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ABSTRACT Major histocompatibility complex (MHC)
class II molecules are heterodimeric glycoproteins with one a
and one ,B polypeptide chain of similar molecular size. In this
report, we describe the binding of an acetylated N-terminal
peptide of myelin basic protein, [AIa4JMBP-(1-14), to purified
individual a and 13 chains of murine I-Ak molecules. Purified
complexes of isolated single chains and antigenic peptide bind
to cloned T cells restricted by I-Ak and [Ala4JMBP-(1-14)
tetradecapeptide. The binding is blocked by a/13 anti-T-cell
receptor (TCR) monoclonal antibody. Cell triggering as mea-
sured by an increase in extracellular acidfication rate is
observed when cloned T cells are exposed to purified complexes
of isolated chains and antigenic peptide. This increase in the
extracellular acidification rate is antigen specific and MHC-
restricted, as chains alone or irrelevant chain-peptide com-
plexes do not trigger an increase in the metabolic acidification
rate. These results together demonstrate that in vitro cloned T
cells are triggered by complexes of specific antigenic peptides
and isolated individual chains of their cognate MHC proteins.

Activation of CD4+ T cells normally involves interaction of
complexes of antigenic peptides and class II major histocom-
patibility complex (MHC) molecules on the surface of anti-
gen-presenting cells and T-cell receptors (TCRs) on T cells.
In vitro studies have demonstrated that peptides can bind to
affinity-purified MHC class II molecules, and these com-
plexes stimulate specific T-cell responses (1-3). It has been
shown that fluorescence-labeled antigenic peptides bind to
separate a and ,B chains ofMHC class II molecules (4). This
earlier work has raised two questions: (i) do MHC class II
single-chain peptide complexes bind to TCRs on CD4+ T
cells, and (ii) can this putative binding trigger cloned T cells?
The possibility of T-cell activation by MHC chain-peptide
complexes was suggested by the reported ability of allore-
active I-Ak-specific cytotoxic T lymphocytes (CTL) to spe-
cifically lyse transfected L cells expressing either Akbl/Ddc2
(5) or Akal/Ddc2 (6) MHC class Il/class I hybrid molecules.
Here we report the binding of N-terminal acetylated myelin
basic protein (MBP) fragment [Ala4]MBP-(1-14) [sometimes
called "MBP(1-14)A4"] to isolated and purified a and 13
chains of I-Ak. In addition, results presented here demon-
strate that complexes consisting of isolated monomeric
chains and antigenic peptide can recognize TCR and trigger
MHC-restricted cloned T cells to a degree comparable to that
obtained with the a//3 dimer-peptide complexes, as mea-
sured by an increase in the metabolic acidification rate (7).

MATERIALS AND METHODS
Purification of Murine I-Ak and I-As. I-Ak and I-As were

purified from Nonidet P-40 extracts of membrane prepared

from cultured CH27 cells and SJL/J mouse spleen cells,
respectively, by using an affinity support prepared with
monoclonal antibody 10-2.16 (specific for I-Ak and I-AS)
coupled to Sepharose 4B beads by the standard cyanogen
bromide coupling method. Briefly, a membrane fraction from
high-speed centrifugation (100,000 x g) was detergent-
extracted in a buffer containing 10 mM Tris HCI (pH 8.3),
0.5% Nonidet P-40, 0.1 M NaCl, 5 mM EDTA, 0.02% sodium
azide, and 1 mM phenylmethylsulfonyl fluoride (PMSF), and
the lysate was recycled over the preequilibrated antibody
column at 4TC for 16 hr. The column was washed with 10 bed
volumes of deoxycholate buffer containing 10 mM Tris HCl
(pH 8.3), 0.5% deoxycholate, 0.1 M NaCl, 5 mM EDTA,
0.02% sodium azide, and 1 mM PMSF followed by 5 bed
volumes of phosphate-buffered saline (PBS) containing 1%
n-octyl-,f-D-glucopyranoside (OG) buffer. Finally, the Ia
molecules were eluted with 20 mM phosphate buffer (pH 11)
containing 0.1 M NaCl, 1% OG, 0.02% sodium azide, and 1
mM PMSF. Each fraction was neutralized with 1 M acetic
acid to a final concentration of 12 mM, and the MHC class II
molecules were concentrated by using an Amicon Cen-
triprep-10 concentrator. Affinity-purified I-Ak and I-AS mol-
ecules were characterized by 12% one-dimensional SDS/
polyacrylamide gel electrophoresis.

Isolation of a and 13 Chains of MHC Class I Molecules.
Purified I-Ak was concentrated to 1 mg/ml with Amicon
concentrators and applied onto a 12% preparative (16 cm x
18 cm) slab gel unit. The electrophoresis was conducted
under nonreducing conditions for 16 hr at room temperature
at constant volts (100 V). One lane was excised from the
center ofthe gel and developed by silver staining. The stained
gel lane was used as a guide to excise bands ofa and 13 chains,
and the proteins were electroeluted at 400 mA for 4 hr in an
Amicon Electroeluter unit in the presence of 0.1% SDS.
Eluted chains were concentrated, dialyzed against PBS con-
taining 1% OG, and characterized on native and reduced
SDS/polyacrylamide gels.

Synthesis of Peptides. The rat MBP peptide analog
[Ala4IMBP-(1-14) tetradecapeptide with the sequence Ac-
Ala-Ser-Gln-Ala-Arg-Pro-Ser-Gln-Arg-His-Gly-Ser-Lys-
Tyr, [Tyr89]MBP-(89-101) tridecapeptide with the sequence
Tyr-Phe-Lys-Asn-Ile-Val-Thr-Pro-Arg-Thr-Pro-Pro-Pro,
and the ovalbumin (OVA) octadecapeptide [Tyr340]OVA-
(323-340) with the sequence Ile-Ser-Gln-Ala-Val-His-Ala-
Ala-His-Ala-Glu-Ile-Asn-Gla-Ala-Gly-Arg-Tyr were synthe-
sized by the standard solid-phase method using side chain-
protected 9-fluorenylmethoxycarbonyl-conjugated amino
acids and an Applied Biosystems 431A automated peptide

Abbreviations: MHC, major histocompatibility complex; CTL, cy-
totoxic T lymphocyte; TCR, T-cell receptor; OG, n-octyl /3-D-
glucopyranoside; MBP, myelin basic protein; OVA, ovalbumin;
CAE, cellulose acetate electrophoresis.
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synthesizer. Deprotected, crude peptide amides were puri-
fied by reverse-phase HPLC, and the homogeneity and
identity of the purified peptides were confirmed by mass
spectroscopic analysis.

Peptide Binding Assay. Peptide binding to a/3 het-
erodimers or isolated chains of I-Ak was analyzed by TLC
and by cellulose acetate electrophoresis (CAE) as described
(8, 9). Briefly, synthetic [Ala0]MBP-(1-14) and [Tyr340]OVA-
(323-340) peptides were 1251-radiolabeled by the chlora-
mine-T method at neutral pH. Free unbound 125I was re-
moved by centrifugal gel filtration, and the specific activities
of [Ala4]MBP-(1-14) and [Tyr340]OVA-(323-340) peptides
were calculated to be 1.73 x 106 and 1.65 x 106 cpm/,Ig,
respectively. Intact I-Ak at a concentration of 200 ,ug/ml or
each chain at a concentration of 100 ,ug/ml was incubated in
a total volume of 100 ul with a 50-fold molar excess of
radiolabeled peptide at 370C for 48 hr. The excess unbound
peptide was removed by extensive dialysis against PBS
containing 0.1% OG detergent at 40C for 36 hr. One microliter
of complex was applied in triplicate onto a 5-cm silica gel
TLC plate and run in a solvent system of 50%o methanol/5%
ammonium acetate. The plate was dried and the distribution
of radioactivity was estimated at Rf 0-0.2 for calculating the
percent of I-Ak or chains occupied with labeled peptide.
Peptide binding was also measured by CAE in which 1 ul of
complex was applied at the center of cellulose polyacetate
paper strips (2.5 cm x 15.2 cm), and electrophoresis was
performed at constant 350 V for 10 min in the presence of
high-resolution Tris/barbital buffer [32.1% (wt/wt) Tris/
13.7% (wt/wt) barbital/54.2% (wt/wt) sodium barbital, pH
8.1]. The strips were dried, and the origin was assayed for
radioactivity to calculate the percent of I-Ak or chain occu-
pied with labeled peptide.

Preparation of Chain-Peptide Complexes. Two types of
complexes were prepared and purified. For peptide binding
and T-cell binding assays, complexes of unlabeled het-
erodimer or individual chain with radiolabeled peptides were
prepared as described above. For T-cell extracellular acidi-
fication rate measurements, unlabeled class II or chains and
unlabeled peptide were used under identical conditions, and
the complexes were dialyzed against bicarbonate-free, low-
buffering RPMI 1640 medium (pH 7.4) containing 1 mM
sodium phosphate, penicillin at 100 units/ml, and streptomy-
cin at 100 ,ug/ml. The extent of aggregation in the final
preparation was measured by high-speed centrifugation and
by Sephadex gel-filtration chromatography of complexes of
125I-labeled I-Ak and unlabeled [Ala4MBP-(1-14) peptide in
a separate experiment and was found to be -'60%.
T Cell-Binding Assay. Purified complexes of radiolabeled

peptide and nonradiolabeled Ia dimer or monomers were
incubated with 2.6 x 105 resting T cells in polypropylene
tubes precoated with bovine serum albumin solution (1
mg/ml) at 37°C in a CO2 incubator. For the antibody-blocking
experiment, cells were first incubated with 500 pg of affinity-
purified hamster anti-a/P TCR monoclonal antibody (H57-
597 from PharMingen, San Diego) before the addition of
labeled complexes. Purified hamster IgG isotype standard
antibody, specific for 2,4,6-trinitrophenyl (PharMingen) was
used as a negative control antibody. At the end of the
incubation period, 15 ml of chilled PBS was added to each
tube. The cells were resuspended gently and centrifuged at
2000 x g, and the supernatant was carefully removed. The
washing procedure was repeated three times, and the radio-
activity of the cell pellet was counted in a y counter.
Measurement of T-Cell Metabolic Acidification Rate. De-

tails of the loading of T cells into the microphysiometer for
the acidification rate measurements have been described (7).
Briefly, cells were rested from antigen pulsing for 10 days and
cultured overnight in low-serum (2.5%) medium to lower
their basal metabolic activity. The cells were harvested and

resuspended in serum-free loading medium (low-buffering
RPMI 1640 containing 10 mM Hepes, pH 7.3) at 1 x 107 cells
per ml. T cells were loaded into disposable cell capsules
(Molecular Devices, Menlo Park, CA) by centrifuging 0.1 ml
of the cell suspension into the capsules using cell focusers
(funnel-shaped inserts) to direct the cells into a 3.2-mm circle
in the middle of the cell capsule membranes, which were
precoated with particles of collagen to immobilize the cells.
A top membrane is placed over the cells imbedded in colla-
gen, and the cell capsule is loaded into the microphysiometer
chamber, which is maintained at 370C and perfused at 50
pAl/min with low-buffering RPMI 1640 medium containing 1
mg of endotoxin-free human serum albumin per ml (Miles)
but no added Hepes or bicarbonate. Extracellular acidifica-
tion measurements were made in the microphysiometer as
described by Parce et al. (10), Owicki et al. (11), and
McConnell et al. (12) by collecting potentiometric measure-
ments for 1 min every 2.5 min. Acidification rate data
(AV/sec) were normalized to 100% prior to cell stimulation,
which allows the comparison of data from cells in separate
chambers. The microphysiometer was equipped with 200-pl
sample loops for injection of soluble MHC-peptide com-
plexes that were dialyzed against the same low-buffering
medium.

RESULTS AND DISCUSSION
a and (3 chains of affinity-purified I-Ak were electroeluted
from a nonreducing polyacrylamide gel and characterized by
SDS/polyacrylamide gel electrophoresis (Fig. 1). Dissocia-
tion of a/,3 heterodimer into a and (3 chains can be achieved
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FIG. 1. Characterization of electroeluted a and p chains of I-Ak
on SDS gel. Purified a and (3 chains of I-Ak were analyzed on a
silver-stained 12% SDS gel. (A) Chains purified from a batch where
dissociation of the heterodimer was obtained by incubation at 95C
for 5 min. Lanes: 1, molecular mass markers (reduced); 2, purified
I-Ak (reduced); 3 and 4, a- and P-chain preparations, respectively
(nonreduced). (B and C) Chains isolated after low-pH dissociation
and analyzed under nonreducing and reducing conditions, respec-
tively. Lanes: 2, I-Ak; 3, a chain; 4, p chain. Lanes 3 and 4 of the
native gel from B were scanned on Microtek (model MRS-600 ZS) to
calculate percent homodimers in the preparation, and are shown in
D and E, respectively.
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either by incubating purified I-Ak at 950C for 5 min (Fig. 1A)
or by exposing to pH 3.0 for 1 hr at 40C (Fig. 1B). Both
conditions resulted in significant dissociation of the dimer
into monomers. When murine I-Ad and fluorescence-labeled
OVA-(323-339) peptide was used (13), the peptide bound to
individual a or d chains of I-Ad is stable at acidic pH as
compared with the intact a/,3-peptide complexes. Since
incubation at high temperature is more likely to denature the
MHC class II chains (14), low pH treatment was used as a
method for monomer enrichment. Individual chains purified
by the electroelution method were free of any cross-
contamination. The chain preparations from different
batches contained 5-15% homodimers. As expected, the
homodimer bands migrated at a mobility close to the a//3
heterodimer position. To make sure that the high molecular
weight band at =60 kDa in the native gel is not due to any
cross-contamination of chains, the chain preparations were
analyzed by SDS/PAGE after reduction with 2-mercapto-
ethanol (Fig. 1C). Silver staining of the gel did not show any
detectable cross-contaminant a or 8 band. The relative
amount of homodimers present in the chain preparation was
quantitated by scanning the native gel lanes for both a and /3
chains, which showed (Fig. 1 D and E) that the a and the /
polypeptide preparations used in this study contain 8.6% and
12.9% homodimers, respectively.
Binding of peptide to purified a and /3 chains was carried

out at pH 8.0, which has been reported to be optimal for the
binding of [Ala4]MBP-(1-14) peptide to I-Ak (9). The MBP
peptide analog used in our study contains an alanine substi-
tution at position 4 in place of a lysine residue. The replace-
ment of Lys-4 with alanine in MBP-(1-14) has been shown
earlier to increase peptide binding to I-Ak (15); this has been
confirmed in our laboratory. Isolated chains were incubated
with 1251-labeled [Ala4]MBP-(1-14) peptide, and quantitation
of bound peptide was determined by TLC and CAE methods
as described (8). In both peptide-binding assays (Fig. 2 A and
B), 30-34% of both a and /3 chains was occupied with this
peptide. The a/,3 heterodimer isolated under identical con-
ditions showed 25% occupancy with the [Ala4]MBP-(1-14)
peptide. Specificity of the binding of the [Ala]MBP-(1-14)
peptide to the individual chains of I-Ak was shown by
incubating 125I-labeled [Tyr34°]OVA-(323-340) peptide with a
and /3 chains of I-Ak, each of which showed only 2-3%
binding of peptide. Slightly increased binding of the
[Ala4]MBP-(1-14) peptide to individual chains of I-Ak com-
pared with intact a//3 heterodimeric molecule was observed
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FIG. 2. Binding of 1251-labeled [Ala4]MBP-(1-14) peptide to iso-
lated chains. I-Ak at 200 ,ug/ml and each chain at 100,ug/ml were
incubated in a total volume of 100 ,ul with a 50-fold molar excess of
radiolabeled peptide, and the complexes were purified as described
in text. (A) TLC analysis. (B) CAE analysis. Bars: 1, intact I-Ak-
[Ala4]MBP-(1-14) complex; 2, a chain-[Ala4]MBP-(1-14) complex;
and 3, /3 chain-[Ala]MBP-(1-14) complex, *, binding of 1251-labeled
[Ala4]MBP-(1-14) peptide; open bars represent binding of 125[-
labeled [Tyr340]OVA-(323-340) peptide. Each figure representation
is an average of three data points.

consistently in three different experiments. This may be due
to a more peptide-accessible conformation of chains vs.
intact heterodimeric molecule or to the absence in isolated
chains ofprebound endogenous peptides that are known to be
present in intact heterodimeric molecules (16, 17).
The stability of single chain-peptide complexes at 37°C in

PBS containing 1% OG is presented in Fig. 3. Incubation of
,8 chain-[Ala4]MBP-(1-14) complexes at 37°C for 1 hr led to
40% dissociation. In contrast, only 20% dissociation of a
chain-[Ala4MBP-(1-14) complexes and 5% dissociation of
I-Ak-[Ala4]MBP-(1-14) complexes were observed over a
period of 24 hr at 37°C. The dissociation observed for the a
chain-[Ala4]MBP-(1-14) and /3 chain-[Ala]MBP-(1-14) com-
plexes is clearly biphasic. For the initial phase, /3 chain-
[Ala4]MBP-(1-14) complexes have a higher dissociation rate
(kd = 4.31 x 10-5 sec-1) than a chain-[Ala4]MBP-(1-14)
complexes (kd = 6.2 x 10-6 sec-1). However, for the second
phase of the dissociation, the slopes of the a/P chain-
[Ala4IMBP-(1-14) and a chain-[Ala4]MBP-(1-14) complexes
are almost identical with kd values of 5 x 10-7 sec-1 and 7 x
10-7 sec-1, respectively. The slope of the second phase of /3
chain-[Ala4MBP-(1-14) complexes had a kd value of 6.2 x
10-6 sec-1. The initial increased dissociation rate of I-Ak /3
chain-[Ala]MBP-(1-14) was different from dissociation
rates reported for complexes of murine I-Ad subunits and
fluorescence-labeled OVA-(323-339) peptide (13). There, the
I-Ad / chain-OVA-(323-339) complexes showed a lower
dissociation rate as compared with the rate for I-Ad a
chain-OVA-(323-339) complexes. Biphasic peptide dissocia-
tion from a/P heterodimers has also been noted (18, 19).

Using complexes of radiolabeled peptide and unlabeled
chains, direct binding of chain-peptide complexes to cloned
T cells was measured, and the number of complex molecules
associated with cells was calculated. The T-cell clone 4R3.9,
which recognizes MBP-(1-14) in the context of I-Ak (20), was
incubated with purified single-chain complexes containing
1251-labeled [AlaIMBP-(1-14) peptide. Since T cells are very
sensitive to detergent, for cell binding and stimulation assays
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FIG. 3. Dissociation kinetics of chain-peptide complexes. Com-
plexes of the a/,B heterodimer and of isolated chains with 1251-labeled
[Ala4]MBP-(1-14) peptide were prepared and purified as described in
text. Purified complexes were incubated at 37°C; at various time
intervals, 1 ,ul ofcomplex was applied onto a silica gel TLC plate. The
plate was run, and the percent dissociation was calculated. The value
1.0 represents the original complex at time zero. *, I-Ak-[Ala4]MBP-
(1-14) complex; o, a chain-(Ala4]MBP-(1-14) complex; o, p chain-
[Ala4IMBP-(1-14) complex. The data represent an average of tripli-
cate determinations. (Inset) Estimation of the dissociation rate
constant, kd.
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we used complexes that were dialyzed against detergent-free
low-buffering RPMI 1640 medium or PBS buffer. The results
presented in Fig. 4A show that the binding of a chain-
[Ala4]MBP-(1-14) complexes to 4R3.9-cloned T cells is com-
parable to that of intact I-Ak-[Ala4jMBP-(1-14) complexes.
The /3 chain-[Ala4JMBP-(1-14) complexes showed lower
binding to 4R3.9 T cells. The association of MHC class II
peptide complexes with the T cells was complete by 6 hr at
370C; the number of complex molecules associated per T cell
was calculated and found to be 2.55 X 106, 2.1 X 106, and 1.0
x 106 for I-Ak-IAla4IMBP-(1-14), a chain-4AlaIMBP-(1-14),
and P3 chain-[Ala4]MBP-(1-14) complexes, respectively. The
number of complex molecules bound per T cell was higher
than the reported number of TCRs on the T-cell surface,
2.5-5.0 x 104 (21, 22) to 1 x 105 (23), which could be due to
the aggregation of the complexes in the absence of detergent.
This aggregation may also account for the lower binding rate
as compared with the binding of water-soluble I-Ek-moth
cytochrome c peptide binding to a specific T-cell receptor
(23). The specificity of the chain-peptide complex binding to
the T cells was confirmed by incubating complexes of a and
,/ chains of I-Ak and 1251-labeled [Ala]MBP-(1-14) peptide
with the HS-1 T-cell clone, restricted for I-AS and MBP-(90-
103) complexes (24). Preferential binding of all three com-
plexes to 4R3.9-cloned T cells, restricted for I-Ak and MBP-
(1-14) peptide, was observed as compared with the HS-1 T
cells (Fig. 4B). In a positive control experiment, incubation
of I-As-[Tyr89]MBP-(89-101) complexes showed the ex-
pected strong binding to HS-1-cloned T cells. The binding of
chain-peptide complexes to TCRs of 4R3.9 T cells was also
confirmed by an antibody-blocking experiment in which cells
pretreated with a//3 anti-TCR monoclonal antibody failed to
bind complexes (Fig. 4C). Cells preincubated with isotype-
matched antibody under identical conditions showed no
inhibition of binding. Similar experiments demonstrating the
ability of anti-TCR Fab to compete with soluble MHC class
TI-peptide complexes have been reported earlier (23).
To determine whether isolated chain-peptide complexes

trigger an in vitro T-cell response, we used a microphysiom-
eter that measures extracellular acidification rate of ligand-
mediated cell triggering. An increase in acidification rate on
ligand binding to a wide variety ofcellular receptors has been
demonstrated with this microphysiometer (10-12). Recently,
it has been confirmed that such extracellular acidification rate
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measurements can be used to detect the peptide-specific
MHC-restricted response of a T-cell clone. The specificity of
the T-cell response was demonstrated by the lack ofresponse
to irrelevant MHC-peptide complexes, MHC class II alone,
and a 10-fold molar excess of peptide (7). In this report, we
used preformed complexes of isolated chains of I-Ak with
[Ala]MBP-(1-14) peptide to demonstrate the stimulation of
T cells in vitro. A specific T-cell response, within minutes of
the interaction of complexes with TCR, was observed when
the resting 4R3.9 T cells were exposed to single chain-
peptide complexes. A rapid, sustained increase in the acid-
ification rate, characteristic of intact I-Ak-[Ala4]MBP-(1-14)
complexes and T-cell interaction, was observed when 4R3.9
T cells were exposed to a chain-[Ala4]MBP-(1-14) com-
plexes (Fig. SA). The complexes of / chain-[Ala4MBP-(1-
14) peptide also induced the increased acidification rate in
4R3.9 cells, but not to the same extent as the a-chain
complex, which was slightly more potent. The intact I-Ak-
[Ala4]MBP-(1-14) complex gave the highest level of T-cell
stimulation, which became more apparent about 2 hr after
complex treatment. The lower increase in acidification rate
induced by ,B chain-[Ala4]MBP-(1-14) complexes was repro-
ducible and could be correlated with the increased dissocia-
tion rate of this complex. The specificity of the I-Ak chain-
peptide complex activation ofT cells is demonstrated by the
lack of increased acidification rates when an equimolar
mixture of a and /8 is used with T cells as shown in Fig. S A
and B. In several experiments, a and / chains without peptide
gave no increase in acidification rate over medium alone. In
the same set of experiments (Fig. 5B), several nonspecific
MHC complexes, I-As4Tyr9JMBP-(89-101), I-As a chain-
[Tyr89]MBP-(89-101), and I-As /3 chain-[Tyri9]MBP-(89-
101) did not induce significant increases in the acidification
rate. In a positive control experiment, the I-AM-MBP-(89-
101), I-As a chain-MBP-(89-101), and I-As /8 chain-MBP-
(89-101) complexes did stimulate HS-1 cloned T cells, re-
stricted for I-As and MBP-(89-101) (unpublished results).

Earlier reports indicate that MHC and peptide in planar
membranes present antigen to T hybridoma cells, resulting in
the antigen-specific release of interleukin 2 (IL-2) (25). In the
case of T-cell clones, however, the antigen presentation. by
planar membranes does not induce detectable IL-2 produc-
tion, but rather induces a long-lived state of nonresponsive-
ness to subsequent stimulation by antigen-presenting cells
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FIG. 4. Binding of individual chain-peptide complexes to cloned T cells. Complexes of radiolabeled [Ala4]MBP-(1-14) peptide and a or (3
chains or intact I-Ak were prepared as described in the legend to Fig. 2. The percent occupancy of a/(3 heterodimer, a chain, and /8 chain, with
labeled peptide was 26.5%, 35.2%, and 33.0%o, respectively. Resting 4R 3.9 T cells (2.6 x 105; 10 days after antigen pulsing) were incubated
at 37°C with 30 j.g of I-Ak-4Ala4]MBP-(1-14) peptide complexes or 15 jg of chain-{Ala4]MBP-(1-14) peptide complexes in a total volume of
1 ml. At various times, cells were washed with RPMI medium and assayed for radiolabel, and the amount of bound complexes was calculated.
(A) Binding ofcomplexes to 4R3.9 T cells. 0, I-Ak[Ala4]MBP-(1-14) complex; 0, a chain-[Ala4]MBP-(1-14) complex; O, /3 chain-Ala4]MBP-
(1-14) complex. (B) Specificity of the binding after 6 hr of incubation. *, Binding of various complexes to 4R3.9 T cells; l, binding ofcomplexes
to cloned HS-1 T cells; 13, binding of I-As4Tyr9]MBP-(89-101) complexes to HS-1 clone as a positive control. (C) Effect of anti-a//8 TCR
monoclonal antibody (H57-597) (l) and isotyped matched antibody (0) on the binding of complexes to T cells.
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FIG. 5. Enhanced acidification rates of T cells induced by iso-
lated chain-peptide complexes. Resting 4R3.9 T cells at day 10 after
antigen pulsing were incubated overnight in low-serum medium
(2.5% fetal calf serum) and washed in serum-free low-buffering RPMI
1640 medium containing 10 mM Hepes buffer (pH 7.4) just before
use. T cells (1 x 106) were monitored for acidification rate over a
120-min period. Complexes were injected by using a 200-gl sample
injection loop. At time zero, either 34 ,ug of I-Ak[Ala4I]MBP-(1-14)
peptide complex or 17 ,ug of chain-{Ala]MBP-(1-14) peptide com-
plex was injected into separate chambers. The acidification rate for
each channel was normalized to 100% 1 hr after cell loading. (A)
Effect of chain-peptide complexes on 4R3.9 T-cell stimulation. 0,

I-ANAla4]MBP-(1-14) complex; m, I-Ak a chain-[AIa]MBP-(1-14)
complex; o, I-Ak ,B chain-[Ala4IMBP-(1-14) complex; o, equimolar
mixture of I-Ak a chain and ,B chain without peptide. (B) Various
controls. *, I-Ak-[Ala]MBP-(1-14) complex; *, I-As-[TyrMIMBP-
(89-101) complex; o, I-As a chain-[Tyr89]MBP-(89-101) complex; o,
I-As ,B chain-(Tyr89]MBP-(89-101) complex.

and antigen, an anergic state (26). Also, it has been reported
that IL-2 secretion and T-cell clonal anergy are induced by
distinct biochemical pathways (27). Since no IL-2 was de-
tected in the culture supernatant of 4R3.9 and other T-cell
clones when exposed to appropriate MHC class II-peptide
complexes (B.N., T.K., and S.D.S., unpublished results),
the increase in the acidification rate may be correlated to the
early events ofT-cell anergy induction. The results presented
here demonstrate that isolated chains of MHC class II
molecules and antigenic peptide are recognized by MHC
class II-restricted TCRs on T cells. In the case of the T-cell
clone 4R3.9, this binding leads to a specific T-cell stimulation
similar to that induced by intact heterodimer.

The authors thank Patricia Jones and S. Sriram for providing

cloned T-cell lines; Dan Denney, Karen Mason, and Steven Witt for
helpful discussion; Mohan D. Pai for peptide synthesis; David Kopa
and Katherene Fok for technical assistance; and Gillian Humphries,
Greg Kirk, and Victoria Muir for providing microphysiometer ac-
cessories.

1. Babbitt, B. P., Allen, P. M., Matsueda, G., Haber, E. &
Unanue, E. R. (1985) Nature (London) 317, 359-361.

2. Buss, S., Colon, S., Smith, C., Freed, J. H., Miles, C. & Grey,
H. M. (1986) Proc. Nati. Acad. Sci. USA 83, 3968-3971.

3. Watts, T. H. & McConnell, H. M. (1986) Proc. Nad. Acad.
Sci. USA 83, 9660-9664.

4. Rothenhausler, B., Dornmair, K. & McConnell, H. M. (1990)
Proc. Nati. Acad. Sci. USA 87, 352-354.

5. Golding, H., McCluskey, J., Munitz, T. I., Germain, R. N.,
Margulies, D. H. & Singer, A. (1985) Nature (London) 317,
425-427.

6. McClusky, J., Munitz, T. I., Boyd, L., Germain, R. N., Coli-
gan, J. E., Singer, A. & Margulies, D. H. (1988) J. Immunol.
140, 2081-2089.

7. Nag, B., Wada, H. G., Fok, K. S., Green, D. J., Sharma,
S. D., Clark, B. R., Parce, J. W. & McConnell, H. M. (1992)
J. Immunol. 148, 2040-2044.

8. Nag, B., Deshpande, S. V. & Clark, B. R. (1991) J. Immunol.
Methods 142, 105-111.

9. Nag, B., Passmore, D., Deshpande, S. V. & Clark, B. R. (1992)
J. Immunol. 148, 369-372.

10. Parce, J. W., Owicki, J. C., Kercso, K. M., Sigal, G. B.,
Wada, H. G., Muir, V. C., Bousse, L. J., Ross, K. L., Skic,
B. I. & McConnell, H. M. (1989) Science 246, 243-247.

11. Owicki, J. C., Parce, J. W., Kercso, K. M., Sigal, G. B., Muir,
V. C., Venter, J. C., Fraser, C. M. & McConnell, H. M. (1990)
Proc. Nati. Acad. Sci. USA 87, 4007-4011.

12. McConnell, H. M., Owicki, J. C., Parce, J. W., Miller, D. L.,
Baxter, G. T., Wada, H. G. & Pitchford, S. (1992) Science 257,
1906-1912.

13. Tampe, R., Tyvoll, D. & McConnell, H. M. (1991) Proc. Nati.
Acad. Sci. USA 88, 10667-10670.

14. Cohen, B. B., Moxley, M., Crichton, D., Deane, D. L. & Steel,
C. M. (1984) J. Immunol. Methods 75, 99-105.

15. Ach-Orbea, H., Mitchell, D. J., Timmermann, L., Wraith,
D. C., Tausch, G. S., Waldor, M. K., Zamvil, S. S., McDevitt,
H. 0. & Steinman, L. (1988) Cell 54, 263-273.

16. Buss, S., Sette, A. & Grey, H. M. (1987) Immunol. Rev. 98,
115-141.

17. Chicz, R. M., Urban, R. G., Lane, W. S., Gorga, J. C., Stem,
L. J., Vignali, D. A. & Strominger, J. L. (1992) Nature (Lon-
don) 358, 764-768.

18. Sadegh-Nasseri, S. & McConnell, H. M. (1989) Nature (Lon-
don) 338, 274-276.

19. Witt, S. & McConnell, H. M. (1992) J. Am. Chem. Soc., in
press.

20. Davis, C. B., Mitchell, D. J., Wraith, D. C., Todd, J. A.,
Zamvil, S. S., McDevitt, H. O., Steinman, L. & Jones, P. P.
(1989) J. Immunol. 143, 2083-2093.

21. Meuer, S. C., Acuto, O., Hussey, R. E., Hodgdon, J. C.,
Fitzgerald, K. A., Schlossman, S. F. & Reinherz, E. L. (1983)
Nature (London) 303, 808-810.

22. Samelson, L. E., Germain, R. N. & Schwartz, R. H. (1983)
Proc. Nati. Acad. Sci. USA 80, 6972-6976.

23. Matsui, K., Boniface, J. J., Reay, P. A., Schild, H., Fazekas de
St. Groth, B. & Davis, M. M. (1991) Science 254, 1788-1791.

24. Su, X. M. & Sriram, S. (1992) Cell. Immunol. 141, 485-495.
25. Watts, T. H., Brian, A. A., Kappler, J. W., Marrack, P. &

McConnell, H. M. (1984) Proc. Natl. Acad. Sci. USA 81,
7564-7568.

26. Quill, H. & Schwartz, R. H. (1987) J. Immunol. 138, 3704-
3712.

27. Norton, S. D., Hovinen, D. E. & Jenkins, M. K. (1991) J.
Immunol. 146, 1125-1129.

1608 Immunology: Nag et al.


