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ABSTRACT: Measuring the interaction of class I human leukocyte antigens (HLA) and their peptide epitopes
acts as a guide for the development of vaccines, diagnostics, and immune-based therapies. Here, we report
the development of a sensitive biochemical assay that relies upon fluorescence polarization to indicate
peptide interactions with recombinant soluble HLA proteins. It is a cell- and radioisotope-free assay that
has the advantage of allowing the direct, real-time measurement of the ratio between free and bound
peptide ligand in solution without separation steps. Peptide/HLA assay parameters were established using
several HLA A*0201-specific fluorescein isothiocyanate-labeled peptides. Optimal loading of synthetic
peptides into fully assembled soluble HLA-A*0201 complexes was enabled by thermal destabilization at
53°C for 15 min, demonstrating that efficient peptide exchange does not require the removal of endogenous
peptides from the reaction environment. An optimal ratio of threeâ-2 microglobulin molecules per single
HLA heavy chain was determined to maximize peptide binding. Kinetic binding studies indicate that
soluble HLA-A*0201/peptide interactions are characterized by a range of moderatekon values (1× 104

to 8.7× 104 M-1 s-1) and slowkoff values (1.9× 10-4 to 4.3× 10-4 s-1), consistent with parameters for
native HLA molecules. Testing of the A*0201-specific peptides with 48 additional class I molecules
demonstrates that the unique peptide binding behavior of individual HLA molecules is maintained in the
assay. This assay therefore represents a versatile tool for characterizing the binding of peptide epitopes
during the development of class I HLA-based vaccines and immune therapies.

The determination of in vitro equilibrium and kinetic data
for specific peptide/HLA1 class I interactions is a primary
means of identifying viral, bacterial, and cancer vaccine
candidates. Many different methodologies have been reported
with the common theme of assessing the ability of syntheti-
cally defined peptide epitopes to associate with specific class
I complexes. A common cellular method is the cell surface
stabilization assay, demonstrating the assembly of empty
class I HLA molecules on the surface of TAP-deficient T2
cells by exogenously adding iodinated or fluorescent-labeled
peptides (1, 2). Another cellular approach involves the mild
acid treatment of HLA-expressing cell lines (3-6), some
transfected to overexpress human HLA (7-9), which has

been used as an alternative method to generate empty class
I molecules. Instead of using intact cells, traditional bio-
chemical binding assays utilize detergent-solubilized HLA
class I complex molecules in combination with iodinated
peptides to measure peptide binding (10-15). In these
conventional radioactive binding assays, radioactive iodine
(125I) is measured after chromatographic separation of bound
from free peptide ligand (12, 15, 16). Furthermore, de novo
reconstitution assays are also very common, incubating
synthetic peptides with free HLA heavy chains and freeâ-2
microglobulin (â2m) to assemble class I from its subunits
and comparing the resultant quantities of free versus com-
plexed heavy chains (17-19). Presently, these assays have
been established in only a few laboratories and are usually
time-consuming and extremely laborious. A further limitation
in many of these heterogeneous binding assay applications
has been the lack of availability of class I HLA proteins.
Our laboratory has developed a means for producing
substantial quantities of numerous soluble HLA (sHLA)
alleles (20, 21). It was intended to utilize these sHLA
molecules for the development of a more robust peptide/
HLA binding assay.

Several fluorescence-based assay formats are now in
development to determine kinetic constants including fluo-
rescence resonance energy transfer (FRET) and homogeneous
time-resolved fluorescence (HTRF). In addition, surface
plasmon resonance (SPR), a technique based on immobiliza-
tion of one of the interacting components to a biosensor
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surface (13), has also gained some popularity. Among these
advanced assays belongs the technique of fluorescence
polarization (FP), a powerful but underutilized tool for
studying molecular binding interactions. First described in
1926 (22), FP is unique among methods used to analyze
molecular binding events because it gives a direct, nearly
instantaneous measure of a ligand’s bound/free ratio. The
technique is based on the principle that small molecules rotate
faster than large molecules. During binding, the small
fluorescent peptide, which has free rotational mobility, is
converted to a larger fluorescent peptide/HLA complex with
restricted rotational mobility (23, 24), resulting in an increase
in polarization.

Given the need for quantitative and widely applicable
peptide/HLA binding assays, we recognized the value of FP-
based binding analysis. However, to experimentally evaluate
polarization, two measurements are needed: polarized emis-
sion parallel to the excitation filter (S-plane) and polarized
emission perpendicular to the excitation filter (P-plane).
Resulting FP values in millipolarization (mP) are calculated
by the equation

whereS andP are background-subtracted intensities of the
fluorescence measured in the parallel (horizontal) and
perpendicular (vertical) direction, respectively, andG (grat-
ing) is an instrument- and assay-dependent factor.

In this report, we describe the co-incubation of purified,
recombinant sHLA molecules with FITC-labeled peptides
that have been previously reported to have a high affinity
for A*0201 as unlabeled peptides. Allele A*0201 was chosen
because it is found at a high frequency in the population
and is the most extensively studied HLA class I antigen. The
resulting data demonstrate that an FP-based HLA/peptide
binding assay is feasible, quantitative, and does not depend
on radioactivity. Because of the real-time nature of the assay,
kinetic measurements are readily obtainable. By testing the
A*0201-specific peptide ligands against various class I, we
demonstrate that individual sHLA molecules maintain their
peptide binding behavior using the described method. This
assay is relatively simple to conduct, can be standardized to
different FP readers, and is amenable to the unbiased study
of many different peptide/HLA interactions.

MATERIALS AND METHODS

Synthetic Peptides.FITC-labeled peptides (Table 1) were
commercially synthesized by Synpep (Dublin, CA) or
American Peptides (Sunnyvale, CA) using solid-phase strate-
gies and purified with reverse-phase HPLC. Purity was
determined to be greater than 95%. The composition was
ascertained by mass spectrometric analysis. Peptides were

ordered in aliquots of 0.2µmol amounts and stored dry.
Lyophilized peptide aliquots used in binding assays were
originally dissolved in 100% DMSO at a concentration of
10 mM. Subsequent dilutions were done in 1× bovine
γ-globulin in PBS (BGG/PBS, 0.5 mg/mL, 0.05%; Sigma,
St. Louis, MO). Aliquoted working dilutions (200µM) for
FITC-labeled peptides were kept at-20 °C and reused for
a period of up to 4 months without a measurable decline in
signal.

Protein Expression and Large-Scale Production of Re-
combinant sHLA Class I Molecules.All sHLA molecules
used within this study were cloned and expressed according
to the techniques described previously (20). Briefly, truncat-
ing PCRs were performed using specific primer sets and
template DNA from reliable full-length cDNA clones of the
HLA alleles of interest. The resultant PCR products contained
the leader peptide, as well as theR1, R2, andR3 coding
domains of the HLA heavy chain resulting in the removal
of the portion encoding the membrane-spanning region and
the cytoplasmic tail. PCR products were directly subcloned
into the mammalian expression vector pcDNA3.1(-) (In-
vitrogen; Carlsbad, CA) and sequenced to confirm allelic
specificity. The class I negative, EBV-transformed B-
lymphoblastoid cell line 721.221 was transfected with a
cloned DNA construct by electroporation, and stable trans-
fectants were selected using 1.5 mg/mL G418. Upon estab-
lishment of confluent growth after approximately 3 weeks,
putative transfectant wells were screened for sHLA produc-
tion using a sandwich ELISA (20). Transfectant wells
positive for sHLA production were then subcloned by
limiting dilution. Satisfactorily subcloned transfectants were
expanded, frozen in RPMI-1640, 20% FCS, and 10% DMSO,
and stored at-135 °C.

After high-level producers were established, the CP-2500
Cell Pharm System (Biovest International, Minneapolis, MN)
was applied in order to produce large quantities of sHLA
(20, 21). Transfected 721.221 cells were first expanded over
a time period of approximately 21 days before seeding two
hollow-fiber bioreactor units of the Cell Pharm. After
inoculation, a typical production run lasting between 4 and
6 weeks produced approximately 30-40 L of secreted sHLA
product, which was collected as crude harvest.

Affinity Purification of sHLA Molecules.Upon completion
of a bioreactor run, sHLA complexes were affinity purified
from the harvests obtained using the pan-HLA class I
antibody W6/32 (25) coupled to a Sepharose 4B matrix
(Amersham, Piscataway, NJ). Harvests were applied to the
column using a peristaltic pump system (Amersham) with a
speed of 5 mL/min at 4°C. After the column was extensively
washed with phosphate-buffered saline (PBS), bound sHLA
molecules were eluted with 0.1 M glycine (pH 11.0) and
immediately neutralized by addition of 1 M Tris-HCl, pH
7.0, to preserve the activity of the eluted molecules. Under
these conditions, sHLA molecules were recovered with a
75-85% yield. Purified molecules were buffer exchanged
with PBS at pH 7.2 and concentrated using 10 kDa cutoff
Macrosep centrifugal concentrators (Pall Filtron, Northbor-
ough, MA). The final product was filter-sterilized and stored
at 4 °C until further use.

The concentration of the purified molecules was deter-
mined by the colorimetric detection method using the Micro
BCA protein assay kit (Pierce, Rockford, IL) using BGG as

Table 1: FITC-Labeled Peptide Sequencesa

sequencename

A*0201/P1 F L P S D K F P S V
A*0201/P2 S L Y N K V A T L
A*0201/P3 N L S K L S L D V
A*0201/P4 L V F G K E V V E V
A*0201/P5 A L M D K V L K V

a Amino acid positions carrying the FITC label are in bold type.

polarization (mP)) (S- GP)/(S+ GP) × 1000
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a standard. Gel electrophoresis-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed, which confirmed the size of the subunits and their
purity (data not shown).

ELISA-Based Stability Testing. For stability evaluation, a
specific HLA sandwich ELISA approach was adopted as
described earlier (20) with minor modifications. Briefly, to
detect the antigen sHLA-A*0201, the wells of a microtiter
plate were coated with the specific (capture) antibody W6/
32 (8µg/mL) followed by the incubation with test solutions
containing the antigen. Unbound antigen was then washed
away, and a second antigen-specific antibody (anti-â2m)
(DAKO, Glostrup, DK) conjugated to HRP (detector) was
added. After addition of the HRP substrate OPD, the degree
of substrate hydrolysis was measured. ELISA data were
finally transformed to percent relative stability using the
nonheated solution of sHLA-A*0201 (4°C) as reference
(100%). Data are graphed against hours of incubation, and
the half-lives were determined by applying a one-phase
exponential decay model.

FP-Based Peptide Binding Assays.In a first step, the three
components of the binding reaction (peptide, sHLA, and
â2m) were prepared as concentrates. The fluorescent-labeled
peptide (pFITC), listed in Table 1, and the sHLA component
of the reaction were diluted to appropriate 4× and 2×
solutions, respectively. Theâ2m component (Fitzgerald
Industries International, Concord, MA) was prepared as a
4× mix and always added in a 2× molar excess of the used
sHLA concentration. For all preparations, 1× BGG/PBS was
used as buffer. In a second step, each individual well of a
black 96-well LJL HE PS microplate (Molecular Devices)
was loaded with 10µL of the prepared 4× â2m and 10µL
of 4× pFITC. To start the peptide exchange procedure, the
2× sHLA mix was activated by incubation at 53°C for 15
min before addition of 20µL to the previously loaded wells,
reaching a final volume of 40µL. All reagents were added
to the wells of the microtiter plate sequentially using manual
pipettors. Immediately after addition of all fluids, the plate
was spun down for 1 min at 2500 rpm to even the meniscus
and remove possible air bubbles. The plates were incubated
at room temperature until no further increase in polarization
was observed, indicating that equilibrium was reached (24-
48 h). After each reading, the plate was covered with a lid
and sealed with parafilm to protect from light and to prevent
evaporation of the constituents.

The use of appropriate controls allowed accurate estimation
of specific polarization. Specific control groups included (a)
protein only, (b) tracer only, and (c) buffer only. The protein
only control indicated the background signal contributed from
sources other than the fluorescent peptide, which was
eliminated by subtraction from the experimental sample. For
proper analysis,S(parallel) andP (perpendicular) intensities
were background corrected. Background signals can arise
from the microplate plastic, solution contaminants, leakage
of light through the optical filters, or other sources generated
in the instrument. Background-subtracted with the buffer only
control, the tracer only control measuredSandP values for
free fluorescent peptide. As described by Herron and Voss
(26) and according to the instructions of the manufacturer
of the Analyst AD, these corrected values serve in the
calculation of theG factor [G factor) IS/IP(1 - (27/1000))/
(1 + (27/1000))], which is a scaling (correction) factor,

taking relative polarization measurements and making them
appear absolute (relative to the theoretical mP (27 for
fluorescein). Within this study,G factors were very stable
values typically ranging from 0.9 to 1.1. Once aG factor
had been determined, it was entered into the formula to
calculate polarization: mP) (IS - IPG)/(IS + IPG) × 1000.

FP measurements were performed on the Analyst AD
assay detection system (Molecular Devices, Sunnyvale, CA)
using a continuous high-intensity, xenon-arc lamp as light
source with the following filter settings: excitation wave-
length of 485 nm and emission wavelength of 530 nm. In a
standard FP configuration, the static excitation polarization
filter was set in S position whereas the dynamic emission
polarization filter polarized the light in either the S or P
orientation. A dichroic mirror (50/50 beam splitter) was used
to direct the polarized light into the assay well. Emitted
polarized light was detected by the fluorescence photomul-
tiplier tube with the SmartRead, sensitivity 2 setup option
in counts per second (cps). The two intensity measurements
collected for each well, one when the polarizers were parallel
to each other (S and S) and one when the polarizers were
perpendicular to each other (S and P), were used to calculate
polarization in millipolarization units (mP).

Time-Course Analysis of sHLA/Peptide Association.Pep-
tide kinetics of the ternary complex formation was investi-
gated by monitoring the association of FITC-labeled peptides
to sHLA molecules by FP, which allows direct measurement
of the time course of the reaction. To determine the
association kinetics, the purified sHLA molecules (50µg/
mL) and various concentrations of fluorescent-labeled pep-
tides were incubated in the presence of excessâ2m (24.8
µg/mL) in a final volume of 40µL. Changes in FP were
monitored starting shortly after addition of the activated
sHLA at time 0, until equilibrium was reached. Reactions
were setup directly in 96-well black plates. Measurements
were performed on the Analyst AD as described above.

Binding parameters were achieved by fitting all data points
to a monoexponential association model [FP) FPmax(1 -
e-kt)]. FP is binding andt is time. The variablek in the
exponential association equation is the observed rate constant
(kob), expressed in units of inverse time, which is concentra-
tion dependent. To calculate absolute rate constants for
association (kon) and dissociation (koff), kob values were
graphed versus the ligand concentration. Extrapolation of the
plot to zero ligand determined the intercept, which is equal
to koff. The slope of the graph corresponded tokon.

RESULTS

State-of-the-art biochemical assays are comprised of
technologically advanced platforms and cutting edge re-
agents. Such assays must also be practical in many laboratory
environments and, in this case, amenable to many different
peptide/HLA combinations. Here, we developed a FP-based
system for real-time peptide binding analysis with the overall
objective of providing a robust and highly sensitive assay
for the better characterization of HLA/peptide interactions.

FITC Labeling of Synthetic Peptide Candidates.The initial
step toward assay development was the selection of high-
affinity peptide candidates and the attachment of a fluorescein
isothiocyanate (FITC) label to these peptide candidates.
Because the assay represents a quantitative characterization
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of FITC-labeled peptides, we strove to maintain insofar as
possible the native reactivity of the candidate molecules. This
goal implies that the functional groups involved when the
peptide reacts with the sHLA molecule remain fully active
and unimpeded and that the fluorescent label itself does not
become involved in, or perturb, the reaction. The chemical
addition of a FITC molecule to a peptide requires distinct
amino acid residues, and only side chains containing primary
amines (lysines, K) or sulfhydryl groups (cysteins, C) can
be fluorochrome-labeled. Therefore, the fluorescent labeling
of peptide candidates makes it mandatory to perform amino
acid substitutions if these amino acids are absent within the
primary structure of the peptide candidate. However, sub-
stitution of amino acids is not without risks as these residues
can exert important effects on the binding capacity of a
peptide. Therefore, considering only sequence positions with
known permissiveness (14), positions P4, P5, and P8 for
9-mers and positions P5 and P6 for 10-mers were selected
to allow the chemical coupling to the primary amine of a
lysine side chain (Table 1). Important to mention is that
labeling of an internal K residue for A*0201 peptides is not
considered a conservative substitution. Such a modification
will likely affect the interaction in a negative way as the
FITC-coupling reaction changes the positively charged
residue to a hydrophobic group, thus losing its capability
for electrostatic interaction.

Peptide Exchange Procedure.Since the recombinant
sHLA class I proteins used for this study are loaded with
endogenous peptides (11), binding of FITC-labeled peptides
can only occur through a peptide exchange procedure in
which the original endogenous peptide is first released from
the HLA binding groove. Therefore, our second but most
challenging step in the development of the A*0201 peptide
binding assay was the design of an effective loading
procedure for FITC-labeled peptides. Because difficulties of
loading native HLA molecules with synthetic peptides are
well-known, several protocols have been designed. One of
the simplest methods described in the literature was passive
loading in which the peptide exchange is observed at room
temperature. However, initial testing of multiple sHLA
concentrations incubated with pFITC P2 demonstrated that
passive loading did not work particularly well (Figure 1A).
The measured change in polarization values upon binding
under equilibrium conditions was only 40 mP, reaching a
maximal polarization level of 66 mP for the highest
concentration used. These results corroborate with earlier
findings showing experimental difficulties in demonstrating
peptide binding to complexes that contain endogenous
peptides (27). The low loading efficiency was attributed to
the stability of the endogenous peptide/class I molecule
complex. Other methods described included the stripping of
peptides through alkaline or mild acid treatment followed
by gel filtration and slow refolding at neutral pH to obtain
HLA class I heavy chains without the presence of the
endogenous peptides orâ2m (28-31). However, the heavy
chains prepared through these procedures were found to be
unstable and only useable for a short amount of time (28),
which makes such stripping procedures ill-suited for more
advanced and standardized binding assays as stability has a
direct impact on assay quality and reproducibility. Since most
effective loading seems to be attained only when empty class
I proteins become available (1, 32), we developed a novel

approach to increase the fraction of empty, peptide-receptive
class I molecules. Our approach was based on the idea that
peptide loading efficiency can be improved through the
activation of sHLA molecules by thermal energy. Incubating
sHLA samples temporarily at higher temperatures should
thermodynamically destabilize the sHLA complex, allowing
more peptide-receptive sHLA molecules to participate in the
peptide exchange. However, the extent of energy employed
has to be carefully controlled to ensure that the majority of
the molecules are capable of restoring proper conformation
after the reinstatement of original conditions.

As seen in Figure 1B, we tested sHLA activation as a
function of temperature and time to identify optimal peptide
loading conditions. Identical sHLA samples (50µg/mL) were
incubated at various temperatures over a period of 15, 30,
and 45 min. After activation, the samples were immediately
combined with 10 nM pFITC P5 to initiate the experiment.
The association of labeled peptides was monitored in real
time to ensure that equilibrium was reached. Results obtained
showed a steady increase in polarization with higher activa-
tion temperatures. Short-term activation for 15 min was found

FIGURE 1: Peptide exchange analysis. (A) Peptide exchange was
monitored at room temperature over a sHLA concentration range
of 0.01-50µg/mL. Results demonstrate a low signal output making
passive loading highly inefficient. (B) The influence of different
activation temperatures on peptide exchange efficiency was tested
by activating 50µg/mL sHLA followed by incubation with 10 nM
pFITC P5. Most optimal conditions were established using an
activation temperature of 53°C for 15 min to achieve maximal
polarization levels. Longer activation times are shown to be
suboptimal for highest loading efficiency.

Real-Time FP-Based Peptide Binding Assay for sHLA-A*0201 Biochemistry, Vol. 43, No. 46, 200414855



to be more advantageous than activation for 30 or 45 min
as a much higher polarization level could be achieved. With
longer activation periods, a decline in polarization was
observed at temperatures above 50°C. This decline is due
to partial denaturation of the complex by applying too much
thermal energy. Most optimal conditions for peptide ex-
change activation were established by incubating sHLA
complexes at 53°C for 15 min. These parameters were kept
constant and were applied for all further experiments. Only
a low net increase in polarization was observed at temper-
atures below 43°C, and the loading efficiency was compa-
rable to the results obtained through passive loading at room
temperature. This observation indicates that our sHLA
complexes are very stable and do not efficiently dissociate
at temperatures below 43°C.

To further validate the thermal activation procedure, the
structural integrity of sHLA-A*0201 molecules during and
after thermal destabilization was monitored using an ELISA-
based procedure which uses the conformation-dependent
monoclonal antibody W6/32 (25). For this stability testing,
samples of sHLA-A*0201 were incubated at 58, 53, 47, and
37 °C for various lengths of time. After data transformation
to percent relative stability using the nonheated solution (4
°C) of sHLA-A*0201 as reference (100%), data were
graphed against time of heat exposure and the half-lives
determined (Figure 2). It is shown that the sHLA-A*0201
stability curve rapidly declines at higher temperatures (58
and 53 °C) with half-lives of only 3.7 and 5.7 min,
respectively, indicating fast dissociation of the complex into
its subunits. After 45 min, the conformational antibody was
unable to detect any significant amounts of intact sHLA
molecules. This effect was drastically reduced at 47°C where
complete denaturation of most molecules occurred after 3 h
and showed a half-life of 51.6 min. Incubation of sHLA-

A*0201 at 37 °C demonstrated little effect, and more
than 95% of all molecules still maintained their structural
integrity.

After heat exposure, selected sHLA preparations were
immediately brought to 4°C and allowed to reassociate for
72 h without supplementation of exogenous peptides orâ2m.
As seen in Figure 2, a re-formation process of subunits
occurred as demonstrated above. Data show that the reas-
sociation of sHLA-A*0201 complexes happens more ef-
fectively by using short activation times compared to
extensive heat exposure. Incubations over 2 h seem to destroy
more than 60% of the molecules, rendering them unusable
for FP assays. Interestingly, temperature variance had a lesser
effect than the time of heat exposure. Overall, this ELISA
approach confirms and validates the thermal activation results
obtained by FP experiments. Furthermore, it could also be
demonstrated that, under the established conditions for
optimal peptide exchange activation (53°C for 15 min), more
than 85% of sHLA-A*0201 molecules are available for the
exchange process.

Influence ofâ2m on Peptide Loading.In order for HLA
class I alleles to be able to efficiently bind peptides, recent
peptide loading experiments indicated that excessâ2m must
be present in order to enhance peptide binding (12, 27, 33-
36). To further improve the sensitivity of our assay, we tested
the influence of variableâ2m concentrations on maximal
performance. Fixed amounts of sHLA-A*0201 complexes
(25/50µg/mL) were allowed to react with varying amounts
of â2m. As shown in Figure 3, addition of higher concentra-
tions ofâ2m improved binding of the FITC-labeled reference
peptide P5 by increasing the dynamic range by 15% for 50
µg/mL and by 30% for 25µg/mL of sHLA-A*0201,
respectively. The response curve for 50µg/mL compared to
the curve generated by 25µg/mL is higher as more sHLA
molecules are available to participate in the binding event.
An optimal ratio of threeâ2m molecules per single HLA
heavy chain was determined. Addition of moreâ2m did not
result in a more efficient loading.

As part of the optimization process, another goal was to
minimize the contribution of assay components to nonspecific

FIGURE 2: ELISA-based sHLA-A*0201 stability determination
using conformational epitope-recognizing antibody W6/32. An assay
procedure consisting of the monoclonal antibody W6/32 as the
capturing reagent and anti-â2m(HRP) as the detector antibody was
developed to test sHLA-A*0201 complex stability at various
temperatures during a period of 5 h in 3%BSA. After incubation,
the solutions were immediately tested on ELISA, preventing re-
formation of destructed/destabilized molecules. ELISA data are
transformed to % relative stability using a sample held at 4°C as
100%. Data are graphed against time of heat exposure and half-
lives determined by applying a one-phase exponential decay model
(solid lines). In addition, a selection of heated samples were
reevaluated after a 72 h incubation time at 4°C to determine
complex re-formation (dashed lines) and added to the graph.

FIGURE 3: Influence of variableâ2m concentrations on maximal
performance. Fixed amounts of sHLA-A*0201 (50 and 25µg/mL)
and 10 nM pFITC P5 were incubated with varying amounts ofâ2m
expressed as a ratio of [â2m] per [HC] under equilibrium conditions.
Results show that peptide loading efficiency was highly increased
using excessâ2m. An optimal ratio of 3 was determined for both
sHLA concentrations meaning that a 2× excess ofâ2m over sHLA
has to be supplemented to achieve maximal polarization levels.
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FP. High background counts due to buffer or nonfluorophore
components can seriously affect the sensitivity of an assay.
By using purified molecules, light scattering through cell
membranes and cellular debris was not a problem, and
therefore no contribution of the sHLA protein to the final
signal could be detected. However, to further improve signal-
to-background ratios, we included bovineγ-globulin (BGG)
as carrier protein, which drastically decreased baseline
fluorescence intensity signals. A concentration of 0.05%
BGG was sufficient to prevent nonspecific binding of the
FITC-labeled peptides to other assay components and the
walls of incubation vessels. In contrast, bovine serum

albumin (BSA) completely failed as an alternative because
of its ability to bind the fluorescent-labeled peptides, an
interaction which greatly increased baseline polarization and
reduced assay range (data not shown). Incubation of free
FITC molecules with sHLA did not increase FP values,
demonstrating that the fluorescent label does not impact the
assay. Additional optimization experiments such as testing
of various buffer systems did not result in further improve-
ments of the assay protocol and are therefore not presented.

Multiple Specificity Screening.To determine the specificity
for sHLA-A*0201 as well as potential cross-reactivity to
other sHLA alleles, we screened 48 different sHLA alleles

FIGURE 4: Screening of HLA A, B, and C alleles for cross-reactivity evaluation. A panel of 48 distinct sHLA alleles was tested to determine
the specificity of our designed peptides to sHLA-A*0201 and to elaborate cross-reactivity to other sHLA allele specificities. FP values are
obtained using a more simplified binding protocol without addition ofâ2m. Each peptide candidate (10 nM) was incubated with 100
µg/mL activated sHLA, and the peptide/HLA interaction was monitored over time. Final equilibrium polarization levels indicating the
extent of binding to each allele after incubation with each of our five test peptides are shown. A threshold line of 29.3 mP was introduced,
which corresponds to the completely free state (and lowest polarization value) of the labeled ligand. (A) In this graph, 20 HLA-A and 2
HLA-C were tested, of which sHLA-A*0201 and sHLA-Cw*0801 showed the highest reactivity followed by less effective binders such as
sHLA-A*4301, sHLA-A*6801, and sHLA-A*6901. The insert visualizes the time course of association for peptide P3 to sHLA-A*0201
(‡) and P5 to sHLA-A*1102 (*). (B) No significant binding was detected to any of the B-alleles tested.
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for binding with our A*0201 pFITC constructs (Figure 4).
For screening purposes, each peptide candidate (10 nM) was
incubated with 100µg/mL activated sHLA, and the peptide/
HLA interaction was monitored over time. As expected, no
significant binding was detected to any of the B-alleles tested
(Figure 4B), whereas a high binding affinity was observed
between sHLA-A*0201 and our pFITC candidates. An
exception was pFITC P3 (Figure 4A). This peptide failed to
attain a higher polarization level compared to the other
candidates. A more detailed investigation showed that, at
an early time point of association, this peptide was capable
of binding to sHLA-A*0201 (Figure 4A, insert). The
significant decrease in association kinetics recorded after 0.8
h seems to imply that the HLA class I molecule is not
stabilized following exposure to this peptide, irrespective of
whether it attempted to bind. This effect was possibly caused
by the integration of the fluorescent tag into the structure as
the native peptide is published to have a high affinity to
sHLA-A*0201. Thus, modification of the residue at the P4
nonanchor position of pFITC P3 may not affect the specific-
ity and association kinetics of peptide binding but rather
seems to affect the stability of the class I peptide interaction.

In addition to a successful interaction with sHLA-A*0201,
high to medium binding affinities could also be observed
between sHLA-Cw*0801 and peptides P1 and P3. Interest-
ingly, the stability of the sHLA-Cw*0801/P3 interaction was
not disrupted as it was for sHLA-A*0201/P3, indicating that
positions most suitable for FITC labeling in A*0201
molecules may not be the same as those for Cw*0801.
Peptide P5 was also found to bind sHLA-Cw*0801 but to a
much lesser extent. However, binding was still significantly
over the threshold line (29.3 mP), which corresponds to the
determined baseline value where all pFITC conjugates are
in a free state. NoG factor correction was applied for the
screening analysis, explaining a threshold of 29.3 mP rather
than 27 mP. Comparing the structural characteristics of our
designs to each other showed that only those peptides bound
to Cw*0801 carrying a leucine (L) at position 2 and valine
(V) at the C-terminus. These findings allowed us to propose
an initial Cw*0801 binding specificity. Peptides P2 and P4
which did not concur with this rudimentary P2L/P9V motif
were not able to bind sHLA-Cw*0801 (Table 2).

Furthermore, binding of peptides P4 and P1 to sHLA-
A*6801 and sHLA-A*6901 as well as binding of peptide
P5 to sHLA-A*4301 and sHLA-A*1102 could additionally
be detected. In case of the interaction of P5 with sHLA-
A*1102, the same observation was made as for peptide P3
binding to sHLA-A*0201, showing that this interaction was
not stable at equilibrium (Figure 4A, insert). The possibility
of having monitored the effect of peptide degradation,
however, can be ruled out, as both peptides were capable of
binding to other alleles under equal conditions. To support
these findings, it has been reported previously that HLA-
A*6901 could bind certain A*0201-restricted antigenic
peptides (3, 37). Among those peptides is the nonmodified
version of the P1 peptide which was also reported to bind
A*6802 in addition to A*0201, A*0202, A*0205, and
A*0206. However, these alleles were not available for this
study.

Generally, screening data showed that four out of the five
peptides demonstrated cross-reactivity with at least 2 of the
48 alleles tested, confirming but also extending the cross-
reactivity pattern found in other studies. More specifically,
P1 and P5 bound to four different sHLA alleles, A*0201,
A*6801, A*6901, and Cw*0801 and A*0201, A*4301,
Cw*0801, and A*1102, respectively. P4 bound to three
different sHLA alleles, A*0201, A*6801, and A*6901, and
P3 bound two of the sHLA alleles, A*0201 and Cw*0801,
tested. P2 was the only peptide not showing any cross-
reactivity and solely interacting with sHLA-A*0201.

Kinetics of sHLA-A*0201/Peptide Interactions.We per-
formed a series of experiments to determine the kinetic rate
constants to four of our five derivatized peptides. In these
experiments, we applied different concentrations of the
pFITC ligand by using 50µg/mL sHLA-A*0201 combined
with an excess ofâ2m at room temperature (20°C). Under
such conditions, peptide replacement kinetics was shown
earlier to be independent of the complex orâ2m concentra-
tions, therefore reflecting a pseudo-first-order reaction (38).
After initiation of the reaction, typical curves of peptide
binding time courses were recorded following the association
of the FITC-labeled peptides to the class I sHLA complex
A*0201 (Figure 5). Starting from 27 mP, which corresponds
to the free peptide condition, the FP values increased

Table 2: Motif Comparison of Alleles Showing Positive Binding Capacity with A*0201-Specific Peptides

position position

1 2 3 4 5 6 7 8 9 10 binding 1 2 3 4 5 6 7 8 9 10 binding

A*0201a L V Cw*0801
M L
V

P1 F L P S D K F P S V + P1 F L P S D K F P S V +
P4 L V F G K E V V E V + P3 N L S K L S L D V +
P5 A L M D K V L K V + P5 A L M D K V L K V +
P2 S L Y N K V A T L + P2 S L Y N K V A T L -
P3 N L S K L S L D V (+) P4 L V F G K E V V E V -

A*6801b D V R A*6901c V I I V
E T K T F F L

A L L
P4 L V F G K E V V E V + P4 L V F G K E V V E V +
P1 F L P S D K F P S V + P1 F L P S D K F P S V +
P5 A L M D K V L K V - P5 A L M D K V L K V -
P3 N L S K L S L D V - P3 N L S K L S L D V -
P2 S L Y N K V A T L - P2 S L Y N K V A T L -

a See refs14, 71, and72 for motifs. b See ref73 for motifs. c See ref74 for motifs.
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primarily during the first 3 h of theexperiment. After this
period, values reached a maximum plateau, where no further
increase was monitored, indicating that equilibrium had been
reached. The observed (apparent) association rate constant
(kob), which is concentration dependent and expressed in units
of inverse time, was obtained by fitting all data points to a
monoexponential association model (see Materials and
Methods section). As expected, the apparent dissociation rates
were slower for low concentrations and faster for higher
concentrations. Since the observed association rate constant
was increasing linearly with the concentration of peptide,
the data obtained allowed the calculation of absolute rate

constants for association (kon) and dissociation (koff). Ex-
trapolation of the plot to zero ligand as presented in the
Figure 5 inserts, determined the intercept, which equalskoff,
whereas the slope of the graph corresponds tokon. As listed
in Table 3, peptide dissociation rate constants for A*0201
peptide designs tested with sHLA-A*0201 were found to
be relatively consistent [(1.9-4.3) × 10-4 s-1]. This was
not surprising considering that all peptides were considered
to be high-affinity binders as well as good CTL responders,
thus assuming the necessity of low dissociation rates for in
vivo immunogenicity (5). Equally, the rate constants for
association were also found to be very similar [(1.0-8.7)×

FIGURE 5: Association of FITC-labeled peptides (A) P1, (B) P2, (C) P4, and (D) P5 with sHLA-A*0201. The association profiles for
pFITC conjugates with sHLA were recorded at 20°C at various periods of time in which the FP signals corresponding to the ratio of bound
to free pFITC ligand were plotted versus time. Peptide binding to sHLA was rapid and stable and reached a maximum within several hours
of incubation depending on the concentration tested. The data were fitted to a monoexponential association model to determine apparent
rate constants (kob). Concentration dependence of pFITC binding kinetics to HLA-A*0201/â2m is shown as inserts. Extrapolation of the
plot to zero ligand allowed calculating absolute rate constants for association (kon) and dissociation (koff) as well as equilibrium dissociation
constants (Kd

kin).

Table 3: Summary of Kinetic and Equilibrium Constants

A*0201T

P1 P2 P4 P5

association rate constants kon 4.52 1.94 0.99 8.68 104 M-1 s-1

dissociation rate constants koff 4.33 2.40 2.84 1.88 10-4 s-1

equilibrium dissociation constants (kinetics) Kd
kin 9.6 12.4 28.5 21.6 10-9 M

equilibrium dissociation constants (titration) Kd
titr a 10.7 21.1 21.8 17.3 10-9 M

a Kd
titr from Buchli et al., unpublished data.
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104 M-1 s-1]. Such a close range of association rate constants
indicates that all peptides seem to use the same association
mechanism.

In addition, the kinetic data presented also allow for the
estimation of the equilibrium dissociation constant (Kd

kin),
which is the ratio of the dissociation and association rate
constant (Kd

kin ) koff/kon). All constants determined were in
very good agreement with the values obtained in titration
experiments under equilibrium conditions (Kd

titr) (Buchli et
al., unpublished data), further confirming the accuracy of
FP-based binding assays (Table 3).

DISCUSSION

To establish a real-time assay to directly evaluate the
interaction of HLA class I molecules with synthetic peptides,
we have exploited genetically engineered sHLA class I
analogues. Compared to native HLA class I glycoproteins,
the heavy chains of these recombinant sHLA molecules are
truncated following exon 4, just before the transmembrane
and cytoplasmic domain. Their reactivity with a panel of
monoclonal antibodies specific for HLA class I molecules
demonstrated that the soluble trimeric molecules are structur-
ally and functionally intact, maintaining their native confor-
mation (20, 21, 39). For this study, we combined our sHLA
technology with FP, a state-of-the-art detection system for
investigating molecular binding interactions. FP binding
assays are based on the polarization of a FITC moiety
covalently bound to a peptide of interest and differ from other
types of binding studies in one important regard: they require
no steps to separate free from bound and are therefore fast,
simple, and accurate. Data acquisition is relatively simple
and rapid, and results are of high quality for detailed analysis
of HLA/peptide interactions. In addition, the technique
exhibits sufficient sensitivity to replace radioactive detection
methods. These advantages make FP an excellent tool for
the fast and precise determination of molecular interactions
in real time, and FP has already been utilized in a large
variety of applications, e.g., protein-DNA interactions (40),
enzyme-activity assays (41), and protein-protein (24) and
protein-ligand interactions (42, 43). FP observations can be
comfortably made at nanomolar concentrations but become
more difficult and less reliable at lower concentrations
(Buchli et al., unpublished data).

One of the first challenges in the development of such a
new procedure was the loading of exogenous synthetic
peptides into a fully assembled sHLA complex. The human
class I HLA complex is a heterotrimer consisting of a
constant light chain ofâ2m and a class-specific heavy chain
to which a specific peptide is bound. In general, it is difficult
to demonstrate direct peptide binding to purified class I
molecules (11, 27, 44), presumably because most class I
complexes contain endogenous peptides that either dissociate
themselves or allowâ2m to dissociate. The concept of very
slow dissociation of peptides from assembled class I
molecules is consistent with our findings of minimal peptide
binding in solution at room temperature (Figure 1A) as well
as under physiological conditions (Figure 1B). Therefore, if
a complex is held together by many bonds, then a fluctuation
in which enough bonds are simultaneously ruptured to allow
the complex to fall apart will be very rare. To overcome
such barriers, we designed a peptide exchange procedure in

which the original endogenous peptide is first released from
the HLA binding groove by incubating sHLA samples for
15 min at 53°C. Peptide interactions have been described
as a function of ionic forces, hydrophobic interactions, and
hydrogen bond-type interactions. Thermal treatment can
weaken these bonds and lead to enhanced peptide exchange.
Temperature dependence of peptide binding to the heavy
chain has been demonstrated earlier (45) and is consistent
with previous thermal stability studies showing that the
degree of heavy chain unfolding is less than 10% at 53°C
(31), and an HLA/peptide complex can exhibit proper
refolding even after being heated to 80°C (46). However,
as demonstrated in this study, the extent of energy employed
has to be carefully controlled to ensure that the majority of
molecules are capable of restoring proper conformation after
the reinstatement of original conditions. Too much denatur-
ation caused irreversible damage as seen by prolonged
incubations at higher temperatures (Figure 1B and Figure
2).

Comparison of experiments done with equimolar concen-
trations of the heavy chain andâ2m with those done using
an excess ofâ2m showed that excessâ2m concentrations
shift the polarization signal toward complex formation. A
number of groups have previously reported enhanced peptide
binding by cell surface or purified class I molecules in the
presence of excess freeâ2m (12, 33-35, 47). Since assembly
of class I heavy chains withâ2m is accompanied by a
characteristic change in conformation of theR1 and R2
domains (48-50), it was suggested thatâ2m in excess can
stabilize folding of theR1 andR2 domains of the heavy chain
without addition of peptides (47, 50-53) and consequently
enhance peptide binding. In addition, as shown earlier (27,
38, 54-56), peptide binding seems not to requireâ2m
dissociation from the HLA heavy chain. Considering the
presence of excessâ2m combined with the fact that the rate
constant of heavy chain association withâ2m is much faster
than that with peptides (45), the presence of a majority of
heterodimers is very reasonable under such activated condi-
tions. Therefore, heterodimers consisting of heavy chain and
â2m may be sufficiently stable to allow reassembly of the
A*0201 protein complex with labeled peptides without
complete separation into single subunits. In such a reasso-
ciation reaction, the formation of a new complex seems to
require only a collision between the heterodimer and the
labeled peptide. The subsequent formation of just enough
weak bonds to keep the complex together as more and more
electrostatic interactions, hydrogen bonds, and hydrophobic
interactions occur may gradually increase the stability of the
complex.

The physiological relevance of thekon of peptides for
preformed class I molecules is still unclear, because peptides
can bind class I in vitro either during or after assembly of
the heavy chain/â2m complex (6, 47) and may interact with
free heavy chain prior to association withâ2m (57). In
contrast,koff seems to have more physiological relevance.
Our test results show that the dissociation rate constants for
the interaction of sHLA-A*0201 with the derivatized peptides
P1, P2, P4, and P5 were in a low range of 1.9× 10-4 to 4.3
× 10-4 s-1, supporting a relationship betweenkoff rates and
immunogenicity as native peptides for P1, P2, and P4 are
known to be highly immunogenic. For peptide association,
it is generally agreed that the interaction between peptide
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ligands and HLA molecules is a complex process involving
multiple steps between the initial interaction and the fully
complex state (58). Therefore, any process which would alter
one or more of these binding steps would result in a change
in the apparent association rate constant. Testing of several
peptides using sHLA-A*0201 did not reveal major differ-
ences in association rate constants [(1.0-8.7) × 104 M-1

s-1] ,which would indicate that all peptides use the same
association mechanism. Several studies have reported good
correlation between binding kinetics and the degree of T cell
activation, but an absolute correlation between binding
kinetics and biological effect has still not been experimentally
observed (59, 60).

Overall, the obtained kinetic rate values of the engineered
sHLA molecules are remarkably close to those previously
obtained for native molecules in human (15, 38, 58, 61-
65) as well as in murine systems (62, 65-69), indicating
that these soluble heterodimers bind in the same manner as
the original molecules expressed on cells. In general, the
reassembly pathway for sHLA/peptide complexes under our
assay conditions seems to be best described by the binding
of peptide to preformed heavy chain/â2m heterodimer as
suggested in the K2 step described by Matsumura (58).
Finally, it is evident that labeling at positions P5 and P8 for
9-mers and at positions P5 and P6 for 10-mers, respectively,
does not interfere significantly with ligand binding. These
results are supported by a variety of publications demonstrat-
ing the successful attachment of a label at positions 5, 6, 7,
and 8 in nonamer (15, 36, 44, 65) and positions 5, 6, 7, 8,
and 9 in decamer peptides (5, 15, 65, 67, 70).

In conclusion, this study clearly demonstrates the excep-
tional value of real-time FP-based analysis to quantitate HLA/
peptide interactions. The assay offers great sensitivity and
specificity, does not depend on radioactivity, is simple to
conduct, and permits a direct view of the HLA/peptide
dynamics. With the utilization of purified, high-quality sHLA
molecules, which are available in large quantities, this assay
exceeds the current expectations of a quantitative peptide/
HLA binding assay and will open new horizons in the field
of high-throughput epitope discovery.
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