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ABSTRACT. The class | major histocompatibility (MHC) molecule is a heterotrimer composed of a heavy
chain, the small subunfit,-microglobulin (3.m), and a peptide. Fluorescence anisotropy has been used to
assay the interaction of a labeled peptide with a recombinant, soluble form of the class | MHC HLA-A2.
Consistent with earlier work, peptide binding is shown to be a two-step process limited by a conformational
rearrangement in the heavy chgish heterodimer. However, we identify two pathways for peptide
dissociation from the heterotrimer: (1) initial peptide dissociation leaving a heavy gfraihkterodimer

and (2) initial dissociation gf.m, followed by peptide dissociation from the heavy chain. Eyring analyses

of rate constants measured as a function of temperature permit for the first time a complete thermodynamic
characterization of peptide binding. We find that in this case peptide binding is mostly entropically driven,
likely reflecting the hydrophobic character of the peptide binding groove and the peptide anchor residues.
Thermodynamic and kinetic analyses of peptitl#HC interactions as performed here may be of practical
use in the engineering of peptides with desired binding properties and will aid in the interpretation of the
effects of MHC and peptide substitutions on peptide binding and T cell reactivity. Finally, our data suggest
a role forfom in dampening conformational dynamics in the heavy chain. Remaining conformational
variability in the heavy chain ongé&sm has bound may be a mechanism to promote promiscuity in peptide
binding.

The class | major histocompatibility complex (MHC) There is currently significant interest in quantifying the
molecule is a noncovalently linked heterotrimeric complex effects of peptide or MHC substitutions on peptide binding,
consisting of a heavy chain, the small subyhimicroglo- particularly for those interested in interpreting the effects of

bulin (8.m), and an antigenic peptide typically-81 amino peptide or MHC amino acid substitutions on T cell activity
acids in length. Class | MHC molecules bind and present or recognition 4—6) or those engaged in peptide vaccine
antigenic peptides to cell surface T cell receptors; binding design ¢). However, for many MHC alleles, direct measure-
of a T cell receptor to a class | pepti®HC complex is  ments of peptide MHC interactions remain problematic due
required for initiation and propagation of a cellular immune  to slow association and dissociation kinetics and the general
response. Peptides are bound by the MHC in a groove formedmstab”ity of the peptide-free heavy chaiamn heterodimer

by the heavy chairxl and o2 domains, resulting in a (g 9). Indirect assays of peptide binding, such as competition
relatively flat surface available for recognition by T cell experimentsZ, 10), antibody or receptor binding(11), or
receptors 1). Antigenic peptides tend to be bound very thermal denaturatiod(8, 12, 13), are more common. While
stably, with affinities typically in the nanomolar range and  gych measurements continue to provide useful information
half-lives of an hour or more (e.g., rezsand 3). such as the rank ordering of affinity or analysis of the effects
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affinity Tax peptide (sequence LLFGYPVYV)L14). As- Peptides were synthesized and purified commercially
sociation measurements were performed using soluble peptide{Sigma-Genosys, Woodlands, TX). For measuring binding
free HLA-A2 heavy chairl,m heterodimer generated from and dissociation, a derivative of the Tax peptide (LLF-
recombinant protein. Our results extend previous studies inGYPVYV) was used: F3 was substituted with K to increase
the field, which demonstrated that peptide binding to and solubility, and Y5 was substituted with fluorescein-deriva-
dissociation from HLA-A2 are both biphasic process@s (  tized lysine (peptide referred to as Tax-3K5FIc). Dissociation
The biphasic association kinetics result from a unimolecular measurements were performed in the presence of an excess
process, attributable to a well-documented conformational of unlabeled peptide with the sequence LLKGYPVYV (Tax-
transition in the class | MHC heavy chaif, (15, 16). We 3K). Extinction coefficients at 280 nM (units of M cm™)
show that the biphasic dissociation kinetics, on the other were 12060 for Tax-3K5Flc, 105600 for HLA-A2/Tax-
hand, result from two pathways for peptide dissociation: a 3K5Flc, 1210 for Tax-3K, 93410 for heavy chagiam
predominant pathway consisting of peptide dissociation from heterodimer, and 19180 fgm.
the fully assembled heterotrimer and a second pathway Fluorescence Anisotropyrluorescence anisotropy was
consisting of initial dissociation gi,m followed by peptide measured using a Beacon 2000 fluorescence polarization
dissociation from the resulting heavy chain/peptide het- instrument (PanVera, Madison, WI). The excitation wave-
erodimer. Eyring analyses of rate constants measured as dngth was 488 nm, and polarization was detected at 535
function of temperature allow for the first time determination nm. Polarization was converted to anisotropy as this simpli-
of the enthalpic and entropic components of class | MHC fies data analysis when multiple components are predént (
peptide binding. We find that in this case, despite the Data were analyzed using the program Origin (OriginLab,
requirement to fix a flexible peptide, peptide binding is Northampton, MA). Error analysis was performed using
largely entropically driven, likely reflecting the hydrophobic standard error propagation techniqud$)( Although the
character of the peptide binding groove and the peptide Beacon 2000 is not a fast kinetic instrument, it is well suited
anchor residues. for equilibrium studies and the relatively slow kinetics
Finally, our data suggest a role fgem in dampening observed here. All measurements were performed in 10 mM
conformational dynamics in the HLA-A2 heavy chain. HEPES and 150 mM NacCl, pH 7.4.
Remaining conformational variability in the heavy chain/  Peptide Dissociation Kinetic®issociation kinetics were
B-m heterodimer may be a mechanism for promiscuity in measured with fluorescence anisotropy, using 7.5 nM HLA-
peptide binding, as this may permit the heavy chain to make A2 loaded with Tax-3K5FIc in the presence of 7.8 Tax-
different structural adaptations for different peptides. 3K. Dissociation was initiated by manual mixing. Data were
fit to single or biphasic decay functions of the fogt) =
MATERIALS AND METHODS Yo + Yi(A exp(kit)), whereyy is the baseline offset, the
Protein Expression and PurificationFully assembled  summation is over the number of phas€s or 2),k; is the
HLA-A2 was generated by refolding as previously described rate constant for phaseandt is the time.
(4, 17). Briefly, inclusion bodies for the heavy chain and Equilibrium Binding.Equilibrium binding of Tax-3K5FIc
p-m were generated separatelyHscherichia coli Heavy to peptide-free HLA-A2 heterodimer, also measured using
chain and3,m inclusion bodiesri 8 M urea were diluted to  fluorescence anisotropy, was performed at’@5with 120
1 and 2uM, respectively, into refolding buffer (100 mM  nM peptide-free heterodimer in the presence ofi¥Bexcess
Tris, 400 mM arginine, 3.7 mM cystamine, 6.3 mM (.m and varying amounts of Tax-3K5FIc. Samples were
cysteamine, pH 8.3) with 30M peptide. After incubation  incubated overnight prior to analysis. Note that because we
for ~24 h at 4°C, the protein was desalted via dialysis and use anisotropy, data from this experiment differ from that
purified by anion-exchange and size-exclusion chromatog- seen in a typical binding isotherm. At high ligand concentra-
raphy. Excesg,m, separated at the size-exclusion step, was tion the response is small due to the anisotropy of excess
also collected. peptide, whereas at low ligand concentration the response
Peptide-free heterodimer was purified by denaturation andis high due to the anisotropy of the heterotrimer.
fractionation of refolded protein as previously describ&d ( To fit the data, we took advantage of the fact that
9, 13), with simple modifications. Briefly, fully assembled anisotropy measures concentration ratios and provides direct
heterotrimer was denatured 6 M GuHCI, pH 10. Heavy  information on fraction bound and fre&8). At any step in
chain, g.m, and peptide were fractionated using size- atitration, the observed anisotropy s equal to the fraction
exclusion chromatography i6 M GuHCI, pH 10. High pH of ligand boundf) multiplied by the anisotropy of the bound
was used to aid in denaturation and to ensure stability of state () plus the fraction of ligand freefif multiplied by
the native heavy chain disulfide bonds formed during initial the anisotropy of the free ligand): r = fir¢ + fory,. Asf; +
refolding. Fractions containing heavy chain ghgin were f, = 1, at any step the fraction bound can be determined
combined and dialyzed against 10 mM HEPES and 150 mM from the measured anisotropy @8s= (r — r)/(r, — r1). The
NaCl, pH 7.4, to allow refolding and assembly of peptide- anisotropy of free ligand and saturated protein is readily
free heavy chailom heterodimer. After dialysis, samples determined through separate observations. Knowing the
were filtered and concentrated to-5000uM, glycerol was fraction bound at any step allows straightforward determi-
added to 20%, and the protein was frozen in aliquots&Q nation of the concentration of free ligand.
°C. Purification of peptide-free heterodimer in this fashion  Fraction bound as a function of free peptide was fit to a
is necessary, as attempting to refold HLA-A2h inclusion multiple equal and independent site binding modegl=
bodies in the absence of exogenous peptide results innK[Tax-3K5FIc]/(1+ K[Tax-3K5FIc])), varying the number
significant aggregation and precipitation, with no appreciable of binding sitesn and the equilibrium binding constakt
yield of peptide-free heterodimetT). Fitting for n allowed determination of the activity of the



4956 Biochemistry, Vol. 42, No. 17, 2003 Binz et al.

160

140 +

120
100
80_
< <
E & E
> >
[~} 4 o
S 3
o 404 3 40 4 ~
2 ] 2 .
c c
< 20 < 20

0 20000 40000 60000 80000 0 20000 40000 60000
Time (seconds) Time (seconds)
Ficure 1: Dissociation of Tax-3K5FIc from HLA-A2 is biphasic. ~ FIGURE 2: Addition of excess,m to the dissociation reaction
(A) Dissociation of Tax-3K5FIc at 25C. Data are presented as reduces the amplitude of the faster phase. (A) Dissociation of Tax-
open circles. The solid line represents a biphasic fit. The dashed3K5FIc from HLA-AZ2 in the presence of excess Tax-3K and excess
lines show peptide dissociation from the heterotrimer (top dashed f2m at 25°C. Data are presented as open circles. The solid line
line) and from the heavy chain/peptide heterodimer (bottom dashedrepresents a biphasic fit. The dashed line indicates peptide dis-
line). (B) Residuals for a monophasic fit to the data in (A), Ssociation from the heavy chain/peptide heterodimer for comparison
indicating a poor fit. (C) Residuals for the biphasic fit shown in Wwith Figure 1A. (B, C) Residuals for mono- and biphasic fits to
(A), indicating an excellent fit to the data. the data in (A).

heavy chaim.m heterodimer. Control experiments varying (% 20). We reasoned that an alternative, although not incom-
the concentration of protein with a fixed amount of labeled patible, interpretation is that the faster phase results from

peptide indicated that fluorescence intensity did not change INitial dissociation offi;m, yielding a heavy chain/peptide
upon binding. heterodimer from which peptide more rapidly dissociates.

To test this hypothesis, we added a 100-fold excegsrof

to the dissociation reaction, with the aim of shifting ffyen
dissociation equilibrium toward the fully assembled hetero-
trimer.

As shown in Figure 2, addition gf.m to the reaction
results in a substantial decrease in the amplitude of the faster
phase (a reduction frony10% to~5% of the total ampli-
tude; Table 1). However, there is little change in the rate
constants characterizing either phase: the rate for the slower
phase is 2.43% 105 s, and the rate for the faster phase is
1.25x 10 % s! (compare to 2.55< 105 s ! and 1.36x
104 s without excessf.m; Table 1). This is strong
RESULTS evidence that the biphasic dissociation kinetics results from

two routes for peptide dissociation: (1) dissociation of

Peptide Dissociation Kinetics: Two Pathways for Dis- peptide, leaving a heavy chaflam heterodimer, and (2)
sociation.Figure 1 shows dissociation of Tax-3K5FIc from  dissociation of3.m, resulting in a heavy chain/peptide
HLA-A2 at 25 °C. These data did not fit to a single heterodimer from which peptide then dissociates. As we
exponential decay (Figure 1B). However, the data were well observe little change in the rate of dissociation through the
fit by the sum of two exponentials (Figure 1C). The second second route upon addition 83m, the decrease in amplitude
phase is characterized by a smaller amplitude and a fastefresults from a decrease in the equilibrium population of heavy

Peptide Association Kinetic#ssociation kinetics were
measured using fluorescence anisotropy under pseudo-first
order conditions, with peptide-free heavy chgimi het-
erodimer in excess over Tax-3K5FIc. Excgas was present
at a concentration of 12M. Heterodimer concentrations
were determined spectrophotometrically and adjusted by
the protein activity determined by equilibrium titration; the
error in protein activity was propagated to give a value for
the error in concentration. Association data were fit to
single or biphasic functions of the formit) = yo + > i(A(1
— exp(=kit))) as described above.

rate. The rate constants for the two phases are 2.99° chain/peptide heterodimer at the start of the experiment, and
s 1 for th_e slower phase and_ 1.3610 * s * for the faster the rate constant for this phase represents peptide dissociation
phase with the smaller amplitude. from the heavy chain/peptide heterodimer.

Biphasic dissociation kinetics have been observed previ- The amplitudes from these experiments do not allow
ously in measurements of peptide dissociation from both determination of the relative concentrations of fully as-
mouse and human class | MHC molecules, including HLA- sembled heterotrimer and heavy chain/peptide heterodimer
A2 (9, 15, 20). This has been interpreted as resulting from at the start of the experiment, as the amplitudes reflect the
conformational dynamics in the fully assembled heterotrimer product of the population of each state and its anisotropy
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Table 1: Data for Tax-3K5FIc Dissociation from Fully Assembled HLA2A2

phase 1: phase 2:

temp peptide dissociation from heterotrimer peptide dissociation from heavy chain/peptide heterodimer
(°C) amplitude k(s ti2 () amplitude k(s ty2 ()

4 166.1+ 3.2 (1.964+ 0.09)x 10°© 98.2+ 4.4
20 1235+ 0.1 (1.524+0.04) x 10°° 12.74+0.02
25 113.1£ 0.5 (2.55+ 0.03)x 10°° 7.55+ 0.10 12.1+ 0.8 (1.36+0.10)x 104 1.42+ 0.10
25 117.2+0.9 (2.43+0.07)x 10°° 7.92+0.25 6.1+ 1.7 (1.25+ 0.29)x 104 1.544+0.36
31 112.3+ 0.8 (5.084+0.10)x 10°° 3.79+ 0.08 20.0+1.2 (3.7 0.03)x 10 0.52+ 0.04
37 103.6+: 0.8 (1.77+ 0.04)x 104 1.09+ 0.03 18.2+:1.2 (1.4+£0.1)x 1078 0.14+0.01

a Data were fit to single exponential (4 and 20) or biexponential ¥ 20 °C) decay functions as described in Materials and Methods. Half-lives
are calculated as 0.693F Includes a 100-fold molar excess @fm.

(18). A heavy chain/peptide heterodimer is expected to have 2%
an anisotropy smaller than the heterotrimer but still much
larger than the free peptide. Thus the small amplitudes for !
the second phase in Figures 1 and 2 suggest that the amount 160+
of heavy chain/peptide heterodimer is small at 7.5 nM total

protein concentration, and we conclude that under the & ]
conditions used here peptide dissociation from the fully ~E; 120
assembled heterotrimer is the predominant mechanism for &
peptide dissociation. However, the relative amount of dis-
sociation through either mechanism will depend on protein
concentration and the affinity gf.m for the heavy chain/

peptide heterodimefi;m affinity for the class | MHC heavy 60
chain/peptide heterodimer has been reported to vary with

140

Anisotr

peptide sequence2l), but this result has recently been

queStionedZZ)' 20 LU L L A A T
Note that our results are contrary to earlier experiments 0 5 10 15 20 25 30 35 40 45 50

measuring peptide dissociation from the mouse class | MHC Time (hours)

H-2K? (20). These authors also observed biphasic dissocia- Ficure 3: Temperature dependence of the kinetics of Tax-3K5FIc
tion kinetics, but the addition of excefsm did not change dissociation from HLA-A2. Temperatures are indicated. The inset
the relative amplitudes of the phases. The dissimilarity Shows data at 4C along with a monophasic fit to the data.
between the two studies may reflect differences between the
mouse and human molecules or may reflect differences 1.0
between experimental approaches. 1
Temperature Dependence of Peptide Dissocialige.next
examined the effect of temperature on Tax-3K5FIc dissocia-
tion kinetics. In addition to the measurements at 25
discussed above, measurements were performed at 4, 20, 31,
and 37°C (Figure 3; data summarized in Table 1). As with
the 25°C data, a biphasic model provided the best fit for
the 31 and 37°C data. In these cases, as at 25, the
amplitude of peptide dissociation through the faster route
(initial Sm dissociation, followed by peptide dissociation YTRTYTRE TaE e rae o
from the heavy chain/peptide heterodimer) was much smaller 0.0 T Mitotal peptide
than the amplitude for the slower route of dissociation 000 005 010 015 020 025
(peptide release from the fully assembled heterotrimer). The uM free peptide
observation of monophasic data at 4 and®@0may reflect

a o : : Ficure 4. Equilibrium binding of Tax-3K5FIc to peptide-free HLA-
stabilization of the heavy chajfim interface with decreasing 55 "a, incrgasing Amount of Tax-3KSFIc was added o aliquots

temperature. of 120 nM peptide-free heavy chafhim in the presence of 73V
Equilibrium Peptide BindingPurified peptide-free HLA- excessB,m and the anisotropy measured. Conversion of the raw
A2 heavy chaind,m heterodimer was then used with the data (inset) into fraction bound vs concentration of free peptide
labeled Tax-3K5FIc peptide in an equilibrium binding assay. Permitted analysis via a multiple equal and independent site model.
In addition to reporting on the overall peptide affinity, this The solid line represents a nonlinear fit to this model. Error bars
. i ! show deviations from three experiments. Values from this fit are
experiment allows determination of the amount of active K, = 18+ 2 nM andn = 0.17+ 0.01.
protein in heavy chaifhm preparations. This is necessary
for the analysis of peptide binding kinetics under pseudo- heavy chainf,m heterodimer. Approximately 600-fold ex-
first-order conditions when the peptide-free heterodimer is cesss,m was present to offset the lability of the heavy chain/
in excess. Bm heterodimer and minimize the population of heavy
Figure 4 shows results from an equilibrium binding chain/peptide heterodimer. The inset to Figure 4 shows the
experiment for Tax-3K5FIc binding peptide-free HLA-A2 raw data, in which the fully saturated protein has a minimum
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110 heavy chain from peptide-inaccessible to peptide-accessible
A conformations. The rate constant we observe for this transi-
(SN tion ranges from 0.0006 % at 4 °C to 0.008 s! at 31°C
(Table 2); these values are very similar to those reported by
others (i.e., 0.0030.003 s* for the temperature range-20
°C) (9).
The rate characterizing the second phase was, within error,
a linear function of the concentration of peptide-free heavy
chainfsm heterodimer and independent of peptide concen-
tration, as expected for pseudo-first-order conditions (Table
2). The rate constant describing this phase, reflecting the
binding of peptide to the peptide-accessible state of the
14 heterodimer, ranges from5 x 1® M1stat4°Cto~1
20 . x 10* M1 s at 31 °C (Table 2). Thus as previously
observed 9), the rate constant for peptide binding shows a
greater dependence on temperature than the HLA-A2 con-
formational transition from peptide-inaccessible to peptide-
accessible forms. This may be expected as the association
reaction will be dependent upon diffusion, whereas confor-
1 mational dynamics in the heavy chain will not.
s 0 500 1000 1500 2000 2500 3000 3500 4000 The rate of Tax-3K5FIc binding to the peptide-accessible
Time (seconds) form of HLA-A2 is similar to rates for peptide binding to
FiGURE 5: Association of Tax-3K5FIc with peptide-free HLA-A2 ~ €lass | MHC molecules reported by othe (0, 23, 24).

heavy chain.m is biphasic. (A) Association of 50 nM Tax-3K5Flc ~ However, it is lower than the value 6f10° M~* s™* reported
with 174 nM HLA-A2 in the presence of 18M S.m at 25°C. by Gakamsky et al., who measured the binding of a
D 1 5 Resdis or & moppese i the ey m gy, onlated peptide o HLA A Othrs have measured
ingicating a poor fit. (C) Residuals foe the biphasic fit shown in’ fast aSSOCIa.tlon rates for peptld? bl?dmg to Oth?r Claiss .l MHC
(A), indicating an excellent fit to the data. molecules, i.e., a value 6f10° M~1 s for a peptide binding
to an empty form of the mouse class | MHC H2(26). In

anisotropy due to the presence of excess peptide. Transformeur experiments, the value &, is directly proportional to
ing these data directly into fraction bound vs concentration the concentration of active peptide-free HLA-A2 heavy
of free peptide permits fitting to an independent site binding chainfizm heterodimer. Thus, errors in protein concentration
model varying the number of sites (or protein activity) and will directly affect the determined rate constant. However,
affinity. as the activity of our protein preparation was standardized

The resultingKp from the average of three experiments by equilibrium titration, we conclude that the difference in
is 18 nM, in the range seen for other HLA-A2 tight binding rate constants reflects intrinsically different association rates
peptides [e.g., 35 nM for the peptide ILKEP[C-dansyl|[HGV for different peptides.
(9)]. Protein activity was typically near 17%. This activity Eyring AnalysisRate constants as a function of temper-
differs from the value of 8690% reported by others using ature for peptide binding and release permit an Eyring
a similar procedure to generate peptide-free HLA-A2 heavy analysis for both reactions. Eyring analyses allow, via
chainfi;m (9). The difference may be attributable to the transition state theory, estimates of activation enthalpy and
lability of the heterodimer; different preparations may result entropy changes for a reactio5j. Plots of Ink/T vs 1/T
in differences in activity due, for example, to differences in for peptide binding to the accessible form of the heavy chain/
protein concentration during dialysis as well as the duration S.m heterodimer and for peptide dissociation from the fully
of dialysis. Furthermore, our preparations underwent a assembled heterotrimer were both linear, Wihvalues of
freeze-thaw cycle which may negatively impact activity (see 0.99 for both plots (figure available as Supporting Informa-
Materials and Methods). tion). The transition state thermodynamics for both reactions

Peptide Association KineticAssociation kinetics for Tax-  permits estimates of the overall binding thermodynamics.
3K5FIc binding to the heavy chajfym heterodimer were  These values are shown in the form of reaction diagrams in
measured under pseudo-first-order conditions with the het- Figure 6. Moving from free peptide to the transition state is
erodimer in excess, along with additionam to stabilize enthalpically opposed yet entropically favored, whereas going
the heterodimer over the course of the experiment. Measure-from the transition state to the bound peptide is favored both
ments were performed at 4, 15, 20, 25, and@1Data for enthalpically and entropically. This indicates that the transi-
25°C are shown in Figure 5; results for this experiment and tion state barrier for peptide binding is entirely enthalpic in
experiments at other temperatures are in Table 2. As with origin.
the peptide dissociation measurements, association kinetics The transition state thermodynamics sum to give an overall
were biphasic. As has been observed previou3lytke rate AH° of —3.0+ 2.6 kcal/mol and aAS’ of 28.14+ 2.1 cal/
constant for one of the phases was insensitive to heavy chainK-mol), indicating that Tax-3K5FIc binding to HLA-A2 is
and peptide concentration as well as the ratio of ex8g®ss both enthalpically and entropically driven. However, the error
(Table 2), indicating it is an intra- rather than intermolecular in AH® is large relative to the measurement, and we may
event. As has been discuss&), the most likely origin of consider Tax-3K5FIc binding to be primarily entropically
this phase is a conformational transition in the HLA-A2 driven. This is consistent with the significant hydrophobic
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Table 2: Data for Tax-3K5FIc Association with Peptide-Free HLA-A2 Heavy Cliaim/Meterodimey

temp [Tax-3K5FIc] [heavy chaing.m]
(°C) (nM) (nM) ki (s Kon (M~1s71) ko (s7)
4 50 217+ 13 (1.094 0.07) x 1074 (5.03+ 0.45) x 102 (5.98+ 0.39) x 1074
4 50 109+ 7 (5.02+ 0.17)x 1075 (4.52+ 0.33) x 10? (3.87+0.09) x 107
15 50 217+ 13 (4.60+ 0.09) x 107 (2.12+ 0.14) x 10 (2.54+ 0.06) x 1073
20 50 217+ 13 (6.85+ 0.62) x 1074 (3.14+0.34)x 10° (3.94+0.02)x 1072
25 50 174+ 10 (1.44+ 0.02)x 10°2 (8.284+ 0.50) x 10° (5.25+ 0.03)x 10°2
25 50 87+ 5 (6.84=+ 0.06) x 10~ (7.85+ 0.47) x 10° (4.98+0.37)x 1073
25 25 87+ 5 (7.20+ 0.19) x 1074 (8.81+ 0.61) x 10° (5.21+ 0.10) x 1073
25 13 87+ 5 (7.82+ 0.30)x 107 (8.99+ 0.62) x 103 (2.76+0.07)x 1073
31 50 109+ 7 (1.14+ 0.02) x 1073 (1.05+ 0.06) x 10* (8.04+0.76) x 1073

aData were fit to a biexponential association function as described in Materials and Mdthodsas determined fronk; assuming pseudo-
first-order conditions.
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Ficure 6: Transition state diagram for peptide binding to the accessible form of HLA-A2 and dissociation from the fully assembled
heterotrimer (drawn to scale). Comparison of the left and middle panels indicates that the transition state barrier is entirely enthalpic in
origin. The differences between the transition state thermodynamics for binding and dissociation permit estimates of the overall binding
energetics. Note how the favorabAS' in both directions reduces the free energy barrier for bindingincreases the free energy barrier

for dissociation (right panel).

character of the Tax-3K5FIc peptide and the HLA-A2 peptide thermodynamics underlying peptide binding have been
binding groove. determined for a class | MHEpeptide interaction. Although

Note that this analysis assumes there is no change in heatve can expect the thermodynamics to differ for different
capacity upon peptide binding. This assumption is likely peptide-MHC combinations, there are some generalizations
incorrect and somewhat at odds with the assignment of thethat can be made, such as the role of the hydrophobic effect
positive binding entropy change to the burial of hydrophobic in peptide binding. The use of a gain in solvent entropy from
surface 26). However, there is insufficient data to generate the burial of hydrophobic groups to offset the reduction in
a plot of AG® vs temperature, in which a nonzeA&, would peptide conformational entropy that occurs upon binding has
be evident as curved line. Thus the value\6f® andAS’ been observed in other peptideecognition systems2().

determined here should be considered best estimates giveRye might expect similar results for other peptides that bind
the available data and the limitations of the system. However, ;4 A_a2 given the requirement for bulky, hydrophobic

we expect that the effect of a nonzef, would not 5 ming acids at the primary anchor positio28)(
qualitatively change our conclusions of a primarily entropi- N : ) )
cally driven reaction. The advantage of the kinetic analysis | N€ transition state thermodynamics are consistent with
used here is that the peptide binding reaction can be separatef®cent conceptual descriptions of proteligand transition
from other reactions that contribute to the total bindx@°, states, i.e., a loosely packed, partially dehydrated interface
such as conformational changes in the heavy chain. (29). The enthalpic barrier to binding may result from the
stripping of water from partial and full charges on the peptide
DISCUSSION and MHC, as well as the reduction in the favorable hydrogen
Peptide Binding Thermodynamicghe Eyring analysis  bond enthalpy associated with hydrophobically “oriented”
used here represents, to our knowledge, the first time thewater £6). As the transition state settles into the bound state,



4960 Biochemistry, Vol. 42, No. 17, 2003 Binz et al.

some favorable enthalpy is regained as peptidélC peptide is almost as tightly held by the free heavy chain as
hydrogen bonds and salt bridges are formed, although ait is by the heavy chaifkm heterodimer. Nevertheless,
number of such interactions may already be formed at the peptide binding to free HLA-A2 heavy chains occurs very
transition state 49). If we assume the interface at the slowly (9). One possible reason is that the free heavy chain
transition state is partially dehydrated, then entropically, populates a variety of conformations, of which only a small
formation of the transition state from the unbound compo- subset is peptide-accessible. Binding/m to the heavy
nents again reflects the hydrophobic effect as waters arechain must shift the heavy chain conformational equilibrium
released. Forming the bound state from the transition statefurther toward the peptide-accessible conformation(s), al-
requires release of further water, giving rise to additional though as discussed above, the equilibrium still lies toward
entropy. the inaccessible state(s) by83%.

Entropy also plays a significant role in influencing the Unlike peptide,5.m on the other hand binds rapidly to
kinetics of the peptideMHC reaction. Note from Figure 6  free HLA-A2 heavy chains9). This suggests the heavy chain
how the entropy component of the transition state thermo- conformational variability lies mostly in the peptide binding
dynamics simultaneously reduces the activation barrier for domain. However, there must be further communication
binding and increases the barrier for dissociation (Figure 6, betweer8,m and peptide binding, or the peptide dissociation
compare left and right panels). This demonstrates an intrigu-rates from the heavy chain/peptide heterodimer and the fully
ing entropic component of the mechanism by which tight assembled heterotrimer would be the same, rather than the
peptide binding and slow dissociation are achieved. Studiesapproximate order of magnitude difference we observe here
with additional peptides and MHC alleles are necessary to (Table 1).
ascertain the generality of these results. The ability of 8,m to shift the heavy chain conformational

Conformational Dynamics in HLA-A2 Assembljn equilibrium toward the peptide-accessible state(s) suggests
important aspect of the class | MHC molecule is that peptlde a role forﬁzm in acting as a Conformationa' “damper" for
binding proceeds via a conformational transition in the heavy the heavy chain that acts to promote peptide binding.
chain from peptide-inaccessible to peptide-accessible forms.Remaining conformational variability in the heavy chain after
This has been well documented, (15, 16), but our  g.m binding may be a mechanism for promiscuous peptide
observations permit a more complete analysis of the role of hinding by class | MHC molecules, as this will allow the
conformational dynamiCS in the assembly of the molecule. pept|de b|nd|ng domain to adapt to different peptides_
Considering only the interaction of the peptide with the heavy stryctures of the same class | MHC molecule with different
chainfi;m heterodimer, peptide binding can be described by peptides often exhibit small conformational differences in

the mechanism: the peptide binding domain (e.g., re3® and 31). Such
« « differences are often referred to as conformational changes
HC(inacc)B,m == HC(acc)B,m + pep<—»_b “‘induced” by peptide binding but can equally be described

as peptide binding to the heavy chain conformation that
provides the best energetic “fit” to the peptide. Following
this reasoning, we might expect different values of the
population of heavy chain in the peptide-accessible fdfm (
in the above model) for different peptides. Remaining
conformational variability in the heavy chain affeqm has

equilibr_ium constant dgscribing peptide b"?ding to the bound provides an explanation for the decreased thermal
accessible form. From this model, the overall (i.e., observed) stability and molten globule characteristics of peptide-free

equilibrium constant K,,9 for peptide binding to the class | MHC moleculess| 13)
heterodimer is '

HC(acc)p,m/pep

whereK: is the equilibrium constant describing the conver-
sion of the heavy chain (HC) from the peptide-inaccessible
(inacc) to peptide-accessible (acc) forms afg is the
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For Tax-3K5FIc binding HLA-A2, we have measured a value

0f 5.6 x 107 M~ for Kaps (€qual toYs NM at 25°C; see SUPPORTING INFORMATION AVAILABLE

Figure 4), andK, is equal to 3.3x 10° M~ (equal to the Eyring plots of Tax-3K5Flc binding to the peptide-
average value dfo, overky at 25°C; Tables 1 and 2). This  accessible form of HLA-A2 and dissociation from the fully
gives a value of 0.2 foK,, implying that, at least at 2%C, assembled complex. This material is available free of charge

only ~17% of heavy chaif.m heterodimers are in the via the Internet at http:/pubs.acs.org.
peptide-accessible form. As this is a unimolecular reaction
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