
Crystal Structure of Mouse CD1 . presented by the different isotypes. Non- . peptide, processed forms of mycobacterial 
cell wall constituents, such as mycolic acid An M HC-Like Fold with a Large lipids and lipoarabinomannan lipoglycans 
(LAMs), can be presented by hCDlb (12- 

Hydrophobic Binding Groove 14) and h c ~ l c  (15). Mouse c ~ l d l  
(mCDldl) has been shown to be cavable of 
binding a i d  presenting long peptides (12 to 

Z.-H. Zeng,* A. R. CastaAo,? B. W. Segelke, E. A. Stura, 22 residues) that contain a specific hydro- 
P. A. Peterson, I. A. Wilson$ phobic core motif (1 1). Most CDls appear 

to be localized to endosomal MHC class I1 
CD1 represents a third lineage of antigen-presenting molecules that are distantly related compartments (MIICs) in which MHC 
to major histocompatibility complex (MHC) molecules in the immune system. The crystal class I1 molecules are thought to be loaded 
structure of mouse CDl d l ,  corresponding to human CDl d, at 2.8 a resolution shows with exogenous antigen (1 6). In the CDlb- 
that CDl adopts an MHC fold that is more closely related to that of MHC class I than presentation pathway, the mannose recep- 
to that of MHC class II. The binding groove, although significantly narrower, is sub- tor is responsible for the uptake and deliv- 
stantially larger because of increased depth and it has only two major pockets that are ery of LAMs and their transport to late 
almost completely hydrophobic. The extreme hydrophobicity and shape of the binding endosomes and MIICs (14), in a process 
site are consistent with observations that human CDl b and CDlc can present myco- facilitated by the acid pH of the endosome 
bacterial cell wall antigens, such as mycolic acid and lipoarabinomannans. However, (17). The role of accessory molecules in 
mouse CDl d l  can present very hydrophobic peptides, but must do so in a very different CD1-T cell interactions is unclear; 
way from MHC class la and class II molecules. mCDldl is recognized by CD8+ (1 1 ) and 

CD4+ (1 8) T cells, and hCDlb can interact 
with CD4-CD8- T cells (13). A subset of 
NK1+ T cells with an invariant V, T cell 

CDI is a family of nonpolymorphic cell sists of CDla, -b, and -c isotypes, and group I1 receptor (TCR) also appears to be specific 
surface glycoproteins encoded outside the contains CDld; CDle is proposed to be an for human and mouse CD1 (19, 20). Also 
major histocompatibility complex (MHC), intermediate isotype (7). Only the group I1 unresolved is whether CD1 isotypes of 
but with a distant relation to MHC class I CDld isotypes are preserved in human group I present only lipids or glycolipids 
and class I1 molecules (1 ). CD1 appears to be (hCDl), mouse (mCDl), rabbit, and rat. Se- whereas group I1 CDld presents hydropho- 
more closely related to MHC class Ia and Ib quence similarity is substantially higher for bic peptides. Like H-2M3, which binds N- 
proteins by sequence homology, domain or- the same isotypes from different species than formylated peptides (4), CD1 may have 
ganization ( a l ,  a2, a3, and P2m) ( 1  ), and for different isotypes within the same species evolved to present antigens that are pre- 
association with P2 microglobulin (P2m) (1, 8) suggesting that each group of CD1 dominantly found in microbial pathogens. 
than to class I1 molecules. Classical MHC Ia molecules could have a different function. Many questions have arisen about the 
molecules present short peptides (8 to 10 CD1 isotypes are differentially expressed possible structure of CD1. Specifically, how 
residues) (2) from endogenously synthesized with restricted tissue distribution, including does CD1 interact with ligand, with CD8 or 
proteins to CD8+ cytotoxic T lymphocytes immature cortical thymocytes (1 ), dendritic CD4, and with P2m (21 )?  Some secondary 
(CTLs), whereas class I1 molecules present cells, and a subpopulation of B lympho- structure predictions have forecasted that 
series of longer nested peptides (13 to 25 cytes, and can interact with both y8 and alp CD1 folds differently from MHC class I and 
residues in length) (3) from exogenous ori- T cells (9-1 1 ). Different antigens may be class I1 molecules (7), suggesting that CD1 
gin to CD4+ T cells. A number of genes in 
and outside the MHC also encode nonpoly- 
morphic class I-like or class Ib proteins that Fig. 1. The mouse c ~ l d l  A 
share sequence similarity with class Ia mol- structure. (A) The ribbon 
ecules, as well as association with the non- diagram of mouse CDldl 
MHC encoded P2 microglobulin. Some of is shown with each domain 
these specialized molecules, such as H-2M3, labeled, with P strands in 
present a distinct set of peptide (4, 5) or purple and a helices in 

nonpeptide antigens (6). red. CD1 folds very much 
like MHC class I molecules The CD1 family can be divided into two with similar domain ar- 

groups b~ sequence I, con- rangements and second- 
ary structure elements, al- P 
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may have a d~fferent mode of antigen pre- 
sentation and T cell interaction. Actually 
CD1 has slightly greater amino acid se- 
quence similarity to the neonatal Fc receptor 
(FcRn), which participates in the immunity 
of the ne\vborn via uptake of maternal im- 
  nu no globulin G (IgG) from breast milk into 
the blood stream of the suckling infant. Al- 
though FcRn adopts an MMC-like fold, it 
does not have a f~~nct ional  binding groove or 
support antigen presentation (22). To  gain 
insight into the f~~nct ions of CD1, we have 
determined the c~ystal structure of mCDld1 
molecule at 2.8 A resolution in the absence 
of added antigen. 

Mouse C D l d l  structure and the hydro- 
phobic groove. The extracellular region of 
1nCDld1 associated with P2m was obtained 
as described (1 1 ) ,  and crystallized. The crys- 
tal structure was determined by molecular 
replacement, with FcRn (22) and HLA-B27 
(5) as search models (Table 1 and Fig. 1 ) .  

Desp~te the low sequence identity, and 
contrary to some pred~ctions of secondary 
structure (7), the overall structure of 
mCDld1 has a strikingly similar secondary, 
tertiary, and quaternary structure (Figs. 1 and 
2) to those of MHC class I and I1 molecules 
and related proteins (5 ,  22, 23). The a c h a ~ n  
folds into the standard three domaills ( a l ,  
a2, 1x3) and 1s closely assoc~ated with P2m. 
The a 1  and a 2  domains form a binding 
groove superdomain composed of an eight- 
stranded antiparallel P-pleated sheet with 
two long antiparallel a-helical structures 
that sit atop and traverse the P-sheet plat- 
form (Fig. 1B). The a 3  and P2m domains 
have c-type Ig folds (24). All the secondary 
structural units of MHC class I molecules (5)  
are present in mCDld1, except for the first 
a 1  helix ( H I ) ,  xvhich adopts an irregular, 
extended confor~uation (Fig. 1).  

The a 1  domain of CD1 is struct~~rally 
rnore similar (25) to MHC class I molecules 

Table 1. Crystall~zation and structure determlnaton of mCDl d l .  The best crystals were obtained 
from 5 pl of mCDldl at 6 mgim (53) with 2.5 ~1 of preclpiant [2.0 M (NH,),SOL. 0.15 M sodium 
citrate. 2 mM ZnSO,. pH 6.21. Crystals were enlarged by the addition of 3 ~1 of proten-precpiiant 
mixture pre-equilibriated at a 3% lower concentration of ammonium sulfate. The crystals are mon- 
oclinc P2,. with two molecules per asymmetric upit. 44 percent solvent content, I/,, of 2.1 9 A3idaton 
(54) and cell dimensons a = 103.4 A, b = 76.2 A. c = 59.3 A.  and P = 102.3°. Data were collected 
on a Semens mutwire detector mounted on an EIott GX-18 rotatlng anode. Data were processed 
with XENGEN (55), Initla phase estimates were calculated by molecular replacement ( M R )  with 
AMORE from the CCP4 sulte of programs (56). Initial searches were made uslng each of MHC 
molecules available at the time in the Proten Data Bank (5. 23, 57j and FcRn (22j. The clearest 
solutions and initial phase estmates were obtained wit; FcRn (22) or HW-B27 (5) as search models. 
Normalized structure factors (Ej from 20.0 to 4.0 A were us?d in the rotatlon and translation 
searches. The cut-off radlus for Patterson vectors was set at 30 A.  Correct placement of molecules 
In the asymmetrc unit was aded by interpretation of the natlve Patterson map and the self-rotailon 
functon (58). After iniia placement, the position of the frst molecule was refined with X-PLOR 
Patterson correlation refinement (59j. Refinement and map calculations were done using X-PLOR 
(59) while model rebullding was done using TURBO (60). The model was rebuilt Into 10 percent omit 
maps. Noncrystallographic symmetry (NCS) restrants were applied to all maln chain atoms and side 
chaln atoms not involved In crystal contacts or ~ntermoecular contacts withn the asymmetric unit 
(2258 atoms. total). The flnal model was refined to a crystallograph~c R value of 19% at 2.67 A. The 
post-refinement R:,,, wlth paflial NCS applied is 33%. 

Collected Unlque Redundancy 4, ",+ 

Reflections (N) 
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Resolution (A) 
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separate check, ar Fivaue of S r 3 ;  was cacua:ed agarst ar ndeperdenty collected dara ser (-20% compere ro 2.7 
A). Three loops, 87 ro 95. 107 to 3 09. and 196 :o 201, were excluded from the calcular~on as ther average 5 ?,slues 
were arearer rhar 50 A2. "The Ralnarchandrar plor was generared n PROCHECK i55) a rd  rhe rlnsd s from 
d e a t y  ',yere calc~ilated '1~1th X-PLOR (57\. SColnparsor be?~,een t3t,o molecl~les of the asymmetrc L r  t n rhe 
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and FcRn than to class 11, whereas the a2 
domain is rnore similar (25) to FcRn than to 
class I and is quite distinct from class 11. For 
the entire a l - a 2  superdomain, CD1 is as 
similar to FcRn as it is to class I and 1s most 
d~stinct from class I1 molecules (25) (Fig. 2).  
The Ig domains of CD1 are equally similar to 
all class I molecules, ~nc lud~ng  FcRn, and 
rnore distant from class I1 molecules (25). 

However, some i~nportant differences are 
evident in the quaternary assembly. Relative 
to P2m, the CD1 a l a 2  do~nains have a slight 
rotation and tra~lslat~on compared to the ar- 
rangement 111 class I molecules (5, 26) or to 
the equivalent a 2 a l - P l  relation in class I1 
molecules (23). The total buried surface area 
between P2m and the heavy chain is slightly 
less than for class I molecules (27), but it is 
more hydrophobic (28), which may account 
for the CD1-P2m complex being more stable 
to thermal denat~lration (29). The most no- 
table difference in quaternary structure occurs 
in a3-P21n association. The pseudo-dyadlc 
rotation necessary to superi~npose a 3  onto 
P2m in CD1 is more similar to class I1 than to 
class I molecules; the large translation com- 
ponent is common to all L~IHCs (26). In t h ~ s  
partic~~lar assembly, the outermost a 3  S1 
strand no\\, comes closer to P21n and results in 
a slightly different pattern of H bonding and 
\-an der LWaals interaction. The p bulge that 
breaks the S4 strand in most P21n structures is 
also found in mCDld1 P2m, unlike its cou11- 
terpart in H-2Kh (5). 

The CTLs specific for CD1 can be 
CD8+ (1 1 ,  30) ,  CD4' (18), or double neg- 
ative (10, 19). The highly acidic loop, a 3  
residues 220 to 229, from class I implicated 
In CD8 binding (31) and its equivalent 
CD4 binding to class I1 (32), retains some 
structure similarity in CD1 and even in 
FcRn, which does not bind accessory mol- 
ecules (33) .  Honiever, a single residue dele- 
tion occurs in the p ~ ~ t a t i v e  binding loop 
(31, 32) of CD1 compared with other 
MHC class I and I1 molecules. 

The relative position of the helical seg- 
ments and outermost strands differs In CD1 
and causes a significant alteration in the 
dimensions of the cleft formed between a 1  
and a2 (Fig. 2B). The width of the cleft is 
dictated by the distance between the a 2  
H1, H2a, and H2b helical segments and the 
a 1  H2 helix (Figs. 1 and 2). Class I and 
class I t  molecules have the widest cleft (18 
to 20 A at the middle), whereas the binding 
groove of CD1 is narro;ver and of nearly 
collstant xidth (-14 A); Fc4n has the 
narrowest dimensions (10 to 13 A) between 
the opposing a helices (Fig. 2A) .  Proline- 
162 at the junction between the a 2  H2a 
and H2b helices of FcRn has been proposed 
(22) to be responsible for the concerted 
movement of the a2 H2a and H1 helices 
(and the a2 S3 and S4 P strands) toward 
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Fig. 2. Comparison of mouse CDl dl ,  MHC class I and 
I I ,  and FcRn binding domains. (A) The ala2 domains 
are viewed from above, looking into the ligand binding 
groove. The ala2 domains are shown for mCDldl, 
FcRn, and H-2Kb and the a1 and pl domains for HLA- 
DR1. The interdomain distances from the center of the 
opposing helices are shown at three representative 
points. CD1 h a s  a much narrower groove when com- 
pared with class I or class I I  MHC molecules; the a1 -a2 
inter-helical distance in FcRn is even less. (B) The a1 a2 
domains of mCDl dl ,  H-2Kb, and FcRn, are shown in 
stereoview superimposed with the a1 and p1 domains 
of HLA-DRl. The p-sheet platform superimposes 
closely, with the exception of a few loops and the ex- 
ternal strands, while there are a variety of arrangements 
for the helical segments. The long a1 H2 helix bends 
such that its NH2-terminal end is closer to a2 helices as 
in FcRn. The a2 H2a segment of FcRn and CD1 is 
notably closer to the a1 H2 helix than in class I and 
class I I  molecules. The a2 HI helix in CDl is in a similar 
position to class I and class I I  but differsfrom FcRn. The 
Ca trace of CDl is shown in thick red tubes, FcRn in 
purple, H-2Kb in yellow, and HLA-DRl in light green. 
(C) Viewed from the a1 side, the a1 domains of the four 
MHC-like molecules in (A) are shown superimposed on 
their p strands. The a1 H2 helixof CD1 is notably higher 
than in the other molecules with the seament of struc- 
ture preceding the H2 helix in an extenzed rather than 
helical conformation. (D) CD1 conserved residues 18, 
40, and 49 (orange) interact with the residues from the 
a1 H2 helix (shown in red). Also shown are SeP4 and 
His3* (cyan), which make main chain-side chain con- 
tacts that may stabilize the extended loop preceding 
the H2 helix. Some extra electron density near the CD1 
group I I  conserved NH2-linked glycosylation site at 
 AS^^^, which approaches the a1 H2 helix, may also 
contribute to stabilization of the H2 helix by interaction 
with group I I  conserved Arg74. The transformations to 
superimpose homologous Ca's were calculated with 
SUPPOS (50), and the figure was generated with MI- 
DAS (51). 

a l ,  effectively collapsing the groove at one 
end. CD1 has a structurally homologous 
proline and a corresponding shift 
in the a 2  H2a helix, S3 and S4 strands (Fig. 
3). However, unlike FcRn, the a 2  H1 helix 
in CDl is not shifted substantially toward 
a 1  (Fig. 3). Thus, a proline in this position 
in non-classical MHC class Ib molecules 
appears to affect the relative location of the 
a 2  H2a helix, but positioning of the 012 H1 
helix can be uncoupled from the effects of 
the proline substitution. In fact, the a 2  H1 
helix position in FcRn is more likely a 
consequence of stabilization by several hy- 
drogen bonds and nine pairs of van der 
Waals contacts between a1 and a 2  that are 
not present in CD1 (Fig. 3). 

The CD1 oll helix is raised 4 to 6 A 
higher above the P sheet than in other 
MHC molecules or FcRn (Fig. 2C) and re- 
sults in a deeper groove. Three highly con- 
served side chains from the P-sheet platform 
appear to contribute to the elevation of the 
oll H2 helix; Phe49, Trp40, and Phe18 con- 
tact residues at the NH,-terminal, central, 
and COOH-terminal portions of a1 H2, 

respectively. Other significant differences 
are the rearrangement of the external a1 p 
strands (S3 and S4) and deformation of the 
short a 1  H1 helix into an irregular, extend- 
ed structure that is stabilized by several main 
chain-side chain H bonds (Fig. 2D). 

The altered dispositions of the a1 and 
a 2  helical segments are also accompanied 

by a concomitant adjustment of the corre- 
sponding S3 and S4 strands toward the 
nearest helix. As a consequence, the whole 
p-sheet platform has substantially greater 
curvature than in class I and class I1 mole- 
cules (Fig. 2C). The S4 strand of a 2  be- 
comes detached from the sheet, as does the 
small 012 S4 strand in FcRn (22) and also 
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CDl 

the a 1  S4 strand of class I1 molecules (23). and the P sheet mainly because of the in- groove formed between the a helices and 
Despite the movement of the two S4 creased a1 H2 helix elevation. the P-sheet platform (5). Polymorphic res- 
strands toward the a helices, fewer overall MHC class I and class I1 molecules ac- idues in the groove determine the size and 
interactions occur between the a helices commodate bound peptide antigens in a stereochemistry of different pockets so that 

individual peptide motifs can be conferred 
by each MHC allele (23, 34). The number 
and disposition of these pockets is not fixed, 
or even well defined, in that polymorphic 
substitutions can markedly change the sur- 
face topography of the groove (5) (Fig. 4). 
The prototypic groove of class I molecules 
consists of six pockets (labeled A to F) (5) 
and is closed at both ends (Fig. 4). Class I1 
molecules (23) have seven main pockets 

u (labeled 1 to 9) (35) in a groove that is 
open ended (Fig. 4), while FcRn (22) has 
no functional groove (Fig. 4). 

Despite structural similarity in a1 and a 2  
Fig. 3. The proline kink in the H2 helical region of the a2 domain. A portion of the a1 and a2 backbones with FcRn, CD1 does have a substantial 
of CD1 (red), FcRn (purple), and H-2Kb (green) are shown superimposed in stereo. Residues that are ligand binding groove. However, the puta- 
involved in closing the groove are shown in yellow. A proline at the beginning of the H2b helix is at the tive ligand binding site of CD1 is quite 
initiating position of a kink in the H2a helix that effectively narrows the center and COOH-end of the distinct from other ~ ~ c - l i k ~  molecules 
groove in FcRn. Specific hydrogen bonds from residues in FcRn close the COOH-end of the groove by ( F ~ ~ .  4). ne proximity of the a2 HZa helix 
forming specific interactions from the COOH-end of the a1 helix to the a2 HI helix. These residues differ to a1 narrOwS the groove in the center, in CD1 and do not interact. 

while the raised elevation of the a 1  helix 
deepens it (Fig. 2). The modified arrange- 
ment of secondary structural elements, cou- 
pled with the nature of the side chains that 
line the groove, substantially increases the 
dimensions of the groove but reduces the 
number of pockets (Fig. 4). The substitution 
of several conserved aromatic residues in 
class I molecules by smaller residues in CD1 
helps to create a single large pocket, defined 
here as A', that subsumes pockets A, B, C, 
and D of the class I MHC groove (Fig; 4). 
Pocket A' has a cylinirical shape, 7 A in 
height and about 12 A in width, with a 
depression in its center due to proximity of 
the side chains of a 1  Phe70 (H2) at the top 
and a1 Cysl2 (Sl)  at the bottom. At the 
opposite end of the groove, pockets E and F 
combine into another, narrower pocket, F', 
which is considerably smaller than pocket 
A'. The A' poocket has maximumo width 
(36) of -15 A and is 18 t~ 20 A long, 
whereas the F' pocket is - 10 A wide and 10 
to 12 A long. The combiced length of the 

I A' and F' pockets is -30 A, which is slight- - - ly longer than the standard 25 A long 
groove in MHC class I molecules (5). The 
groove is closed at either end and is only 

Fig. 4. Comparison of molecular surfaces of the binding grooves. The cut away molecular surface ?ccessible through aonarrOwed entrance* l8 
(37) of six MHC or MHC-like molecules are shown with electrostatic potentials mapped to their A long and 6 to 7 A wide, extending from 
surface. The ligand binding pocket of Maize nonspecific lipid binding protein with palmitic acid bound the center of the groove to the center of the 
is also shown for comparison. The groove molecular surface of CD1, like that of H-2M3 and F' pocket (Fig. 4). Above the A' pocket, 
nonspecific lipid binding protein, is mostly neutral and hydrophobic compared to the grooves of the several residues are in van der Waals contact 
other MHC molecules or to FcRn. CDl has by far the largest and deepest groove of all molecules ,d form a wide bridge that partially covers 
represented (37) (pocket A' is approximately the same size (in surface area) as the entire binding site the groove ( F ~ ~ ~ .  4 and 5). ~ - 2 ~ b ,  H-ZDb, 
of nonspecific lipid binding protein). Many of the specificity pockets present in class I molecules have and HLA-B27 (5) each have a small bridge merged to form only two very large pockets in CD1. In FcRn (22), there is essentially no groove. The 
peptide specificity pockets are labeled A to F for class 1 (5) and PI -P9 (35) for class 1 1  (23) molecules. in a position that is formed either by 
The FcRn is labeled to show the corresponding location of pockets in class I and is not intended to interdomain Or a bridge Ifrom 
indicate binding pockets. Electrostatics potentials were calculated in GRASP (52) with full formal residues 66 (Kb and Db) or 62 (B27) to 
charge. Positive potential (215 mV) is colored blue, neutral potential (0 mV) is colored green, and a 2  1631. Although extensive intradomain 
negative potential (5 -1 0 mV) is colored red. interactions form either side of the bridge of 
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ESEARCH A: 

Table 2. Comparison of binding grooves of CD1, MHC class I and I I ,  and 
FcRn. The binding groove was define9 as a set of atoms meeting eachaof three 
criteria (37): They must have 2 0.1 A2 solvent accessibility to a 1.4 A probe, 
5 1 k' solvent accessibility to a 5 A probe, and contribute atoms to the 
contiguous scribed molecular surface between or below the a1 and a2 helical 
axes and above the p-sheet platform. This definition differs subtly from previ- 
ous definitions used to define the grooves of FcRn (22) and H-2Kb (5) in that the 
groove is considered as a set of atoms rather than a set of residues and only 

surface that contributes to the contiguous groove is part of the surface area. 
Row 2 shows the number of residues contributing to the groove molecular 
surface; row 3 gives the number of carbon atoms that these residues contrib- 
ute to this surface; row 4 the number of polar atoms; and row 5 the number of 
charged atoms. Row 6 shows the surface area of the groove (37) and row 7 
shows the MHC surface area buried (27) on ligand binding where applicable. 
The number of residues, hydrophobicity, and surface area are significantly 
larger in CD1, whereas the number of polar and charged atoms are fewer. 

CDldl* CDldlt H-2Kb H-2Db HLA-A2 HIA-B27 H-2M3 FcRn HLA-DRl 

Residues 46 46 29 30 25 33 39 22 34 
Carbon atoms 102 108 50 57 46 62 75 29 53 
Polar atoms 9 10 11 16 9 11 14 9 13 
Charged atoms 1 1 8 5 6 10 4 5 5 
Surface area (A2] 1310 1390 763 763 747 89 1 898 509 725 
Buried surface (A2)$ N.A. N.A. 1182 1220 1165 1062 1122 N.A. 1220 

'Molecule 1 of the asymmetric unit. tMolecule 2 of the asymmetric unit. $The the groove surface (37). The buried surface can be approximated by adding a 2.8 A 
buried surface area (27) upon peptide binding. The buried surface area is greater than wide skirt to the groove surface. The surface area of this approximation of buried 
the groove surface area because it contains an appreciable area that would be surface for H-2Kb is 1259 A2, whereas the surface area for a similar surface for CDl d l  
excluded from the groove surface by the solvent accessibility criteria used to define is 1756 A2. 

CD1, only one interdomain van der Waals 
contact is actually made across the bridge. 

In MHC class I, a cluster of tyrosines in 
pocket A (Tyr7, Tyr59, and Tyr171) close 
the groove and form a conserved hydrogen 
bonding network with the NH2-terminus of 
the bound peptide (5). In mouse CDldl ,  
the A' pocket wall is made up of entirely 
hydrophobic residues (Phelo, Trp63, and 
Phel7l) eliminating the possibility of a hy- 
drogen bonding network that might anchor 
the NH2-terminus of a bound peptide li- 
gand (Fig. 5). The binding groove of H- 
2M3 (5) is also incapable of anchoring the 
NH2-terminus of peptides since the A pock- 
et is nearly closed and separated from the 
rest of the groove (Fig. 4). Instead, H-2M3 
binds shorter, mostly hydrophobic, NH2- 
terminal formylated peptides in pockets B 
through F (4,5).  At the F' end, the residues 
that interact with the COOH-terminus of 
class I peptides and close this end of the 
groove (ThraO, Tyrs4, Thr143, Ly~146, and 
Trp147) are also substituted by mostly hy- 
drophobic residues (Aspa3, Meta7, Pro146, 

and Leu150, respectively) in CD1 
(Fig. 5). Although the groove is closed at 
this end, several of the residues contributing 
to the COOH-terminal wall are poorly or- 
dered in the structure or have high B values, 
perhaps indicative of some mobility that 
might allow for longer ligands to protrude 
from this end. 

The CD1 binding groove has the largest 
surface area of any MHC antigen presenting 
molecule whose structure has been deter- 
mined so far (37) (Table 2). Of the 29 
residues that form the binding groove in 
class I H-2Kb (5), all of the structurally 
homologous residues in CD1 are either sol- 
vent accessible or part of the groove (with 
the exception of Leu'75 (171 in class I), 
which is completely buried. Despite its size, 
the CD1 groove has only 10 residues with a 
capacity to hydrogen bond to bound ligand 

(Table 2), which is less than the number 
of polar residues used to bind ligand by any 
MHC except H-2M3. The only polar at- 
oms of the groove molecular surface are 
concentrated at the bottom of the A' 
pocket (Gln14, Ser2', and Arg74) and at 
the entrance to the groove (Tyr73, Ser76, 
Asps0, and Thr156) (Fig. 5). Of the 16 side 
chains used for hydrogen bond formation 
with the main chain of bound peptides in 
class I (5), eight residues in homologous 
positions are polar in CD1, with six of 
them located in al. Similarly, for the 
corresponding nine main chain interact- 
ing residues in class I1 (23), five are polar 
in CD1. 

Ligand binding. This limited number of 
potential hydrogen bond donors and accep- 
tors in CD1 could be sufficient to engage a 
peptide ligand, as seen in H-2M3 (5), where 
only five residues form hydrogen bonds (38) 
with bound peptide. However, the distribu- 
tion of these polar atoms (mostly in the a 1  
domain) is not compatible with peptide 
binding in a manner analogous to other 
MHC molecules. The possibility of forming 
an extensive hydrogen bonding network, 

concentrated either at both ends of the 
peptide, as in class I (5, 34), or on both 
sides of the longitudinal axis of the groove, 
as in class I1 (23), is not apparent in CD1. 
More probably, extensive hydrophobic in- 
teractions in deeply buried pockets, similar 
to some of the peptide interactions with 
H-2M3 (5), would be the chief determinant 
for ligand binding. Nevertheless, a peptide 
binding motif defined for mCDldl from a 
phage display library and peptide binding 
analysis (11) is highly hydrophobic (F/ 
WxxL/I/MxxW) and would have comple- 
mentarity to the chemical properties of the 
putative binding groove. However, it is not 
amarent from the structure how the re- . . 
mainder of the long peptide antigen might 
interact in the moove. Small conformation- ., 
a1 changes, such as rearrangement of side 
chains forming the bridge over the A' pock- 
et or of the COOH-terminal end of the 
groove, could increase accessibility to the 
groove. Small, but significant, conforma- 
tional changes that alter the shape of the 
groove do occur in peptide-class I complex- 
es, but these are mostly confined to the a 2  
H1 and H2a helices at the COOH-terminus 

Fig. 5. Residues contributing to the CD1 binding groove. The Ca trace of mCDl dl a1 a2 domains and 
labeled side chains of residues making up the groove molecular surface (37) shown looking into the 
ligand binding groove. Most of the residues contributing to the groove are hydrophobic. The Ca trace is 
in purple tubes, carbon side chain atoms in green, nitrogen atoms in blue, oxygen atoms in red, and 
sulfur atoms in yellow. This figure was generated with MlDAS (51). 
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of the groove (5, 34). It is not known wheth
er any larger conformational changes occur 
in the transition from empty to ligand-filled 
forms of MHC molecules (39, 40) because 
no structures of empty MHCs are available. 
Some conformational changes in CD1 upon 
peptide (29) and lipid (17) binding have 
been proposed from circular dichroism 
studies. 

Binding of lipid or glycolipid antigens is 
compatible with the hydrophobic character 
of the CD1 groove. However, CDl-lipid 
interactions are likely to be different from 
the binding of fatty acids by fatty acid bind
ing proteins, which bind lipid through elec
trostatic interactions between basic residues 
at the bottom of the binding cavity and the 
carboxylate group of the fatty acid (41). 
The putative ligand binding groove of 
mCDldl does not have amphipathic char
acter; the groove is mostly of neutral charge 
with no exposed basic groups on its floor to 
interact with a buried carboxylate group. 
Rather CD1 may interact with lipid analo
gously to nonspecific lipid transport pro
teins (42) (Fig. 4) which bury the hydro
phobic tail of their ligand in an electrostat
ically neutral pocket that is lined with hy
drophobic residues. The carbohydrate moi
eties of the lipoglycans would then most 
likely be on the outside of the binding 
groove as there are no specific clusters of 
hydrophilic and aromatic residues in the 
groove that are commonly seen in the bind
ing sites of carbohydrate binding proteins 
(43). Some discontinuous electron density 
is present in both the A' and F' pockets of 
the ligand binding groove for this mCDldl 
structure, for which no specific ligand was 
added in the protein purification and crys
tallization. However, strong, continuous, 
and unbranched density deep in the ligand 
binding groove has been observed in a sec
ond mCDldl structure (44) and is consis
tent with the fragmented density observed 
in the first structure. Interpretation of this 
density and analysis of the composition of 
the putative ligand requires further study. 

The CD1 family and T cell specificity. 
CD1 isotypes are essentially nonpolymor-
phic, which suggests that they may function 
for presentation of specialized sets of anti
gens. In accordance with this view, only a 
few allelic variants of mCDldl have been 
detected in several mice subspecies, with 
very limited substitutions (three to six 
changes and only one in the groove) (45). 
The mouse CDld2 (mCDld2), has 17 pos
sible substitutions, 6 of which are in the 
groove, but functional mCDld2 protein has 
yet to be detected. 

Although detailed predictions are pre
mature, the overall folding of other CD1 
molecules is likely to be very similar to 
mCDldl . Few insertions or deletions are 

seen and residues participating in interdo-
main contacts and interactions between 
secondary structural elements are signifi
cantly more conserved than the rest of the 
protein (Fig. 5). The CD1-specific fea
tures, such as the elevation of the a l H2 
helix, are probably maintained because 
the sequences of the 50 to 55 turn and (3 
sheet that hold up the helix are mostly 
conserved. An additional disulfide bond 
between Cys133 and Cys147 in hCDlb is 
predicted from the mCDldl structure 
(Fig. 5). 

Conservation of general features of the 
groove among different isotypes is more dif
ficult to predict. Pocket A' is probably en
closed in all CD1 molecules, as residues that 
form the bridge over the A' pocket are 
mostly conserved. The bridge may be larger 
in group I CD1 molecules due to a possible 
Glu62-Arg170, group I-specific salt bridge. 
In CD la, the entrance to the groove may be 
narrowed by a possible Arg73-Glu156 salt 
bridge and an Arg76-Asn153 H bond. Signif
icant differences may be found at the 
COOH-terminus of the groove, where the 
residues that partially close pocket F' are 
not highly conserved, suggesting that the 
positions of the a2 HI and H2a helical 
segments may vary. As this region corre
sponds to a less ordered part of the groove 
structure, its shape and ligand interaction 
may vary considerably. 

While sequence identity among known 
CD1 molecules is equally distributed be
tween the binding groove and the rest of the 
cda2 domain, conservation by chemical ho
mology is higher for groove residues than for 
the rest of the domains generally. Most of 
this chemical conservation is present in 
both group I and group II molecules. How
ever, four residues (76, 84, 118, and 156) in 
the F' pocket appear only to be conserved in 
CD1 group II whereas six other residues 
have group-specific size and properties (86, 
142, and 147 in the F' pocket and 12, 30, 
and 74 in the A' pocket). It is likely then 
that CD1 molecules from both groups can 
similarly accommodate predominately hy
drophobic ligands, although a few binding 
site residues may confer isotype specificity to 
ligand binding. 

Residues on the exposed surface of the 
a l H2, a2 HI, and a2 H2a helices are 
among the most variable in the collection 
of CD1 sequences and may confer T cell 
specificity for different isotypes. mCDldl 
selects and reacts with a specific NK1.1 T 
cell population bearing an invariant TCR 
Val4Jot281 chain paired with a limited 
number of V(3 chains (19). A similar pop
ulation of T cells, presumed to be the first 
source of IL-4 (46), has been found in hu
mans (47). It is not known whether ligand 
binding to CD1 is required for the selection 

or stimulation of such T cells (or both), but 
it is possible that CD Id-specific residues 
may be involved in the selection of this 
restricted TCR repertoire. In this respect, a 
combination of CD Id-specific residues, not 
shared with any other CD1 isotypes, is 
found at the NH2-terminus of the a l H2 
helix, pointing up and away from the bind
ing groove. 
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