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ABSTRACT Class I gene products D, L, and R encoded
by the D region of the H-2q haplotype were isolated by se-
quential immunoprecipitation from Nonidet P40 extracts of
B1O.AKM murine spleen cells. Primary structural compari-
sons of these molecules were made by tryptic peptide map
analyses and radiochemical amino acid sequence determina-
tions. Partial NH2-terminal radiosequence analyses of the pep-
tides generated by CNBr cleavage of these three molecules de-
fined the Rq molecule as a gene product that is distinct from
the Dq and Lq molecules. Comparative tryptic peptide map
analyses of [3Hlarginine-, [3H]lysine-, or [3H~mannose-labeled
molecules were performed to determine if the Dq and Lq mole-
cules could be distinguished. The two molecules were identical
in their [3H]lysine-labeled peptides (17 in common) and
[3H]mannose-labeled glycopeptides but could be differentiated
by their [3H]arginine-labeled peptides (18 of 21 in common).
These results suggest an amino acid sequence homology of
99% or greater between the Dq and Lq molecules. These data
therefore provide structural evidence for three D region gene
products and suggest that their antigenic differences are not
due to post-translational glycosylation differences. Thus, theD
region of the H-2q haplotype may provide an example of a rela-
tively recent class I gene duplication, indicating that these
genes are in a dynamic state of evolution through expansion or
contraction of the gene pool.

Class I genes of the major histocompatibility complex are
expressed as polymorphic integral membrane glycoproteins
of approximately 45,000 Mr in noncovalent association with
f32-microglobulin (1). The murine class I transplantation anti-
gens have been genetically mapped to the H-2K and H-2D
regions of chromosome 17 (2, 3). Although originally each H-
2K and H-2D region was believed to encode a single gene
product (4-6), it has now been well documented that certain
haplotypes express multiple, antigenically distinct molecules
determined by their K and D regions (see ref. 1 for review).
For example, the D region of the H-2q haplotype has been
reported to encode at least three antigenically distinct mole-
cules, designated Dq, Lq, and Rq (7), and the D region of the
H-2d haplotype possibly encodes as many as five antigeni-
cally distinct molecules: Dd, Ld, Rd, Md, and L2d (7, 8).
The molecular basis for the existence of these multiple D

region-encoded molecules is unclear except for the Dd and
L molecules, which have been shown to have distinct pri-
mary structures (9) and to be encoded by separate genes
(10). The fact that cosmid cloning studies have defined only
three genes in the D region of the H-2d haptotype, one of
which is thought to be a pseudogene (11), raises the question
as to whether the additional molecules thought to be en-
coded within the D region of certain strains of mice are the

products of distinct genes or whether they originate by other
means such as post-translational modifications of a single
gene product. Studies of the D region ofH-2b haplotype mice
have provided evidence for only a single gene (12) and gene
product (13), indicating that the number of D region genes
may be variable, although other investigators have used
serological methods to describe multiple molecules mapping
to the Db region (14).

In addition to possible variability in the number of D re-
gion gene products, several D region molecules show much
higher levels of homology than has previously been observed
for other class I molecules. Sequence studies (15) have
shown that the Db and Ld molecules are the two most closely
related H-2 class I molecules so far studied, having 94% ho-
mology. Tryptic peptide maps have barely been able to re-
veal differences in the Dq, Lq, and Ld molecules (16), and no
serological differences are evident between the Lq and Ld
molecules (17). These studies are further complicated by the
fact that the Lq preparations undoubtedly also contained the
Rq molecule (7).

Studies ofD region-encoded molecules therefore raise the
following questions: (i) How many D region genes are ex-
pressed? (ii) How are different D region gene products of the
same haplotype related to each other? (iii) How are the D
region genes of different haplotypes related? (iv) Is the num-
ber of different class I genes in each D region fixed or in a
state of evolutionary flux due to genetic mechanisms of du-
plication and deletion? To begin to answer these questions,
we have compared the primary structures of several D re-
gion-encoded molecules.

MATERIALS AND METHODS
Alloantisera and Monoclonal Antibodies. The reagents used

and their source and serological specificity are listed in Ta-
ble 1. Alloantiserum anti-H-2.30 was produced as described
(18). Monoclonal antibodies 30-5-7 and 28-14-8 were pro-
duced from hybridoma cell lines grown in ascites and have
been previously characterized (19).

Preparation of Radiolabeled Antigens. Murine B10.AKM
(Kk, Dq) spleen cells were cultured with 3H-labeled amino
acids (histidine, isoleucine, leucine, tyrosine, arginine, or ly-
sine; Amersham) as described (7). Biosynthetic incorpo-
ration of D-[2-3H(N)]mannose (New England Nuclear) was
performed as described (20). Labeled cells were lysed with
0.5% Nonidet P-40 and the glycoprotein fraction was ob-
tained by chromatography on a column of lentil lectin cou-
pled to Sepharose 4B (7). Class I H-2 molecules were isolat-
ed in the order Dq, Lq, and Rq by sequential immunoprecip-
itation from the same glycoprotein fraction (see Results).

Preparation of Peptides by Papain and CNBr Cleavage. The
immunoprecipitated molecules were exposed to limited pa-
pain digestion (Sigma) in 0.01 M Tris HCl/0.15 M NaCl, pH
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Table 1. Reagents used and their specificity on antigens of
B10.AKM mice [Kk (Do, LU, Rq)]

Serologic Molecule(s)
Reagent* specificity detected

(LP.RIII x B1O.A) anti-B10.AKMt
(anti-H-2.30) H-2.30 Dq

BALB/c-H-2dm2 anti-BALB/cO
(monoclonal 30-5-7) H-2.65 Dq, Lq

C3H anti-C3H.SWi
(monoclonal 28-14-8) H-2.64 Dq, Lq, Rq

*To isolate the Dq, Lq, and Rq molecules by immunoprecipitation,
the reagents were employed in the order given from top to bottom
(see Fig. 1).

tPreviously characterized by Hansen et al. (18).
tPreviously characterized by Ozato et al. (19).

7.4. The papain cleavage fragments were separated from 132-
microglobulin by gel filtration on Sephadex G-75 (2.5 x 140
cm) in 1 M formic acid/0.01% 2-mercaptoethanol and lyophi-
lized. CNBr digestion was performed as described (9), and
the resulting peptides were separated by gel filtration on
Sephacryl S-200 (2.0 x 195 cm) in 6 M guanidine HCl/0.5%
acetic acid. The disulfide-linked peptides isolated from this
digestion were reduced and carboxamidomethylated as pre-
viously described (9), separated by gel permeation chroma-
tography as above, and desalted.
Automated Amino Acid Sequence Analysis. Extensive de-

tails of the radiochemical amino acid sequencing procedures
have been published (see ref. 21 for review).

Tryptic Peptide Map Analysis. Tryptic peptides of [3H]ar-
ginine-, [3H]lysine-, or [3H]mannose-labeled Dq, Lq, and Rq
molecules were prepared using a modification of the proce-
dure described by Brown et al. (22). Briefly, reduced and
alkylated 45,000 Mr class I molecules were purified by gel
filtration on Sephacryl S-300 in 0.05 M Tris HCl/0.5% Na-
DodSO4/0.01% 2-mercaptoethanol, pH 7.5, dialyzed against
0.001% NaDodSO4, and lyophilized. The isolated class I
molecules were dissolved in 2 M formic acid, precipitated

Pretreatment

Normal
mouse
serum

Anti-H-2.30

Monoclonal
anti-H-2.65

with acetone, and resuspended in 0.05 M NH4HCO3, pH 7.4,
and tosylphenylalanyl chloromethyl ketone-treated trypsin
(Millipore) in 0.001 M HCl was added at a weight ratio of
10:1 (carrier protein:enzyme). The tryptic peptides were re-
solved by reversed-phase HPLC on a Supelcosil C18 column
(150mm x 4.6 mm inside diameter, Supelco, Bellefonte, PA)
at a flow rate of 1 ml/min with a Spectra Physics (Santa
Clara, CA) SP8000B liquid chromatograph. After initial
isocratic elution for 5 min in 0.1% CF3COOH, linear gradi-
ent elution to 0.1% CF3COOH/30% (vol/vol) CH3CN was
run for 95 min and followed by gradient elution to 0.1%
CF3COOH/100% CH3CN in 10 min. Fractions (0.5 ml) were
analyzed by liquid scintillation counting.

RESULTS

Sequential Immunoprecipitation. The Dq, Lq, and Rq mole-
cules were isolated from radiolabeled cell lysates by sequen-
tial immunoprecipitation and analyzed by NaDodSO4/poly-
acrylamide gel electrophoresis (Fig. 1). Since the Dq and Lq
molecules possess both the H-2.64 and H-2.65 serological
specificities and the Rq molecule the H-2.64 specificity, it
was necessary to verify complete clearance of the Dq mole-
cule prior to isolation of the Lq antigen and likewise com-
plete removal of the Lq molecule before precipitation of the
Rq glycoprotein. When B10.AKM glycoprotein fractions
were treated with anti-H-2.30 alloantiserum (Dq specific), all
molecules reactive with this reagent were removed (Fig. 1D)
while monoclonal antibody 30-5-7 (anti-H-2.65) still precip-
itated a 45,000 Mr product, the Lq molecule (Fig. 1E). After
isolation of the Lq molecule, the absence of reaction of the
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FIG. 1. Sequential immunoprecipitation of the Dq, Lq, and Rq
molecules. Radiolabeled B10.AKM glycoproteins were pretreated
with normal mouse serum, anti-Dq alloantiserum (anti-H-2.30), or

monoclonal antibody 30-5-7 (anti-H-2.65) as shown at the left. Su-

pernatants were then tested with anti-H-2.30, anti-H-2.65, or mono-
clonal antibody 28-14-8 (anti-H-2.64) as shown at the top. The sec-

ondary immunoprecipitates were analyzed by NaDodSO4/poly-
acrylamide gel electrophoresis.
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FIG. 2. (A) Chromatography of peptides from papain digestion of
the Dq molecule labeled with [3H]leucine, [3H]tyrosine, and [3H]ar-
ginine on Sephadex G-75. The fraction size was 2.5 ml and the flow
rate was 13 ml/hr. 1B, 82-microglobulin. (B) Chromatography of pep-
tides from CNBr cleavage of the PI fragment of the Dq molecule
labeled with [3H]leucine, [3H]tyrosine, and [3H]arginine on Sepha-
cryl S-200. The fraction size was 2.0 ml and the flow rate was 12
ml/hr. (C) Rechromatography of pool B after reduction and carbox-
amidomethylation. (D) Alignment of the peptides produced by
CNBr digestion. Numbers are amino acid residues.
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remaining antigen supernatant with monoclonal antibody 30-
5-7 indicated complete removal of the Lq antigen (Fig. 1F)
while still leaving a 45,000 Mr product reactive with mono-
clonal antibody 28-14-8 (anti-H-2.64), the Rq molecule (Fig.
1G). These results establish that each precipitated molecule
was quantitatively free of the previously isolated molecule
and also confirm that the Dq region encodes at least three
antigenically distinct class I molecules. (These results do
not, however, preclude the existence of multiple gene prod-
ucts in any of the immunoprecipitated fractions.)

Isolation of Fragments After Papain Cleavage. The immu-
noprecipitated Dq, Lq, and Rq glycoproteins were initially
subjected to papain cleavage and the digestion products
were resolved by gel filtration chromatography. Fig. 2A il-
lustrates a representative elution profile of the Dq molecule.
With all three molecules, a major peptide (PI, =37,000 Mr)
was separated from undigested material eluting in the void
volume (VO), a smaller papain fragment (PII, -28,000 Mr),
,32-microglobulin (p2m), and small digestion product pep-
tides eluting in the total volume (V1). The major fragment
consists of approximately the NH2-terminal 280 residues of
the intact molecule as a result of papain digestion between
the third extracellular domain and the hydrophobic trans-
membrane region (9). The PII fragment is generated by papa-
in cleavage between the second and third extracellular do-
mains and corresponds approximately to the NH2-terminal
180 residues (9).

Isolation and Alignment of Peptides Produced by CNBr
Cleavage. Fig. 2B illustrates a representative gel filtration
elution profile after CNBr cleavage of the major fragment
from papain digestion of the Dq molecule. Six pools were
resolved, one of which (pool B) could be separated into four
additional pools after reduction and alkylation (Fig. 2C). Se-
quence analyses of the peptides present in these pools and
comparison of these sequences with the Ld molecule indicat-
ed that pools D, E, G, b2, b3, and b4 contained pure peptides
that had the following order: G (residues 1-5), E (6-52), D

(53-98), b4 (99-138), b2 (139-228), and b3 (229-papain
cleavage site). This alignment is shown in Fig. 2D. Pools A
and bl contained undigested and partial cleavage product
peptides (9). Pool C contained a peptide encompassing posi-
tions 6 to 98 that results from incomplete CNBr digestion at
Met-52. Analyses of the Lq and Rq molecules yielded identi-
cal peptides.
Amino Acid Sequence Determination. Fig. 3 shows the ami-

no acid sequence determined for each of the Dq, Lq, and Rq
peptides and their alignment to the Ld amino acid sequence.
All three H-2q haplotype molecules differ in sequence from
the Ld molecule. Of the positions analyzed, the Dq and Lq
molecules differ from Ld at positions 81, 105, 121, and 155.
The Dq molecule also differs from Ld at position 83. The Rq
molecule differs from Ld at positions 95 and 155. For the H-
2q haplotype molecules, Rq can be distinguished from both
the Dq and Lq molecules at three positions (81, 105, and 121)
of the 34 and 33 comparable positions, respectively. In con-
trast, of 55 positions comparable, the Dq and Lq molecules
are indistinguishable.

Tryptic Peptide Map Analyses. Because the Dq and Lq mol-
ecules appeared identical by partial radiochemical amino
acid sequence analyses, we performed tryptic peptide map
comparisons to discern possible primary structural differ-
ences between these two molecules. Fig. 4A shows a com-
parison of the [3H]arginine-labeled tryptic peptides of the Dq
and Lq molecules resolved by reverse-phase HPLC. Two
peptides unique to the Dq molecule and one peptide unique
to the Lq molecule are indicated by the arrows. These differ-
ences between the [3H]arginine-labeled peptides of the D
and Lq molecules are reproducible since they have been ob-
served repeatedly with two different antigen preparations
and several different tryptic digests of each preparation. In
contrast, comparative tryptic mapping of the [3H]lysine-la-
beled Dq and Lq molecules demonstrated 100% coincidence
of peptides (Fig. 4B). HPLC analysis of [3H]mannose-la-
beled tryptic peptides revealed that the variations evident in
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FIG. 3. Partial amino acid sequence of D ,
Lq, and Rq compared to the Ld sequence. The
Ld sequence is from Evans et al. (23) and
Moore et al. (24). The standard one-letter sym-
bols for amino acids are used (25). X is not His,
Ile, Leu, Tyr, Arg, or Met. Methionine residues
in parentheses were assigned according to ho-
mology of the CNBr peptides to the Ld mole-
cule. Other residues in parentheses indicate
tentative assignments based upon the radioac-
tivity in the butyl chloride extract and homolo-
gy to the Ld molecule in the absence of HPLC
data.
*Both Ile and Tyr were detected at position 23
of the Rq molecule during separate sequence
analyses. This observation was repeated using
a different antigen preparation containing both
Ile and Tyr.
tX refers to the absence of Leu or Tyr at posi-
tion 155 of the Rq molecule.
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Table 2. Tryptic peptide homology among the D , L, R, UL,
and Db molecules

No. shared
peptides/ %

Molecules Peptides total no. Total peptide
compared compared peptides comparison homology

D vs. Lq {Arg 18/21 33/36 92

Dq {s.Rq (Arg 1/224/46 52

Lq vs. Rq {Lys 15/270 22/47 47

Arg 15/26i
Rq vs. Ld {Lys 16 21/45 47

Dq vs. D Arg 16/28 16/28 57
Rq vs. Db Arg 14/28 14/28 50
Dq vs. Kb Arg 10/29 10/29 34
Rq vs. Kb Arg 7/32 7/32 22
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FIG. 4. Comparative tryptic peptide map analyses of the Dq ()
and L" (----) molecules by reverse-phase HPLC. Both molecules
were digested simultaneously and mapped consecutively. [14C]Ar-
ginine-labeled tryptic peptides of .32-microglobulin served as an in-
ternal standard to verify alignment of the separate maps. The arrows

indicate the peptides demonstrating differences between the two
molecules. (A) Comparison of the [3H]arginine-labeled peptides. (B)
Comparison of the [3H]lysine-labeled peptides. (C) Comparison of
the [3H]mannose-labeled peptides.

the [3H]arginine-labeled peptides were not due to differences
in N-linked glycosylation (Fig. 4C).
Comparative tryptic peptide mapping of the Rq molecule

revealed multiple [3H]arginine and [3H]lysine-labeled pep-
tide differences with both the Dq and Lq molecules (data not
shown). Similar analyses were performed with the Ld, Db,
and Kb molecules. A summary of the tryptic peptide homol-
ogies among these molecules is given in Table 2. These re-

sults indicate that the Dq, Lq, and Rq molecules are closely
related but unique gene products. They confirni their pri-
mary structure relationships seen by amino acid sequence
analyses-i.e., these three molecules are highly homolo-
gous.

Ainino Acid Sequence Hodilology of the Dq, Lq, and Rq Mol-
ecules with Other Murine Class I Aiitigens. Table 3 compares
the primary sequences of the three D -end molecules to each
other and to those of other murine class I antigens. Although
extensive primary structure determinations have been re-

ported for these other class I molecules, only those positions
assigned residues in the D", Lq, and R molecules have been
compared. As shown, the Dq, Lq, Rq, Ld, and Db molecules
are generally more homologous to each other than to other
murine class I molecules. Also, with few exceptions, this ho-
mology is greater than that found between other class I mole-
cules.

DISCUSSION
A distinguishing feature of the genes located within the H-2K
and -D regions is their high level of genetic polymorphism.
This polymorphism is reflected in two ways: first, there are
multiple loci, which apparently have arisen by gene duplica-
tion, that encode the major transplantation antigens and,
second, multiple alleles exist for each locus, perhaps as
many as 100 in some cases (30). While the physiological
function(s) of class I antigens have not yet been definitively
established, it would seem likely that such extensive poly-
morphism must have some evolutionary importance. Work
by many investigators indicates that foreign molecules, such
as viral antigens expressed on the host cell surface, are rec-
ognized by cytotoxic T lymphocytes in the context of the
host's own class I antigens (see ref. 31 for review). This find-
ing has been taken as a clue to the physiological function of
these molecules and to the role of polymorphism. Accord-
ingly, the recognition of viral antigens in the context of host
class I antigens might serve to focus effector immune cells
on the source of the virus, the infected cell, rather than on
free viral particles, as a more effective means of combating
infection. Polymorphism would serve to expand the reper-
toire of associative recognition-e.g., certain allelic prod-
ucts might be suitable to present a particular antigen rather
than other products of that same or another similar locus.
The exact number of expressed H-2 class I molecules is

currently a point of controversy, especially for the D region
(see Introduction). Although serological evidence for as
many as five antigenically distinct D region molecules has
been described (D region of the H-2d haplotype), gene
expression data have provided evidence for only two func-
tioning genes (11). In this report, we provide primary struc-
tural evidence for the existence of three distinct D region
molecules encoded by the H-2q haplotype. Our finding that
the differences are apparently not due to carbohydrate varia-
tion implies that the H-2q haplotype has at least three func-
tioning D region genes.
While most H-2 class I molecules are about 80-90% ho-

mologous (Table 3; ref. 1), the Dq, Lq, and Rq molecules are
estimated to be 90-99% homologous at the protein level (Ta-
bles 2 and 3). Previously, it had been noted that the Dq and
Lq molecules share an exceptionally high antigenic related-
ness (19). The structural homology that our results indicate
to exist between the Dq and Lq molecules, approximately
99% at the amino acid sequence level, suggests that these
molecules may be the products of relatively recently dupli-
cated genes. If this is so, it may mean that the number of H-2
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Table 3. Homologies between class I molecules of the murine major histocompatibility complex

Dq Lq Rq Ld Dd Kd Db Kb Kk

% identical residues
Dq 100* 91 92 77 76 86 73 85
Lq 55 91 93 76 78 88 76 90
Rq 34 33 94 74 73 90 76 80
Ld 62 57 35 78 75 90 78 79
Dd 61 59 41 73 77 77 82 75
Kd 63 59 37 73 73 74 75 81
Db 64 59 41 73 73 73 79 75
Kb 63 58 38 73 73 73 73 77
Kk 46 39 30 52 52 52 52 52

Number of residues compared
Numbers above and right of the diagonal are the percent of residues that are identical. Numbers

below and to the left are the numbers of residues compared. Only those positions corresponding to
residue assignments in the D", Lq, and Rq molecules are compared. Ld is from Evans et al. (23) and
Moore et al. (24); D" is from Nairn et al. (26); Kd is from Kvist et al. (27); Db is from Maloy and
Coligan (15); Kb is from Coligan et al. (28); and Kk is from Lillehoj and Coligan (29).
*The Dq and Lq molecules are indistinguishable in the 55 residues compared. Tryptic peptide map
comparisons of these two molecules suggest that they are >99% homologous at the primary structural
level (see Fig. 4).

class I genes is in a dynamic state in that they undergo rela-
tively frequent expansion or contraction. The D region mole-
cules of the H-2q haplotype would then represent an example
of a recent expansion of H-2 genes, and the dm1 and dm2
mutants (32) could be examples of relatively recent contrac-
tions of expressed H-2 genes.

Protein structural data (9) indicate that the Ld molecule is
no more like Dd than any other currently described H-2 mol-
ecule, suggesting that the Ld gene is probably not the result
of a recent duplication of the Dd gene. In contrast, our re-
sults extend previous observations demonstrating a close re-
lationship of Ld to the D4, Lq, and Rq molecules (18, 19).
This similarity suggests that H-2d could have acquired the Ld
gene by recombination with H-24 or another closely related
haplotype. Recent data indicating that individual viral anti-
gens can be recognized only in the context of particular class
I molecules-e.g., vesicular stomatitis virus can be recog-
nized in the context of Ld but not the Kd, Dd, or Rd mole-
cules (33)-suggest that it may be desirable for a species to
expand the number of class I transplantation genes ex-
pressed. Once expanded, polymorphism would be generated
by genetic mechanisms such as point mutation and gene con-
version. The D region of the H-24 haplotype may represent a
relatively early stage of this process.
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