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ABSTRACT: The transmembrane (TM) domain of the major histocompatibility complex (MHC) class II-
associated invariant chain (li) has long been implicated in both correct folding and function of the MHC
class Il complex. To function correctly, li must form a trimer, and the TM domain is one of the domains
thought to stabilize the trimeric state. Specific mutations in the TM domain have been shown previously
to disrupt MHC class Il functions such as mature complex formation and antigen presentation, possibly
due to disruption of li TM helix-helix interactions. Although this hypothesis has been reported several
times in the literature, thus far no experimental measurements have been made to explore the relationship
between TM domain structure and TM mutations that affect li function. We have applied biophysical and
computational methods to study the folding and assembly of the li TM domain in isolation and find that
the TM domain strongly self-associates. According to analytical ultracentrifugation analyses, the primary
oligomeric state for this TM domain is a strongly associated trimer with a dissociation constant of
approximately 120 nM in DPC micelles. We have also examined the effect of functionally important
mutations of glutamine and threonine residues in the TM domain on its structure, providing results that
now link the disruption of TM helix interactions to previously reported losses of li function.

The major histocompatibility complex (MHEYlass II- 10) and the transmembrane (TM) domain containing residues
associated invariant chain (li) is a 216-residue membrane 30—56 (Figure 1a)11). Structural evidence for trimerization
protein whose function is critical in the endosomal pathway has only been obtained conclusively for the lumenal tri-
for antigen presentatiori{-4). li forms a homotrimer after  merization domaing, 10, 12, 13), suggesting that this region
biosynthesisg, 6) and subsequently binds three MHC class dominates li self-association. However, recent studies are
Il a/f heterodimersq, 8) to form a nine-chain complex. revealing the importance of the TM domain in li trimeriza-
Only as part of this nine-chain complex with li will class Il tion. Residues 480 of li have been shown to form trimers
molecules be released from the endoplasmic reticulum,in the absence of the lumenal domaltt), suggesting the
protected from rapid degradation, and targeted to the TM domain is a site of significant proteirprotein interac-
endosomal pathway. tions. Sequence alignment and functional data also suggest

The correct assembly of li into its trimeric form is an that the TM domain of Ii is important for its function. Not
essential first step in the endosomal pathway. Trimerization only is the sequence of this domain highly conserved across
is thought to be mediated by two regions of li, a lumenal species (Figure 1b)1@), but mutations in the TM domain
“trimerization” domain composed of residues 182 (9, of li can lead to disrupted antigen presentati@)(

TM domain mutations may disrupt antigen presentation
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(a) N| lumenal [ |C L4
30 55 118 192 ::,::: T50

Human_ Ii ~-ESKCSRGALYTGFSI IT| QGRLDK
Bovine Ii -ESKCSRGALYTGFSV T QGRLDK Lz
P:i.g_Ii -ESKCSRGALYTGFSV T QGRLDEK
Horse_ Ii -ERECSRGALYTGFSV T QGRPDEK

(b) Mouse_ Ii ~PERCSRGALYTGVEV IT| QGRLDK (C)
Rat_Ii -ESNCNRGVLYTSVSV T QGRLDK &
Chicken Ii --SSLGRRTALSALSI I SGQISK /
Trout_ Ii AEGSNERAFEIAGFTLLAC I ENDIKD T49 T4
Carp_Ii TEESNGEALEVAGLTVLAC KEHISA AdE

consensus

-eskcsrgalytgfsvLvaLLlAGQAtTaYflygQggrldk

Ficure 1: (a) Schematic diagram of human li depicting the transmembrane domain (black) and the lumenal trimerization domain (white).
(b) Multiple-sequence alignment of nine li transmembrane domains, using ClustalW. The arrow indicates the location of TM residues
30-55. (c) Helical wheel plot of the human li TM domain highlighting in bold the positions of GIn47, Thr49, and Thr50, residues which
when mutated yield a functionally deficient protein.

residues 18—22), that can drive specific association and pressure liquid chromatography with a linear gradient to a
stabilize TM helix oligomers. The predicted polar residue- final solvent composition of 95% (v/v) acetonitrile. Pooled
driven folding of li TM domains is consistent with studies fractions were lyophilized, and the molecular weight and
that show strong glutamine self-association in a lipid purity of the product were confirmed using mass spectrom-
environment23) and suggests that GIn47 in the TM domain etry.
of MHC li may facilitate trimer formation. Circular Dichroism. Circular dichroism (CD) measure-
The mutagenesis and MD simulation data in previous ments were taken at 2% using an Aviv model 215 CD
studies point toward an important role for the TM domain spectrophotometer with a 0.1 cm path length. CD spectra
in the functional assembly of li, but the structural implica- were collected from 190 to 260 nm on samples prepared in
tions of these studies remain unclear. To date, there has beeB0 mM sodium phosphate buffer (pH 7.5) containing 150

no experimental evidence to confirm the role of the TM
domain in li trimerization. Oligomerization has only been
confirmed for an 80-residue region of li, a region that is in
itself highly conserved among speciég)(and therefore may
contain other important features independent of the TM.
Furthermore, although a group of polar residues in the TM
domain has been shown to disrupt trimerization of full-length
li, the mechanism of disruption is not fully understood since
all mutations were made simultaneously.

To unambiguously address the role of the TM domain in
li trimerization, we have isolated the TM domain from the
rest of the protein. Analytical ultracentrifugation and chemi-

cal cross-linking were used to examine the assembly,

stoichiometry, and binding energy of the wild-type li TM
domain in a variety of detergents. Additionally, to more

mM sodium chloride as well as detergent for solubilization.
Peptide concentrations were estimated using a molar extinc-
tion coefficient €) at 280 nm of 4470 mol cm™t. Measure-
ments were carried out on samples containing«&0 ity
peptide and either (a) 10 mM sodium dodecyl sulfate (SDS),
(b) 15 mM dodecylphosphocholine (DPC), or (c) 70 mM
polyoxyethylene 9-lauryl ether ¢Es). For samples contain-
ing peptide, four individual spectra were averaged, and a
spectrum of the detergent in buffer was subtracted to obtain
the final spectrum.

Peptide Cross-Linking in Detergentsross-linking reac-
tions were carried out in 50 mM sodium phosphate buffer
(pH 7.5) containing either (a) 15 mM DPC, (b) 30 mMEs,
or (c) 10 mM SDS. Concentrations of theJipeptide ranged
from 9.4 to 76uM. Glutaraldehyde was used to cross-link

clearly assess the structural effects of key mutations knownthe peptide in solution via primary amine groups according
to disrupt Ii function, we have investigated these mutations to a reported protocol26). Quenching was allowed to
one at a time using the TOXCAT assay, which measures proceed for a minimum of 10 min before an aliquot of the

the degree of oligomerization ef-helical TM domains in
the inner membrane oEscherichia coli(24). Finally,
molecular models were used to illustrate likely points of
contact in oligomers of wild-type li TM and several mutants.

reaction mixture was removed for analysis by gel electro-
phoresis. Visualization of the peptide on gels was achieved
by staining with either Coomassie blue or the Silver Stain
Plus system (Bio-Rad, Hercules, CA).

These models and the experimental data support a single, Analytical Ultracentrifugation of ky in Detergents.

specific mechanism of interaction that drives trimer formation
in the li TM domain. This work confirms for the first time
the oligomeric state of the li TM domain and provides

Sedimentation equilibrium experiments were performed on
a Beckman XL-I analytical ultracentrifuge at 2&. Scans
of absorbance at 280 nm versus radius were taken in carbon-

structural data that move us closer to an understanding ofepOXy six-sector cells. Data were collected at threg li
the relationships among sequence, structure, and function IMveptide concentrations and at three speeds: 40 000, 48 000,

the MHC class Il complex.

MATERIALS AND METHODS

Peptide Sequence and Purificatioh peptide correspond-
ing to the TM and juxtamembrane domains of human MHC
li (litm) was synthesized by the Keck Facility at Yale
University using F-moc chemistry. The sequence of the li
peptide was KASRGALYTGFSILVTLLLAGQATTAY-
FLYQQQGR, containing residues K260 from li. Puri-

fication of liry was achieved using reversed-phase high-

and 60 000 rpm. Samples were centrifuged for time periods
in excess of those required to reach equilibrium (20 h per
speed), and the establishment of a sedimentation equilibrium
was verified at each speed using Win Match to subtract
successive scans until no difference was observed. Experi-
ments were performed in buffers that matched the buoyant
density of the detergent in the sample. When the solvent
matches the buoyant density of the detergent micelles, the
only contribution to the buoyant molecular weight is from
the peptide, as described previousB6) The first buffer
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contained 50 mM sodium phosphate (pH 7.5), 150 mM dynamics (MD) simulations were performed using simulated
sodium chloride, and 70 mMgEs. The detergent §Es has annealing of atomic coordinates after each rotation. Four
a micellar buoyant density of 0.999, so the solvent density different MD simulations were performed for each starting
was not adjusted?(). In this buffer, liy peptide concentra-  geometry, and energy minimization of structures was carried
tions ranging from 22 to 8@M were analyzed. Because of out both before and after MD simulations. Groups of
the low solubility of liry in CgEs, a second buffer was used — structures with a backbone rmsd sfl. A were placed into
which contained 15 mM DPC, 50 mM Tris (pH 7.4), 100 clusters of 10 or more members, followed by calculation of
mM sodium chloride, and 52.5%,D to match the buoyant an average structure for each cluster and energy minimiza-
density of the detergent. In the buffer containing DPC, tion.

peptide concentrations ranging from 50 to 160 were

readily analyzed. Buffers containing SDS cannot be density RESULTS AND DISCUSSION

matched using BD due to the high density of the detergent; . .
therefore, SDS was not used in these analyses. The peptide .Secondary Struqture na anety of Detergents W(.)rk
monomer molecular mass and partial specific volume in with the TM domain of Ii outside of a membrane bilayer,
52.5% DO were determined to be 3876.2 Da and 0.7496, the a-h_ellcal secondary structure must be reproduc_ed._ To
respectively, using SEDNTERR®). Data collected at an determine the secondary structure of the li TM domain in a
absorbance of 280 nm were analyzed by nonlinear least-'an9e of deterg_ents, .CD spectra were collected for the
squares curve fitting using Win-NONLIN®). Global fitting detergent—solubnlzed.m peppde (results not shown). Mea_—
of the nine resulting data sets, i.e., data at three speeds angurements were carried out in three detergents with differing

three concentrations, was performed to determine a singIe,Chem'C""I properties: (a) .SD.S’ an anionic and denaturing
global association constant per model detergent; (b) DPC, a zwitterionic detergent thought to be

TOXCAT Assay and Construction of Chimdrderaction less denatgnng than SDS; and (chE a neutral and
of the li TM domain and mutants of interest in a natural nondenatyn_ng deterge.nt. In ga_ch case, the CD spectra show
membrane was investigated using the TOXCAT assay, theCha;.""Ct.e“St'ﬁ absorptlon m.'(;"m.a art |208| .and” 2r2]0 nm,
details of which have been described previou2l).(Briefly, gon Irming that the hw peptide isa-helical in all three
TOXCAT employs a chimeric protein in which tlhehelical etergents._ . .
TM domain of interest is inserted between the N-terminal  Oligomeric State of the li TM Domairithough the TM
DNA binding domain of ToxR, a dimerization-dependent domam of li has been predlcted to for_m tnmerg ‘_amd an 80-
transcriptional activator, and maltose binding protein (MBP), 'esidue truncated version of the protein (containing the TM
a monomeric periplasmic anchor protein. The fusion protein domain) has been shown to trimeriZEl( 16), there are as
is constitutively expressed ifE. coli together with a Y&t no data that measure the oligomeric state of the li TM
chloramphenicol acetyltransferase (CAT) reporter gene underdomain. To investigate oligomerization of the Ii TM domain
the control of a ToxR-responsivex promoter. Oligomer- and the_refore unamp|guously address the questlt_)n of whether
ization of the TM domains within the bacterial inner It contributes to trimer formation, the-li peptide was
membrane results in oligomerization of the ToxR domain, analyzed using sodium dodecy! sulfateolyacrylamide gel
transcriptional activation of thetx promoter, and CAT  electrophoresis (SDSPAGE). Initially, the peptide was
expression. The amount of CAT expressed in this system issolublhzeq in SDS detergerjt and a_nalyzed. ThI.S re;ulted in
proportional to the strength of oligomerization of the TM & Predominantly monomeric species for theulipeptide.
domains. TOXCAT chimera were constructed according to Given that SDS, a highly denaturing detergent, has been
a reported protocoltd) and expressed iB. coli. Before the ~ Shown to destabilize transmembrane oligomer formation
assay was performed, membrane insertion of all constructsrélative to zwitterionic detergents34), this result did not
was confirmed using sodium hydroxide wash@®),(and the rule out assembly in a lipid environment or less denaturing
correct orientation of the TOXCAT constructs in the detergents.
membrane was confirmed through protease sensitivity in a The oligomeric state of 4y was investigated in less
spheroplast assay24). Similar expression levels for all ~denaturing detergents by means of chemical cross-linking.
constructs were confirmed via Western analysis against theGlutaraldehyde, a homo-bifunctional amine reactive cross-
MBP domain prior to performing CAT assays. The CAT linking agent, was added to various concentrations &f li
assays were performed using the Quant-T-CAT kit (Amer- solubilized in either DPC or §Es micelles. The cross-linked
sham, Piscataway, NJ) as described previouay. ( peptides were then analyzed by SBBAGE (Figure 2). As

Computational Searches Using CHtructural calcula- @ negative control, cross-linking was also performed on
tions were carried out using the CNS searching of helix samples dissolved in SDS (Figure 2a). A ladder af li
interactions (CHI) method, the details of which have been oligomers formed in both DPC andEs detergents, begin-
described previously3—33). All structural calculations ~ Ning with trimer, and including hexamer, nonamer, and
were carried out in vacuo on a Silicon Graphics 02 higher-order oligomers. A prominent feature of the cross-
workstation. Using CHlI, three canoniaaihelices containing  linking results is that, in the less denaturing DPC anpBi:C
residues A31Y55 of |i and its mutants were built. The detergents, the trimer is the predominant species. These
starting geometries incorporated both right-handed=) results provide the first evidence that the li TM domain forms
and left-handed (25 crossing angles and an axis-to-axis trimers.
distance between the three helices ranging from 10 to 11.0 To probe the ability of wild-type #iv to self-associate in
A. In a search of approximately symmetrical interactions, the absence of a cross-linker, sedimentation equilibrium
the three helices were simultaneously rotated about theiranalytical ultracentrifugation measurements were performed
central axis in 10 increments from 0 to 360 Molecular for the DPC-solubilized peptide. The concentration versus
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Table 1: Nonlinear Least-Squares Fitting Statistfcs
Sedimentation Equilibrium Data and Resulting Dissociation
Constantsfor the liry Peptide

a -
= - Kq (M)
- - fit variance SRS SRV DOF dimer trimer
o M 6.89x 104 0.764 2.62x 1072 1111 — -
427 - 42.7 42.7 4 2
. M—-D 1.93x 104 0.213 1.38x 102 1110 0.353 -
36.5 3650 365 .’ n M-T  1.50x 104 0.160 1.22x 1072 1110 — 1.27x 107
26.9 wy 26I9 - 26.0 W | M—-D—-T 1.96x 104 0.217 1.40x 1072 1109 0.383 1.24 1077
20.0 v 20.0 49 h 200 @8 h a Statistics are given for fits to monomer (M), monomeimer (M—
— . D), monomer-trimer (M—T), and monomerdimer—trimer (M—D—
=T 14.3 =y t 143 8a . T) equilibria. The variance of fit, the sum of residuals squared (SRS),
65 s : the square root of variance (SRV), and the number of degrees of
: g:g ‘ m freedom (DOF) in the fit are give®.Also shown are the apparent
35 S 35 =0 M 23 e dissociation constant&{) as calculated from the fits for both the dimer
17 52 16 16 17 and trimer.
MHC li Concentration (uM)
sSDS DPC C8E5 to models of increasing complexity as described previously
(anionic) (zwitterionic) (non-ionic) (27), until the variance was minimized and the randomness

FiIGURE 2: SDS-PAGE results for the glutaraldehyde cross-linked  Of the fit residuals was optimized. The fitting statistics from
lity peptide in (@) 10 mM SDS, (b) 15 mM DPC, and (c) 30 mM each of the data analyses are summarized in Table 1 and
CgEs. Gels shown in panels a and b were stained using Coomassieindicate the data fit best to a monomdrimer model in DPC.
b, Becauee of e b sl of ek ppie 1 G5 _ Resduels rom lobal fiing of the data t0 2. il
sliver s . . . c s . . .

far left Ianesgi]n each ggure display moleculrfr v€eight mparkers, and monomeHrlmer ,d'ssoc'at'on constant are given '|n Figure
multiple lanes indicate results at increasing peptide concentrations.3: Although this fit produced the most random residuals, the
The oligomeric state of thel, peptide is indicated at the right by  linearity of the residuals decreases with an increase in speed,
m (monomer), t (trimer), h (hexamer), or n (nonamer). indicating that the fit algorithm may not be precisely
representing the higher-order species present in the sample.

MHC li Concentration The fit yielded an apparent monomsérimer dissociation

0.04 S i o 20 uMt constant of 127 nM in 15 mM DPC and a corresponding
P PO free energy of dissociatiom\Gg) of 9.4 kcal/mol at 25C,
o -0.04- indicating that the trimer is the strongest and most abundant
Tg 0.041. ] oligomeric state in DPC detergent. These results, in agree-
o 0 Toiwng "{'3.' ment with cross-linking results, confirm for the first time
8 0041 T that thea-helical li TM domain forms trimers.
e 0047, .. L Also shown in Table 1 are the results from fits to
_0.02_ TEET monomef-dimer and monomerdimer—trimer equilibria.
Although these models do not describe the data as well as
— the monomertrimer model, alterations in the model appear
g 1.2 4 to produce little or no change in either the monomeéimer
o or monomet-trimer dissociation constants. When the dimer
Q107 was included in the fit, only weak dimerization ofi in
© 034 15 mM DPC resulted, yielding a monomettimer dissocia-
2 tion constant of approximately 300 mM and a free energy
S 064 of dissociation AGg) of 0.6 kcal/mol at 25C. Similar weak
Lg 0.44 dimerization in concert with strong trimerization is observed
g for full-length li (11), revealing an interesting correlation
0.2 between the oligomerization behavior of thg,ldomain and
0.01— I I : ‘ that of the full-length protein and raising the possibility that
59 60 61 64 65 66 69 7.0 7.1 li trimerization may be initiated and/or regulated by its TM

Ficure 3: Sedimentation equilibrium data for thei peptide in
15 mM DPC. Shown in the three bottom plots are the data collected
at three concentrations, ranging from 50 to 1@0. At each

Radius (cm)

domain.

Effect of Functionally Disruptie Mutations on li TM
Domain AssociationMutation of the TM domain of li has
been shown in previous studies to disrupt functions such as

concentration, data were collected at three speeds, 40 000, 48 000mature complex formation and antigen presentatidn15).
and 60 000 rpm. Filled circles represent experimental data, and solidThis effect was traced to a group of polar residues in the

curves display the best fit resulting from global analysis of all nine
data sets, in this case the fit of a model representing a monemer
trimer equilibrium. Above each plot are the residuals of the fit to

the data at each speed.

radial distance profiles collected forri in DPC at three

TM domain (GIn47, Thr49, and Thr50) which, when
mutated, abolished trimerization of 1ilY), and it was
proposed that the mutations specifically decreased the
efficiency of interactions between li TM domains; however,
this hypothesis has yet to be confirmed.

concentrations and three speeds are shown in Figure 3. Data Examination of the residues in the triple mutant using

were initially fit to a monomer model, followed by fitting

sequence alignment of several li TM domains (Figure 1b)
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! 43 45 47 50 tions predicted that GIn47 and Thr50 form a network of
(8) wtMHC: SRGALYTGFSILVTLLLAGQATTAYFLYQQQGR : : : ; :
Q47A: SRGALYTGFSILVTLLLAGAATTAYFLYQQQGR hydrogen bonds involving both residuds). To investigate
T50A: SRGALYTGFSILVTLLLAGQATAAYFLYQQQGR this experimentally, the GIn residue was moved to position
BAUALHG: SRER TR S TLOL ASKAT UNFLYORGER 43 (QA7A/L43Q), placing it one complete turn of the helix
deeper into the membrane and two turns (as opposed to one
(b) 1.80 . . .
. in the wild type) away from Thr50, thus preventing any
%‘ i hydrogen bonding between GIn47 and Thr50. If the predic-
E il tions are correct, we should see a large drop in CAT activity.
=120 Surprisingly, no decrease in CAT activity was observed for
S 100 this mutation, demonstrating that GIn47 and Thr50 work
g 080 independently to stabilize TM domain interactions.
% 0.60 li TM domain associations have been shown here to be
E o040 predominantly mediated by highly conserved GIn and Thr
2 020 residues that lie on the same face of the TM helix. These
residues act independently, and not in concert as once

0.00 . o . . .
GpA  GB3I MHC Q47A TS0A Q47A predicted, to stabilize the TM helix oligomer. Most impor-

. . 8 ~ tantly, these data link specific mutations in the li TM domain,
FicURE 4. (a) Sequences of the wild-type li ransmembrane domain mytations that have been previously reported to abolish

(residues s—Rg0) and three mutants of interest, with the positions . . .
of mutation listed above the sequences. The resulting CAT activities functions such as mature complex formation and antigen

obtained from the TOXCAT assay are shown in panel b, along presentation, with the weakening of TM hetikelix interac-
with data from glycophorin A (GpA) and its dimerization-defective  tions, a result that suggests the possible importance of the li
mutant Ggl as positive and negative controls, respectively. Al TM domain in MHC class Il function.
values for CAT activity are normalized to that of GpA. Structural Effects of TM Domain Mutationghe results

) ) . presented herein establish that the li TM domain can
as well as a helical wheel plot of the human |i TM domain  ,qqqciate to form trimers and that mutation of GIn and Thr
(Figure 1c) reveals that two of the three residues, namely, regjques in the TM domain disrupts this association. To gain
GIn47 and Thrs0, are entirely conserved and lie on the samejgigh into structural features of the wild-type Ii TM domain
face of the TM helix. Thr49 lies on the face of the heliX iimer as well as the impact of specific mutations on its

opposite GIn47 and Thr50 and is not as highly conserved in g ctyre, we produced computational models using CHI (see
the TM domain sequence, indicating that it is less likely 10\ aterials and Methods). CHI searches were performed on
participate in TM helix interactions. Using these results as e paralleb-helices containing either the sequence of the
well as existing knowledge of the roles of Gln and Thrin i 1 gomain or those of the three mutants. The trimer

TM helix associations20, 21) as a guide, our investigation models suggest that each of the TM domains can form a
was focused on GIn47 and Thr50. To determine the role of cpemically plausible left-handed coiled coil, in agreement

GIn47 and Thr50 in li TM domain association, the TOXCAT with the previous model of the wild-type li TMLE). In all

assay was used. of the models (Figure 5), the interaction interface is
Although TOXCAT does not provide a measure of the composed of residues at positions 36, 37, 40, 43, 47, and
order of the oligomers that formed, it is a powerful tool for 50, positions that are highly conserved in the li TM domain
assessing the relative strength of TM helix interactions in a (Figure 1b) and fall on the same face of the helix (Figure
natural membrane bilayer. Mutations were introduced to 1c¢).
address the effects of removing GIn47, removing Thr50, and  |n the model of the wild-type li TM domain trimer, both
altering the position of these residues relative to one another.G|n47 and Thr50 could contribute interhelical hydrogen
The TOXCAT data, along with the sequences of the wild- phonds. Hydrogen bonds were assigned in these analyses
type li TM domain and all mutants investigated, are shown \whenever a hydrogen bond donor and acceptor were within
in Figure 4. Comparison of the wild-type i TM TOXCAT 3 A of one another. As shown in Figure 5, the highly polar
signal to that of GpA indicates that, in agreement with cross- amide groups on the side chains of all three GIn47 residues
linking and sedimentation equilibrium results, the li TM  ¢ould form hydrogen bonds to the carbonyl oxygen of glycine
domain forms strong homo-oligomers in the membrane. As 46 on a separate helix. Thr50 could form a single interhelical
predicted, the greatest disruption in oligomerization was seenhydrogen bond to another Thr50 side chain on a separate
when the GIn47 residue was removed and replaced with Alamonomer. It is apparent in this model that the interactions
(Q47A). The Q47A mutation produced a 90% drop in CAT  of GIn47 and Thr50 are quite separate from one another, as
activity, confirming that GIn47 plays a major role in the has also been demonstrated using the TOXCAT assay. We
association of li TM domains. The removal of Thr50 also suggest that this model is a more accurate representation of
had a significant effect on the association of the Ii TM our experimental data and that, although both GIn47 and
domain. Mutation of Thr50 to Ala (T50A) resulted in a 65% Thr50 can contribute to associations, no hydrogen bonding
drop in CAT activity, demonstrating that, although its effect network is formed between the two.
on oligomerization is not as great as that of GIn47, Thr50 |t follows from the model of the wild-type li TM trimer
does play a significant role in stabilizing interactions between that, upon removal of GIn47, we should observe a large
TM domains. disruption of TM helix interactions as we remove most of
These TOXCAT results show that GIn47 and Thr50 each the plausible interhelical hydrogen bonds. This disruption is
contribute to association of the li TM domain; however, the observed experimentally in the TOXCAT data, and it is also
nature of the interactions was unclear. Previous MD simula- illustrated in the model for the Q47A trimer (Figure 5).
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wt MHC (1.46) Q47A.(0.15) T50A (0.50) Q4TAIL43Q (1.48)

Ficure 5: Structural models of left-handed trimers of wild-type Ii TM and the three TOXCAT mutants calculated using CHI. Above each
structure are given the nature of the mutation and the corresponding CAT activity (in parentheses). Predicted interhelical hydrogen bonds
are represented by dashed lines as well as asterisks.

Replacement of GIn47 with an alanine residue prevents any S
hydrogen bond formation at this position, leaving only a trimerization
single potential interhelical hydrogen bond via Thr50. A oAk
™
damain

weaker effect was expected upon mutation of Thr50 to Ala, SHEAGWE
as only one of the four interhelical hydrogen bonds would
be lost, but surprisingly, the TOXCAT data showed a 65%
drop in CAT activity for the T50A mutant. The model
clarifies this result to some extent (Figure 5) as we see thatFcure 6: Revised model for MHC class Il complex assembly,
in the T50A mutant, GIn47 would contribute only one accounting for the strong TM domain associations reported in this
erhelcal hycrogen bond insead of e One possible Sk, IF DS T, e Su0sEs, e oSSy e ey
explanatlon for th|§ r_esult IS that Thr50 may _not only trimerization ofth)(/alumenal trimerization domain.AftertheIitrimery
contribute to TM helix interactions through formation of an s formed, threew/8 MHC class II heterodimers bind to the CLIP
interhelical hydrogen bond but also help to optimally align domain of i to form the mature complex.

the oligomer for maximum hydrogen bonding of GIn47 ) ) ) .
residues in the trimer. structural impact of the functionally important mutations. The

Finally, a model was created for the Q47A/L43Q mutant work presented here has directly addressed both points. It
to verify that the helix-helix interactions could involve the has now been shown that the TM domain of li strongly self-

same polar resides as in the wild type. As shown in Figure associates into trimers in the absence of any other regions

5, the model indicates that both GIn43 and Thr50 could form of tlhe %rqte||n, with an app;ommatA(lB(dg;c of 9|'4 I:]c.:al/

multiple interhelical hydrogen bonds. It appears that the mol, and It also appears to orm weak gimers. n't IS way,
distance between these residues is not important in thethe TM domain _reflects t_he oligomerization behavior of the
stabilization of helix interactions, as demonstrated several full-length protein. The Ii TM has also been shown here to

times herein. It seems more important that the GIn and Thr have a polar reS|due-med|ated mechamsm of hdialix
residues appear on the same face of the helix association, with the polar glutamine residue (GIn47) located

The trimer structural models are consistent with the results at the center of the TM domain dominating the interaction.

obtained using TOXCAT and support a mechanism of TM Our models suggest thls_ occurs by means of mterhehc_al
) s . I . . hydrogen bonding of amide groups on GIn47. The helix
helix association predominantly stabilized by interhelical

hydrogen bonding of the strongly polar amide groups on interactions may be further stabilized by independent hy-
glutamine side chains. Although we see no evidence of thedrogen bonding of Thr50, a residue that also appears to help

formation of a hydrogen bonding network between GIn47 m:lmmlze hy_drog?n bondmgl n 'Gln47h. del of
and Thr50, as previously suggesteb)( additional inde- ncorpﬁﬁ\gonl 0 (7|ur reSLll s ;nto t _eﬁ;:urrgeﬁnt .m% % 0
pendent interactions of Thr50 residues could clearly increasemature. class Il complex formatio % )Y'e €
the stability of the TM oligomers. Most importantly, these the revised model given in Figure 6. This model differs from
. L L oh N previous models in that li trimer formation is initiated by
models illustrate ho_vv the functlonally significant mutations the TM domain, not the lumenal trimerization domain.
of GInd7 and Thr50 in the Ii TM domain reported by Ashman Although we do not dispute the fact that the lumenal domain
and Miller (11) strongly affect TM helix interactions, linking 9 P

. . . forms trimers, without a dissociation constant for trimeriza-
the functional assembly of this protein to the transmembrane . f this d in it is difficul h lati
domain structure. tion of this domain it is difficult to assess the relative

contribution to li oligomerization. It has already been

CONCLUSIONS reported that Ii trimerization is abolished by mutations in
the TM domain {1) despite the lumenal domain remaining

The transmembrane domain of li has long been suspectedntact, a result that is difficult to explain if the lumenal
of playing an important role in the assembly of the protein domain is thought to drive trimerization. Our revised model
into trimers. Specific residues in the TM domain, namely, explains a possible mechanism by which mutation of GIn47
GIn47 and Thr50, have been shown to be crucial in the and Thr50 in the TM domain results in the reported loss of
functional assembly of the MHC Il complex, possibly by function. We suggest that removal of these two key polar

stabilizing transmembrane hetikelix interactions. Despite  residues weakens TM hetbhelix interactions and results
these data, there was no experimental evidence evaluatingn a decreased level of li oligomerization and therefore a
the ability of the li TM domain to self-associate or the less mature complex, which would in turn have a profound

—_—r N —

membrane bilayer
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effect on antigen presentation. Therefore, study of the TM 17.Popot, J. L., and Engelman, D. M. (1990) Membrane protein

domain of li has resulted in a model which may allow usto ~ [o/ding and oligomerization: The two-stage modipchemistry
better relate interactions in the li TM domain to functional ;g Choma, C.. Gratkowski, H., Lear, J. D., and DeGrado, W. F. (2001)

assembly of the MHC class Il complex. Asparagine-mediated self-associated of a model transmembrane
helix, Proc. Natl. Acad. Sci. U.S.A. 9880-885.
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