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ABSTRACT The CD1 locus encodes a family of major
histocompatibility complex (MHC) antigen-like glycoproteins
which associate with 182-microglobulin and are expressed on
immature thymocytes and Langerhans cells. Three CD1 mol-
ecules have been identified by monoclonal antibodies and
molecular cloning: CDla, -b, and -c. We have isolated a cDNA
coding for a fourth CD1 molecule from a human thymocyte
library and termed this molecule CD1d. Reported here are the
complete nucleotide sequence and genomic organization of
CD1d. They predict that this molecule is related to the
previously identified CDla, -b, and -c molecules and to MHC
class I molecules, with three external domains, a transmem-
brane domain, and a short cytoplasmic tail. The sequence of
CD1d is the most divergent among the CD1 molecules in the
membrane-distal al and a2 domains and in the 5' untranslated
region. In contrast, all four CD1 molecules are highly homol-
ogous in the membrane-proximal a3 domain, which is likely
involved in 82-microglobulin binding. A comparison of CD1
and MHC class I sequences suggests that these molecules each
evolved to interact with a distinct set of cell surface proteins.

The CD1 molecules are a family of major histocompatibility
complex (MHC) class I antigen-like glycoproteins expressed
predominantly on immature cortical thymocytes (1-3) and
originally considered as possible human homologues of
murine TL antigens (4). Monoclonal antibodies generated
against human thymocytes have identified three CD1 mole-
cules: CD1a, -b, and -c (5-7). All three consist of a glycosyl-
ated heavy chain of 43-49 kDa associated with 182-
microglobulin (8-12). The CDla molecule, defined by the T6
monoclonal antibody, also appears to associate with CD8
(T8) on the thymocyte cell surface (13, 14). Unlike class I
MHC molecules, there is no evidence that CD1 molecules are
polymorphic (15), and the tissue distribution ofCD1 is highly
restricted. In addition to expression on immature thymo-
cytes, CD1 expression has been found on some lymphoid
malignancies (7) and Langerhans cells in the skin (16), and
CD1c has been found on a subpopulation of B cells (17).
A CD1a cDNA was cloned previously with the aid of

oligonucleotide probes (18), and cDNAs encoding all three
CD1 molecules have been isolated (A. Aruffo and B. Seed,
personal communication) by utilizing a high-level expression
system in COS cells (19). Genomic clones for these molecules
have also been isolated, and their intron/exon organization
suggests a domain structure analogous to MHC class I
antigens with three extracellular domains (al, a2, and a3), a
transmembrane domain, and a short cytoplasmic tail (15).
There is, however, very limited sequence homology between
CD1 and MHC molecules (15, 20), including murine TL
antigens. Moreover, the CD1 gene is not MHC linked, as it
has been mapped to chromosome 1 (21).

We report here the complete nucleotide sequence and
genomic organization of a CD1 molecule, CD1d, that has not
been detected previously by monoclonal antibodies. The a3
domain of CD1d is highly homologous to that of CD1a, -b,
and -c and corresponds exactly to a genomic a3 domain
isolated previously (20). In contrast, there is considerable
divergence in the al, a2, and 5' untranslated regions between
CD1d and CD1a, -b, and -c. Sequence comparisons between
CD1 and MHC molecules and their possible structural and
functional implications are discussed.

MATERIALS AND METHODS
cDNA Probes. Full-length single-stranded CD1a, -b, and -c

cDNAs (A. Aruffo and B. Seed, personal communication)
were radiolabeled by primer extension with a 3' hybridization
primer (22). Double-stranded cDNA inserts were isolated in
low-melting-point agarose and labeled by random oligonu-
cleotide priming (23). The 5'-specific CD1d probe extended
from the 5' EcoRI linker to an internal EcoRI site at
nucleotide 465. The 3'-specific probe extended from a Pst I
site at nucleotide 1548 to the 3' EcoRI linker.

Library Screening. The human thymus cDNA library in
Agtll was obtained from Clontech Laboratories (Palo Alto,
CA); it contained -2 x 106 recombinants and was amplified
once according to the supplier. Hybridizations were carried
out with a mixture of CD1a, -b, and -c probes in a buffer
containing 50%o (vol/vol) formamide and 5 x SSC at 370C and
washed in 0.1x SSC/0.1% sodium dodecyl sulfate at 500C
according to standard methods (ref. 24, pp. 326-328; lx SSC
is 0.15M NaCl/0.015 M sodium citrate, pH 7.0). The EMBL3
human genomic library was a partial Mbo I digest ofgenomic
DNA (kindly provided by Stuart Orkin, Children's Hospital,
Boston) and was screened with a mixture of CD1a, -b, and -c
probes as above.
DNA Sequencing. A full-length CD1d cDNA was produced

by partial EcoRI digestion, isolated, and subcloned in pGEM-
4 (Promega Biotec, Madison, WI). Constructs were then
made in M13 or pGEM-4 and were sequenced by the dideoxy
chain termination method (25), using Sequenase (United
States Biochemical, Cleveland) or the Klenow fragment of
DNA polymerase. The majority of the cDNA was sequenced
from both strands and the sequences around all restriction
sites used for constructs were confirmed on overlapping
constructs. Genomic exon containing fragments were sub-
cloned into pGEM-4 and partially sequenced as above.
RNA Analysis. RNA from neonatal human thymus was

extracted in LiCl/urea (26), separated on formaldehyde/
agarose gels (ref. 24, p. 202), and transferred to nylon
membranes (Biotrans, ICN). The blots were hybridized in

Abbreviation: MHC, major histocompatibility complex.
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buffer containing 50o formamide and 5x SSC at 420C and
washed in 0.2x SSC/0.1% sodium dodecyl sulfate at 650C.

RESULTS
Isolation of CD1 cDNAs. Approximately 2 x 105 plaques of

a human cDNA library in bacteriophage Agtll were screened
with a mixture of full-length CD1a, -b, and -c probes. Six
independent bacteriophage isolates were purified and found
to contain identically sized 1.9-kilobase (kb) inserts with an
internal EcoRI site yielding fragments 0.5 and 1.4 kb long.
These fragments from one isolate (Agtllht-5) were subcloned
and partially sequenced. This partial sequence indicated that
bacteriophage Agtllht-5 carried cDNA related to but distinct
from CD1a, -b, and -c cDNAs. Moreover, the 0.5-kb EcoRl
fragment corresponded to the 5' end of the insert and did not
extend to the highly homologous a3 domain. A probe made
from the 0.5-kb EcoRI fragment hybridized specifically to the
0.5-kb fragment of all six isolates but not to CD1a, -b, or -c
cDNA (data not shown), further indicating that all six isolates
were identical. The bacteriophage Agtllht-5 cDNA was
therefore further subcloned and sequenced.

Nucleotide and Deduced Amino Acid Sequence of Agtllht-5.
The complete nucleotide sequence and the deduced amino
acid sequence of Agtllht-5 are shown in Fig. 1. The first ATG
occurred at position 165 and was in good agreement with the
eukaryotic consensus initiation site (purine at -3 and G at
+4) (27). This ATG was followed by a long open reading
frame which ended at 1170, encoding a protein of 335 amino
acids. Nucleotides 772-1050 corresponded exactly to the a3
domain exon sequenced previously from a genomic clone
(20). The four potential sites for N-linked glycosylation are
indicated in Fig. 1. The unglycosylated translation product
had a predicted molecular weight of 37,674 (35,459 without
the leader peptide). There was a long 3' untranslated region
of 705 base pairs (bp) with no poly(A) tail or polyadenylyla-
tion signal. Sequencing of the corresponding genomic region
(see below) revealed a probable polyadenylylation signal 21
bp from the end of this cDNA (underlined in Fig. 1).
Comparison Between the Amino Acid Sequences of Agtllht-

5and CDla, -b, and -c. Comparison ofthe amino acid sequences

predicted from the Agtllht-5 cDNA and the CD1a, -b, and -c
cDNAs (ref. 15 and A. Aruffo and B. Seed, personal commu-
nication) indicated homologous molecules with similar domain
structures (Fig. 2). These similar domain structures were
confirmed by the genomic organization (see below). The most
homologous region between all four molecules was the putative
f32-microglobulin-binding a3 domain, with >90% identity (20).
On the basis of the domain structure and sequence homology,
we termed the protein encoded by the bacteriophage Agtllht-5
cDNA CD1d.

In contrast to the a3 domain, the al and a2 domains of
CD1d and CD1a, -b, and -c diverged considerably (Fig. 2).
The low homology in these domains between CD1a, -b, and
-c has been noted previously (15), with 48-56% of residues
conserved between CD1a, -b, and -c. CD1d has diverged
somewhat further, with 37-40% of residues conserved be-
tween CD1d and CD1a, -b, and -c in the al and a2 domains
(Fig. 2).
Four potential sites for N-glycosylation were present in

each of the CD1 molecules. Three of these sites were
conserved between CD1a, -b, and -c, while only one site
(Asn-18) was conserved in all four molecules. Invariant Cys
residues were present at positions 100 and 164 in the a2
domain which, based on homology with HLA class I mole-
cules (see below), are probably linked by an intrachain
disulfide bridge. A third Cys, which was conserved in the a2
domain of CD1a, -b, and -c at position 143, was an Ile in
CD1d. A Pro-Xaa-Pro sequence in the a2 domain at position
131 was also conserved in CD1a, -b, and -c (15) but in CD1d
was a Pro-Xaa-Gln.
Genomic Organization of CDMd. A human genomic DNA

library in the EMBL3 vector was screened with a mixture of
CD1 probes. Positive bacteriophage were rescreened with
probes corresponding to the CD1d 5' untranslated exon
through the al exon and the 3' untranslated region. Several
overlapping bacteriophage were isolated, one of which
(EMBL3-hgl4) appeared to contain the entire gene. This
bacteriophage was mapped and subcloned and exon contain-
ing regions were sequenced.
The intron/exon organization of the CD1d gene is shown

in Fig. 3 and sequences around the intron/exon boundaries

cagaagcagcaaaccgccggcaagcccagcgaggagggctgccggggtctgggcttgggsaattggctggcacccagcggaaagggacgtgagctgagcgcggggg 105
EL-

agaagagtgcgcaggtcaga8c8c gcgc.cagtccgcgaggtccccacgccgggcgat ATG GGG TGC CTG CTG TTT CTG CTG CTC TGG GCG CTC 200
Hot Gly Cys Lou Lou Ph. Lou Lou Lou Trp Ala Lou -9

Ml - *
CTC CAG GCT TGG GGA AGC GCT GAA GTC CCG CM AGG CTT TTC CCC CTC CGC TGC CTC CAG ATC TCG TCC TTC GCC MT AGC 281
Lou Gln Ala Trp Gly Sor Ala Glu Val Pro Gln Arg Lou Phe Pro Lou Ar8 Cys Lou Gln Ile Sor Ser Pho Ala Asn Ser 19

AGC TGG ACG COC ACC GAC GGC TTG GCG TGG CTG GGG GAG CTG CAG ACG CAC AGC TGG AGC AAC GAC TCG GAC ACC GTC CGC 362
Sor Trp Thr Arg Thr Asp Gly Lou Ala Trp Lou Gly Glu Lou Gln Thr His Sr Trp Ser Asn Asp Ser Asp Thr Val Arg 46

TCT CTG MG CCT TGG TCC CAG GGC ACG TTC AGC GAC CAG CAG TGG GAG ACG CTG CAG CAT ATA TTT CGG GTT TAT CGA AGC 443
Ser Lou Lys Pro Trp Sor Gln Gly Thr Phe Ser Asp Gln Gln Trp Glu Thr Lou Gln His Ile Phe Ar; Val Tyr Ar; Sor 73

Mc2 -
AGC TTC ACC AGG GAC GTG MG GMA TTC GCC MA ATG CTA CGC TTA TCC TAT CCC TTG GAG CTC CAG GTG TCC GCT GGC TGT 524
Ser Phe Thr Ar; Asp Val Lys Glu Phe Ala Lys Hot Lou Arg Lou Sor Tyr Pro Lou Glu Lou Gln Val Sor Ala Gly Cys 100

GAG GTG CAC CCT GGG MC GCC TCA MT MC TTC TTC CAT GTA GCA TTT CM GGA MA GAT ATC CTG AGT TTC CAA G&A ACT 605
Glu Val His Pro Gly Asn Ala Sor Asn Asn Phe Phe His Val Ala Phe Gln Gly Lys Asp Ile Lou Sor Phe Gln Gly Thr 127

TCT TGG GAG CCA ACC CAA GAG GCC CCA CTT TOG GTA AMC TTG GCC ATT CM GTG CTC MC CAG GAC AAG TGG ACG AGG GM 686
Ser Trp Glu Pro Thr Gln Glu Ala Pro Lou Trp Val Asn Lou Ala Ile Gln Val Lou Asn Gln Asp Lys Trp Thr Ar; Glu 154

ACA GTG CAG TGG CTC CTT MT GOC ACC TOC CCC CM TTT GTC AGT GOC CTC CTT GAG TCA G0G MG TCG GM CTG MG MG 767
Thr Val Gln Trp Lou Lou Asn Gly Thr Cys Pro Gln Phe Val Sor Gly Lou Lou Glu Sor Gly Lys Ser Glu Lou Lys Lys 181

ia3 -
CM GTG MG CCC MG 0CC TGG CTG TCC CGT GOC CCC AGT CCT GSC CCT GOC CGT CTG CTG CTG GTG TGC CAT GTC TCA G&A 848
Gln Val Lys Pro Lys Ala Trp Lou Sor Ar; Gly Pro Ser Pro Gly Pro Gly Arg Lou Lou Lou Val Cys His Val Ser Gly 208

TTC TAC CCA MG CCT GTA TOG GTG AAG TOG ATG CGG GGT GAG CAG GAG CAG CAG GOC ACT CAG CCA G0G GAC ATC CTG CCC 929
Ph. Tyr Pro Lys Pro Val Trp Val Lys Trp Met Ar; Gly Glu Gln Glu Gln Gln Gly Thr Gln Pro Gly Asp Ile Lou Pro 235

MT GCT GAC GAG ACA TOG TAT CTC CGA GCA ACC CTG GAT GTG GTG GCT G0G GAG GCA GCT GOC CTG TCC TOT COG GTO AMG 1010
Asn Ala Asp Glu Thr Trp Tyr Lou Ar; Ala Thr Lou Asp Val Val Ala Gly Glu Ala Ala Gly Lou Ser Cys Ar; Val Lys 262

*TH -.

CAC AGC AGT CTA GAG GOC CAG GAC ATC GTC CTC TAC TOG GGT G0G AGC TAC ACC TCC ATG GOC TTG ATT GCC TTG GCA GTC 1091
His Sor Sor Lou Glu Gly Gln Asp Ile Val Lou Tyr Trp Gly Gly Sor Tyr Thr Ser Hot Gly Lou Ile Ala Lou Ala Val 289

NC -0

CTG GOCG TOC TTG CTG TTC CTC CTC ATT GTG GOC TTT ACC TCC CGG TTT AMG AGO CM ACT TCC TAT CAG GGC GTC CTG tga 1172
Lou Ala Cys Lou Lou Ph. Lou Lou Ile Val Gly Phe Thr Ser Ar; Phe Lys Ar; Gln Thr Sor Tyr Gln Gly Val Lou 315

ctcgccttgccacatctgtgtctct~saaccca-cetctggacctcaggttccaagacttcagtcctggtctgctcaggaattgaagatgtaaggaattgaaga 1279
tagagagastacottgaaaaagtagagaacagtcatgagg~cagctttcatcacacccttttaacatttatctaaaagaatttaaattctttttcaaaaasttacacta 1386
caagtttataagscccaatS~ctctgtg-aatcagaagtgcaaaggtgtgcaaacttgtatctgaagacctaccagggacaagcaggtaagagctgatgtgagtgtg 1493
tg4tgatggatctgtaaggaactggaaccacactgtcctatccaaa6^gaatcagctgcagctgcttgttgtcaagtataaagtcaggacctacttggctttaaccg 1600
tttttcaaaa-a-ctggaaatctggattttcagcgaacatgcctgattttaaaaggttgactcaagtttttacaaaatactatgtgggacacctc-aatacatacct 1707
actgactgatgacaaacccaggagtttgtgtgtcttttataaaaagtttgccctggatgtcatat cattggagstsga-cacagtttctattgtaaatttggattta 1814
cgactgaagaaggacattttctctttaaaagaaagttaggttataagaaacagaggcgtctcacatttttacttaatgtaattaataaa 1903

FIG. 1. Complete nucleotide
sequence and deduced amino
acid sequence ofAgtllht-5 cDNA.
The cDNA ends at nucleotide
1877; the underlined sequence
from 1878 to the polyadenylyla-
tion signal was deduced from
genomic sequencing. The posi-
tions of the leader (L), extracel-
lular (al-a3), transmembrane
(TM), and cytoplasmic (C) re-
gions are indicated, and number-
ing of the protein begins with the
first amino acid after the leader.
Potential sites for N-glycosyla-
tion are indicated with asterisks.
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* Leader * al
CD1d M G C L L F L L L W A L L Q A WO S A E V P Q R L F P L R C L
CD1a M L F L L L P L L A V L - P G D G N A D G L K E P L S F H V I
CD1b M L L L P F Q L L A V L F P 0 G N S E H A F Q G P T S F H V I
CD1c M L F L Q F L L L A L L L P G0 D N A D A S Q E H V S F H V I

Q I S S F A N S S W T R T D O L A W L G E L Q T H S W S N D S D T V
W I A S F Y N H S W K Q N L V S O W L S D L Q T H T W D S N S S T I
Q T S S F T N S T W A Q T Q G S G W L D D L Q I H G W D S D S G T A
Q I F S F V N Q S W A R G Q G S G W L D E L Q T H G W D S E S G T I

R S L K P W S Q 0 T F S D Q Q W E T LQ H I IF RV Y R S S F T R D V
VF L W P W S R GINIFSINE E W K ELIET L F R I R T I R S F E G I
IF L K P W S K IGNIFS|D K E V A EILIE E I FR|V Y I F G F A R E V
IF L H N W S K ON F S N E E L S DLE L L R|F Y L F G L T R E I

* a2
KE FAK M L R L S Y L E L V S A G C EVHPGN A S N N F FH
RR Y|A|H E L Q F E Y P|F|E I IQV T G|G C EIL|HSIGIK V S G SIFIL Q
Q D F A|G D F Q M K Y P|F|E IQIG I AG C EILHS OlG A I V S F L R
Q D H AJS Q D Y S K[Y P F E V V K A C E LH S GK S P E GOFF Q

VAF QO[ K[ I L[S F Q G T S W E[P T Q E A P L WV N L A I Q V L N
L|AIY Q|G|S |DF VlSIF Q N N S W L P Y P V A G N M A K H F C K V L N
GIA|L GGLDDFFL|SVVK N A S CVKPA S P E G G S R A Q K F C A L I I
VWAF NLJLDL L SF Q N T T WV[JS P G C G S L A Q S V C H L L N

- D K W T R E T V Q W[L N G T C PIQ F V SG L[ESGES S E L K
- IQ|N Q H E N D I T H N|LL S DIT C PIR F I LGLLD AIG KIAH L Q
- IQY Q G I M E T V R I |L|L Y E T C P R Y L LIG V L N A G K A D L Q
H&jjY E G v T E T V Y N.L I R S T C P R F L L GLLI9D AG K M Y V H

* a3
KQ VKP K A W L SIRGR P GPOG R L L LV C H VrSG F Y P K P V
RQ V K P E A W L SIH GP S POG|P OGH L 0 LV C HV IS G F Y P K P V
RQ K P E A W LS SOPS P G|POG R L 0 LV C HIVS G F Y P K P V
RQ V R P E A W LS SS R OPS LS GQ L L LV C HIAIS G F Y P K P V

IWVIKIWMRIGEQEQQIGTIQ GD I L PINAD ET W Y LR A TLD
IW VIMIW M R|G|E Q E QIQIG TIQ RIG D I L P|S|A|D GIT W Y L|R A T|L|E
|W V|M|W M RIGOE Q E Q0Q G TIQ L|G D I L P N|A|N WIT W Y LIR A T LD
WVTWMRN|EQEQL[GTKHIGD I L PNSJD GIT W Y LIQ V IL[E

* Transmembrane
V A GAEIAIAGDLS C R VIKrH S S IEIG Q D I VIL YWIEGG S Y T S M

|V|A A G|E|A|A|D|L S C R V|K|H S S L|E|G Q D I |V|L Y W|E H H S S V G
V|A D GIE|AAAGCLS C R V|K|H S S L|EG Q D I IIL YWIR N P T S I G
[VJA S E JPWAG L S C R VIR|H S S L G|G Q D I I |L Y WG H H S S M N

U Cytoplasmic
G LWALA V L A C LLF Lrn I VG F T S R F K R Q T S Y Q G V L
F |I |ILA V I V P -ILL L|L I 0 L A L W -F R K R C F C
S *I VLA I I V P S L|L LL|L C L A LWYM RRR - S Y Q N I P
W I ALV V I V P . LV I L I V L V L W - F K K H C S Y Q D I L

FIG. 2. Amino acid homology among CD1 molecules. Amino acid sequences for CD1a, -b, and -c were deduced from their cDNAs (A. Aruffo
and B. Seed, personal communication). The domain structure was based on homology with MHC class I molecules (28) and on the exon
organization (except the first basic residue after the hydrophobic transmembrane region is indicated as the start ofthe cytoplasmic tail). Residues
conserved in all four molecules are boxed.

are given in Table 1. Exon 1 encoded the 5' untranslated and whether CD1d was a relatively abundant transcript, Northern
leader region. Exons 2, 3, and 4 encoded the extracellular al, blots of thymus RNA were hybridized with full-length CD1a
a2, and a3 domains, respectively. The transmembrane re- and CD1d probes. Both probes hybridized to transcripts of
gion, a short cytoplasmic tail, and 3' untranslated region were about 2 kb, with significantly less hybridization of the CD1d
on exons 5 and 6. Exon 6 most likely extended through the probe (Fig. 4). The full-length CD1 probes may cross-
polyadenylylation signal identified from the genomic se- hybridize with other CD1 messages via their conserved a3
quence (Fig. 1). The genomic organization of CD1d was domain. Hybridization of thymus RNA with a probe specific
therefore identical to that of CD1a, -b, and -c (15). for the 3' untranslated region ofCD1d could be detected only
Northern Blot Analysis of CDld. The isolation of multiple with a long exposure (data not shown). These results indi-

CD1d cDNAs from a thymocyte library suggested that CD1d cated that CD1d is a relatively low-abundance transcript in
might be a high-frequency transcript in thymus. To determine thymus.

H P Bg Hn BtPRBS RB X B Hn P Hn P B R R H

LJ TM C

1 kb
H-H

FIG. 3. Restriction map and intron/exon organization of the CD1d gene. Exons (boxes): 5', 5' untranslated region; L, leader; al-a3,
extracellular al, a2, and a3 domains; TM, transmembrane region; C, cytoplasmic tail; and 3' UT, 3' untranslated region. Restriction sites in
the EMBL3hg-14 CD1d genomic phage are indicated: B, BamHI; Bg, Bgl II; R, EcoRI; H, HindIll; Hn, HincII; P, Pst I; and X, Xba I.
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Table 1. Intron/exon boundaries of CD1d

Intron Boundary Exon Boundary Intron

---Ala-GIu-V
S' UT ---GCT GAA G gtggtggaa

al-Pro-Gln- - - - - -Leu-Ser-T
ctctcacag TC CCG CAA--- al ---TTA TCC T gtgagctga

yr-Pro-Leu --- --- -Lys -Gin-V
tctccacag AT CCC TTG--- a2 ---AAG CAA G gtcagcctg

al-Lys-Pro --- --- Tyr-Trp-G
tggatacag TG AAG CCC--- &3 ---TAC TGG G gtgagaaaa

I y -Gl y -Ser - -- -- Arg -Gin -Th
ccagagcag GT GGG AGC--- TM/C ---AGG CAA AC gtaagtctc

r -Ser -Tyr - - -
ctctcacag T TCC TAT--- C/3' UT

Boundary nucleotides for each intron/exon boundary are shown.
Introns are in lowercase letters, exons in capitals. The correspond-
ing amino acid sequence is listed above each exon. Exon abbrevia-
tions are as in Fig. 3 legend.

Comparisons Between Ammo Acid Sequences of CD1 and
MHC Molecules. Comparison of the CD1 predicted amino
acid sequence with HLA class I and II molecule sequences
(29) revealed several noteworthy features. There was very
little homology between the CD1 and HLA class I al domains,
with an optimal alignment yielding at most seven potentially
conserved residues (data not shown). In contrast, the a2
domains of these molecules could be aligned to yield con-
served consensus residues at 24 positions (26%; Fig. 5A). The
presence of several additional conservative changes and
identity between at least one CD1 residue and HLA at
variable positions (not shown but compare Figs. 2 and SA)
further indicated that these a2 domains were related.
The low homology between class I and CD1 a3 domains

and the comparable homology between class 11 32 and CD1
a3 domains have been noted (20). Alignment of consensus
sequences for CD1a-d indicated there was significantly less
homology between CD1 and HLA class I a3 domains (31% of
residues conserved) than between CD1a3 and HLA class II

02 domains (42% of residues conserved; Fig. SB). Also
noteworthy was that the possible contact points between the

2 kb

VW FIG. 4. Northern blot of thy-
mus RNA. RNA was extracted
from neonatal human thymus and
20,g was electrophoresed, trans-
ferred, and hybridized. Duplicate
blots were hybridized with a full-
length CD1a (A) or CD1d (B)

A B probe and exposed for 16 hr.

HLA class I a3 domain and P32-microglobulin (28) were not
conserved in CD1 (Fig. 5B, indicated in black squares),
except for an Asp at position 238 in HLA.

DISCUSSION
A cDNA encoding an additional member of the CD1 gene
family has been isolated from a human thymus cDNA library
and termed CDMd. This cDNA encodes a polypeptide of 335
amino acids with significant homology to CDla, -b, and -c
(Figs. 1 and 2). The overall structure and genomic organiza-
tion, with three external domains, a transmembrane region,
and a short cytoplasmic tail, are identical in all four CD1
molecules (Fig. 3). The sequence homology is greatest in the
putative (2-microglobulin-binding a3 domain, which is highly
conserved among all four molecules (Fig. 2). In contrast, the
CDMd al and a2 domains have diverged considerably. CDMd
has the least homology among the CD1 molecules and has no
significant homology with CDla, -b, or -c in the 5' untrans-
lated region (Fig. 1 and ref. 15). The significance ofhomology
in the 5' untranslated region between CDla, -b, and -c is
unclear, but it could reflect one level of posttranscriptional
control that is not shared by CDMd.
Northern blot analysis indicates that CD1d message is

present in low abundance in thymus (Fig. 4). The relatively
high frequency ofCDMd isolates from the thymus library used
here probably reflects amplification of this cDNA, but varia-
bility in CDMd expression cannot be ruled out. We have noted
only a low expression of CDMd in two separate thymus RNA
preparations and low or undetectable expression in several
T-lymphoblastoid cell lines (data not shown). A non-
full-length cDNA which may correspond to CDMd has been
found in a subclone of MOLT-4 selected for high CDla
expression (20). No detectable message has been found in a
series of B-cell or myeloid lines (data not shown). Attempts to
identify a fourth CD1 molecule serologically have been sug-
gestive but indirect (5, 7). Whether CDMd message is present
uniformly in thymus at low levels or is expressed by only a
small subset of thymus cells cannot yet be determined.
The structure and distribution of CD1 suggest that these

molecules function by interaction with T-cell receptors. In
analogy with MHC class I and II molecules, CD1 on Langer-
hans cells or on some thymocytes may bind and present
antigen to mature T lymphocytes bearing a particular class of
T-cell receptors. A second model involves CD1 interaction
with newly rearranged T-cell receptor chains on the surface
of immature thymocytes as an initial restriction element. In
this general model, an appropriate interaction between CD1
and TCR would signal the immature thymocyte to express
that TCR complex and proceed with further maturation and
selection events in the thymus.
There has been considerable divergence between CD1 and

MHC class I molecules despite their similar domain structure
and binding of P2-microglobulin. The al domain is most
divergent between CDl and MHC class I molecules, suggest-
ing that there are different structural constraints on the al
and a2 domains. Alignment of the a2 domains (Fig. 5) reveals
some noteworthy features. The Pro-Xaa-Pro at position 131
in CDla, -b, and -c aligns with a non-a-helical area in HLA
class I (28). The invariant cysteines in CD1 at positions 101
and 164 align with invariant disulfide-linked cysteines in
MHC class I molecules (28). There appears to be some
pattern to the conserved residues around Cys-164, with a
conserved residue in every third or fourth position. If this
region forms an a-helix similar to HLA class 1(28), then one
face of the helix could be highly conserved. This region of
class I (Cys-164 to Gln-180) is also closely associated with the
al domain in HLA (28) and could be similarly involved with
CD1 intra- or intermolecular associations.
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A
CDha2 Y F F E I V X ACED L H K A S X S F FLVAF Q
HLA Q S I XIQIX M YICD V GsIDGIR F L R G YXI]YQyA I)Q
Class I a2 L.... L.........J L.....J

1100

L QF L I F Q NT S W V E SP E AG S XAQX

WKPY 1 AL -NE DL RS W IT AD MAAJ-
t120 t140

F C X L L N Q Y

II K R K W E A

Q G X X ET V X N L LX X?IR FL L9 LLkDA WAXXL Q R|Q
A H VA EQ L B A YLEG CjV EWL RR YLE NGJE T|L Q R|A

tl60 t180

B . 4200 .

HLA Class I a3 P K T 11 V T -H Hi P X S D -H E A IT A JG F Y

CD1 a3 KIK P E AWL SGS[ P G R LL vu V a G E Y

HLAClass II 2 WLXP T V S P S K T X Pj L Q H H N L L. V C H VS E Y

4220 4240

PI A E 1L T L I IV Q R D G -D Q TQDF L - E I a A G D G I E Q
P K P V W V M W M B -G E Q E Q Q £ Q X GQ 1 L PN A D GI W Y
p A S I X V K W ER _ G Q E 'E GT V a I X L _IR Q1t 1ii Q

* 4260

A A V _ - V P - S G E E Q R X I CH Q H EQ LG K - LI L R

L RATLE -V A - AG .AAGLSCBVK HILE IQL LMY
I L VMLHMT QiQ SD< - - _YTLCHxHPiLXSP- TV

Most striking is how far the a3 domains of CD1 and MHC
class I molecules have diverged, as this region is involved in
f32-microglobulin binding and is conserved among MHC class
I molecules (Fig. SB). Moreover, the a3 domains ofCDla, -b,
-c, and -d are also highly conserved. This suggests the
presence of unique constraints on the CD1 a3 domain other
than binding of 82-microglobulin. Whether these constraints
involve intramolecular interactions not present in MHC class
I molecules or involve CD1 associations with molecules other
than p2-microglobulin remains to be determined. In addition
to an association between CD1 and CD8 (13, 14), there is
evidence suggesting that other cell surface molecules may
interact with CD1 (30-32). These associations may be im-
portant clues in understanding the function of this gene
family.
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