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Abstract 

Class I1 Major Histocompatibility (MHC) molecules are cell surface heterodimeric glycoproteins that play a central role 
in the immune response by presenting peptide antigens for surveillance by T cells. Due to the inherent instability of the 
class I1 MHC heterodimer, and its dependence on bound peptide for proper assembly, the production of electrophoret- 
ically pure samples of class I1 MHC proteins in complex with specific peptides has been problematic. A soluble form 
of the murine class I1 MHC molecule, I-Ad, with a leucine zipper tail added to each chain to enhance dimer assembly 
and secretion, has been produced in Drosophila melanogaster SC2 cells. To facilitate peptide loading, a high affinity 
ovalbumin peptide was covalently engineered to be attached by a six-residue linker to the amino terminus of the I-AdP 
chain. This modified I-Ad molecule was purified using preparative E F  and one fraction, after removal of the leucine 
zipper tails, produced crystals suitable for X-ray crystallographic analysis. The protein engineering and purification 
methods described here should be  of general value for the expression of I-A and other class I1 MHC-peptide complexes. 
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Class I1 Major Histocompatibility Complex (MHC) molecules are 
membrane glycoproteins that bind peptide fragments derived from 
exogenous protein sources, including viral and bacterial patho- 
gens, and transport them to the cell surface for recognition by 
helper T  cells (Cresswell, 1994). Unlike class I MHC molecules, 
class I1 MHC molecules are found only on a limited number of cell 
types (Germain, 1994). These specialized antigen-presenting cells 
express up to three forms, or isotypes, of class I1 MHC molecules 
(Korman et al., 1985; Mengle-Gaw & McDevitt, 1985). Each iso- 
type is encoded at a unique genetic locus. At present, structural 
information on class I1 MHC molecules is limited to members of 
one isotype: HLA-DR in humans, and its murine homologue, I-E. 
However, the strongest genetic associations of class I1 MHC mol- 
ecules with autoimmunity have been established for the other class 
I1 isotypes: HLA-DQ and its mouse homologue I-A, and  an isotype 
exclusive to humans called HLA-DP (Lafuse, 1991). In particular, 
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the I-A isotype has been implicated in a number of mouse models 
of autoimmunity, including diabetes (Wicker  et al., 1995), rheu- 
matoid arthritis (Chiocchia et al., 1993), and experimental allergic 
encephalomyelitis (Martin et al., 1992). It is important, therefore, 
to investigate whether any unique structural features of I-A mol- 
ecules can be correlated with autoimmune diseases. 

Class I1 MHC molecules are heterodimeric proteins consisting 
of noncovalently associated a and p chains. The extracellular por- 
tion  of each chain consists of one-half of a peptide binding site (the 
aI or PI domain) and one Ig-like domain (the a2 or p2 domain). 
Three putative asparagine-linked glycosylation sites, located on 
the aI (a78), a2 (a1 19), and PI  (p19) domains, are present in all 
class I1 protein sequences. To date, three different structures of 
class I1 MHC molecules have been reported for HLA-DRl (Brown 
et al., 1993; Jardetzky et al., 1994; Stem  et al., 1994), HLA-DR3 
(Ghosh et al., 1995), and I-Edk  (Fremont  et al., 1996). In these 
human and  mouse  class I1 structures, the amino terminal a,  and PI 
domains form the characteristic peptide binding groove that was 
initially described for human (Bjorkman et al., 1987) and mouse 
(Fremont  et al., 1992) MHC class I molecules.  The peptide- 
binding site architecture is formed from two long anti-parallel 

413 



414 C.A. Scott et a/. 

a-helical segments that sit  on  top of, and traverse, an eight- 
stranded anti-parallel P sheet. The peptide-binding domain is sup- 
ported by the membrane proximal Ig-like domains, and is positioned 
distal from the membrane surface for interaction with its ligand, 
the T cell receptor. For most class I and class I1 MHC molecules, 
specific positions (or  anchors) in the bound peptide are conserved 
(Rammensee  et al., 1995), often corresponding to specific pockets 
in the peptide binding groove of the MHC molecule that accom- 
modate peptide side  chains of a certain size and charge  (Saper 
et al., 1991; Matsumura et al., 1992a). In general, class I1 MHC 
molecules will bind peptides that have certain residues located 
within a nine residue ‘‘core” motif. Peptides bound to a class I1 
MHC molecule assume a remarkably regular secondary structure 
conformation that is similar to a polyproline type 11 ribbon-like 
helix (Stem  et al., 1994; Fremont et a!., 1996; Jardetzky et al., 
1996; reviewed in Stem and Wiley. 1994; Wilson, 1996). Impor- 
tantly, a number of conserved side chains, primarily from the two 
a-helices, interact with main-chain atoms of the bound peptide and 
help orient and fix the peptide in the groove (Stem & Wiley, 1994; 
Jardetzky et al., 1996), imparting a degree of sequence-independent 
peptide binding capability to the MHC molecule. 

X-ray structural studies of I-A molecules require protein in suf- 
ficient quantity and quality for crystallization experiments. Soluble 
LAd for crystallization purposes was produced using a leucine 
zipper to aid in correct heterodimeric pairing of the a- and P-chains 
(Scott et ai., 1996). These  I-Ad molecules could then be loaded 
with specific peptides. However, purification of these I-Ad-peptide 
complexes by anion exchange chromatography and hydrophobic 
interaction chromatography did not yield crystals of X-ray diffrac- 
tion quality. We report here that tethering of a high affinity oval- 
bumin peptide to the P-chain of the MHC molecule, in conjunction 
with preparative IEF purification and leucine zipper removal, lead 
to successful crystallization of an I-Ad-peptide complex that dif- 
fracts to 2.6 A. 

Results and  discussion 

The expression of soluble LAd heterodimer using the Drosophila 
melanogaster SC2 cell expression system has been previously re- 
ported (Scott et al., 1996). The novel feature of the expression of 
these recombinant I-Ad molecules was addition of a leucine zipper 
sequence to the carboxy terminus of each chain to promote subunit 
dimerization and efficient secretion. Further addition of six histi- 
dines to the carboxy terminus of the leucine zipper allowed use of 
Ni-NTA beads to extract the secreted I-Ad molecules from the SC2 
medium. An engineered thrombin-cleavage site was also encoded 
in the construct prior to the leucine zipper sequence so that the 
leucine zipper-hexa-histidine tail could be removed later by throm- 
bin digestion. 

Drosophila melanogaster cells  are not capable of loading pep- 
tides onto class I1 MHC molecules. Newly assembled class I1 
MHC dimers are unstable, and denature in the absence of suitable 
peptide ligands (Germain & Hendrix, 1991; Sadegh-Nasseri & 
Germain, 1991). Nevertheless, free exchange of peptides into the 
MHC binding groove can occur (Bikoff et al., 1993). The peptides 
most likely come from the growth media itself (Fremont et a!., 
1995). Indeed, anion exchange of secreted I-Ad did not resolve any 
discrete fractions, and the profile was consistent with a very het- 
erogeneous population of molecules (data not shown). 

Soluble I-A“ was then loaded with a high affinity ovalbumin 
peptide, OVA323-339  (OVA), and purified by anion exchange chro- 

matography. Peptide loading was carried out by mixing a 100:l 
stoichiometry of OVA peptide to soluble LAd at pH 10.5, followed 
by neutralization to a final pH of 7.4. Peptide loading could also be 
achieved using an acidic pH shift to pH  4.5, as previously reported 
(Lee & Watts, 1990). The I-Ad-OVA complexes are biologically 
functional, as they activate a T cell hybridoma specific for I-Ad- 
OVA complexes (Scott et al., 1996). When I-Ad-OVA was ana- 
lyzed by native IEF, a number of isoforms were visible (Fig. l ,  
lane 2). Over 400 crystallization screening experiments were per- 
formed with peptide-loaded LAd, either with the leucine zipper- 
hexa-histidine tail present or with it removed, but no X-ray 
diffraction quality crystals could be obtained. 

We decided, then, to attempt to reduce the heterogeneity of the 
MHC-peptide preparations by covalently linking the OVA peptide 
to the amino terminus of the I-Ad /?-chain, as first described by 
Kappler and co-workers (Kozono  et al., 1994; reviewed in Wilson, 
1994). We shortened the original 16-residue linker to six residues 
(GSGSGS) based on the structure of the DRI-HA complex (Stem 
et a!., 1994; PDB accession code IDLH). Measurement of the 
distance between the amino terminus of the DRI P-chain and the 
carboxy terminus of the HA peptide showed that a six-residue 
linker would be sufficient to connect the OVA peptide to the LAd 
P-subunit, in order to obtain access to the peptide binding groove. 
The DNA construct for soluble I-Ad with the covalently bound 
OVA323-339 peptide (I-Ad-cOVA) was then expressed in Drosoph- 
ila melanogaster cells  as for soluble LAd protein (Scott et al., 
1996). Non-reducing SDS-PAGE analysis of  Ni-NTA purified LAd- 
cOVA showed three bands with apparent molecular weights of  32. 
33, and 35 kDa, and a lower diffuse band corresponding to a 
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Fig. 1. Native IEF gel of I-Ad-cOVA and  OVA-loaded I-Ad, stained with 
Coomassie blue. IEF markers  are  indicated  in  lane M with  the pl values on 
the left side of the gel. Lane 1 shows I-Ad-cOVA. Lane 2 shows I-Ad after 
loading  with OVA peptide. The figure is a composite of two gels. scaled  to 
the same size for comparison. 
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Fig. 2. Analysis  of  the  four  fractions that were  resolved  from  the  prepar- 
ative  IEF  of  I-Ad-cOVA. A: Nonreducing SDS-PAGE  gel (0.1% SDS). 
Lane 1 is  the  sample  prior  to  purification.  Lanes 2 to 5 correspond  to 
fractions I to IV. The 12.5% acrylamide  gel  is  stained with Coomassie  blue. 
Molecular weight markers (kDa) are  shown in lane M. B: Native IEF gel, 
stained with Coomassie  blue.  Lane 1 shows I-Ad-cOVA prior to prepara- 
tive IEF purification with reference PI values to the left.  Lanes 2 to 5 show 
preparative  IEF  fractions I to IV, respectively.  IEF  markers  are indicated in 
lane M. 

molecular weight of 30 kDa (Fig. 2A, lane 1). The three highest 
molecular weight bands represent different asparagine-linked gly- 
cosylation  forms of I-A subunits,  as  endoglycosidase-F/N- 
glycosidase F digestion shifts the protein mainly to  30 and 3 I kDa 
(data not shown). Native IEF of I-Ad-cOVA revealed a pattern of 
isoforms with PI values of 4.9. 5.3, 5.4,  5.5, and 6.0, and an 
indistinct number of isoforms with PI values ranging between 5.6 
and 5.9 (Fig. 2B, lane I ) .  Addition of a covalently linked peptide 
did not increase the level of protein expression. It did, however, 
dramatically reduce the IEF heterogeneity of the peptide-MHC 
complex (Fig. I .  lane I ) .  

We used surface plasmon resonance to measure direct binding of 
I-Ad-cOVAto immobilized OVA-2, a solubleTcell receptor (sTCR) 
specific for 0VA323-339 bound to I-Ad (Scott et al., 1996). The as- 
sociation rate was derived by fitting the experimental curve by a sin- 
gle association model. The KO, was determined to be 2.33 X IO4 & 
I .  15 X IO4 M”/s.  The Koff could be satisfactorily fit on a single- 
site dissociation model and  was determined to be 2.07 X IO” & 
0.12 X I O  - I s - I .  The calculated Kd was 8.9 pM, comparable to the 
calculated Kd of 5.6 p M  determined with the peptide- 
loaded I-Ad (Scott et al., 1996). Control experiments using a sTCR 
specific for mouse class I MHC Kh in complex with OVA2s7-261 (Car- 
bone & Bevan, 1989). or I-Ad loaded with an influenza  peptide 
HA12h-13R, gave background measurements. 
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Anion and hydrophobic interaction chromatography failed to 
produce a fraction of I-Ad-cOVA that readily crystallized. Con- 
sequently, we decided to purify I-Ad-cOVA using preparative 
IEF.  An IsoPrime multi-chambered electro-focusing system was 
used because it does not require additicn of ampholytes to the 
protein sample, and the protein sample has minimal exposure to 
electrodes. The preparative IEF unit has eight chambers, and can 
isolate up to eight different protein fractions based on differ- 
ences in  PI. After 12 h of isoelectric focusing, the I-Ad-cOVA 
sample focused into  four of the eight chambers. The four frac- 
tions were analyzed by SDS-PAGE (Fig.  2A) and were still 
heterogeneous in size. Some fractions contained only the 32, 33, 
and 35 kDa bands (Fig. 2A, lane 5). while other fractions also 
contained the 30 kDa band (Fig.  2A, lane 3). The differences 
between fractions  were more  easily  distinguished by non- 
denaturing native IEF. Chamber three (fraction I) contained an 
isoform with a PI value of 4.9 (Fig. 2B, lane 2). Chamber four 
(fraction 11) contained three isoforms with PI values of 5.3, 5.4, 
and 5.5 (Fig. 2B, lane 3). Chamber five (fraction 111) contained 
a smear of isofoms ranging in PI from 5.6 to 5.9 (Fig. 2B, 
lane 4). and chamber six (fraction IV) contained one isoform 
with a PI value of 6.0 (Fig. 2B, lane 5). 

Each of these four fractions were concentrated and tested for 
crystallization using 50 published random screen conditions (Jan- 
carik & Kim, 1991). a footprint screen (Stura et al., 1992) and 
reverse screening (Stura et al., 1994). No conditions for crystalli- 
zation were found. We next removed the carboxy-terminal leucine 
zipper-hexa-histidine tail and tested the fractions with the same 
random screen and footprint screen crystallization conditions. Frac- 
tions I to 111 produced only precipitates, whereas the thrombin-cut 
fraction IV (Fig. 3A. lane 3) generated crystals in a number of 
different crystallization conditions. When fraction IV with the leu- 
cine zipper tail was analyzed with nonreducing 0.1% SDS-PAGE 
(without heating to 95°C) only a small fraction of stable I-Ad 
dimer was found to be present at 66 kDa (Fig.  3A, lane I ) ;  most 
of the protein appears to be dissociated (I- and &chains. consistent 
with previous reports that the I-A heterodimer, in comparison to 
I-E and  HLA-DR heterodimers, are less resistant to SDS-induced 
denaturation (Germain & Hendrix, 1991 ; Sadegh-Nasseri & Ger- 
main, 1991). The weak association of I-Ad a- and @chains, and its 
propensity to aggregate may explain why this isotype has been 
more difficult to crystallize than the I-E and DR molecules. 

After thrombin digestion, the PI of fraction Iv shifted to a more 
acidic pH, giving a tightly clustered set of four different isoforms 
with PI values of 4.6.4.7.4.8, and 4.9 (Fig. 3B, lane 3). Removal of 
N-linked sugars on I-Ad-cOVA  by endoglycosidase F/N-glycosidase 
F did not change the IEF pattern (data not shown). The source of the 
IEF heterogeneity remains to be determined, but could be due to mul- 
tiple conformations, or differences in register, of the bound peptide, 
as previously suggested (Nag et al., 1994). 

The crystal forms produced in the initial crystallization screen 
by the thrombin-cut fraction IV were spherulites with phosphate as 
precipitant, “fuzzy balls” with ammonium sulfate, needles with 
citrate, thin rods with PEG 8000, and diamond-shaped crystals 
with PEG 600. Crystals grown in PEG 600, 0.1 M imidazole 
malate, pH 5.5, produced crystals of usable size and morphology 
for X-ray crystallographic studies. These conditions were derived 
from the footprint screen (Stura et al., 1992). Washed crystals were 
analyzed on native IEF gels and consisted primarily of the 4.8 
isoform, with some 4.7 and 4.9 isoforms, but lacked the 4.6 iso- 
form (Fig.  3B, lane 5). 
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Fig. 3. Analysis of fraction IV  of  1-Ad-cOVA  at various stages of leucine 
zipper-hexa-histidine tail removal. A: Nonreducing SDS-PAGE gel (0.1% 
SDS) of  I-Ad-cOVA before and after thrombin digestion. The 12.5% acryl- 
amide gel  is stained with Coomassie blue. Molecular weight markers (kDa) 
are shown in lane M. Lane 1 shows the sample prior to thrombin digestion. 
Lane 2 shows the sample after thrombin digestion. Lane 3 shows the 
thrombin-cut material after  a second round of Ni-NTA binding to remove 
uncut protein. R: Native IEF  gel, stained with Coomassie blue. IEF markers 
are indicated in lane M. Lane I shows fraction IV prior to thrombin di- 
gestion. Lane 2 shows fraction IV after thrombin digestion. Lane 3 shows 
sample after a second round of  Ni-NTA binding. Lane 4 shows the pro- 
tein sample used to generate the PEG 600 crystals. Lane 5 shows the IEF 
pattern of a washed and dissolved I-Ad-cOVA crystal grown from 
PEG 600. 

A data set was collected from one crystal at room temperature, 
and showed diffraction to 3.2 A resolution. Pseudo-precession analy- 
sis of the data using XPREP (Sheldrick, 1994) was consistent with 
the  space  group P4,2,2  or  P4?2,2. Indexing of the data with 
XENGEN (Howard  et al., 1987)  gave unit cell dimensions of 
a = h = 103.7 A and c = 93.3 A. The resolution has now been 
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extended to 2.6 using a frozen I-Ad-cOVA crystal at the Stan- 
ford Synchrotron Radiation Laboratory. The structure determina- 
tion and refinement of the I-Ad-cOVA complex is underway using 
these data. 

Thus, the experimental approach used for the successful crys- 
tallization of I-Ad-cOVA can, therefore, be considered a general 
method for expressing I-A-peptide complexes and other recalci- 
trant class I1 MHC-peptide complexes. The use of preparative IEF 
demonstrates that separation of specific isoforms of a glycoprotein 
may be necessary for the growth of X-ray diffraction quality crys- 
tals. Indeed, the preparative IEF fraction that produced crystals in 
PEG 600 also produced crystalline forms in a range of different 
precipitates, each of which could have been refined and perhaps 
have lead to alternative ways of producing X-ray diffraction qual- 
ity crystals. 

Materials  and  methods 

Cloning of the I-A" con.structs 

Full-length LAd a- and P-chains were used as templates for poly- 
merase chain reaction (PCR) amplification of the coding sequence 
for the extracellular regions of each subunit. For the purpose of 
cloning, the 5' primer contained an EcoRl restriction enzyme site, 
and the 3' primer contained a Sal I restriction site. In addition, the 
DNA sequence for an acidic leucine zipper peptide was added to 
the 3' end of the truncated LAd a gene. and the DNA sequence for 
a basic leucine zipper was added to the truncated LAd P gene 
sequence (Scott et al., 1996). The 3' terminus of each insert carried 
the nucleotide sequence for a hexa-histidine tail. A second version 
of the I-Ad @leucine zipper-hexahistidine insert was constructed 
using PCR amplification to encode the nucleotide sequence of a 
high affinity 17 mer peptide (OVA323-339; ISQAVHAAHAEINE 
AGR) attached by a six-residue linker (GSGSGS) to the first codon 
of the mature P-chain. All  of these inserts were then cloned into 
pRMHa3, a previously described vector with a metallothionein- 
driven promoter (Jackson et al., 1992; Matsumura et al., 1992a, 
1992b). 

Expression  and  purification of LA" 

The pRMHa3 I-Ad a- and P-chain constructs were cotransfected 
at equimolar ratios with a 1:60 molar ratio of a neomycin resis- 
tance gene into Drosophila  melanogaster SC2 cells using the 
calcium phosphate precipitation method. Stable cell lines were 
derived by G-418 selection and  kept  under selection in Schneider's 
medium (Gibco BRL, Grand  Island, New York) containing 
500 pg/mL of G-418 (Gibco BRL, Grand Island, New  York). 
Cell lines were tested for protein expression by a three-day in- 
duction of 10 mL confluent cultures with 700 p M  copper sul- 
fate. Soluble hexahistidine-tagged I-Ad protein was initially 
extracted from the SC2 cell culture medium using Ni-NTA beads 
(Qiagen, Santa Clara, California). Large scale cell culture (18 L) 
was done in Corning disposable 2-L roller bottles (Coming Cos- 
tar Corporation, Cambridge, Massachusetts) containing 400 mL 
of Schneider's medium. Bottles were rotated on a cell-production 
roller apparatus (Bellco Biotechnology, Vineland, New Jersey), 
induced for three days, and the media concentrated to approxi- 
mately 800 mL using a Millipore tangential flow filtration sys- 
tem (Millipore, Bedford, Massachusetts) with a IO kDa filter. 
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I-Ad was extracted from concentrated media by antibody affin- 
ity chromatography (Scott et al., 1996) using anti-I-Ad antibody 
MKD6  (Kappler  et al., 1981), and in later experiments using Ni- 
NTA affinity chromatography. In either case, I-Ad was loaded with 
OVA peptide by eluting the protein with 100 mM diethylamine 
(pH 10.5) into a solution of phosphate-buffered saline (PBS) and 
OVA peptide in  a  100:l molar ratio to  I-Ad. The mixture of I-Ad 
and OVA peptide was then immediately neutralized with 2  M 
glycine. I-Ad-cOVA was extracted from concentrated media using 
Ni-NTA affinity chromatography. Anion exchange chromatogra- 
phy and hydrophobic interaction chromatography (HIC) of the 
peptide-loaded I-Ad and I-Ad-cOVA was carried out using an 
FPLC system (Pharmacia, Alamdea, California). Anion exchange 
was done  using  a  MONO-Q 10/10 column (Pharmacia, Alameda, 
California) with a loading solution of 100 mM Tris (pH 7.0), 
50 mM NaCI, 0.04% azide, and an elution solution of 100 mM Tris 
(pH 7.0). 1  M NaCl, 0.04% azide. HIC chromatography was car- 
ried out on a Phenyl Superose HR 10/10 column (Pharmacia, 
Alameda, California) with a loading solution of 50 mM phosphate 
buffer (pH 7.4), 1  M ammonium sulfate, 0.04% azide, and an 
elution solution of 50 mM phosphate buffer (pH 7.4), 0.04% azide. 
All protein concentrations were determined using a BCA protein 
assay (Pierce, Rockford, Illinois). 

Preparative IEF was done using an IsoPrime Multi-chambered 
Electrofocusing Unit (Hoefer Scientific Instruments, San Fran- 
cisco, California). The IsoPrime separation module consists of 
eight separation chambers separated by seven glass fiber filter- 
reinforced polyacrylamide membranes prepared at the time of 
purification. The membranes contain covalently incorporated acryl- 
amido buffers that impart to each membrane a unique pK, value 
that define steps in a  pH gradient. The PI of the affinity-purified 
I-Ad-cOVA was estimated using analytical IEF run on a Phast- 
Gel system (Pharmacia, Alameda, California), and seven pH val- 
ues (4.5, 4.9, 5.2, 5.6, 5.9, 6.2, and 6.5) surrounding the measured 
PI  of the I-Ad-cOVA were chosen. A software program, Doctor 
pH (Hoefer Scientific Instruments, San Francisco, California), 
was used to determine the concentrations of acrylamido buffers 
needed to make buffer mixtures whose pKa values matched the 
selected pH values. Membranes were prepared according to the 
manufacturer's instructions. The assembled separation module was 
connected to the IsoPrime circulation system and each chamber 
filled with a 10% glycerol/water solution. The machine was 
then run for  2  h to establish the pH gradient within the mem- 
branes. After 2 h, the glycerol solution in chamber 2 was re- 
placed with a  30-mL solution of  Ni-NTA purified I-Ad-cOVA at 
a concentration of 0.85  mg/mL, in a 10% glycerol solution; no 
salts or buffers were present. The IsoPrime was then  run at a 
constant power of 4 watts for 24 h. 

Preparative IEF protein fractions were digested with plasminogen- 
free bovine thrombin (Calbiochem, La Jolla, California) to remove 
the carboxy-terminal leucine zipper sequence and histidine tag. 
After a 6-h digestion at room temperature in a  100  mM Tris 
(pH 7.0), 20 mM NaCl, 0.04% azide solution, the thrombin was 
inactivated by the  addition of AEBSF (4-(2-aminoethyl)- 
benzenesulfonyl fluoride hydrochloride; Boehringer Mannheim, 
Indianapolis, Indiana). Ni-NTA beads were added to the sample, 
and the mixture gently rotated for  1  h to remove any I-Ad-cOVA 
protein that was not fully digested by thrombin. Finally, inactive 
thrombin and peptide fragments were removed by anion exchange 
using  a  MONO-Q 10/10 column, with a binding solution of 
1 0 0  mM Tris (pH 8.0), 50 mM NaCI, 0.04% azide, and an elution 

solution of 100 mM Tris buffer (pH KO), 1 M NaCl elution, 0.04% 
azide. Endoglycosidase F/N-glycosidase F (Boehringer  Mann- 
heim, Indianapolis, Indiana) digestion of  I-Ad-cOVA was done in 
a  100 mM phosphate buffer (pH 7.0), 100 mM NaCI, 0.04% azide 
solution for  3  h at room temperature. 

Sugace plasmon resonance  studies 

Measurements were done using a BIAcore 2000 biosensor (Phar- 
macia, Alameda, California), and data were analyzed using the 
accompanying  BIAevaluation 2.1 software. One thousand re- 
sponse units (RU) of purified OVA-2 sTCR were immobilized to 
the dextran layer of a CM5 sensor chip by amine coupling. LAd- 
cOVA and peptide-loaded I-Ad were passed through the flow cell 
at 20  pL/m. The concentration of the MHC-peptide complexes 
was varied between 1.9 and 30 pM. For control experiments, a 
second CM5 sensor chip was coated with B3, a sTCR specific for 
mouse class I  MHC Kb in  complex with OVA2s7-264 (Carbone & 
Bevan, 1989). 

Crystallization of I-Ad and frozen data collection 

All I-Ad and  I-Ad-cOVA preparations were initially tested for 
crystallization behavior using a standard random screen of 50 stock 
solutions (Jancarik & Kim, 1991) and six reverse screening con- 
ditions (Stura et al., 1994). The sitting drop vapor diffusion method 
was used for all crystallization experiments (Stura & Wilson, 1992). 
Crystallization experiments were carried out at 22 "C using protein 
concentrations ranging from 5 to 9  mg/mL. Each sitting drop 
experiment comprised 2 p L  of the protein solution mixed with 
2 p L  of precipitant solution. 

Room temperature data were collected on a Siemens Dual High- 
Star multiwire area detector mounted on a  Siemens generator op- 
erating at 40 kV  and 55 mA with CuK, radiation. Frozen data from 
the I-Ad-cOVA crystals was collected at the Stanford Synchrotron 
Radiation Laboratories (SSRL) using the in-house open-flow low 
temperature cryostat to flash cool the crystal to approximately 
95 K. In the optimized protocol, a crystal was transferred into a 
30% glycerol, 32% PEG 600, 0.1 M imidazole malate (pH 5.5) 
solution, immediately retrieved in a rayon loop (0.5-0.7 mM di- 
ameter; Hampton Research Inc., Irvine, California), mounted, and 
frozen in the cryostream. 
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