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ABSTRACT The class II molecules of the human major
histocompatibility complex include the DR, DC, and SB anti-
gens, each composed of an a and a 13 polypeptide chain. We
have isolated a DR13 gene in overlapping cosmid clones made
from genomic DNA of a Dw4/DR4 homozygous individual.
This gene consists of six exons and spans >20 kilobases. Upon
sequencing, it was found to possess several deleterious muta-
tions, each capable of rendering the gene nonfunctional: (i)
four splice junctions deviate from the G-T/A-G rule; (ii) two
premature termination codons are present in the first domain
exon; (iii) a 2-base-pair insertion causes a translational frame
shift in the second domain exon. In addition, several amino
acid residues that are conserved in all known expressed (3
chains have been replaced in the amino acid sequence predict-
ed from the pseudogene. Analysis of the pattern of nucleotide
substitutions in the second domain exon suggests that most
amino acid replacements occurred after the gene was inacti-
vated. The inactivation may have been caused by insertion of a
Kpn I repeat 5' to the promoter region, thereby interfering
with transcription of the gene through removal of transcrip-
tional enhancer elements. The DR(3 pseudogene seems to be
present also in other DR4 individuals.

The class II antigens of the major histocompatibility tom-
plex are expressed on some cell types involved in the im-
mune response, such as B lymphocytes and macrophages
(1). They participate in the presentation of foreign antigens
in cellular interactions (2). In man, associations between
class II antigen alleles and a large number of diseases have
been described (3).
The human major histocompatibility complex contains the

genes of at least three types of class II antigens-i.e., DR,
DC, and SB (4, 5). All three are cell-surface glycoprotein
heterodimers, consisting of an a chain of -z35,000 Da nonco-
valently associated with a 13 chain of --28,000 Da (6). A char-
acteristic property of the class II antigens is their extensive
genetic polymorphism. The variability of the DR antigens is
provided exclusively by the 13 chains (7) whose polymor-
phism resides primarily in the amino-terminal domains (8, 9).

Cloning of cDNA (10) and protein sequencing (11, 12)
have shown that in some cell lines, DR13-like genes of at least
two distinct loci are expressed. Hybridizations to genomic
DNA with DR1B probes reveal even further complexity, inas-
much as individuals of different DR specificities seem to dis-
play distinct numbers of DR13 genes, some having at least
three DRP-like genes (J. Bohme, personal communication).

Class II antigen DNA probes are now being used in hy-
bridizations to genomic DNA in search for more specific
correlations of various diseases with class II loci and alleles,
detected as restriction fragment length polymorphisms (13,
14). However, the hybridization patterns obtained often re-
veal a more complex genetic organization than expected

from phenotypic observations (15). Molecular characteriza-
tion of the many class II genes should help simplify interpre-
tations of the genomic hybridization data.
To study the features of the individual DRP3-like genes, we

have isolated several cosmid clones containing DRP3 genes
from genomic libraries prepared from DNA of an HLA-ho-
mozygous individual. In the present study, we describe the
exon organization of a DR13 gene and we present several fea-
tures of the nucleotide sequence, indicating that it is a pseu-
dogene. The implications for HLA-DR typing through DNA-
hybridization techniques are discussed.

MATERIALS AND METHODS
Isolation and Characterization of Genomic Clones. Two ge-

nomic libraries were constructed (unpublished data) from
DNA donated by an HLA-homozygous offspring of a con-
sanguineous mating. The DNA donor has been typed to be
Dw4/DR4 (cell L in ref. 16). The libraries were made in the
cosmid vectors pHEP and pNNL, respectively (17), and
they were screened with a 790-base-pair Sac I/HindIII frag-
ment corresponding to the entire coding part of the DR13
cDNA clone pll-13-3 (9). Screening of the cosmid libraries
and growth of cosmid clones were carried out as will be de-
scribed elsewhere (unpublished observations). The isolated
cosmids were characterized by restriction mapping and hy-
bridization to exon-specific DR,8 cDNA probes. The clone
coslI-3301 was in the vector pNNL and cosII-801 was in
pHEP. Subclones were prepared in the vector pUC9.
DNA Sequence Determination. Nucleotide sequences were

determined with the chemical degradation procedure (18)
and with the dideoxy-chain termination procedure (19) using
exonuclease III and synthetic oligonucleotide 12-mer prim-
ers.

RESULTS AND DISCUSSION
Isolation of Cosmids Containing DR13 Genes. The cosmid

libraries were screened with a DRP3 cDNA probe under low
stringency conditions (unpublished data). Several cosmids
were isolated and hybridized to a DRB cDNA probe corre-
sponding to the 3'-untranslated region of the mRNA, since
this probe does not cross-hybridize to DC and SB 1-chain
clones (20). The cosmids hybridizing to the DR13-specific
probe were restriction-mapped, whereupon two clones were
found to overlap by 18 kilobases (kb) (Fig. lA). The exons of
the gene contained in these cosmids were found to be distrib-
uted over a region of >20 kb. After nucleotide sequencing as
shown in Fig. 1B, the gene was found to display several dele-
terious mutations that prevent expression of a DR13 polypep-
tide (see below) and will, therefore, be referred to as DRA1B
(for DR(3 pseudogene).
Exon-Intron Organization of the DR13 Pseudogene. The

exon boundaries were localized after alignment of the DR3iY

Abbreviation: kb, kilobase(s).
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FIG. 1. Organization of the DR(3 pseudogene. (A) Restriction map of the genomic segment containing DRpqi. Exons are shown as filled
boxes. Positions of restriction sites are indicated by vertical bars. No restriction sites were found for the enzymes Cla I, Mlu I, Nru I, Pvu I, and
Sal I. Inserts of the two overlapping cosmid clones are shown by horizontal bars. (B) Restriction maps of subclones utilized for nucleotide
sequencing. Sequencing strategy is shown by light-face arrows for the chemical degradation procedure and bold-face arrows for the dideoxy-
chain termination procedure. Exons are denoted with S for signal sequence; 1, first domain; 2, second domain; M, transmembrane segment; C,
cytoplasmic tail; and 3'UT, 3'-untranslated region.

sequence with the sequences of previously described DR(3
cDNA clones (9) and a DC/3 gene (21) (Fig. 2). The first exon
corresponds to the 5'-untranslated region, the signal se-
quence, and four amino acids of the first extracellular do-
main. The main part of the first domain and the second do-
main are encoded by exons 2 and 3, respectively. The fourth
exon contains information for the connecting peptide, the
transmembrane region, and four amino acids of the cytoplas-
mic tail. The core of the cytoplasmic segment is encoded by
a separate exon of 24 nucleotides, whereas the remaining
three amino acids of the cytoplasmic tail are encoded by the
sixth exon together with the 3'-untranslated region.
Two of the introns ofDROP are very large; the first intron

is x9 kb and the second intron is =8 kb. However, such
large introns have previously been found in expressed genes
(e.g., see ref. 22) and, therefore, need not correlate with the
fact that the gene is a pseudogene. It is not known whether
DRIBS is transcribed.
Two Alu type 1 repeats are present in intron 4 and the 3'-

flanking region, respectively (Fig. 2C). These repeats are

ubiquitous in vertebrate genomes, and they have been found
in introns and flanking sequences of several genes. The role
of the Alu repeats is unknown (see ref. 23).
DRIBS Has Several Deleterious Mutations. Although the

exon organization of DRf38i is identical to that of expressed
class II P genes (21, 24, 25), proper processing of a primary
RNA transcript is unlikely to occur, because four of the
splice junctions deviate from the G-T/A-G rule (26). The
first splice donor site following the signal sequence exon has
mutated from G-T to G-C. The other anomalous splice junc-
tions occur after the first domain exon, after the transmem-
brane exon, and before the separate cytoplasmic exon.

Two premature termination signals have arisen through
point mutations in codons 26 and 76, precluding synthesis of
a,( chain even if a correctly spliced mRNA were to be made.
Two nucleotides have been inserted in codon 183 ofDRfEG

as compared to the sequences of three DR,3 cDNA clones (9,
10) (see Fig. 2C), thereby altering the translational reading
frame. However, the frame used in the DR(3 cDNA clones
has been retained in Fig. 2 to facilitate comparison with the
amino acid sequences of the expressed DR,( chains.
Comparisons of Nucleotide and Amino Acid Sequences.

DR(3i/' displays an average of 90 nucleotide differences from
the sequences of three DRP3 cDNA clones (9, 10). The cDNA
clones, on the other hand, differ from each other at <60 po-
sitions. Nevertheless, DR 13 clearly belongs to the DR type,
since both DC and SB cDNA clones have unique 3'-untrans-
lated segments.

In coding nucleotide sequences, the proportions of poten-
tial replacement substitutions and potential silent substitu-
tions depend on the codon composition of any given se-
quence (27). Gustafsson et al. (9) have previously found that
for randomly distributed nucleotide substitutions in the DRJ3
exons, -75% should result in amino acid replacements (Ta-
ble 1). Values close to this figure are indeed observed for the
first domain exon (9). However, in the second domain exons
of the expressed DRf3 genes the observed proportion of re-
placement substitutions is only 50%/ of the total number of
substitutions, probably because of phenotypic selection
against amino acid replacements. In contrast, the proportion
of replacement substitutions observed in the DRfq41 second
domain exon, as compared to the corresponding sequences
of three DRB3 cDNA clones, is 71% (Table 1). Thus, the pro-
portion of replacement substitutions in DR,80 does not differ
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A
;A;CACAATGAGATACCATCTCATGCCAGTTAGAATGGCGATCATTAAAAAGTCAGGAAACAACAGCTGCTGCAGCGGATGTGGAGAAATAGGAGCGCTTCACACTGTTGGTGAGAGTGT i12o Kpn I
AAATTAGTTCAACGATTGTGGAAGACAGTGTTGTGATTCCTCAATGTTCTAGAACTAGAATATCA=GACCCAGCGATCCCATTACTGGGTGTATACCCAAGGAGTATAAATCATGCT 2400repeat
GCTATAAAGACACATGCACACGTATG=ATTGCAGCACTATITCACAATAGCAAAGACTTGGAACCAACCCAAATGCCCATCTATGATAAACTGGA=TAGAAAATGTGGCACATATACA 36 0
CCAT'GGAATACTATGCAGCCATAAAAAAGGATGAGTTCATGTTCCTTGCAGGCACATGTATGMAGCTGGAAACCATCATTCTAAGCAAACTATCACAAGGACAGAAAACCAAACAACAAG 48 0
AACACATGGGCACAGGGTGGGGAACATCACACACCGTGGCCTATTGTTGAGGGGGTGGGATGCTGGGGAAGGGAAAGCATTAGGAGAAATACTTAATGTAAATGATGAGTTGATGGGTACI 60 0
AGCAAACCTACATGGCACATGTATACCTATGTGACAAACCTGCACGTTGTACACATGTACCCTAGAACTTAAAGTATMAATWAAAiJTAA~TTCGTAAAAAAAATTC-1l-AAAGAAGTAA 72 0
ATTCTGTTCAGAAAAGGACCTTCATACAGCATCTCTGACCAGCAACTGATGATGCTATTGAACTCAGACGCTGATTCATTCTCCMACACTAGATTACCCAATCCAGGAGCAAGGAAATC 8 40

-29
Met Val Cvs -27 Exon

AGTAA=TCTCCCTAATMIIGGAATATGGGTGGAGCAGGGTCATAGTTCTCGCTGAGTGAGAC=rACTGCCCCTCTGGGCCCTGGACCTGTCATGCTCCTTAGC ATG GTG TGT 9 56 1
-1 +1 S

Leu Lys Pro Pro Gly Gly Ser Cys Met Ala Ala Leu Thr Val Thr Leu Met Val Leu Ser Ser Pro Leu Ala Leu Ala Glv Asp Thr Ara F 5
CTG MAG CCC CCT GGA GGC TCC TGC ATG GCA GCT CTG ACA GTG ACA CTG ATG GTG CTG AGC TCC CCA CTG GCT TTG GCT GGG GAC ACC CGA C 104 7

GCAAGTGCACATG~TGGGTGCTGAGCTACTACGAGGTCAGGAAAAAGGGAGci~ijTTAACACCGTGCCCAGGCAATGCCCCTTAAGAGATTGTGACGITTCTTCAGAGATTGCCCA 1 166
TTTATCACGGGATCCTAAGTTATTTCCACCACAAAAGGAGCTTGGTACTTGCCCTCTCCATGAGGTTTGTGTAAGGAACTTCCATACAGGCCATTCTTITCAAATCTCCACCAATAA 12 86
AACCTIGCATCACATTCCTCAGGGT=mAGAGGATTAGAAATAAGGATGCTAAAATAATTCCCCATACAGCACTTCCTT ATCATGTTGA=TATGCCAGACAAAACGAGGATIT i1406

.MAAAACTTTGlTGGGAGTCAAGGGAATTC 143 8

4

AAGCTTTTrTACATrGGATeLCCTAAACCTGAaMGTGCCSrCCCGTluTTCCCs CAGACAACACAGGCTCCACTCTGCCCCX[AGCTCACACCTGCTTAACCTGTCrP GTCACATCTG
AACTGACACTCTTAGAGGGTCCTTCTGTGGCACC CTAGTAATTAGATCATCCTATTATC5I~TT GAAGTCCACACTTCTGACATTCTCATCCCTGTCTAAGCTCTTGCGT
CCCACG CACGTECATCGC GACTGCTCTAAGCTCCCCCAGTGGAGTGGAGATTCT MCCGTTGGCGGAGTCGGTAGGCCGAAGAGCAC AAGGTCATCACTAA
GGAAGTGTTCACAGGATGAACACGGTGGGTA, CGGTAAAGGCGTMCGTX;TG-GGATGAGAGAAGGAGCAGAGAGTGTMW GTIGGAGGCTCCCAGGAGGAGGCAGCGTGGG
CTGCGGTGGTAGGTGGATCCTCCTCCAGCTCCTGCACTGAGTTCTCCAGAACAGGCTGGAGGCAGGGAGGGGGTCCCMAAAGCCTTGGGATCAGAGGTAGTTTCCCACCTGGTCCCCCG
TACCCCCGTCCGCCTCAGAAAGACAGAGGATGAGCCCCGGCXTGCGCGTAGTCGAGGlTGCGGGTGGGGCCAGTCAGTGTCTTCCCGGAGTCCGCTTCTTAACCGGATCGTCGTGT

J4ro Arg Phe Leu Glu Gln Ala Lys Ser Glu |C-ys| His Phe Phe Asn Gly Thr Glu Arg Tyr Leu/ Ara Tyr Phe Tyr Asn Gln
CCCCACAG CA CGT TTC TTG GAG CAG GCT AAG, TCT GAG |TGT| CAT TTC TTC AAT GGG ACG GAG CGG TAC CTG\;,AGA TAC TTC TAT MAC CAA

Glu Glu Tyr Val Arg Phe Asn Ser Asp Met Gly Glu Phe Arg Ala Val Thr Glu Leu Gly Arg Pro Asp Ala Glu Tyr Trp Asn Ser Gln
GAG GAG TAC GTG CGC rTC AAC AGC GAC ATG GGG GAG TTC CGG GCG GTG ACT GAG CTG GGG CGG CCT GAC GCT GAG TAC TGG AAC AGC CAG

Lys Asp Ile Leu Glu Gln Lys Arg Ala Glu Val Asp Asn([\js Arg His Asn Tyr Gly Val Val Glu Arg Phe Thr Val Gln Ara Ara I
AAG GAC ATC CTG GAG CAG MG CGG GCC GAA GTG GAC AAC /J AGA CAC AAC TAT GGG GTT GTG GAG AGA TTC ACA GTG CAG CGG CGA A

ATGAGCACGGCGGGGGGCGGGGTCTGAGTCCCTG GAGCTGGATCGCAGITGTTGGGTGAAGAGACACACACACACACATCTGTGAACATTTAGAATCCTCTCAATCCTGA
GCAAGGGGTTCTGAGGGCAGAGGTGTGTGTGTAGAGTGTGGATTTGTC7TGGCTGTTGT~GGGAGGGGAGGCAGGAGGGGGCTGCTT=ATCCTTGGAGGCCTCTGTZGGAGGTGACA
TGGGAAGTGGGTGCAGGGGGCTGCAGAGAGAGACCTTGATTGlTCTlGGGTCCTTAGAGATTCAGGGAAGGGAAATGAAGGr=CTGTGrGGGGTGAAGGTTTAGGGGAGGAGAGGTG
AGGGTTATGGAAGGTTTGGGATAATGTGAGGAGGCCAGTTCCAGACTGTCCCTGGCACATACCCTTAATTCTAGGGGAATTGAGGAGACCTCTGAGATACCTCTGAAGCTT

rz

120
240
360
480
600
720

32 Exon
0l0 2

Domain
62
901
93

992

0000
1231
1351
1463

GGATCCTACCTTTGTCACTGGAGTGACCCAGACTGATGCCTGCACATGAGGAGCCIGGGGTCCCAGGCCCACGACTTGAGCCGGGGTGCTGATGCCAGCAGCTGTTCCCAGGTTAGGCCT 12 0
GTGGCCTGGGGGACAGCAGCGCTGCCCAAAGGGAAGCTCCGTGGGGATGGTTGGGGGTGCAGTAGGT GGGGAAGGCAGCCGGGATGWTGCGCCAGGTGAGGTAGCCGCAGTAGGACTGC 240
CACAGCCACTCGTGMCTTGGGAGCACTTGTGGGCGCTCAGCCGTGCCAGTCTCTCCGCGCGWCAGCACTTGGGTGCTTCACAWCCGCCTGCCCCTGCAGCCCTGCCCTGGAGCCAG 3 60
AGGCCACCTCCCCATGCCTCCCAAGTITGCAGGGTGGCTCTGACCCATCAGTGGCAGCAGCTGTGAGW1CTGCGWCCATGGWCCAWCCCAGGGGCCACCATAGGGACATGGGATGGTGGT 480
GGCTGAGGGCCTCTCAMCAACGGATGGGCTCGTGGTCCCCTCCTCCCTCACCGCACCCCGGAGGGTGACCTCAGGGCC2CCTGCCATCGTCGCCCAGCAGCACCCACCATGGCACCT 600
GCCACTACTCCATCCCTATATGCCCTTCCAAAATCTCCTCCAATTCTCCCCCATCCATCCAACTCCACAGT1CCCCGCTGCGGGMCCATGGACAAAACTGCTTCACTCTACTAAAAAGT 720
GATAACAATCTCTGAGTACTAACTCCACTCCCCCACTTCATACAATGCTTTAAAAATTAAATAWAGAATGTCTGCTiTCACTi TTCTATTGTTACC=TAGTITTCCGGGC 840
ACTCAGCTTTCCTGCTGAGCTITCTTTMGTGTCCTTGAGTGTCCTITACMTGCGTCC CIGCATG3TCATIGCCTAWCAT1CACCAGACCTTTGTCACCCCACATTGGACAG 960
CCAXGTATGTrGGGGTGATCAGACCACMCACCAGATCATGGGGGCMCGMGTCCMCAGAGTCAAAGGI11GA AMIAGACAGTCT AAGAGAGA MGTGGGACCAAGGGGGCCATTGTG 1080
AGTGTGGAGGCTGCAAAGGCCCTGAGCTCTGGGAGCCCATGCTACTTATTGGTGCTCAM CP ATTGTGAG PIGATGTGGGG AAAGGAAACAGTGTATCAAGTGAATGAG 1200
AACATGGCTGCTTGAGATMCAGGAGTGCTAGMGCMGTCTAGCAGACA TGCMAGCCCTWrTCAGC I ITCCCAACACACAGCJ ICAI AAAACACATITrCACAACATCT 1320
CTCAMTCTMTGGGTCCTCCTTATMAGATTCAATTCCAGGCTGATGACACTGTGAGGCCACATGPCC TTAG GGCC=ACITTGP GTC GGCCAGAGCCTGGGTTACAGAGAAGCA 1440

le Gln Pro Lys Val Thr Val Tyr Pro Ser Lvs Asp Gin 100 Exon
GACAAACAGCAAMCATGGGACACTTACTTCCTGACTCATTCCCTCTACTTGTTCTTCTCCTAG TC CAA CCT AAG GTG ACT GTG TAT CCT TCA AAA GAC CAG 1546 3

Pro Leu Gln His His Asn Leu Leu Val s Ser Val Ser Gly Phe Tyr Pro Gly Ser Ile Glu Val Arg Trp Phe Gin Asn Gly Gln Glu 135 2
CCC CTG CAG CAC CAC AAC CTC CTG GTC [ TCT GTG AGT GGT TTC TAT CCA GGC AGC ATT GM GTC AGG TGG TTC CAG AAT GGC CAG GAA 1636

Glu Lys Ala Gly Val Val Ser Thr Gly Leu Ile Gln Asn Gly Asp Trp Thr Phe Gln Thr Leu Val Met Leu Glu Thr Val Pro Gin Asn 165
GAG AAG GCT GGG GTG GTG TCC ACA GGC CTG ATC CAG AAT GGA GAC TGG ACC TTC CAG ACC CTG GTG ATG CTG GAA ACA GTT CCT CAG AAT 1726

Ala Glu Val Tyr Thr [ys Gln Leu Glu His Pro Ser Met Met Ser Leu Leu Val Glu Trp A . 187
GCA GAG GTT TAC ACC T CM CTG GAG CAC CCA AGC ATG ATG AGC CTT CTC GTG GAA TGG A GTGAGCAGCTTTCTGACITCATACATTTCTCACC 1826

AACCATGAGGGGCT WGTACCTGAGTGTCAGGTTT-CTTCTCTCCCACATCATGTrCATTTGCTCCAl~TGTCATCTCCATTAGCACAGGTCACTGGGGGGTAGCCCTGTAA 1946
TAC=lCTAGAAACACCTGTACCCCCTGGGGAAWCAGTCATW CTGCCAAWCAGGAGAGGCTGTCC TmGCCTCCCCATGATGTCACAGATCAGGCTCACCTGCTCTCCCTGGG 2 066
CTCCAGGCCTGCCTCTGGTTGGAGGGTGAGAAGTAATGTAGGWCCTCCTGACATGAGGGGAATCCAGTCTC 2186
AGCTTlX:CCTW TATTAWTCTGi-lMTCACTCTAWCcAAACTACTTAACCTCATTGAGTCTCAGAlq~cTG~wA~cAGATGTTGAAGl~;TIWCcTTACATCAAGGCTGTAATATTTGAATG 2306
AGlTGATGCCTGAACCTTGTAACTGTGCAGGTGATTGASAAATCAl~TTTrTCTCCAGAAATGATCAGTTATTTr$LATTCTTGCAGGGAAGCCTTlCTCTCTTATTTTCAAAGCTCTGA

4rg Ala Trp Ser Glu Ser Ala Gln Ser Lys Met Leu Ser
ATCTCAGGGTCTCMTIAAAGAGGTTCCATTTAGGATMAATCTAATCCTTGCTTCCTCTCTCAG GA GCA TGG TCT GAA TCT GCA CAG AGC AAG ATG CTG AGT

Gly Val Gly Gly Phe Val Leu Gly Leu Leu Phe Leu Gly Ala Gly Leu Phe Ile Tyr Phe Arg Asn Gln Lys G4
GGA GTC GGG GGC TTC GTG CTG GGC CTG CTC TTC CTT GGG GCC GGG CTG TTC ATC TAC TTC AGG AAT CAG AAA G CTGAGGAGTCTTTTGTATCGGC

TCTCTCCATAGACITATCTGGAGGAGGAMATATGGCTCCTAGATJAAAGCCTC CGCAMATGACCTCCAATGTCCTGATAATC
CAGAAATCATCAGTGCATGGTTACTATGTCAAAGCATMTAGC'TTATGGCCTGCAGTGATGAGAAGGITAATAAMM

GCAETMAGAETMATGCMAATTACACGATCGTGTGACAGACATATCACGCTTCATGGGTCA
as 1TCTGETCTCTCTGCCCTGATCGTGlTGTGTTAGACAMTCTGGTGG TGG(CCT TGTGTTGGGAGACAGATTGCTTCCATATCT=

2426

199 Exon
2532 4
224 M

2627

2747
2867
2987
3107
3227
3347

;4r Exon
ly His Ser Gly Leu Gln Pro Thr G . 232 5

TTAAMGTGTATATCTMITCECTCCTGG GA CAC TCT GGA CTT CM CCA ACA G GTAATACCTITAATTCTCTC AGAAACAGATTCMAA CCCTAGAATGATAGT 3457 C

GGAGGTGATAAGGCATGAGACAGAAAATAAA GACTTTGGATrCAAATTrCTGATCAGGCAATTACACCAAAACTCCTTCTCTCCACATAGAAAAGGCCTGTGCTCTGCAGGAGTA 3 57 7
CTGGCTATGGAGACTT-AAGAAiiu7L=CT5TSCICCTGCAGTGCTCATCTGAGTCCTGAAA _A GAGTTAGTAGAGCCAGATCTGAAAACAACACTCTCCTCT 3 69 7

ly Leu Leu Ser Trm . 235 Exon
GTGCAG GA CTC CTG AGC TGA AGTGAAGATGACCACATTCMAGGAGGMCCITC CCCCAGCTTGAGGATGAAAAGCCCCACCTGGCTGTTATTCTTCCATAAGA 3802 6

3'UT
GAGGGCTTTCTCArrGGACG= ACTGCAGCAACTCTGCAGAAAA TGTcCCTGCCCTTGAGcCTT~CCTCAGCCCTGC GCcTGAGATCTGATGATGGCAGCACCTCA 3 93 2
TCCMAACTICTGTGCTCCCCTTcT CCAACCCTCCTGCETCCCGTGCATCTGTACTCCCCCCITTGGCCACAAACACATTACA ITTITE)cTCACACACGGAGATAAAATC 4052
ATCTGTC_-------_GCACTGT__ATGCCTGTAATCCCAGC________cA__CGAGGACCCACTGGCCAATATGGTGAAACCCCT 41732

AAATTAGTTGGC~Rgggww,&.m~r,=AW" ILI "'IN GGTTACAGTGAGCCGAG 4292
ATC~rCCACTU CACTC_ AG CAAAAAvACAACAAACAAACAAACAAAAATCAT:jCC 4 39 0

FIG. 2. Nucleotide sequence and predicted amino acid sequence of DR,8 pseudogene. Exons are denoted with S for signal sequence; M,
transmembrane region, C, cytoplasmic segment; and 3'UT, 3'-untranslated region. Splice junctions inferred from DR,8 cDNA clones (9) and a
DC,8 gene (21) are shown by arrows. The conserved cysteine residues are within boxes. Circles enclose the two premature termination codons
(26 and 76) and the frame-shift mutation (183). Underlined in the 5' part of the gene (A) are the four putative control and promoter elements. Kpn
I repeat in the 5'-flanking region is within a box (A). The 3'-untranslated region is underlined, and the polyadenylylation signal (A-T-T-A-A-A) is
within a box (C). Two Alu type 1 repeats are underlined by double lines, and their flanking il-mer repeats are within boxes (C).
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Table 1. Potential and observed substitutions in nucleotide sequences encoding first and second domains of expressed DR,3 genes (9) and
DR(3 pseudogene

First domain (1-94) Second domain (95-188)

Expressed DR/3 DRI,8e Expressed DR,8 DRIBS

Potential replacement sites in % of total sites 76 77
Observed number of replacement substitutions 28 34 9 20
Observed number of substitutions 35 44 18 28
Observed replacement substitutions in % of observed substitutions 80 77 50 71

significantly from what would be expected in a phenotypical-
ly unselected coding nucleotide sequence, suggesting that
DRAY4i was relieved from phenotypic constraints before most
of the nucleotide substitutions in the second domain exon
occurred. This finding is further corroborated by the pres-
ence of replacements in the amino acid sequences predicted
from DR(A at positions that are well conserved in all other P
chains known or even in other members of the immunoglob-
ulin-histocompatibility antigen superfamily of proteins (28)
(position 173, L for V; 178, M for L; and 181, L for P).
Two complete codons have been deleted after codon 23 in

DRAY, as compared to other DRP and DCf3 sequences, as
well as their murine homologues (Fig. 3). Deletions of short
nucleotide segments have been proposed to be generated by
"slipped mispairmng" at short direct repeats (29). Indeed, a
short repeat can be observed in the sequences of the DR"3
cDNA clones (Fig. 3). Interestingly, the corresponding co-
dons are absent also in the presumably expressed SBf3J gene
previously isolated from the same genomic library (ref. 20;
K. Gustafsson, personal communication). The deletion may
have occurred independently in the DR(3 and SBP genes or,
alternatively, a nucleotide segment that had lost the two co-
dons may have been copied from one gene to the other by
microgene conversion, as has been reported for class I as
well as class II histocompatibility genes (30-34). It will be
interesting to see whether the two-codon deletion is found in
all SB(31 alleles and in the SB(32 gene, and also whether it is
present in some expressed DRf3 alleles.
Promoter Region. Two nucleotide stretches in the 5'-flank-

ing regions ofgenes have been implicated in the regulation of
transcription. These are C-C-A-A-T at position -70 from the
mRNA start site, and the "TATA" box at position -25 (26).
Both of these elements can be identified in the 5' region of
DR3/4i, as well as in the murine Ef3 gene (25) (Fig. 2A).
Two segments of conserved nucleotides have previously

been identified (25) in the 5' flanking regions of the human
DRa gene (35) and the murine Ea (36, 37) and Ef3 genes (25).
The conserved elements are also present in human DCa (A.-
K. Jonsson, personal communication) and DC/3 genes (21),
as well as in the murine A,8 gene (24). These nucleotide seg-
ments are remarkably well conserved also in DR/3i. Howev-
er, alignment of the conserved elements from different class
II genes (Fig. 4) shows that DRf84+ alone differs at the last

CLONE Locus
DESIGNATION 20 25 30

GLYTHRGLUARGVALARGTYRLEUASPARGTYRPHE
PII-8-3 DRa GGGACGGAGCGGGTGCGGTACCTGGACAGATACTTC
PII-a-4 DR TG A-CG-G-

DRMI DRs T-G-CA-

cosII-801 DRsA--- T-A

cosII-412 SB81 ~AC Cd T G A-

cosI1-102 DCa C TCTTG-AC A-

FIG. 3. Alignment of class II (3 nucleotide sequences. The six
nucleotides missing in the DR&IB and the SBJ31 sequences are indi-
cated by asterisks. Amino acid sequence is deduced from pII-(3-3.
The direct repeat proposed to be involved in the deletion event is
underlined. Sequences were obtained from the following sources:
pII-f3-3 and -4 (9), DR,8I (10), cosII-412 (20), cosII-102 (21).

two positions of the otherwise almost invariant 8-mer ele-
ment. If the conserved nucleotide segments are involved in
the regulation of class II gene expression, this mutation
might have contributed to the inactivation of the DR,3 gene.
The presence of tissue-specific transcriptional enhancer

elements in the region preceding the putative promoter ele-
ments of a murine E,8 gene, the structural homologue of
DR3, has recently been described (38). However, the corre-
sponding region of DRIqB is occupied by a member of the
Kpn I family of repeated sequences (39). The repeat termi-
nates with a polyadenylylation signal 80 base pairs 5' of the
conserved 13-mer (Fig. 2A). Thus, the juxtaposition of the
Kpn I repeat close to the DROP~ promoter region might inter-
fere with transcription by removing the enhancer elements.
The role of the Kpn I repeats is obscure, but it is known that
some family members are transcribed (e.g., see ref. 39).

Possible Importance ofDR(P in the Generation of 3-Chain
Polymorphism and in Disease Associations Individuals of the
DR4 specificity have at least three DRP-related genes (J.
Bohme, personal communcation). DRBiS corresponds to
some of the strongly hybridizing fragments in the restriction
enzyme-digested genomic donor DNA when using DRf3
cDNA probes. Hybridizing fragments of the same sizes are
present also in the genomic DNAs of other DR4 individuals
(not shown), suggesting that DR IB is present in most DR4
individuals. Considering the large number ofpseudogene cri-
teria, it is unlikely that this locus may encode a functional
chain in other DR4 individuals.
The genomic DNA restriction fragments corresponding to

the DR(3 pseudogene of the DR4 donor are not present in the
genomic DNAs of individuals of other DR specificities ex-
cept DR7. This suggests either that DRIBSi is located on poly-
morphic restriction fragments, or that it is absent in individ-
uals of other DR specificities. These two alternatives cannot
be easily distinguished, as the pseudogene and two presum-
ably expressed DR(3 genes isolated from the same libraries
(unpublished observations) hybridize equally strongly to
DR( exon probes. Preliminary attempts to isolate DRAB/-
specific intron probes have been unsuccessful. Even if such
probes can be isolated, absence of hybridization signals from
DNAs of other DR specificities will have to be interpreted
with caution, because intron sizes can vary considerably be-
tween alleles (40).
Although DR(3qi does not give rise to a functional chain,

GENE 13-MER DISTANCE 8-MER DI-STANCE TO DISTANCE TO
CONSENSUS______________________ CAP SITE AUG co oN

SEQUENCE CTAGCAACAGATG 19 - CTGATTGG

NRov -C 19 CA 148
ES 19 89 141
DRa 20 66 130
Ea 20 51 99
DCU - AG T 19 133
AS -C-AG 19 125

-T GA 20 -A 116

FIG. 4. Alignment of the putative control elements in the 5' re-
gions of class II genes. Sequences were obtained from the following
sources: EP (25), DRa (35), Ea (36), DC(3 (21), AP (24), and DCa
(A.-K. Jonsson, personal communication).
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it may contribute to the generation of polymorphism in the
expressed 3 genes by accumulating mutations that are subse-
quently transferred to other /3 genes through microgene con-
version. Transferred segments containing deleterious muta-
tions will probably be selected against, whereas others may
spread and become fixed. The contribution of DR3qi to /3-
chain polymorphism may be significant if it is present in indi-
viduals of different DR specificities.
The identification of one of the DRf3 genes in DR4 individ-

uals as a pseudogene makes this gene unlikely to be respon-
sible for DR4-linked diseases (e.g., insulin-dependent diabe-
tes mellitus; see ref. 3). The mere absence of an expressed
DRP3 allele at this locus is less likely to cause disease suscep-
tibility. Nevertheless, DR/3i may serve as a useful marker in
DNA hybridizations, since it may be linked to expressed dis-
ease-associated P-chain alleles whose polymorphic nucleo-
tide positions do not affect restriction sites.
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