Sodium Dodecyl Sulfate Stability of HLA-DR1 Complexes
Correlates with Burial of Hydrophobic Residues in Pocket 1
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Certain class Il MHC-peptide complexes are resistant to SDS-induced dissociation. This property, which has been used as an in
vivo as well as an in vitro peptide binding assay, is not understood at the molecular level. Here we have investigated the mechanistic
basis of SDS stability of HLA-DR1 complexes by using a biosensor-based assay and SDS-PAGE with a combination of wild-type
and mutant HLA-DR1 and variants of hemagglutinin peptide HA;,5_315 EXperiments with wild-type DR1 along with previously
published results establish that the SDS-stable complexes are formed only when the hydrophobic pocket 1 (P1) is occupied by a
bulky aromatic (Trp, Phe, Tyr) or an aliphatic residue (Met, lle, Val, Leu). To further explore whether the SDS sensitivity is
primarily due to the exposed hydrophobic regions, we mutated residugdGly®® at the bottom of P1 to tyrosine, presumably
reducing the depth of the pocket and the exposure of hydrophobic residues and increasing the contacts between subunits. In direct
contrast to wild-type DR1, the peptide-free mutant DR1 exists as aa/B heterodimer in SDS. Moreover, the presence of a smaller
hydrophobic residue, such as alanine, as P1 anchor with no contribution from any other anchor is sufficient to enhance the SDS
stability of the mutant complexes, demonstrating that the basis of SDS resistance may be localized to P1 interactions. The good
correlation between SDS sensitivity and the exposure of hydrophobic residues provides a biochemical rationale for the use of this
assay to investigate the maturation of class Il molecules and the longevity of the complexedhe Journal of Immunology,1999,
162: 3463-3470.

tion into constituent- and B-chains in the presence of thereby questioning the very basis of this assay (22, 24, 25).

SDS, as determined from SDS-PAGE experiments per-Two structures with contrasting properties, long-lived SDS-
formed without prior boiling of the samples (1-4). This charac- stable DR1/HAys 3,4 complex (26) and short-lived SDS-un-
teristic of MHC class Il complexes has been used as a convenierstable DR3/CLIP complex (27), also did not provide sufficient
and sensitive assay to determine the efficiency of in vitro as welinformation about the basis of SDS stability. Contradictory in-
as intracellular peptide binding. This assay has been pivotal iterpretations of this assay stem from the lack of a clear under-
determining the influence of peptide binding on class Il MHC standing of the mechanisms involved at the molecular level.
structure (3) as well as in establishing a distinct structural state In this report we describe a study of the roles of specific peptide-
associated with stable complexes (5). Formation of SDS-stablMHC interactions and SDS in the behavior of class Il complexes
compact dimers has been suggested to indicate completion @f SDS using the well-characterized HLA-DR1 molecule. Pocket 1
MHC class Il folding upon binding to peptide molecules and thus(P1) of DR1 plays the most important role in the peptide interac-
gaining maturity (6). Making use of SDS stability as a peptidetions, as shown by binding studies (28) and x-ray crystal structures
binding marker, events in intracellular trafficking of MHC from of DR1/HA;qs_3,5(26) and DR1/A2 (29). P1 is a deep pocket
synthesis, folding and assembly, sorting to vesicular compartlined with a series of hydrophobic residues that constitute about
ments, association of invariant chain, peptide loading, and the fol85% of the solvent accessible area. The P1 anchor residuéS8 Tyr
lowing transport to cell surface have all been characterized (7-21)n HA4s_s1gpeptide and Trif” in A2 peptide, are almost com-
Furthermore, it has been documented that immunodominant pegletely buried in pocket 1. A strong preference of pocket 1 for the
tide epitopes often form SDS-stable complexes with MHC mole-aromatic side chain residues (Tyr, Trp, Phe) has been reported (28,
cules, and peptides that form SDS-stable complexes increase t138). Long aliphatic side chains (Met, Leu, lle, Val) also bind,
longevity of class Il molecules (22, 23). although less efficiently (30). In SDS-PAGE experiments with

Despite the benefits of using the SDS stability assay, a fewHLA-DR1, only the peptides that had aromatic or long aliphatic
recent reports have suggested that the SDS stability of the conside chains as the P1 anchor were able to form SDS-stable
complexes (24, 31, 32).

In this work we investigated the biochemical basis of SDS stability
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by a new biosensor-based assay we have developed and by SD&able I. Amino acid sequences of peptides used in this study
PAGE. To further investigate this idea from a different perspective, &

site-specific mutation3Gly®®—Tyr, in pocket 1 was constructed to Peptide Sequence

increase the contacts b_etween the sqbunlts and make the pocket more HAson oe PKYVKONTLKLAT

shallow, thereby reducing the contribution from the P1 anchor re- y35en _A

quired to stabilize the complex. Results with the mutant DR1 helpto  N312Q Q

reaffirm the correlation between exposed hydrophobicity and SDS Anchorless HA —A—A-GA-A—

sensitivity. This correlation provides a biochemical rationale for using \C”CI'; (s io) LPKPPKP \%\Eamfl*:ﬁAMAQ ALPMG
ili inati i ini lg1-10

the SDS stability assay as a probe for determination of peptide affinity. ETEC IV QIVDEKGKKK

Materials and Methods
Construction of G86Y mutant soluble DRB1*0101 than 15 min did not result in any significant change in the net bound DR1
signal remaining after the wash. Bound DR1 was stripped by exposing the
cDNA encoding the extracellular domain of DRB1*0101 (4) was mutated Ab surface to 50 mM 3-(cyclohexylamino)propane sulfonic acid at pH 11.5
to change thg386 glycine residue to tyrosine. The wild-type gene was for 3 min. The binding capacity of the surface was monitored using the
cloned into pBluescript Il KS vector (Stratagene, La Jolla, CA). The de-DR1/HAzps_3:5c0mplex as the first and the last sample in the absence of
sired mutation was introduced in this clone using two synthetic primers,SDS. No significant decrease in the binding capacity was observed during
complementary to opposite strands, containing the nucleotides to behe course of the experiments. Of note, the concentration of monomeric
changed. The sequence of oligonucleotide used (only the coding strand BDS significantly decreases with increasing sodium ion (counter ion) con-
shown, with the altered nucleotides in boldface type and the new silententration. Consequently, the concentration of sodium chloride during in-
Hindlll restriction site underlined) was' 82 TAC GGG GTT TAT GAA cubation of samples with SDS significantly influenced SDS stability.
AGC TTC ACA GTG C-3.
The primers were extended by thermal cycling wifb DNA polymer- SDS-PAGE

ase to generate th_e entire plasmid. _The clones containing the mutant ge”gys_paGe experiments were performed essentially as previously de-
were screened using the né¥indlll site. One such clone was sequenced . iped (2); 0.5:M wild-type or BG86Y DR1 was incubated without any

throughout the e_ntire coding (egion to verif_y the absence of undesired yjitional peptide or with 10QM of different peptides at 37°C for 24 h in
mutations. The wild-type gene in the baculovirus transfer vector PVL1393555 1yufer (pH 7.4) with 1 mM PMSF and 0.025% NaNhe reaction

(4) was replaced with the mutant gene. Bac_ulowrus vector containing bot amples mixed with equal volumes of SDS-PAGE sample buffer contain-
the a and mutani3 genes with two polyhedrin promoters was constructed jng 0.205 SDS (final concentration) were either incubated for 15 min at
as described previously (29). room temperature or boiled for 3 min. These samples were then applied to
Production of recombinant soluble DR1 proteins 12.5% PAGE gels, and thej gels were silver stained according to standard
protocols. With gels for which density measurements had to be made, the
Soluble DR1 proteins were expressed and purified as originally describedel was scanned on a Agfa Arcus laser scanner, and the intensities of the
(4). Baculovirus DNA (BaculoGold; PharMingen, San Diego, CA) and different protein bands were analyzed using the public domain National
transfer vectors carrying the wild-type or mutant genes were cotransfectethstitutes of Health Image program (developed at the U.S. National Insti-
into Sf9 insect cells to produce recombinant viruses. Hy5 cells were intutes of Health and available on the internet at http://rsb.info.nih.gov/nih-
fected with these recombinant viruses, and DR1 proteins were purifiedmage/).
from the culture supernatant using anti-DR1 mAb (L243) immunoaffinity
chromatography columns (33). Purified wild-type and mutant DR1 protein?ep

migrated similarly in SDS-PAGE at the expected sizea ahdB subunits o this study, we synthesized HA peptide containing 306318 residues of
when samples were boiled before electrophoresis. influenza virus hemagglutinin, HAs_s;gvariants, and human CL{R ;s
Gel filtration (Table I). The peptides were purified to apparent hqmogeneila&ﬂ%_ by
reverse phase preparative HPLC, and their identities were confirmed by
A Superdex 200 fast protein liquid chromatography column (Pharmaciamass spectrometry. The concentrations of the peptide stock solutions were
Piscataway, NJ) was used to analyze wild-type g@&B6Y DR1 protein  determined by ninhydrin assay. For use in kinetic studies, the peptides were
preparations as well as separate peptide-loaded complexes. The samplabeled with the fluorophore 7-amino-4-methylcoumarin-3-acetic acid
were eluted in PBS at a flow rate of 0.4 ml/min. The column was calibrated AMCA) at the N-terminus using AMCAN-hydroxysuccinimide (Pierce,
using a protein m.w. standard (Bio-Rad, Richmond, CA), and the paramRockford, IL). Excess unreacted free label was removed on Sephadex G-10
eters (slope and intercept) of the linear plot between log (m.w.) and elutiortolumns. The labeled peptides exhibited absorption and emission spectra
volume were determined. Using this linear equation and the experimentallgharacteristic of AMCA. Labeling did not modify the binding character-
determined elution volumes of DR1 and DR1 complexes, their apparenistics, since inhibition of binding of labeled peptide by unlabeled peptides

tide dissociation kinetics

m.w. were calculated. correlated linearly with the concentration of unlabeled peptides. The la-
. - beled peptide complexes migrated similarly to the unlabeled peptide com-
Biosensor assay to study SDS stability plexes in both the SDS and nondenaturing gels, further confirming that the

A new method to study SDS stability was developed using the IAsys Au-fluorescent labels were nonintrusive. . .

to+ resonant mirror biosensor (Affinity Sensors, Cambridge, U.K.). A car- . Concentrations of DR1 protelm sqlimons were determined using an ex-
boxymethyl dextran cuvette (Affinity Sensors) was activated to r,vroducetmc.t'on coeff}Clent_ of 77,000 K" cmi™* at 280 nm (4). Dissociation ex-
N-hydroxysuccinimide esters usid-hydroxysuccinimide and 1-ethyl-3- periments with wild-type and mutant complexes were performed essen-
(3-diethylaminopropyl)carbodiimide (34). HLA-DR conformation-specific tially as prewou_sly described (5.)' The amounts of complexes containing
mADb, L243, was immobilized to this activated surface via primary amine (he labeled peptide were determined by measuring the AMCA fluorescence
groups. Ab was immobilized in both chambers of the cuvette to a respons@' a s_pectrofluorometer with microcuvettes. The optimal excitation and
level of 3000-3500 arc seconds. Neither wild-type nor mutant DR1€Mission wavelengths for each DR1/AMCA-labeled complex were 350

showed significant binding to the unmodified surface under experimentaf"d 445 nm, respectively. Experiments performed with the labeled peptides
conditionngither uM Wilg-type or 1 uM mutant DR1 was incubgted at alone and DR1 with nonbinding peptide (AMCA-labeled ETEC) indicated
37°C without or with 100xM concentrations of different peptides for 24 b that the Sephadex G-50 spin columns separated the peptides with at least
in PBS buffer (pH 7.4) with 1 mM PMSF and 0.025% NaNhe reactions 99% efficiency under the exper!mental conditions. '_I'he fluorescence mea-
were then mixed with SDS such that the concentration of SDS was 0.508Urements were made in a Perkin-Elmer LS50B luminescence spectrometer
and that of PBS was 80% of the original concentration. After 15 min of (Norwalk, CT).

incubation at room temperature, L5 of the samples were injected using R |
the automated sampler into both cuvettes containingl4& PBS buffer. esults

All samples were allowed to bind to the Ab for 15 min, the time determined Investigation of SDS stability by substitutions of Jg 5.¢

to be sufficient for maximum binding. Unbound DR1 was then washed withpeptide at anchor positions

PBS, and the amount of bound DR1 was determined. The same experiment . . . .

was performed in two cuvettes side by side, and the results of these indéVe studied the SDS resistance of DR1 complexes with different

pendent observations were averaged. Increasing the binding time to motdA;46_3,sderived peptides and CLIP (Table 1). The EA_515
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variant peptides used fell into two categories based on substitiformed SDS-resistant complexes, while complexes of DR1 with
tions in single (Y308A) or multiple (anchorless HA, YAK) anchor Y308A and anchorless HA peptides were SDS sensitive. CLIP/
positions. The anchor residues of ki _5;gwere identified using DR1 also formed SDS-stable complexes with DR1, which, despite
the DR1/HA;0s_315 Crystal structure (26). Radical substitutions higher m.w., migrated more rapidly than the rest of the complexes.
were introduced to study the extreme effects of side-chain interHowever, the complex with short CLIP peptideyfli,,) migrated
actions on SDS stability and binding. Anchorless HA peptide wassimilarly to typical antigenic peptide/DR1 complexes S.K.N. and
designed with the aim of constructing a ligand with side chains thaS. S-N., unpublished observation). The different electrophoretic
would have no positive interactions with the principal pockets thatmobility of the CLIP/DR1 complex has been attributed to a dif-
accommodate the peptide side-chain anchors. Along with alaninéerence in protein conformation induced by this peptide (37). Yet,
substitutions at P1, P4, P7, and P9, threonine at P6 was changeditothe SDS-free nondenaturing gel, these complexes migrated sig-
a glycine instead of an alanine, because alanine substitution at thaificantly more slowly than did the complexes of DR1 with
position increases the binding affinity by 3- to 10-fold (35, 36). We HA ;45_31gvariants (data not shown). Opposite trends in the non-
also used N312Q, with a substitution at a nonanchor position, as denaturing and SDS gels indicate that the different migration pat-
positive control. As a negative control, we used ETEC, a peptidagerns do not simply reflect differences in the hydrodynamic radii
corresponding to 111-123 of C®6subunit of pili protein of en-  (compactness) of the CLIP peptide complexes. We attribute this
terotoxigenicEscherichia coli which did not bind to DR1. unusual migration of CLIP complexes to electrophoretic artifacts,

) ) ) such as SDS binding to the N-terminal region of the peptide or
Biosensor assay to determine the SDS resistance of complexes jitarences between the overall charge on the peptides.
We have developed a new biosensor-based assay that can be used
under controlled conditions to study the effects of different deter- ) ) .
gents, such as SDS, on MHC class Il/peptide complexes Withoull:_ffect of P1 reS|dug mutat.lon on the SDS stability of complexes
the use of an extrinsic label. This assay relies on the availability ofVith HAsos s1zPeptide variants
the anti-class Il Ab that will recognize only the intaetB het- Biosensor and SDS-PAGE results with the wild-type DR1 sug-
erodimer and not the individual subunits. The assay consists afested that both the strong hydrophobic interactions between the
allowing the MHC/peptide complexes to react with the desiredP1 anchor and P1 and the resulting burial of these residues are
denaturant (SDS) for a predetermined amount of time Kéate- necessary and sufficient to result in SDS stability. To account for
rials and Method} At this stage, the reaction will contain different the dependence of SDS sensitivity on the exposed hydrophobic
amounts ofa/B heterodimers, heterodimeric aggregates, and theegions in the complex, we hypothesized that the SDS-induced
dissociated subunits. The reaction mixture is then injected onto thdissociation is initiated by SDS interacting with P1. To investigate
Ab-coupled biosensor surface for capture of the SDS-resistant hethis hypothesis, we mutategiGly®® to Tyr, which would poten-
erodimers. Once maximal stable binding is reached, a PBS wasdfinlly reduce the depth of P1 and the solvent accessibility of hy-
removes the dissociated subunits, leaving behind only the intaarophobic residues. Furthermore, this mutation can be expected to
heterodimer bound to the Ab. The amount of complex remainingncrease hydrophobic contacts betweeand 8 subunits. Crystal
bound to the Ab, which is determined from the difference of thestructures of DR1/HAys_s15 (26), I-E/Hsp, and I-E/Hb (38)
optical signal before binding and after the buffer wash, is a meapeptide complexes were used as a basis for designing mutant DR1.
sure of SDS stability. The time necessary to reach maximal bindWe chose to mutatgGly®® to Tyr for the following reasons.
ing of the reaction mixtures to the Ab surface was empirically BGly®®is the most prevalent nonconserved residue in P1 among all
determined by correlating the binding time to the amount of theDR alleles. I-E, with P1 residues that are the same as DR1 except
bounda/B heterodimers remaining after the buffer wash. for BPhé® and BLeu®, suggested that introducing an aromatic
residue af386 position of DR1 would not cause global structural
changes. The DR1/H#s_3,5Crystal structure (26) suggested that
a tyrosine residue can fill P1. A molecular model of emGB6Y
Representative examples of the biosensor assay using DR1 alorieR1, energy-minimized to relieve bad contacts, also showed that
DR1 with nonbinding ETEC, and DR1 with Hfs_s,gare shown the tyrosine could be accommodateds&6 without grossly per-
in Fig. 1A. The SDS stability of DR1 complexes with different turbing the other residues in the pocket (model not shown). The
peptides as determined by this assay is shown in Fy.The  hydroxyl group of tyrosine, which is likely to be pointing away
background level of binding in these experiments was determineffom P1 assuming the aromatic ring is accommodated just like
with DR1 in the absence of any peptide and in the presence o8Phé® in I-E¥, could potentially hydrogen-bond with the solvent,
ETEC. Wild-type DR1 complexes with HAs 3.5 YAK, and making the pocket more hydrophilic.
CLIP showed binding significantly above background. The posi- BG86Y DR1 was expressed in insect cells and was purified
tive control N312Q/DR1 complex showed binding similar to that using the same procedures as those used for wild-type DR1. The
of HA;46_3:4DR1, whereas the binding of Y308A/DR1 and that gel filtration profiles of the wild-type and mutant DR1, under non-
of anchorless HA/DR1 were similar to that observed at the backdenaturing conditions, were qualitatively the same, with the pre-
ground level. The samples of DR1 without any added peptideslominant species at an apparent molecular mass of 55 kDa and the
showed a detectable amount of binding to the L243 Ab. This resulaggregates, present in significantly smaller amounts, at higher mo-
is probably due to the presence of strong multimeric aggregatelecular masses of 150 and700 kDa (Fig. ). The predominant
that do not dissociate into individual subunits under the conditionspecies was the/B heterodimer but behaved like a protein of a
used here. At present, the nature of these aggregates is not clehigher molecular mass, reflecting the lack of compactness in the
The ability of L243 Ab to recognize these aggregates, howeverstructure in the absence of a peptide. The amount of the highest
has been reported previously (4). Silver-stained SDS-PAGE gelmolecular mass aggregate was lower in the mutant than in the wild
confirm the presence of such molecular aggregates. type, suggesting that the reduced hydrophobicity of the mutant

SDS-PAGE results with different DR1 complexes, shown in Fig.decreases the aggregate formation. As expected, this decreased
1C, are consistent with those obtained from the biosensor assagpggregate formation in the mutant was accompanied by the in-
Among the HAg_5,5 Variant peptides, Hhys_ 5.5 and YAK creased amounts of the other peaks.

Effect of peptide anchor residues on the SDS stability of DR1
complexes
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Qualitatively, all the HAys_315derived peptides and CLIP
bound toBG86Y DR1, as evident from the altered migration on
400 ;:;EC a nondenaturing protein gel (data not shown). However, only
3-HA the complexes of Y308A and anchorless HA peptides with mu-
tant DR1 were SDS stable as determined by the biosensor assay
<3 (Fig. 2B). This behavior of the mutant DR1 is in direct contrast
to that of wild-type DR1 that forms SDS-stable complexes with
HA306_318 YAK, and CLIP.

: i Additional information was obtained from SDS-PAGE experi-
&l 20 0 ments with the mutant protein (FigCQ In the absence of any
Time, {rnin) additional peptide, the mutant DR1 migrated as a band of approx-
B imately the molecular mass expected for an intd@heterodimer
1604 and dissociated subunits. Only Y308A and anchorless HA peptides
11 [T} i gave rise to SDS-stable/8 complex bands that migrated more
140 - slowly than did the heterodimer-like band observed when no ad-
. ditional peptide was added. We further investigated the identity of
1204 et the protein in the band that migrated a little more rapidly than did
i the peptide complex bands. In the presence of excess peptide
(Y308A) there was a significant decrease in the intensity of that
band in SDS with an accompanying increase in the Y308A com-
plex band (Fig. B), suggesting that the protein in this band con-
sists ofa/B heterodimers. To further investigate whether this band
represents peptide-free protein or whether it contaiff3 het-
erodimers in complex with endogenous peptides that may have
copurified, we incubated the mutant protein with a 100-fold molar
excess of Y308A peptide and isolated k8 complexes by gel
filtration. The protein that had an apparent molecular mass of 55
kDa, upon Y308A binding exhibited a peak characteristic of a
51-kDa species (Fig.B). This shift of peaks in the gel filtration
profile, although small, was very consistent and reproducible, sug-
gesting that the protein achieves a more compact structure on pep-
tide binding. The formation of mutant/DR1 complex, as expected,
was also accompanied by a decrease in the higher order aggre-
gates. Half of these isolated complexes were dissociated at 37°C in
the absence of any additional peptide, while the other half were
maintained in an ice-water bath for 1 day. Then both samples were
passed through Sephadex G-50 spin columns to remove any dis-
sociated peptide, and the samples were further incubated at 37°C
afPe— ? e W b for 1 day. The SDS-PAGE showed that the dissociated sample
contained a significantly increased amount of this band along with
apCLIP+— - a concomitant decrease in the Y308A complex compared with the
undissociated sample (FigFR Densitometric analysis of this gel
b _E_8 3} 5 showed that the 86% of the protein of the dissociated sample was
Be— contained in this band, while 83% of the protein was present as the
FIGURE 1. Biosensor assay and gentle SDS-PAGE to determine the SDSY308A complex in the undissociated sample. This result clearly
stability of class Il complexesh, A resonant mirror biosensor was used to suggests that this band is indeed peptide-free mutghimutant
study SDS resistance and is illustrated here using either peptide-free DR1 §R1 since contaminating endogenous peptide complexes, if any
DR1 in complex with peptides. Briefly, L243 Ab was immobilized in a car- are present, must have decreased on incubation with excess
standard amine_coupling methods. After incubation of SDRANN without ni?;?iigii:gdcgﬁtgleeiggr?c; ti?::ie\gis dt?ir?;stﬁgllgipfg:i;h;:te Z?sno
any added peptide and with 1@ HA 546_5,5and ETEC for 24 h at 37°C, o . . ’ ’
the reaction mixture was incubated with SDS (0.5% final concentration) for 184P0ON boiling in S_DS b‘_"ﬁe_r th_e mutant protein migrated solel_y as
min at room temperature. This sample was injected onto the Ab surface an®f @Ndp bands (Fig. B), indicating that there were no other foreign
washed with PBS after 15 min of binding at 25°C. The amounts of HLA-DR1 proteins present in these preparations. We speculate that the pep-
that remained bound after the surface was washed with buffer were 51, 156ide-free o/ heterodimer seen in SDS gels is an intermediate in
and 55 arc seconds for DR1 samples without peptide and witkHA, sand the dissociation of mutant DR1 to individual subunits. This may be
ETEC, respectivelyB, SDS stability of HLA-DR1 complexes with different  similar to the peptide-free full-length heterodimer (Floppy) shown
peptides determined by biosensor assay. The data presented are an averaggyoxist in SDS gels in the case of murine class Il molecules (2, 3).
“N?t singultsaggous_irt]depenc:el_rlllt_:gsgimentslperfogm:ed in S(ijde't_’y'Side tTLHowever, the mechanisms involved in the formation of peptide-
vewes L, resistance o “UR.. complexes determined using genteq oo mytant soluble DR1 and full-length Floppy MHC in SDS may
SDS-PAGE. HLA-DR1 complexes with difierent peptides were mcubatedbe different. For mutant DR1, enhanced intersubunit contacts along

with Laemmli buffer with a final SDS concentration of 0.2%, for 15 min at "~ o . .
room temperature and subjected to electrophoresis in a 12.5% polyacrylamid'gIth the more hydrophilic and shallow P1, which may result in

gel. The gel was silver stained by standard protocols. This gel is representati\féduce_d pinding of SDS, I.eads toan increased_ resistance to subunit
of at least 10 independent experiments performed with different proteirdissociation. In contrast, in the full-length murine class I, the hy-
preparations. drophobic transmembrane domain contacts may resist complete
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dissociation in SDS even though the extracellular domains mayively fast dissociating, with half-lives of 36 and 140 min, re-
have disassembled. This is consistent with the observation thapectively. Y308A and anchorless HA complexes with the mu-
Floppy migrated more slowly than the corresponding compactant DR1 also dissociate with half-lives of 43 and 108 min,
peptide complex in the SDS gel, whereas the soluble peptide-freeespectively. Reliable estimates of the half-lives of mutant DR1
mutant DR1 migrated more rapidly than the peptide-boundcomplexes with HAys_315 YAK, and CLIP could not be ob-
species. tained because of their fast dissociation rates. The poor binding
of these peptides may be due to the significant negative steric
interactions that can be expected to exist between the P1 anchor
In an attempt to relate the SDS stability to longevity of the (tyrosine in HA;ps_3,5and YAK and methionine in CLIP) and
complexes, we determined the dissociation kinetics of differentyrosine atp86 in P1 of the mutant. Thus, among wild-type
wild-type and mutant complexes (Figs. 8,andB). Dissocia- DR1/HA;4_3,gVvariants, long-lived complexes are SDS resis-
tion half-lives of HAy6_315(5) and YAK complexes with the tant, whereas short-lived complexes are SDS sensitive. Not-
wild type are 6 and 4.5 days, respectively, at 37°C, pH 7.4.withstanding, mutant DR1 in complex with 308A and anchor-
Complexes of Y308A and anchorless HA with DR1 are rela-less HA, although SDS stable, are short-lived.

Dissociation kinetics of wild-type an@G86Y DR1 complexes
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A) wild-type DR1 B) BG86Y DR1 Model for SDS stability of DR1 complexes
100 ¢ 8100 e We propose a model in which the interactions of monomeric SDS
%75- ° with P1 influence the SDS resistance of the complexes. If P1 is

80
already completely occupied by a peptide side chain that can pro-

vide better hydrophobic interactions than SDS, then the peptide
stays bound, resulting in SDS-stable complexes, but if hydropho-
bic interactions between SDS and the pocket are more energeti-
cally favorable than those between the peptide side chain and the
pocket, then SDS preferably binds to the protein, displacing the

peptide and triggering subunit dissociation. The consequence of
this hypothesis is that the resistance to SDS is a measure of the
interaction between the peptide side chain and P1. The binding of
O Y308A @ AnchoressHA [ YAK SDS and the following dissociation is probably a highly cooper-

FIGURE 3. Dissociation kinetics of wild-type) andBG86Y sDR1 B) ative_process, as i_t is with proteins in g_eneral. Notably, under the
complexes. HLA-DR1 complexes with AMCA-labeled Y308A, anchorless cOnditions with which SDS-PAGE is typically performed, the con-
HA, and YAK (inset) were produced and separated as described in the texg€ntration of monomeric SDS is far in excess of that of MHC or
The labeled complexes were dissociated in the presence efl@f-fold  the peptide.

molar excess of relevant unlabeled peptides at 37°C in PBS (pH 7.4) for The correlation between SDS stability and longevity of the com-
various times. Then the free peptides were separated by centrifugation gflexes can be understood by examining the molecular bases for
Sephadex G-50 columns. The amount of labeled complex present aftefach of these properties. It is apparent from the crystal structures

dissociation was determined by exciting AMCA at 350 nm and measuringof complexes of both human (26, 27, 29, 40) and murine class Il
the fluorescence emission at 445 nm in a spectrofluorometer. The fluores- o

cence of the labeled complex before dissociatighi¢farbitrarily assigned alleles (38, 41) that. the |ntsract|ons betwesn the pe'ptlde and the
a value of 100%. The fluorescence of labeled complex after dissociation foMHC pockets are either entirely hydrophobic or consist of a com-
various times is expressed as a percentagg. dftfe dissociation data are bination of electrostatic and hydrophobic components. For exam-
fitted to a single exponential curve. ple, the interaction between the P§? of HA and P1 of DR1 is
predominantly hydrophobic, while some of the better characterized
Di . electrostatic charge interactions between the’f pé mouse heat
ISCussion shock protein and P9 of I!H38) and between the A3hof HEL
Our experiments using HA\s_s;sderived peptides and CLIP to- peptide and P1 of I-A(41) are also aided greatly by the significant
gether with results using MB_s, (24), A2,43 1,7(29), and natu-  hydrophobic contacts made by the aliphatic portion of these pep-
rally eluted peptides (31, 32) establish that all peptides that formide side chains. The extent of hydrophobicity in the binding sites
SDS-stable complexes with DR1 have either an aromatic or apf class Il molecules, in general, is also reflected by self aggrega-
aliphatic residue as their P1 anchor. Such a clear correlation bejon in the absence of peptides. Therefore, the hydrophobic inter-
tween SDS stability and the nature of the first anchor providesction petween the peptide and the MHC is an important factor in
insight into SDS stability at the molecular level. The aromatic a”ddetermining the longevity of the complexes. SDS serves as a con-

the long aliphatic residues are the most hydrophobic of all the,enient tool to probe these hydrophobic interactions; hence, it is
naturally occurring amino acids (39). The combination of hydro-oa50naple to expect the SDS stability to correlate with the lon-

phobic P1 and the nature of the anchors, which results in SDSgeyjty of the class Il/peptide complexes. Consistent with this view-

resistan_t complexes, strongly_ suggests t_hat the SDS resistancedgint, with wild-type DR1, the peptides with bulky hydrophobic

predqmlna_ntly due to extensive Interactions between the_hydropl anchors (HA and YAK) form long-lived complexes as well as

phoblc :g&dufe; of MH(?dand ?ept'?ﬁ " Fil a?d the resulting S€tonfer resistance against SDS-induced dissociation. Radical sub-

questration ot these residues Irom the solvent. stitutions of the P1 anchor of Hfg_5,gwith alanines result in the
Results withBG86Y DR1 further reaffirm the basis of SDS sta-

. . oy . ~ loss of complex longevity and SDS stability, as observed from
t.)mty' U.”""e wild-type DRl.‘BGS.GY DR1 in the apsence of_p(_ap_ results with Y308A and anchorless HA peptides. WBG86Y
tide exists as aap heterodimer in SDS, suggesting that minimi-

zation of exposure of hydrophobic residues and improved contactERl’ the mgtatlon significantly increases the contacts betwieen
nd B subunits as well as presumably decreases the solvent acces-

between the subunits can enhance SDS stability. Furthermore, f?l . ) - o )
direct contrast to the wild type, the SDS stability of the mutantSIblllty of the hydrophobic residues, thereby artificially decreasing

DR1 is enhanced by peptides, Y308A and anchorless HA, thathe typicgl_hydrophobicity of a class Il biqding sit_e. The mgtation
have alanine as their first anchor. Such behavior can be explainedSC Significantly reduces the extent of interactions possible be-
by a shallow P1 of the mutant protein that may be filled by thetWeen peptide and MHC, because pocket 1 is already partially

short alkyl side chain of alanine. With wild-type DR1, however, filled. Therefore, even though th.e. peptides Y308A snd anchorless
failure to fill the deep P1 would clearly expose the hydrophobicHA do not make any more positive interactions with the mutant
regions, making DR1 heterodimer susceptible to SDS-inducedhan they do with the wild type, as evident from similar, short
dissociation. lifetimes of these peptide complexes with either protein, the mu-
HA06_s1and YAK peptides, which have tyrosine at P1 as thetant complexes are SDS stable. Mutant DR1 may not represent any
only common anchor, result in SDS-stable complexes with wild-naturally occurring MHC protein, since the mutation severely cur-
type DR1, whereas Y308A and anchorless HA peptides, whicHails the binding of the peptide with P1, which is seemingly the
have alanine at P1 as the only common anchor, result in SDSenly critical interaction for stabilizing the DR1 complex, resulting
stable complexes witfBG86Y DR1. The lack of dependence of in an MHC molecule incapable of forming a stable complex with
SDS stability on anchors other than the first one strongly suggest@ny peptide. Therefore, the dissociation data with the mutant can
that P1 along with the main chain interactions are sufficient tobe used to further cement the basis of SDS stability being a mea-
result in SDS resistance of DR1 complexes. sure of buried hydrophobicity and not to be misconstrued as an
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exception to the correlation between the dissociation rates andnd the molecular basis of SDS stability discussed here. One of the
SDS stabilities observed with the natural alleles. functions of li is to prevent empty class Il binding sites from self
One consequence of the proposed model is that the SDS stabiligggregating (14), although with the additional requirement that the
is a measure of the affinity between the peptide and the naturallZLIP region of li should dissociate rapidly. P1 of DR1 contains the
occurring MHC molecule. Although our experiments have dealtmost extensive array of exposed hydrophobic residues among any
only with DR1, since prominent hydrophobic interactions betweenbinding pocket of known alleles and hence would be the most
the peptide and the MHC seem to be a common feature of allulnerable site for self aggregation. The methionine side chain of
alleles, we speculate that this model may well be applicable tacCLIP with its strong interactions with the P1 residues buries the
class Il molecules in general. Even small differences in this parotherwise exposed hydrophobic regions, thereby protecting against
ticular interaction are reflected in SDS-PAGE and biosensor asself aggregation and also consequently resulting in SDS resistance.
says, although they are not always detected by typical competitiobnfavorable contacts from other peptide residues, however, help
binding assays. A few reports, in which competition assays weraatisfy the requirement of short-lived DR1/CLIP complexes.
used to determine peptide affinities, suggest that there is no strict Juxtaposition of hydrophobic patches and positively charged
correlation between SDS stability and complex affinity (22, 24,residues such as arginine and lysine on the proteins is known to
25). This discrepancy may be due to the complexity of the peptidéncrease SDS binding significantly (45). The combination of both
binding and the failure of the typical competition assays always tdonic and hydrophobic interactions may have to be invoked to
reflect the intrinsic affinity of the peptide. The affinity measure- explain the behavior of different class Il alleles toward SDS. For
ments are complicated by several technical and conceptual diffiexample, P1 Asp is an extremely critical anchor in the binding of
culties related to the measurement of association rates with theifferent peptides to I-A(25). Hen egg lysozyme (HEL) peptide
heterogeneous pool of MHC complexes isolated from the surfac&0-62 with an alanine substitution at this position leads to a drastic
of APCs (42, 43) as well as the soluble molecules made in insedbss in binding affinity as well as SDS stability, much like the
cells without their natural ligand (49). However, the dissociationbehavior of Y308A peptide with DR1. Consistent with the solution
rates of the class Il peptide complexes are a more accurate reflestudies, the crystal structure of EAwith HEL peptide 50-62
tion of the intrinsic affinity of the peptide. Consistent with this shows that the Asp P1 side chain fits exactly into P1, with the
viewpoint, the sensitivity of class Il complexes to dissociation by carboxyl group forming a salt bridge with guanidium of A«§2
HLA-DM, much like SDS stability, also has a stricter correlation while the aliphatic portion of the side chain makes hydrophobic
with the dissociation rates of the complexes, but exhibits no cleacontacts with Phex24 and Phex54 (41). Even though there are
trend with the affinities measured by competition assays (44). fewer hydrophobic residues lining P1 in KAhan there are in
DR1, the presence of positively charged At§2 in close prox-
Correlation of SDS sensitivity with exposed hydrophobic imity makes it a potentially good SDS binding site. Peptides with
residues first anchors that do not fit P1 as well as Asp does can presumably

The mechanistic basis for the SDS stability of the class Il peptidede easily displaced by SDS, resulting in significantly reduced SDS
complex can be better understood if SDS is considered as an actiability.
participant in this interaction. SDS primarily binds to hydrophobic ~ The biosensor assay introduced here demonstrates that analysis
regions of proteins (45). SDS sensitivity has been suggested t8f the behavior of class Il complexes in SDS is not restricted to
indicate incomplete folding of MHC proteins during synthesis andSDS-PAGE gels and can be complemented by more controlled
intracellular transport (6). Incompletely folded proteins, as inter-technigues in solution. The study of interactions of class Il com-
mediates in the folding pathway, are often characterized by th@lexes with various amphiphiles differing in their hydrophobicity
presence of exposed nonpo|ar patches (46) Itis possib|e that Swd ionic character will further Clarify the issues involved.
binding to these exposed hydrophobic residues leads to subunit
dissociation, thus providing a convenient assay for probing theAcknowledgments
maturity of the MHC molecules. )
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