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ABSTRACT: The major histocompatibility complex (MHC) class | molecule plays a crucial role in cytotoxic
lymphocyte function. Functional class | MHC exists as a heterotrimer consisting of the MHC class |
heavy chain, an antigenic peptide fragment, g&dnicroglobulin 2m).52m has been previously shown

to play an important role in the folding of the MHC heavy chain without conting@u association with

the MHC complex. Thereforg2m is both a structural component of the MHC complex and a chaperone-
like molecule for MHC folding. In this study we provide data supporting a model in which the chaperone-
like role of 2m is dependent on initial binding to only one of the t@2m interfaces with class 1 heavy
chain. 52-Microglobulin binding to an isolated3 domain of the class | MHC heavy chain accurately
models the biochemistry and thermodynamicg@m-driven refolding. Our results explain a 1000-fold
discrepancy betwegi2m binding and refolding of MHC1. The biochemical study of the individual domains
of complex molecules is an important strategy for understanding their dynamic structure and multiple

functions.

The major histocompatibility complex class | (MHG1)
molecule and antigenic peptide are recognized by €D8
cytotoxic T-lymphocytes (CTL) in CTL activation and lysis

with the immunoglobulin-likex3 domain as well as thela?2

domains of the MHC1 heavy chaiB)( Mutations in then1
(9, 10) or a3 (11) domains of MHC1 lead to changes in

of targets {). The heavy chain of the MHC class | molecule 32m binding. These studies demonstrate that the functional
can interact noncovalently with a number of other molecules interaction of the MHC1 heavy chain witf2m occurs at

in the formation of a CTL activating complex. These include
the MHC class | light chain of2m, the antigenic peptide

multiple surfaces on different domains.
In the absence of2m, most MHC1 molecules are not

fragment, the T-cell receptor (TCR), and the CD8 molecule expressed efficiently on the surface of cell$2( 13).
(2). The specificity of the CTL response resides in the Although some MHC1 molecules, such as Hi2ind H-2,

selective MHC1 binding of specific antigenic peptide frag-

are transported to the cell surface with@®m, they have

ments and in the TCR recognition of these antigenic peptidesdiminished levels of expressiori4, 15). This decreased

and MHC1 @, 4). The MHC1 contact surface for TCR and
peptide binding is formed by thel anda2 domains of the
three-domain MHC class | heavy chai? 6—7).

A2m, the nonpolymorphic component of the MHC1

MHC1 expression is not simply due to an export requirement

for fully assembled MHC1 complexes. Transfectiorg@m-

negative cells with ER-retaine2m was able to salvage
MHC1 cell surface expressiori®). MHC1 folded in the

complex, has been shown by X-ray crystallography to interact presence ofi2m was exported to the cell surface without

TWe thank the HHMI MCPS student intern program for their
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bound f2m. A molecule, such ag2m, which promotes
protein folding through a transient interaction fits the
definition of a chaperonel{). Therefore,;2m plays two
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complex and, second, as a chaperone for the folding of the
MHC1 heavy chain. A possible mechanism fé2m as a
chaperone is facilitation of the interaction of MHC1 heavy
chain with other chaperones, such as calreticulin, tapasin,
TAP, and Erp57 18, 19). However, sincegs2m has been
shown to promote stabilization or refolding of MHC1 on

cyte; TCR, T-cell receptor; SPR, surface plasmon resonance; HBS-the cell surface in the absence of ER chaperog8s2l), it
EP, HEPES-buffered saline with 3 mM EDTA and 0.005% polysorbate g likely that32m also has a direct effect on MHC1 folding.

20; h32m, humans2-microglobulin; mB2m, murines2-microglobulin;
a3 par, H-20 o3 domain fusion proteing3 227m, H-20 a3 domain
fusion protein with a mutation at position 227.
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Although micromolar concentrations of high-affinity pep-
tides can fold MHC1 in the absence 62m, these same
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peptides can stabilize MHCL1 folded wijff2m at significantly absorbance of 0.6 at 600 nm. The cultures were then induced
lower concentrations2@, 23). Therefore, with physiologic ~ with 1 mM IPTG (Sigma), and the cells were harvested by
concentrations of high-affinity peptides or any concentration centrifugation afte 3 h of induction at 37°C or overnight

of lower affinity peptides2m is limiting for the folding of induction at 28°C. The bacteria were washed with PBS,
MHC1 molecules. and the pellet was frozen at70 °C. The frozen pellet was

The two roles ofs2m, as structural subunit and chaperone, thawed in 0.5 M NaCl/10 mM Tris, pH 8.0, with 1 mg/mL
do not have the same dependencef@m concentration.  lysozyme (Sigma). After addition of imidazole (Sigma) to a
f2m binds to MHC1 heavy chain with an equilibrium concentration of 5 mM and Triton X-100 (Boehringer
dissociation constank{) in the nanomolar range24—27) Mannheim, Indianapolis, IN) to a concentration of 1%, the
while it refolds or stabilizes cell surface MHC1 at micromolar Samples were sonicated in a Brinkmann homogenizer (Brink-
concentrations 20, 21, 28). We have previously demon- mann, Westbury, CT) for 3« 30 s at a setting of 4. The
strated that humafi2m (h32m) binds the isolated3 domain homogenate was treated with500 units of Benzonase
of the MHC1 heavy chain with K4 in the micromolar range  (Sigma) in the presence of 5 mM MgCI. Inclusion bodies
(29). This suggested thg2m folding of the complete MHC1 ~ were pelleted by spinning at 150f)&nd the soluble fraction
heavy chain may be nucleated bysam—o3 interaction. ~ Wwas loaded onto buffer equilibrated NTA-Ni-resin (Qiagen,
Evidence with mutant cell lines() and assembly of newly ~ Santa Clarita, CA) fo1 h at 4°C. The loaded NTA-Ni-
translated molecules3f) suggest that the3 domain is resin was washed three times with 0.5 M NaCl/10mM Tris,
folded before thexla2 domains and this folding can occur  PH 8.0/1% Triton X-100/5 mM imidazole buffer and then
without 52m and peptide. The heavy chai domain would three times with 0.5 M NaCl/10 mM Tris, pH 8.0, buffer.
then be available for initial binding g82m, which would ~ The fusion protein was eluted with high-concentration
facilitate folding of thealo2 domains of the heavy chain.  imidazole (156-500 mM). In some cases, protein eluted with
The p2m-folded alo2 domains would contribute to the 150 mM imidazole was further purified by size exclusion
heavy chain interaction witi2m and increase the likelihood ~chromatography. The eluted protein was dialyzed into
of peptide binding in normal cells. Bound peptide would HEPES-buffered saline (HBS) with 3 mM EDTA, and the
further stabilize thexla2 domains of the heavy chain and  protein concentration was measured by 280 nm absorbance.
increase the affinity of the folded MHC1 heavy chain for The extinction coefficient at 280 nm was calculated from
$2m to the nanomolar range. the primary amino acid sequence. For experiments using the

To evaluate this model, we have further characterized the BIACOre, the buffer was adjusted with 10% polysorbate 20
binding of A2m to a3 using surface plasmon resonance (Biacore AB, Uppsala, Sweden) to 0.005% polysorbate 20

(SPR). We studied the binding of murig&m (m32m) in (HBS-EP buffer). For generation of the E227K mutarit
addition to humang2m and determined the temperature domain (:3 227m), an H-BCDNA with the E227K mutation

dependence of the interaction. The species and temperaturd/as used as the template for generating the met@msert.
dependence gB2m binding toa3 and 32m refolding of The completed construct was sequenced and purified in the

MHC1 heavy chain are very similar. The chaperone-like S&Me manner as the parentd construct.

effects of32m can be explained by/42m interaction with f2m Expression and Purificatiohe recombinant human
the a3 domain of a heavy chain with unfoldedlo?2 2 microglobulin (#2m) and murinef2 microglobulin
domains. (mB2m) were expressed using constructs in pET21d vectors
generously supplied by Randall K. Ribaud82( 33).
EXPERIMENTAL PROCEDURES The constructs were transfected into BL21(DE3) bacteria

_ _ _ o (Novagen). Cultures were grown at 3 to an absorbance
a3 Domain Protein Expression and Purificatioithe of 0.8 at 600 nm and then induced with 1 mM IPTG for 2
H-2D? a3 domain (3 par) sequence was generated by PCR h, The bacteria were harvested by centrifugation and washed

amplification of an H-B cDNA as described previously with  and resuspended with 0.1 M Tris, pH 8.0, with 2 mM EDTA.
the 8 primer ACTCCATGGCAACAGATCCCCCAAAG-  Lysozyme (Sigma) was added at 0.5 mg/mL, and the bacteria

GCCC and the primer GATGAATTCGACCCGGAAG-  were incubated overnight at°€. Deoxycholate was added
GAGGAGGTTC @9). Thea3 domain sequence was inserted to a final concentration of 0.1%, and the mixture was
between theNcd and EcoRl sites of a modified pET21d  sonicated on a Brinkmann homogenizer fox430 s. The
vector (Novagen, Madison, WI). The vector was modified inclusion bodies were pelleted by centrifugation at 1500

by ligating a synthetic oligonucleotide (GAGGAATTCTG-  and the soluble fraction was discarded. Inclusion bodies were
GAATTTCGCAAGCTGTACATGCTGCACACGCTGAAA-  washed three times with 0.1 M Tris, pH 8.0, with 2 mM

TTAACGAAGCAGGAAGAGCACTCGAGCAC) between  EDTA and 0.1% deoxycholate followed by a wash with 0.1
theEcoRI andXhd sites of the pET21d bacterial expression M Tris, pH 8.0/2 mM EDTA. The pellet was resuspended
vector. The completed construct was sequenced and foundyith 10 mL o 6 M guanidine hydrochloride/0.1 mM DTT/
to be correct. The resulting construct, when transfected ando.1 M Tris, pH 8.0/2 mM EDTA. The dissolved protein was
induced, generated a 15 kDa fusion protein consisting of the added ¢ 1 L of prechilled 0.4 M arginine/0.1 M Tris/2 mM
H-D? a3 domain fused to a vector-expressed sequence, aEDTA/5 mM reduced glutathione/0.5 mM oxidized gluta-
17 amino acid peptide sequence from ovalbumin, and athione and left in the cold room for a minimum of 3 days to
polyhistidine tag. refold. The protein was then diafiltered for 5 volume changes
Expression constructs were transfected into BL21(DE3) with HBS/3 mM EDTA and then concentrated using an
bacteria (Novagen, Madison, WI). Four hundred milliliter Amicon ultrafiltration cell. The concentratg#g®m was then
cultures of transfected bacteria in LB broth with 20§/mL purified by size exclusion chromatography. Both human and
carbenicillin (SIGMA, St. Louis, MO) were grown to an murine32m were purified in the same manner.
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Size Exclusion Chromatographyor 32m purification, 200
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constant,T is the temperature in kelvin (K), ang, is the

uL of protein was loaded onto a Superose 12 column equilibrium association constartH andASwere calculated

(Pharmacia LKB) using the FPLC system (Pharmacia LKB)
and run at 0.4 mL/min with HBS-EP buffer. For analysis
and purification ofa3 domain proteins, 208500 uL of

from slope and intercept of the van't Hoff equation:

In K,= —AH/RT+ ASR

protein was loaded onto a Superdex 75 column (Pharmacia

LKB) using the P-500 pump (Pharmacia LKB) at 0.5 mL/
min with HBS-EP buffer. Half-milliliter fractions were

AH and AS were also calculated using KaleidaGraph
(Synergy Software, Reading, PA) to curve fit a nonlinear

collected, and protein concentration was determined by 280€quation which takes into account the temperature de-
nm absorbance. BSA (67 kDa), trypsinogen (24 kDa), and Pendence ofAH and AS (36):

ribonuclease A (13.7 kDa) from Sigma were used as size

standards.
Antibodies and Cell LinesAnti-tetra-HIS antibody was
purchased from Qiagen. Anti-H-2xonformationally de-

AG°; = AHpy — TAS o+ ACLT — Tp) +
TAC, In(T/T,)

pendent antibody (34.5.8S) was purchased from PharmingenwhereT is the temperature in kelvin (K)[, is an arbitrary

San Diego, CA. The LKDS8 cell line, a peptide transport
deficient EE2H3 embryonic cell line transfected with H2D
(34), was the generous gift of David H. Margulies.

Flow Cytometry32m MHC1 Folding AssayHuman and
murines2m were titrated at the indicated concentrations in
12-well tissue culture plates containing 1 mL of OPTI-MEM
medium with 0.5% BSA and 0.5 10° LKD8 cells per well.
After an overnight incubation at 2688 °C, the cells were
spun down at £#C. A half-microgram of the biotinylated
anti-H-2D¢ conformationally dependent antibody, 34.5.8S

reference temperature (298 K)AG°r is the standard free
energy of binding (kJ mol) at T and is calculated from the
equilibrium constant at temperatufe AHqo is the enthalpy
change (kJ mot) upon binding aflo, AS’1o is the standard
state entropy change (kJ m&) upon binding affo, andAC,

is the specific heat capacity (kJ mélK—1) and is assumed
to be temperature independent. Th& error was assessed
by the SD of determinations from equilibrium binding
experiments. The error &fH andASwas assessed through
the curve fit. In evaluation of the equlibrium constants at

(Pharmingen), was added to the cells. Cells receiving no differing temperatures, 28C (298 K) experiments were
primary antibody served as controls. An experiment in which generally performed in the same runs to account for non-
a biotinylated isotype matched antibody (Pharmingen) was temperature-dependent variation. The calculai was

used as a control gave similar results. After a 30 min

close to zero (0.2 0.8 kJ mol! K1) as expected from

incubation on ice, the cells were washed with 0.5% BSA/ similar values ofAH andAS seen with linear and nonlinear

OPTI-MEM medium, and 5QuL of streptavidin-FITC

(Pharmingen) diluted 1:50 in 0.5% BSA/OPTI-MEM was
added to the cells for an additional 30 min incubation on
ice. The cells were then washed with 3 mL 0.5% BSA/OPTI-

fits.

Analytical Ultracentrifugation.Analytical ultracentrifu-
gation was carried out using a Beckman-Coulter (Fullerton,
CA) XL-A centrifuge. An eight-place rotor was used with

MEM and analyzed on a FACScan Plus (Becton and carbon-filled double-sector centerpieces in the cells. Two of

Dickenson, Mountain View, CA) flow cytometer. Data

the cells were loaded with different concentrations of SEC-

analysis was performed using the Cell Quest software purified 0.3 domain; two were loaded with different con-

(Becton and Dickenson).

centrations of SEC-purified2m; three were loaded with

Surface Plasmon Resonance (SPR) Experiments and Datamixtures of different molar ratios @f3 and t2m with total

Analysis. All SPR experiments were performed on the
BlAcore 3000 biosensor (Biacore AB). Anti-HIS antibody,
diluted in 10 mM acetate buffer, pH 4.5, was covalently

concentrations comparable to those in the other cells.
Solution column heights were approximately 5 mm. Rotor
speed was 17 000 rpm at an initial temperature dfCs

coupled to the carboxymethylated dextran matrix on a CM5 because of the time required to attain equilibrium, which

sensor chip (Biacore AB) by using the amine coupling kit
as described3b). Experiments were performed in HBS-EP

was 68 h. The temperature was then raised t6@5but it
was found that some of the gradients were not stable at that

buffer, and regeneration of the anti-HIS surface was achievedtemperature, probably as a result of the samples being at

with 20 mM HCI.

Equilibrium binding data forf2m was obtained by
averaging a 510 s interval of normalized signal after
reaching equilibrium. The equlibrium binding data were
analyzed by nonlinear curve fitting of the Langmuir iso-
therm to the data or by linear fitting of a Scatchard plot.

the higher temperature for 48 h. Thus, onlyGresults will
be presented here.

Data analysis was performed by mathematical modeling
using MLAB (Civilized Software, Silver Spring, MD) to fit
the data by weighted nonlinear least-squares curve fitting to
appropriate models3{). The reactants could be fit with a

Dissociation data was analyzed by 1:1 Langmuir dissociation model for a thermodynamically ideal monomeric solute using

curve fitting. The curve fitting was performed using the
BlAevaluation 3.0 software (Biacore AB). Data were nor-

malized by subtracting the signal for a control surface prior

to modeling. Equilibrium and dissociation constants of
human and muringg2m at different temperatures were
compared using the Student'sest. When multiple com-
parisons were made, the totplvalue of all significant

the function:
A = A exp@M(r* — 1,2)) + ¢
whereA is the absorbance at 280 nm as a function of radial

position; A, is the absorbance at the radial position of the
cell bottomry, and is a fitting parametey’ = w?2RT,where

comparisons was below 0.05. For thermodynamic analysis,w is the rotor angular velocity in radians per secoRds

AG was calculated from-RT In K, whereR is the gas

the gas constant, afids the absolute temperatuid;, which



5236 Biochemistry, Vol. 40, No. 17, 2001 Hebert et al.

is a fitting parameter, is the reduced molar mass and is equal A
to M(1 — 7p), whereM is the anhydrous molar mass,s
the partial specific volume, anglis the solvent density; and
€ is a small baseline error term. The use of this function not
only permits assessment of the monomeric state of a
component but also experimentally determines the value of
the reduced mass of the component in the model for the
interaction. For monomeric reactants, this approach is optimal
because it eliminates the need of either measuring partial
specific volumes or computing them from the amino acid
composition and also gives an optimal experimentally
determined value for the reduced molar mass. Accordingly,
this model was used for globally fitting both of the two
appropriate data sets for each component, wiWrevas a
global parameter and the other fitting parameters were local
to each data set. Weight vectors were generated using the
EWT function of MLAB. This is done by nonparametrically
fitting each data set by multiple smoothing and, by squaring
the deviation of each point, obtaining its variance; the
individual weight is then the reciprocal of the variance. To
obtain meaningful values for the root-mean-square (RMS) 30 10 33 141 04 041 00
error, it is necessary to normalize each weight to unity by
multiplying it by the number of values in the weighting
vector and dividing this by the sum of the weights in the = @ = murine 32m
vector. In effect, this gives a mean value of one for the = O = human 2m
weights in th,e YeCtor' . . . Ficure 1: Humang2m is more effective than muring2m in

The association constant for the interaction was obtained refolding of cell surface H-2B Human or muringg2m was added
by using a model for a one-to-one stoichiometry of associa- overnight at the indicated concentrations to the peptide transport
tion and performing g|0ba| We|ghted fits to three data sets deficient cell line LKDS8, and the foldlng of MHC1 was assessed

P .« by evaluating LKD8 staining with a conformationally dependent
where the reactants were present in different molar rat'os'antibody 1o H-2 MHC1, 34.5.8S. (A) The staining of the LKD8

these being approximately 1:1, 1:2, and 2:1. This model is ce|is py biotin-labeled 34.5.8S followed by FIFGtreptavidin is
given by increased as the concentration of human or my#tra is increased.
Histograms of cells incubated with &), 1 (---), 10 ), and 30
— N (P2 — 2 (—) ug of 2m are shown. (B) The median fluorescence of 34.5.8S
A= Ao EXPEM'y (1 = 1y7)) + staining LKD8 cells is increased to a greater extent by hufizan
Ab,zeXp@\'M'z(rz — rbz)) + Ay Ay ,exp(InK — In E+ (O) than by murine2m (®). The average and range of two
o D2 2 experiments are shown. Controls with FIT€treptavidin alone had
AM | +M)r —r,)) +e median fluorescence of-23 units.

Murine
B2m

Cell Count

Human
B2m

Fluorescence Units 3

png/ml

TheAy's are the absorbances for the respective componentspody, 34.5.8S. Addition of increasing amounts of either
the AM's are the reduced masses, Knis the natural human or muring2m to these cells, with an overnight
logarithm of the molar equilibrium constant, and Eh= incubation at 26-28 °C, leads to increasing amounts of
In(E1E2/(E1 + Ez)), where theE'’s are the molar extinction  folded cell surface H-2BMHC1 (Figure 1A). The increase
coefficients of the components at 280 nm. This term is infolded MHC1, shown by the increased binding of 34.5.8S,
necessary to convert Kifrom a molar scale to an absorbance is greater with the addition of humgf2m than with the
scale. The fitting parameters are then the global value of In addition of murings2m (Figure 1B). This confirms previous
K and the local values of th&'s and thee’s. We fit for In findings that humag@2m is more effective than murirg2m

K because this prevents obtaining negative, physically in generating folded MHC1 on the surface of peptide
nonmeaningful values fdf, and also, becauseG® = —RT transport deficient cell line2g, 32). Our data, as well as
In K, we obtain a value with an appropriate error that reflects previously published dat&2Q, 21, 28), confirms that with

the change in standard free energy. both species of2m the increase in folded MHC1 occurs at
micromolar concentrations, not the nanomolar concentrations
RESULTS expected from32m binding to MHC1 24—27).

Previous studies have demonstrated that the folding of
p2m-Driven Folding of Cell Surface MHC1 Heg Chain. MHC1 by 2m, in the absence of added MHC1 binding
To study the species specificity of tif@m interaction with peptide, is much more efficient at room temperature than at

isolatedo.3 domains, we expressed human and mugfizm 37°C (20, 21, 38). This low-temperature induced expression
proteins using constructs in bacterial expression vec8#%s (  of folded MHC1 in peptide transport deficient cells is
33). To assess the ability of theg®2m molecules to fold dependent on the presence f2m. MHC1 molecules
MHC1 heavy chain, they were added to a peptide transportexpressed in this manner contain very few detectable
deficient cell line, LKD8 B4). This cell line lacks stable  peptides, as determined by peptide elution and HPLC analysis
folded H-2D' heavy chain as demonstrated by poor binding (39). One possible cause of the low-temperature enhancement
of the conformational epitope dependent anti-Hi2hti- of f2m-induced MHC1 expression is temperature effects on
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protein transport to the cell surface. This cannot be the only A
cause for the temperature dependence sfiia induced + 24 kDa
MHC1 at 25-26 °C becomes unstable at 3T (21, 39).
This occurs in the presence of brefeldin A, so differential
protein transport is not a factor in the reduced MHC1
expression. In addition, the folding of MHC1 at°€ by
A2m in cell lysates, in which protein transport is not an issue
(22, 23), supportg32m as a critical factor in low-temperature
folding of MHCL1. Thus, a model for the mechanisma@m
folding of MHC1 should account for the micromolar \/‘
concentration, species, and temperature dependence observed. ;
Monomerica3 Domains Bing32m with a 1:1 Stoichiom- multimer monomer
etry. To evaluateg32m binding to isolated3 domains, we I T O N D D N N
needed to verify that such binding could be modeled by a 7 8 9 10 11 12 13 14 15 16
1:1 Langmuir binding isotherm (A B < AB). Size exlusion
chromatography (SEC) of thg2m molecules shows a

v 13.7kDa

67 kDa +

j4— 0.01V —Pp

ml post injection

monomer-sized peak which is purified shortly prior to ~ -

binding experiments (data not shown). However, t& B z 250 - M i"ggct'
domain protein preparations have two size peaks upon SEC @ 150 4 -
(Figure 2A), a predominant peak at approximately 24 kDa §_ 501 e, i
and a minor peak at 67 kDa. To confirm that the major peaks 2 1 — ..
of the a3 andf2m proteins are monomeric, we performed % e T 1 uM a3 monomer
analytical ultracentrifugation as per the Experimental Pro- % 150 7 no a3 monomer
cedures. Using this approach, the reduced molar masses were & 250 : | ? , I 1

found to be 4374 40 and 3462+ 121 for thea3 domain 500 -400 -300 -200 -100 O 100
and humans2m, respectively. The weighted RMS errors
were 0.0046 and 0.0045 absorbance unit. These reduced
masses gave calculated values of 0.2925 and 0.2947 for (1
— op) for the two proteins. These correspond to an

Time (seconds)

C a3 monomer a3 multimer
1uM

approximate value of 0.7 for the partial specific volumes, 80 -
which is somewhat lower than the values of 0.736 and 0.738 . /‘
for the respective proteins calculated from their amino acid Z 60 - 0.5
composition. This difference cannot be attributed to any g /
degree of dimerization of either of the proteins since the 5 40 -
quality of the joint fits of a monomeric model to data from § 0.25
significantly different loading concentrations precludes this « K
o . . 20 0.125
possibility. Thus, it can be asserted that both proteins are % WK\
demonstrably monomeric. ] o. MWKK\_ . 0-1uM
To evaluate the binding ¢gf2m to thea3 domain protein, € o mld = &

a biosensor for SPR was used. Antibody to the polyhistidine
tail of the a3 proteins was directly coupled to the carboxy- (RS R A he na i A aARSRTR L B o
methylated dextran surface of a biosensor chip, allowing for 0 10 20 30 0 10 20 30
the capture ofo3 proteins on this surface. Muring2m
(mB2m) was injected across the surface of immobilized

protein, and the binding was assessed by mass-relate : . 1
. . . 2 A) 10 ug of a3 domain protein was injected on a Superdex 75
changes in the sensor chip matrix refractive index and gj,¢ exciusion chromatography column and eluted at 0.5 mL/min
quantified as response units (RA2m was also injected  with HBS-EP buffer. The protein elution profile at 280 nm absorp-
across a control surface consisting of the directly coupled tion is shown with the elution volumes of the standards BSA, trysin-
capture antibody withoutt3 protein. This allowed protein ogef_r;, and _Rd'\!ase-dM(OE?)Oxe_fiC almr?' mél_ltimeric_bargas of the elli)t_ion
: : : protile are in Icated. ntl-poy Istidine antibo y was ImmonDni-
concentration effects on the refractive index response to beIized on two surfaces of an SPR sensor chip at 13 100 and 14 600
subtracted out. An example of such an experiment is Shownry by amide coupling. kM o3 domain (-+) was injected over
in Figure 2B. The responses of th& domain and control  the 13 100 RU anti-polyhistidine surface, and buffef)(was in-
surfaces were normalized to each other immediately prior jected over the 14 600 RU anti-polyhistidine surface for 3 min at
to the injection of thgg2m to allow comparison of the active ~ @ flow rate of 10uL/min. After a 4.5 min wait, 1uM m32m was

; - : : injected over both surfaces for 20 s at a flow rate oft@@min.
and control surfaces in this figure. Increasing concentrations .4 responses of the two surfaces were normalized prior to the

of mB2m were then evaluated for binding to either purified 2m injection to allow comparison of th82m binding too3 par
monomeric or multimeriex3 domains. The binding curves and the control surface withowt3 protein. (C) The response of
after subtraction of the control surface are shown in Figure the control surface to f2m was subtracted from the response of
2C. Itis clear that the multimer af3 is unable to bingg2m theo3 surface to rizm as a measure f2m—a3 binding. Binding

. . is shown for32m to surfaces of purified3 monomer and purified
at the concentrations evaluated, and t monomer is a3 multimer. The binding curves shown are at the indicated

_responsi_ble fon3 _binding of2m. This was also observed  concentrations of 2m. Similar results were obtained for com-
in experiments with humap2m (h32m; data not shown).  parative binding of 22m toa3 monomer and.3 multimer surfaces.

Time (seconds)

IGURE 2: Measurement g82m binding to the H-2Bo3 domain.
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To evaluate the nature @f2m binding to monomeri@3,
we established the stoichiometry of the binding. The addition
of an excess off2m (8 uM) to immobilized a3 and
evaluation of the bound RU demonstrated @gi2en pero3
domain. Excessf2m led to 102%+ 3% of the expected
binding for a 1:1 interaction with the3 domain, and excess
mpB2m led to 97%+t 0.7% of the expected binding for a 1:1
interaction with thea3 domain. To rule out negative or
positive cooperativity between the immobilized8 domains
upon the binding offi2m, we evaluated the dependence of
p2m dissociation on the contact time 82m with thea3
domain surface. If the immobilized3 domains were not
independent in bindingg2m, the increase in contact time
would lead to a change in the dissociation cur#6)(and

such a change with contact time was not observed (data not

shown).
To confirm thea.3—2m binding with an alternate method,
we used analytical ultracentrifugation as described in Ex-

perimental Procedures. The global weighted fit of three data
sets, with reactants at molar ratios of 1:1, 1:2, and 2:1, gave

a value for InK of 12.47+ 0.16, which gives a value for
AG® of —28.8+ 0.38 kJ/mol (6.89+ 0.09 kcal/mol) at 5

°C and a value of 3.86t 0.62 uM for the equlibrium
dissociation constant. The joint fit had a weighted RMS error
of 0.0038 absorbance unit, clearly indicating that the one-

to-one stoichiometry was the correct model for the associa-

tion. The equilibrium dissociation constant, although higher
than that measured using the Biacore, is still in the micro-

molar range. Biacore measurements of the interaction im-

mobilizing f2m also gave a somewhat higher dissociation
constant that that of the interaction with immobilize8l (data
not shown). Thex3 peptide extension and polyhistidine tail
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Ficure 3: Humanp2m has a higher affinity for the3 domain

may interfere with the binding and are sequestered when a3than murine2m. (A) Averages of the equilibriung2m—o3

is immobilized through antibody to the polyhistidine tail.

Our data demonstrate that tle8 domain exists as a
monomer, it bindg32m with a 1:1 stoichiometry, and this
binding shows no evidence of cooperativity. Ti3@m
interaction with thea3 domain can be modeled by 1:1
Langmuir binding and occurs with a dissociation in the
micromolar range.

/2m Equilibrium Binding to the.3 Domain.Human and
murine52-microglobulin were used to evaluate the binding
parameters g82m to the MHC1a3 domain. Whole murine
MHC class | binds humag2m with aKq of 4 x 1071°M
(27) and murines2m with a 3-fold lower affinity 41). We
evaluateds2m binding by comparing3 parental ¢3 par)
and control surfaces as shown in Figure 2B and taking

binding responses during2m injection were plotted versyg2m
concentration. These points were fit with the Langmuir isotherm
to determine th&y. They? (average of the squared residuals) values
of 0.3 and 0.12 suggest good fits. (B) The same equilibrium binding
data for human@®) and murine @) $2m is shown transformed
into a Scatchard plot. ThKy was determined from the negative
inverse of the slope of the fitted line.

o3 domains correlates with the superior MHC1 folding
ability previously shown. In Table 1 we also evaluate the
effect of temperature gfi2m binding to thex3 domain. The
affinity of both human and muring2m is decreased 3-fold
by raising the assay temperature from 25 to °& The
improved$2m binding to thex3 domain at room temperature
correlates with the superig®2m-driven refolding of MHC1

equilibrium values of the subtracted data as shown in Figure at room temperature20, 21, 38). It is of note that the
2C. The equilibrium values were used to generate the plotsdifference in binding between human and murjigm to

in Figure 3, which were used for equilibrium fitting. Figure @3 domains is only 2-fold while humag2m has been

3A shows nonlinear curve fits of the Langmuir isotherm for reported to be 420 times more effective at folding MHC1
murine and humafi2m binding to thex3 domain. The same  heavy chain than muring2m (28). One possible explanation
data are graphed as Scatchard plots in Figure 3B. Thefor this difference is thatf2m has an advantage in refolding

linearity of the Scatchard plots confirms the lack of coop-
erativity in the binding.

The equilibrium constants generated from three experi-
ments with each of thg2m proteins are shown in Table 1.
Humanp32m binds isolated3 domains with an equilibrium
Kqof 3.4 x 107 M, which is 2-fold better than muring2m.
This advantage of humaf2m remains when the3 CD
loop is mutated at position 227 with concurrent loss of CD8
binding 29). The superior binding of huma#2m to isolated

ola2 domains in addition to binding the3 domain. The
MHC1 refolding advantage of Af2m was reduced by
mutation of g32m residue which contacts theda2 domains

of MHC1 (32). Since mutations in thetlo2 interface of
p2m have variable effects on the folding of different MHC1

haplotypes, this interface may also contribute to the larger

overall advantage of human versus murfigm.

There is another factor that could explain the difference
between relativex3 binding and relative MHC1 refolding
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Table 1: Equilibrium Binding off2m to MHC1a3 Domain Proteirfs

25°C 37°C
32m protein o3 protein Kq (M) Va Kg (M) Va
murine o3 par 6.9+ 1.7x 1077 0.29+0.21 2.1+ 0.27x 10°© 0.184+0.11
murine o3 227m 6.0£1.3x 1077 0.13+ 0.03 not performed
human o3 par 34+ 1.1x 1077 0.11+0.04 1.1+ 0.19x 10°® 0.094 0.05
human o3 227m 3.9:0.3x 1077 0.14+ 0.07 not performed

aThe equilibrium fit was determined from a nonlinear Langmuir isotherm fit of equilibrium data similar to that of Figure 3A. The fitting was
done using the Biaevaluation 3.0 software as per the Experimental Procedurds; rElselts are the average of three experimentbe standard
deviation. They? averaget the standard deviation is shown as a measure of the curve fitKThEboth 32m are significantly different from each
other p < 0.045). TheKy at 37°C is significantly different from thd{y at 25°C (p < 0.002).

40 Table 2: Dissociation of Human and Murig2m from MHC1 a3
Domain Proteif
30 2 M B2m B2m conen korr (s79)
20 (uM) humang2m murine2m
1 4 2.42 3.18
%. 10 25 2.48 5.78
o A 2 1.49 4.30
g o r— 1.25 2.72 4.27
T 30 1 1.54 4.01
§ 1 uM p2m 0.625 2.45 4.17
20 av+ SD 2.18+0.53 4.29+0.84
P 2 The dissociation constants,¢s) were determined from a nonlinear
= 10 Langmuir isotherm fit of dissociation data similar to that of Figure 4.
The fitting was done using the Biaevaluation 3.0 software as per the
Experimental Procedures. Tlikgy results at different concentrations

0 0 02 04 06 08 A1 of 82m were averaged, and the standard deviation is shown. The average

x? for the h32m fits was 0.2 and for the i2m fits was 0.69. The
dissociation constants for human and murfim are significantly
A Human p2m different from each othemp(< 0.01).

O Murine f2m

Time (seconds)

the dissociation constants of human and muyi2en at a
FiGure 4: Human$2m dissociates more slowly from the3 number of concentrations. No concentration dependence is
gnourzﬁgl é;'%g gﬁ#g&fg&- Sm?N S';?;‘;?'&t'e"{;jgiﬁ'z,‘:{?,??&fgf evident, and the off rate of huma#2m is one-half that of
p2m. The curves are 1:1 Langmuir fits of the dissociation data used murlne_ﬂZm._ I _th_e blndlng of[_%2m to theq3 domain of
in determining the dissociation constants shown in Table 2. MHC1 is a kinetic intermediate in th#2m folding of MHC1,

) ) o then the 2-fold longer dwell time of humaf2m could
of the different32m species. Aftef2m binding of the MHC1  gccount for an even greater effect on MHCL folding.
a3 domain, a discrete interval of time may be required for

i | . : p2m Binding to thea3 Domain Is Associated with
potential multiple steps in thg2m folding of the ala2 Decreased EntropyThe temperature dependence A%m

domains of the MHC1 heavy chain. If this is the case, the (efo|ding of cell surface MHC1 and binding to the MHC1
association ofi2m with the MHC1a3 domain may be a 3 domain is suggestive of an enthalpic-driven process in
kinetic intermediate, and a 2-fold change in half-life of that \pich entropy decreases upon binding. To better define the
intermediate may have greater than a 2-fold effect on the thermodynamic parameters 62m—a3 binding, we evalu-
yield of folded MHC1. This greater effect would operate zied the equilibrium binding of muring2m to a3 at a

through a mechanism similar to kinetic proofreadid@)( number of different temperatures. We evaluated these SPR
The shorter muringg2m dwell time would decrease the yaia as described by Roos et d3)using both a linear and

probability of an initial step irla folding that would slow nonlinear van't Hoff analysis. Figure 5A shows the plot of
the32m dissociation. This would then lead to an even lower ihe jinear analysis and the values/®# obtained from the

probability of completion ofxlo2 domain folding than the  gjope and—TAS derived fromAH and AG. The nonlinear
difference inf2m—a3 half-life. To explore this possibility, analysis leads to very similar results with\& of —35.2, a
we evaluated the dissociation kinetics of human and murine A of —70.7, and a-TAS of 35.6 kJ/mol at 25C. In both
A2m binding to then3 domain.

Humang2m Bound to thet3 Domain Has a 2-fold Longer
Half-Life Than Murine32m.To evaluate the dissociation of

the/52m from thea3 domain of MHC103 was immobilized ot 30 nonantibody proteinprotein interactions44) (Figure

on a sensor chip by capture with anti-HIS antibody, AR 5B). Binding with decreasing disorder can be seen with
binding was evaluated as described above. Because of thel'CR—MHC—peptide interactions and some antibedy
rapidity of the dissociation, data points were captured at 0.1 antigen interactions46, 46).

s intervals and a high flow rate of 3fL/min was used for

the52m injection. Figure 4 shows the dissociation phase of DISCUSSION

the 2m—a3 interaction and demonstrates that hurg@m p2m is both a structural component of MHC1 and a
dissociates more slowly than murifgm. Table 2 shows  chaperone for correct folding of the MHC1 heavy ch#zm

cases—TAShas a positive value, suggesting a reduction of
disorder duringg2m—a3 binding. This is an unusual binding
thermodynamics as shown by comparing the values to those
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A 155 25°C values
~ 14 (kJ/mole)
& 143 AG -35.2
£ 135 AH -70.6
-TAS 35.3
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1T (K1 x 10%)
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Ficure 5: A2m binding to theo3 domain has an unfavorable
entropy. (A) The equlibrium association binding consta€y)(of
mpB2m to a3 was determined at the temperatures 15, 20, 25, 30,
and 37°C (two to eight evaluations per temperature). The natural
logarithm of theK, was graphed against the inverse of temperature
using the van’'t Hoff equation. The values AH were obtained
from the slope of the line, ang TAS was derived fromAH and

AG. (B) The thermodynamic parameters determined from the
nonlinear van't Hoff relationship fof2m—a3 binding ) were
compared to those of a series of 30 nonantibody pretgintein
interactions M). The error bars fof2m—oa3 binding are based on
the SD of measured values or the error of curve fitting as per the
Experimental Procedures. The error bars for the pretpintein
interactions are the SEM of reported values.

binds folded MHC1 heavy chain at a 1000-fold lower
concentration than that required f82m refolding of cell
surface MHC1. Thex3 domain of the MHC1 heavy chain
is folded before the other MHC1 domains prior to associating
with f2m (30, 31) and remains folded longest on the cell
surface 21). This makes g2m interaction with thea3
domain of heavy chain an attractive model for {hi2m
refolding of MHC1 heavy chain. We have previously
demonstrated that humaf2m binding to an isolate@3
domain has a micromolar affinity2@) similar to the
concentration thaB2m refolds MHC1. To provide further
evidence thgf2m refolds MHC1 by binding the.3 domain,

we demonstrated that the3 domain binds muring2m in
addition to binding humarf2m. The binding of theo3
domain by f2m has a species hierarchy similar to the
refolding of the MHC1 heavy chain. Thi§2m species
difference in affinity is due to a difference in off rates and
may be important in determining the half-life of a kinetic
intermediate in MHC1 folding. We have also demonstrated
that thef2m—a3 interaction has the same unusual temper-
ature dependence g8m-induced refolding of MHC1. These
data strongly support a model in whicl#2m—a3 interaction
facilitates the folding of the MHC1 heavy chain.

A crystal structure off2m binding thenlo.2 domains of
MHC1 (47) suggests thapi2m can bind MHC1 in the
absence of the3 domain. It is of note that the MHCA3
domain was present during the refolding in this study and
was only lost due to proteolysis during crystallization. MHC1
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without thea3 domain can be expressed on cells and folded
by large amounts of high-affinity peptide; however, ti&
deleted MHCL1 is unable to be folded |pgm at any tested
concentration Z3). Therefore, neither of these studies
demonstrates32m-driven MHC folding without thea3
domain.

The temperature dependence of #m—a3 interaction
led us to evaluate the thermodynamics of the interaction.
We found that the binding is driven by a large enthalpy
contribution which overcomes an unfavorable entropy of
binding. This type of binding is generally not seen in
protein—protein interactions which have coevolved to favor
binding. Recently, binding which decreases disorder has been
seen in T-cell receptor (TCR) interactions with peptide
MHC ligand @5, 46). TCR does not necessarily coevolve
with potential antigenic peptides, and the basic TCR structure
must recognize a wide range of peptidHC complexes.
The cross-reactivity of TCR recognition supports a model
in which a flexible TCR can scan through a number of
conformations until it optimizes interaction with a specific
ligand interaction. The limitation of this flexibility upon
binding the ligand increases order and exacts an entropic
penalty on the overall binding affinity. Although the rela-
tively nonpolymorphigg2m must interact with a wide variety
of polymorphic MHC1 chains2m has coevolved with
MHC1, and MHC1 polymorphisms tend to involve the
peptide and TCR contacts. Scanning through a series of
conformations is unlikely to be the cause of the increased
order observed in th82m—a3 interaction.f2m can fold
the complete MHC1 heavy chain, and one previous study
suggested that there is an entropic penalty3#m exchange
with whole MHC1 @5). The increased order involved in
folding MHC1 could account for an unfavorable entropy of
binding. This folding may also involve conformational
changes in thex3 domain orfs2m and account for our
observed binding thermodynamics. Modelings@m inter-
actions with MHC1 heavy chains suggests a conformational
change of M32m upon binding 48). In addition, although
we have been unable to accurately model the association
constant in our antibody capture binding system, a number
of experiments suggest an association constant 9MLG
s1, which is similar to the association constant calculated
from the observed equilibrium and dissociation constants.
This rapid on rate is different than the slow on rates seen
with the TCR interactions and suggests that the entropic
penalty seen during th82m—a3 interaction is due to a
defined conformational shift or ordering of water molecules
rather than the time-consuming scanning of multiple con-
formations. Another example of binding with an increase in
order is seen with Z, a one-domain analogue of protein A
(43). This binding also has a rapid association constant in
the range of 1M~ s™L. This binding may also require a
defined conformational change upon binding.

The binding and thermodynamic parameters A#im
interactions play an important role in MHC1 assembly in
the ER. Thef2m interaction with thexn3 domain can be
further evaluated with other fragments of the MHC1 heavy
chain and whole MHC1 using SPR. The addition of MHC
binding peptides and chaperone molecules such as cal-
reticulin, tapasin, TAP, and Erp57 may allow for the
understanding of the energetics of physiologic MHC1 folding
in the ER.
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The refolding of the free MHC1 heavy chain on the surface
of cells by32m plays an important role in normal cel&-
51) as well as peptide transport deficient cells. This refolding

can have immunologic consequences due to the enhanced

presentation of exogenous peptide fragments to CA—(
55). Such presentation of extracellularly processe@H59)
class | restricted peptides could cause lysis of uninfected
bystander cells in a CTL response to virus. Understanding
the mechanism of MHC1 refolding may suggest strategies
to prevent such aberrant responses.

The binding of the MHC1 heavy chain fg2m involves
multiple domains with multiple contacts. We have analyzed
the binding of isolated MHCI:3 domains to2m using
SPR and obtained information important for understanding
the mechanism of MHC1 folding. The analysis of the binding
characteristics of individual domains and surfaces of complex
biologic molecules is an important tool in elucidating the
structural and functional behavior of these molecules.
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