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Peptide ligand selection by MHC class I molecules, which occurs by
iterative optimization, is the centerpiece of immunodominance in
antiviral and antitumor immune responses. For its understanding,
the molecular mechanisms of peptide binding and dissociation
by class I molecules must be elucidated. To this end, we have
investigated dipeptides that bind to the F pocket of class I
molecules. We find that they accelerate the dissociation of
prebound peptides of both low and high affinity, suggesting a
mechanism of action for the peptide-exchange chaperone tapasin.
Peptide exchange on class I molecules also has practical uses in
epitope discovery and T-cell monitoring.
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MHC class I proteins, which are expressed on the surface of
nucleated cells of higher vertebrates, present intracellular

peptides to cytotoxic T lymphocytes (CTLs). To bind to class I,
a peptide must fulfill allotype-specific length and sequence
requirements: Hydrogen bond networks that hold the N and C
termini usually restrict peptide length to 8–10 amino acids, and
side chains at defined positions (anchor residues) must fit into
specificity pockets at the bottom of the binding groove (1).
Cellular selection of antigenic peptides that conform to these

requirements is an important step in immunodominance, the
focusing of the adaptive immune system on a few epitopes in an
immune response to viruses and cancer (2). This selection is
thought to occur via iterative optimization, usually with the help
of the peptide-exchange chaperone tapasin (3). Despite long-
standing investigations, the molecular mechanism of peptide
binding, dissociation, and tapasin-mediated exchange has remained
elusive (4), in part because of the lack of structural information
about peptide-free class I proteins.
To explore the molecular mechanism of peptide binding and

dissociation, we have searched for small molecules that can bind
to class I and modulate the binding of high-affinity peptides. We
have demonstrated previously that dipeptides of appropriate
sequence bind to class I molecules, presumably to the F pocket,
and support their folding (5), and we now show that they also
dramatically accelerate the dissociation of prebound peptides
and their exchange for exogenous peptides in a function analo-
gous to that of tapasin.

Results
On MHC class II molecules, short dipeptides that bind into the
P1 pocket catalyze the exchange of prebound peptides for ex-
ogenous ones (6, 7). Because we found previously that certain
dipeptides bind to and stabilize the MHC class I proteins H-2Kb

(Kb) and HLA-A*02:01 (A2) in the absence of high-affinity full-
length peptides (5), we asked whether such dipeptides also
promote peptide exchange on MHC class I. We expressed
recombinant A2 in Escherichia coli, folded it in vitro with the
peptide NLVPMVATA, removed the free peptide by gel filtra-
tion, and added NLVPKFITCVATV (in which the lysine side
chain is labeled with FITC in a position that does not interfere

with binding to A2). The binding of NLVPKFITCVATV to A2,
which we followed by real-time fluorescence anisotropy, was very
slow, probably because of the slow dissociation of the prebound
NLVPMVATA. Strikingly, when 10 mM of the dipeptide gly-
cyl-methionine (GM) was added to the reaction, the binding of
NLVPKFITCVATV proceeded about 25-fold faster (Fig. 1, Left
and Fig. S1E). A similar acceleration was observed with another
peptide, ILKEKFITCVHGV (Fig. S1D). GM also accelerated the
dissociation of prebound fluorescent peptide, demonstrating that
the incoming peptide is replacing prebound peptide and is not
binding to empty unstructured molecules (Fig. 1, Center). To
see whether the exchange reaction was complete, we performed
thermal denaturation measured by tryptophan fluorescence
(TDTF) assays (8) in which the minimum of the curve corre-
sponds to the midpoint of thermal denaturation (Tm) (Fig. 1,
Right). After a 3-h incubation with GM and NLVPMVATV, the
complex of A2 with prebound NLVPMVATA (Tm, 45 °C) was
no longer detected but was replaced by the A2–NLVPMVATV
complex (Tm, 56 °C). This result shows that the prebound
NLVPMVATA had been exchanged for the externally added
NLVPMVATV.
Because we estimated from systematic structural variations in

the experiments, and also from in silico docking studies, that the
C-terminal side chain of the dipeptide binds into the F pocket
of class I (see fig. 4E in ref. 5), we compared several dipeptides
that have hydrophobic second residues with respect to their
ability to release prebound NLVPMVATA or another peptide,
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ILKEPVHGV, and replace it with incoming NLVPKFITCVATV
(Fig. 2). We found that for both leaving peptides, GM performed
best, followed by glycyl-leucine (GL). In contrast, glycyl-alanine
(GA), with the shortest side chain, did not support peptide ex-
change significantly. GM also catalyzed the displacement of the
NLVPMVATV peptide, which we consider a high-affinity pep-
tide for A2 because it is listed as a positive-high affinity peptide
by most quantitative measurements listed on the Immune Epi-
tope Database (Fig. S2A) (9, 10). We conclude that dipeptides
with a hydrophobic second residue can catalyze peptide ex-
change on A2, even for high-affinity prebound peptides, and
that dipeptides with longer hydrophobic side chains have a
stronger effect.
When we tested GM for peptide exchange on Kb, the effect

was only minor. Therefore we tested other amino acids in the
second position of the dipeptide and found that the non-
proteinogenic amino acid dipeptides glycyl-cyclohexylalanine
(GCha) and glycyl-homoleucine (GHle) were both effective
(Fig. 3 A and B). When the binding affinity of the prebound
peptide FAPGNYPAL to Kb was lowered by replacing the
C-terminal anchor residue with alanine (FAPGNYPAA), a strong
exchange function still could be seen for GCha and GHle, and
now for GL, GM, GV, and glycyl-phenylalanine (GF) also, but
GA was still ineffective (Fig. 3C). Likewise, the exchange of the
SIINFEKL peptide [which forms a high-affinity Kb complex
(8)] by GL or GM (as measured by binding of exogenous
SIINFEKTAMRAL) was very weak, but once the C-terminal leu-
cine was replaced by glycine (SIINFEKG) or alanine (SIIN-
FEKA), dipeptide-mediated exchange proceeded readily (Fig.
4A). In contrast, GCha was able to catalyze the exchange of
unmodified prebound SIINFEKL (Fig. S2B). We conclude
that peptide-exchange reactions on Kb and A2 require different
dipeptides and that the strength of C-terminal binding of the
prebound peptide codetermines the exchange efficiency of in-
dividual dipeptides. Exchange of prebound high-affinity peptides
is possible, but optimal dipeptides may be required.
To compare the importance of the N and C termini of the

prebound peptide in the exchange reaction directly, we used
SIINFEKL-derived peptides without the C-terminal carboxyl
group (replacing the leucine with isopentylamine, SIINFEKL-
Cdel) or without the N-terminal amino group (replacing the
serine with 3-hydroxypropionic acid, SIINFEKL-Ndel) as leaving
peptides. Both modifications were good leaving peptides, and for
both the enhancement of SIINFEKTAMRAL binding by GL and
GM was significant (Fig. 4B). Thus, decreasing the binding af-
finity of a peptide to class I seems to be a universal way to make
it a better leaving peptide in the exchange reaction.
Our previously published experiments suggest that the GX

dipeptides bind to the F pocket of class I: To be efficient, they
must have a free C terminus and the L configuration, and they
can stabilize empty folded class I molecules; that stabilization

requires engagement of the F pocket (5). We found, in addition,
that the C-terminal amino acid of the dipeptide must match the
F-pocket specificity of the respective allotype, with B*27:05 pre-
ferring GR over GL (Fig. S3).
In the most parsimonious model for dipeptide mediated

peptide exchange (Fig. 4C, Right), a peptide-bound class I mol-
ecule is in equilibrium (step 1) with a state in which the C ter-
minus, but not the N terminus, of the peptide is temporarily
unbound. To this state, a dipeptide can bind and occupy the F
pocket such that the long peptide cannot rebind (step 2). Dis-
sociation of the N terminus (step 3) leads to loss of the leaving
peptide to the environment, and binding of an exogenous pep-
tide (shown in green in Fig. 4C, Right) becomes possible (step 4).
Upon removal of the dipeptide (step 5), tight binding of the new
peptide ensues.
We next tested dipeptide-mediated peptide exchange on live

cells. To obtain a uniform population of Kb
–FAPGNYPAL

complexes, we accumulated peptide-receptive Kb molecules on
the surface of TAP-deficient RMA-S cells by overnight incubation
at 25 °C (11) and then added FAPGNYPAL to the medium to

Fig. 1. The dipeptide GM induces peptide ex-
change on A2. (Left) A2–NLVPMVATA monomers
were incubated with or without 10 mM of the
dipeptide GM, and the association rate of added
NLVPKFITCVATV was measured using fluorescence
anisotropy. Association rate constants (kon ± SEM)
are 0.15 ± 0.02 × 103 M−1·s−1 without GM and 3.93 ±
0.86 × 103 M−1·s−1 with GM. Another exchange
reaction is shown in Fig. S1D. (Center) An analo-
gous experiment the measuring dissociation rate
of NLVPKTAMRAVATA peptide in the presence or
absence of GM, with 10 μM NLVPMVATV peptide.
The dissociation rate constant (koff ± SEM) is 2.16 ± 0.03 × 10−6·min−1 with GM. (Right) Exchange of A2-bound NLVPMVATA peptide for NLVPMVATV.
A2–NLVPMVATA was incubated for 180 min with 10 μM NLVPMVATV peptide in the presence or absence of 10 mM GM. Thermal stability of the resulting
A2–peptide complexes was measured by TDTF; the minimum of the each curve indicates the melting temperature (Tm) of the complex. The TDTF curves of A2
folded with the respective peptides are shown in Fig. S1 A and B.

A

B

Fig. 2. Dipeptides differ in peptide-exchange dependence on their second
hydrophobic residue. A2/β2m/peptide complexes were prepared and in-
cubated with 100 nM exogenous NLVPKFITCVATV plus 10 mM dipeptides as
indicated. Left panels show representative experiments. Right panels show
kon values (average ± SEM of three or more independent experiments). (A)
A2–NLVPMVATA. (B) A2–ILKEPVHGV. Numerical values are shown in Table S1.
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allow it to bind to surface Kb. We washed the cells and incubated
them with SIINFEKFITCL and dipeptides, and we measured
bound SIINFEKFITCL by flow cytometry (Fig. 5A). The addition
of GCha resulted in a fourfold increase in SIINFEKFITCL
binding, whereas GA was ineffective. Detection with the mono-
clonal antibody 25-D1.16 (specific for Kb

–SIINFEKL) showed
that, in the presence of GCha, SIINFEKL indeed was binding to
Kb (Fig. 5B). On wild-type lymphocytes, GCha also facilitated the
exchange of natural endogenous peptides for SIINFEKFITCL
(RMA cells, Fig. 5C), whereas GM mediated exchange on A2 (T1
cells, Fig. 5D). The newly formed Kb

–SIINFEKL complexes eli-
cited a response from the B3Z hybridoma (Fig. 5E) (12), dem-
onstrating that they were functionally indistinguishable from
endogenously formed complexes. When RMA cells were in-
cubated with SIINFEKL, GCha addition caused a twofold in-
crease in overall B3Z activation (Fig. 5F).
Finally, we tested peptide exchange as a method for generat-

ing MHC multimers (13). We used monomeric recombinant
biotinylated A2 molecules folded with ILKEPVHGV, and we
performed an exchange reaction with GM and YVLDHLIVV
peptide (Peptide exchange using fluorescence anisotropy is
shown in Fig. S4). MS analysis showed that the resulting com-
plexes contained 94.5% YVLDHLIVV (Fig. 6A). [In other ex-
change reactions with monomers, we found 91.9–99.1% exchange
efficiency (Table 1)]. We then assembled the exchanged mono-
mers into tetramers by incubation with streptavidin-phycoer-
ythrin and used those tetramers to stain T cells from donors.
Intriguingly, tetramers made from peptide-exchanged monomers
performed indistinguishably from the positive controls, i.e., tetramers
made from monomers folded with the same peptide (Fig. 6B). We
conclude that dipeptide-mediated peptide exchange is a fast and
easy method to generate MHC multimers of a desired specificity.

Discussion
Procedures for the cleavage of chemically modified peptides on
MHC class I molecules and their subsequent replacement by an
exogenous peptide already exist, but they have not contributed to
the mechanistic understanding of peptide binding and exchange
(14, 15). Here, we describe a novel, simple, and nondestructive
protocol for peptide exchange that supports a mechanistic sug-
gestion: By binding into the F pocket of a partially dissociated
class I–peptide complex, they may prevent the rebinding of the C
terminus of the prebound peptide (Fig. 4C). Because we have not
formally shown the binding of the dipeptides into the F pocket,
the possibility remains that the dipeptides bind elsewhere; only
crystal structures will provide this clarification. Still, our findings
support the mechanistic hypothesis that the ends of a peptide can
dissociate from their bound states individually (16). Even though
“breathing” (i.e., short-lived detachment) of the N terminus of
the peptide, which is not shown in Fig. 4C, is also possible, we
expect it to be of no consequence for dipeptide-mediated ex-
change, if, as we assume, the dipeptides bind to the F pocket of
class I. The low affinity of the dipeptides to class I, in the milli-
molar range, facilitates their removal after the exchange reaction,
along with the trapping of the incoming peptide (Fig. 4C, step 5).
Optimization of the class I peptide load in live cells over time

has been observed previously (17), but its molecular mechanism
is elusive, despite much experimentation (18). In live cells, the
peptide-exchange chaperone tapasin accelerates the dissociation
of prebound peptide (19–21). Because tapasin appears to bind to
class I close to the F pocket (22), it might interfere with the
binding of the C terminus in a manner analogous to the dipep-
tides, perhaps by inserting an amino acid side chain into the F
pocket. We now have demonstrated that such an exchange
mechanism is mechanistically feasible. In vitro competition
assays with tapasin and dipeptides may resolve this question.

A

C

B

Fig. 3. GCha and GHle effectively catalyze peptide exchange on Kb.
Kb

–FAPGNYPAL and Kb
–FAPGNYPAA were prepared by folding Kb/hβ2m

with the indicated peptides. To these complexes, 10 mM dipeptides were
added as indicated, and exchange was monitored by measuring the associ-
ation rate (kon) of SIINFEKTAMRAL (100 nM) peptide in a fluorescence an-
isotropy assay. (A) A representative experiment shows exchange of the Kb-
bound high-affinity peptide FAPGNYPAL for SIINFEKTAMRAL in the presence
and absence of indicated dipeptides. (B) Structure of dipeptides with nonnatural
amino acids GCha and GHle. (C, Left) Representative experiment showing ex-
change of FAPGNYPAA bound to Kb in the presence of indicated dipeptides and
in the absence of any dipeptide. (Right) kon values (average ± SEM of three or
more independent experiments). All association rates are shown in Table S2.
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Fig. 4. Dipeptides target the C terminus of the peptide to catalyze peptide
exchange. (A) Exchange of Kb-bound high-affinity peptide SIINFEKL and its
C-terminally modified variants SIINFEKG and SIINFEKA were measured in the
presence of 10 mM GL or GM or without any dipeptide by measuring the
association rate (kon) of SIINFEKTAMRAL in a fluorescence anisotropy assay.
(B) Analogous experiment comparing the exchange of Kb

–SIINFEKL-Cdel,
Kb

–SIINFEKL-Ndel, and Kb
–SIINFEKL for SIINFEKTAMRAL. All numerical values

are shown in Table S2. (C) Mechanistic model of dipeptide-facilitated pep-
tide exchange (see text).
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Peptide exchange on MHC class II molecules is triggered by
HLA-DM (in humans) and H-2M (in mice) through the dis-
placement of a peptide anchor side chain from the P1 pocket
(23). The action of DM can be mimicked by small molecules,
such as dipeptides, phenol, or adamantane, that occupy the P1

pocket (6, 7, 24). Because small-molecule peptide-exchange
mechanisms on class I and class II are similar (Fig. 4C), we
propose that tapasin and DM might use analogous mechanisms
for peptide exchange on class I and class II, respectively (25).
The controlled exchange of peptides on MHC class I mole-

cules, as described here, can be used in the production of MHC
multimers for immunodiagnostics, as we have demonstrated
(Fig. 6) (26). Exchange of peptides at the cell surface (Fig. 5) can
be used to enhance loading of exogenous peptides on patient
dendritic cells (DCs) for DC vaccination or in vitro restimulation
of patient CTLs in cancer immunotherapy (27). Because the
high-affinity incoming peptide is supplied in abundance during
the reaction (Materials and Methods), and the dipeptide is
washed out rapidly because of its very low binding affinity, the
chance of a full-length or truncated endogenous peptide binding
to class I and causing an aberrant immune reaction during
therapy is minimal. The removal of prebound peptides from the
cell surface in an allotype-specific fashion, under physiological
conditions, also might be used in the future to elute tumor-
specific peptide antigens for immunotherapy. This approach is
generally feasible, because we have demonstrated that both low-
affinity and high-affinity (Figs. 2B, 3A, 5, and 6B) peptides may
be exchanged with dipeptides. Still, it is conceivable that some
prebound peptides with very tight binding to the F pocket may
resist exchange on short time scales.

Materials and Methods
Expression and Purification of MHC Class I Heavy Chains and Human β2
Microglobulin. The heavy chain of A2 and H-2Kb and human β2 micro-
globulin (hβ2m) were expressed in E. coli and purified from inclusion bodies
(as denatured proteins) as described previously (8, 28). Purified proteins
were stored at −80 °C until use.

In Vitro Folding of MHC Class I Heavy Chain and hβ2m. Heavy chain and β2m
were folded in the presence of peptides as described previously (5, 8).
Briefly, 100–200 μg of denatured heavy chain and an equal amount of β2m
were diluted in 2 mL folding buffer [100 mM Tris·Cl (pH 8), 0.5 M arginine,
2 mM EDTA, 0.5 mM oxidized glutathione, 5 mM reduced glutathione] along
with 10 μM peptide and were incubated at 4 °C for 2–7 d. After folding
reaction, heavy chain–β2m–peptide complexes were harvested by ultracen-
trifugation at 100,000 × g for 20 min. The supernatant was collected, and
the protein concentration was measured by the Bradford assay. To obtain
monomers for peptide-exchange experiments, excess peptide was removed
using Vivaspin 2 (Sartorius) filter columns.

Peptide Exchange Measured by Fluorescence Anisotropy Assay. Fluorescence
anisotropy measurements were performed as described previously (5). For
peptide exchange on A2, 1 μM A2 monomers (A2–hβ2m–peptide complex,
prepared by removing excess peptides after in vitro folding) were incubated
with 10 mM dipeptide (or no dipeptide) for 10 min in a 96-well plate
(Greiner Bio-One); to this preparation 100 nM of fluorophore-labeled pep-
tide (NLVPKFITCVATV, FITC λex = 494 nm, λem = 517 nm or ILKEKTAMRAVHGV,
TAMRA λex = 536 nm, λem = 580 nm) was added, and binding kinetics were
measured in real time by fluorescence anisotropy for 180 min using a Tecan
Infinite M1000 PRO plate reader (Tecan). Association rates (kon) were cal-
culated using GraphPad Prism (GraphPad). Similarly, for Kb, peptide ex-
change was monitored by measuring the binding kinetics of 100 nM
SIINFEKTAMRAL for 10 min after Kb monomers (1 μM) were incubated for
10 min with 10 mM dipeptides (or no dipeptide). All reactions were per-
formed in 100 mM Hepes buffer (pH 7), at room temperature (22–25 °C).

For peptide-dissociation experiments, A2–NLVPKTAMRAVATA monomers
were incubated in a 96-well plate with 10 mM GM or without dipeptide for
10 min. Peptide dissociation was initiated by adding 10 μM NLVPMVATV
peptide, and dissociation kinetics was measured for 180 min. Data were
fitted using GraphPad Prism.

TDTF Measurements. The thermal stability of the class I–peptide complex (A2
with NLVPMVATA, NLVPMVATV, and ILKEPVHGV) was measured by TDTF
experiments as explained in ref. 8. TDTF measurements are represented as
local regression (LOWESS) fits (GraphPad Prism) of first derivatives derived
from plots of tryptophan fluorescence vs. temperature. The minimum of
these curves corresponds to the melting temperature, Tm, of the complex (29).

A B

D

F

C

E

Fig. 5. Dipeptides catalyze peptide exchange on the cell-surface class I
molecules. (A) Exchange of Kb-bound FAPGNYPAL peptide on the surface of
RMA-S cells. RMA-S cells were incubated overnight at 25 °C with 10 μM
FAPGNYPAL or SIINFEKFITCL (as a positive control, dashed black line). Then
excess peptide was washed off, and 1 μM SIINFEKFITCL was added in the
presence of 10 mM GA or GCha or without dipeptide. Binding of SIINFEKFITCL
was detected by flow cytometry; the shadow curve is the cell autofluo-
rescence background. (B) An analogous experiment; instead of SIINFEKFITCL,
SIINFEKL (10 μM) was used. Binding of SIINFEKL was detected by flow
cytometry using the Kb-SIINFEKL–specific monoclonal antibody 25D1.16;
the shadow curve is the control (no primary antibody). (C) Exchange of
Kb-bound endogenous peptides on the surface of RMA cells. Cells were in-
cubated with 5 μM SIINFEKFITCL in the presence of 10 mM GCha or without
any dipeptide. Binding of SIINFEKFITCL was detected by flow cytometry; the
shadow curve is the control without SIINFEKFITCL. (D) Exchange of A2-bound
endogenous peptide on the surface of T1 cells. Cells were incubated with the
A2-specific peptide NLVPKFITCVATV (5 μM) in the absence or presence of
10 mMGA or GM. Binding of NLVPKFITCVATVwas detected by flow cytometry;
the shadow curve is the control without NLVPKFITCVATV. Data in A–D are
representative of at least three independent experiments. (E) Activation
of the B3Z hybridoma after cell-surface exchange of Kb

–FAPGNYPAL for
SIINFEKL on RMA-S cells (with or without the indicated dipeptides). After the
exchange reaction, RMA-S cells were incubated with B3Z cells overnight at
37 °C. On the next day, activation of B3Z was detected by a β-galactosidase
assay. Data (average of three independent experiments ± SD) were nor-
malized to the positive control (SIINFEKL added to RMA-S cells after over-
night incubation at 25 °C). (F) Activation of B3Z hybridoma after peptide
exchange on the surface of RMA cells. Data shown are the average of three
independent experiments ± SD.
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For peptide exchange measured by TDTF, 2.5 μM A2–NLVPMVATA mono-
mers were incubated with 20 μM NLVPMVATV peptide in the presence or
absence of 10 mM GM for 3 h. After 3 h, free peptides were removed from
each reaction by Vivaspin 2 filter columns (10-kDa cutoff), and the thermal
stability of resulting complexes was measured by TDTF.

Cell-Surface Peptide Exchange. For exchange of Kb-bound peptide, RMA-S cells
were cultured at 25 °C overnight in CO2-independent medium to accumulate
peptide-receptive class I molecules on the cell surface. On the next day, 0.5–0.8 ×
105 cells per well were allowed to bind 10 μM FAPGNYPAL or 1 μM SIINFEKFITCL
(positive control) in the presence of 10 μg/mL Brefeldin A (BFA) (Invitrogen) to
block surface delivery of newly synthesized class I for 60 min at 37 °C. After in-
cubation, excess peptide was removed by washing (2×, PBS at 200 × g 4 °C). The
FAPGNYPAL-bound cells then were incubated with 10 mM dipeptide (or with-
out any dipeptide) and 1 μM SIINFEKFITCL for 60 min at 37 °C in 25 mM Hepes-
RPMI medium (pH 7.0) with 10 μg/mL BFA. Cells then were washed twice by
0.02% NaN3 in PBS, and the binding of SIINFEKFITCL was measured using
a flow cytometer (CyFlow Space). Kb-specific binding of SIINFEKL was con-
firmed in a similar experiment in which unlabeled SIINFEKL was used instead
of SIINFEKFITCL and binding was detected by the Kb

–SIINFEKL-specific
monoclonal antibody 25D1.16. Data were analyzed using FlowJo (Tree Star).

For cell-surface exchange of endogenous peptide on Kb, RMA cells were
cultured at 37 °C and incubated for 60 min in 25 mM Hepes-RPMI medium

with 10 μg/mL BFA and with 10 mM GCha or without any dipeptide in the
presence of 5 μM SIINFEKFITCL. Cells then were washed two times, and
SIINFEKFITCL binding was detected by flow cytometry.

For cell-surface exchange of endogenous peptide on A2 molecules, T1
cells cultured at 37 °C were incubated (in CO2-independent medium with
10 μg/mL BFA) with 10 mM GM or GA or without dipeptide in the presence
of 5 μM NLVPKFITCVATV for 180 min. Cells then were washed, and binding
of NLVPKFITCVATV was detected by flow cytometry.

T-Cell Activation Assay. After cell-surface exchange on RMA-S or RMA cells by
SIINFEKL in the presence of GCha or GA, these cells (150,000 per well) were
incubated in 96-well plates with the B3Z hybridoma (100,000 cells per well)
for 24 h at 37 °C (RPMI + 10% FBS, 5% CO2). Because B3Z cells produce
β-galactosidase upon activation (30), the cells then were washed twice with
PBS, treated with lysis buffer containing 0.15 mM CPRG (chlorophenol red
β-D-galactopyranoside; Sigma) and 0.5% Nonidet P-40, and incubated for
20–24 h at room temperature. Activity was measured as absorption at
570 nm using a Tecan Infinite M1000 PRO plate reader. B3Z cells incubated
with untreated RMA-S/RMA cells served as background control.

Generation of MHC Multimers and Staining of Peripheral Blood Mononuclear
Cells. MHC multimers were produced as described previously (13). Briefly,
MHC light and modified heavy chain [in which the transmembrane domain

A B

Fig. 6. Quantification of peptide exchange and production of viral epitope-specific tetramers. (A) Relative quantification of peptide abundance after ex-
change reaction of A2–ILKEPVHGV monomer for YVLDHLIVV in the presence of 10 mM GM. Peptides were eluted from monomers by acid treatment and
analyzed by LC-MS. (Insets) The peptide concentration was calculated by peak integration (area under the curve, AUC) using predetermined standard curves
created for each individual peptide. (B) Dot plots of MHC tetramer staining from a representative donor (staining data from a different donor are shown in
Fig. S5). Tetramers were prepared after exchanging the A2-monomers (indicated in Table 1) in the presence of 10 mM GM for viral epitopes.
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was replaced by a biotin ligase (BirA) enzymatic biotinylation sequence] were
expressed separately in E. coli BL21(DE3)pLysS (Promega). Bacteria were lysed
by sonification/lysozyme treatment, and released inclusion bodies were puri-
fied. Refolding was performed by limited dilution ofMHC heavy and light chain
together with the binding peptide. The refolded complexes were purified by
gel filtration on an Äkta fast protein liquid chromatography system (Superdex
G-75; GE Healthcare), biotinylated by BirA, and the product was repurified by
gel filtration (Superdex G-75). MHC multimers were assembled from bio-
tinylated monomers, directly or after exchange reactions, by the addition of
streptavidin-phycoerythrin (Life Technologies) to the complexes at a molecular
ratio of 4:1. For T-cell staining, MHC multimers were diluted to 2.5 μg/mL in
staining buffer containing 50% (vol/vol) FCS and 2 mM EDTA in PBS. Multimer
staining was performed with peripheral blood mononuclear cells from
healthy A2-positive donors previously screened and selected to show
positive ex vivo multimer staining with Influenza M158–66(GILGFVFTL),
CMV pp65495–503(NLVPMVATV), and EBV BRLF1109–117(YVLDHLIVV). Cells
were stained additionally at 4 °C for the surface marker CD8 (PerCP;
BioLegend) and for the viability marker Aqua Live/Dead (Life Technologies).
All washing steps were performed with FACS buffer (PBS with 2% FCS, 2 mM
EDTA). Finally, samples were acquired on a BD FACS Canto II Analyzer (BD
Biosciences). Analysis and assessment of the percentage of multimer-positive
single viable lymphocytes was performed with FlowJo (Tree Star).

Relative Quantification of Exchange Efficiency by MS. Before analysis, ex-
changed monomers were purified twice by gel filtration using PD SpinTrap
G25 columns (GE Healthcare) according to the manufacturer’s instructions to
remove unbound excess peptide. MHC-bound peptides then were eluted by
the addition of 10 μL of 10% trifluoroacetic acid and sonification in a water
bath at 45 °C for 5 min. Eluted peptides were separated from empty mon-
omers by gel filtration (SpinTrap G25 columns; GE Healthcare), and the
volume was adjusted to 100 μL by vacuum centrifugation. For the analysis,
5 μL of each sample was injected into an Ultimate 3000 RSLC Nano UHPLC
system (Dionex) coupled to the nanoelectron spray ion source of an LTQ
Orbitrap XL (Thermo Fisher Scientific) mass spectrometer. Samples first were
loaded on a 2-cm PepMAP100 C18 Nano-Trap column (Dionex) within 6 min
at a flow rate of 4 μL/min and 5% acetonitrile. Afterward, peptides were
separated on a 25-cm PepMap C18 column (2-μm particle size) running in
a column oven at 50 °C with a gradient of 5–65% acetonitrile within 90 min
and a flow rate of 175 nL/min.

MS identification and relative quantitation were performed in direct
data-dependent acquisition mode using a top-five method in which the
five most intense ions were selected for fragmentation during each scan
cycle. Survey scans were performed with 60-k resolution and a scan range
between 400 and 650 m/z. Fragmentation of peptides was achieved
by collision-induced dissociation (collision energy 35%, activation time
30 ms, isolation width 1.3 m/z) with fragment ions analyzed in the linear
ion trap.

Peptides’ identity and relative quantity were assessed by Xcalibur Qual
Browser v. 2.07 (Thermo Fisher). Peptide abundance was determined by
peak integration of precursor masses over time with a mass window of
2 ppm. Standard curves were created with respective synthetic peptides to
calculate their concentration within the sample. For methionine-containing
NLVPMVATV, the native and the oxidized species (NLVPM(ox)VATV) were
evaluated separately.
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Table 1. Exchange efficiency of A2 monomers in the presence of
10 mM GM

A2 monomers
folded with

Peptide
exchanged for

Efficiency of
exchange, %

GLKEPQIQV YVLDHLIVV 91.9
GLKEPQIQV GILGFVFTL 93.6
GLKEPQIQV NLVPMVATV 93.2
ILKEPVHGV YVLDHLIVV 94.5
ILKEPVHGV GILGFVFTL 99.1
ILKEPVHGV NLVPMVATV 96.8
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