equalization of the
peptide binding, we show here for
the first time that GPI-linked MHC
I-peptide complexes are strikingly
less well recognized by CTL than
wild type complexes (Fig. 5).

The observation that disruption
of the actin cytoskeleton on L-K¢
cells rendered K?-peptide P1 com-
plexes fully mobile and impaired
conjugate formation with S14 CTL
demonstrates that the dynamic
mobility modulation of K¢-peptide
P1 complexes improved the initial
TCR scanning and TCR triggering
(Fig. 3). It also shows that the tran-
sient immobilizations of complexes
were not accounted for by partition-
ing in large clusters of MHC I mol-
ecules. Such clusters have been
observed mainly on activated B and
T cells, which express large frac-
tions of free MHC I heavy chains
known to aggregate (51). Indeed, we
obtained the same results in the
absence or presence of excess of
B,-microglobulin, which disrupts
MHC I clustering.®

In conclusion, this first tracking
study of defined, single MHC I-pep-
tide complexes on target cells and
their nascent immunological syn-
apse with CTL revealed a new, fun-

damental aspect of MHC I-restricted antigen presentation. It
demonstrates that the anomalous diffusion of complexes is
explained by transient association with cytoskeleton-associated
ICAM-1.Because ICAM-1 is concentrated in pre-synaptic con-

VOLUME 283 -NUMBER 35+AUGUST 29, 2008



The Journal of Biological Chemis

e

tact sites formed by CTL and target cells, this results in local
diffusional trapping and sorting of complexes. This in turn
increases the efficiency of TCR scanning and TCR triggering
and hence the sensitivity of antigen recognition.
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