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INTRODUCTION

This thesis decribes the molecular cloning of two cell surface
alloantigens, HLA-DS and Thy-1, both of which are molecules with homology
to immunoglobulins.

The HLA-DS alloantigen is a class II alloantigen of the human MHC
(Ma jor Histocompatibility Complex). The MHC is a group of closely linked
loci coding for molecules that play a critical role in rejection of organ
transplants and the control of the immune response. The loci fall into
three classes, class I, class II, and class III. The class I and class II
molecules, typified by transplantation antigens and the Ia (I-region
associated) antigens, respectively, are integral membrane proteins
involved in the recognition that permits the immune system to distinguish
between self and nonself. The class III family encodes several components
involved in the activation pathway of complement. These genes and
molecules have been studied intensively over the last five decades by
geneticists, biochemists and immunologists, but only recently has the
isolation of the genes by molecular biologists facilitated their precise
characterization. Many surprising findings have been made concerning their
structure, multipilicity, organization, function and evolution. Since my
studies relate to the molecular cloning of HLA-DS, I will concentrate my

review on the structure, organization and evolution of the MHC class II

molecules.
Thy-1 was originally defined in mice as a cell surface alloantigen of
thymus and brain with two allelic forms, Thy-1.1 and Thy-1.2. It is

1
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present on the surface of T lymphocytes, but not B lymphocytes, of the
mouse, so it has been used as a mouse T cell marker. Subsequently, the
Thy-1.1 alloantigenic determinant was identified in rats. In contrast to
mice, the rat Thy-1 determinant is present on bone marrow cells, but not T
lymphocytes. Thy-1-1like molecules have also been found in many species,
and in a variety of cells. The tissue distribution of the Thy-1
determinant reveals a very unusual pattern within species, and between
species. Recently, the proteins expressing the Thy-1 determinant have been
isolated, and their protein sequences have been determined. The homology
between Thy-1, Ig, and MHC molecules has been noted. Therefore, I take the
liberty to discuss the Thy-1 molecule with the MHC molecules, and will
generally discuss the isolation, tissue distribution, relateness of the
Thy-1, Ig and MHC molecules and the speculative functions of the Thy-1

molecule.



Chapter 1
LITERATURE REVIEW

I. The Major Histocompatibility Complex in mouse and man

General introduction of the MHC. The MHC was discovered by P.A.

Gorer in the 1930s (1). It was found that tumors of a particular mouse
would grow only in mice of the same inbred strain and that the alloantigen
of red blood cells, antigen II, is important in determining the fate of
these transplants (2). Subsequently, the genes postulated in the genetic
theory of tumor transplantation were referred to as histocompatibility
genes, H-2, by G.D. Snell (3). By grafting tumors or skin among such mice
and following the rejection or acceptance of the graft, the H-2 was
determined to be a large, complex genetic region, and was denoted the

Ma jor Histocompatibility Complex, MHC. The cell surface structures
responsible for graft rejection were initially characterized using allo-
antibodies produced by crossimmunization of mice differing only at the
MIC. The specificities of such allocantisera for gene products of the
murine MHC have permitted the identification of three classes of molecules
(4). Class I molecules, typified by transplantation antigens, serve as
restricting elements for the response of cytotoxic T cells to virally
infected cells. Class II molecules, also called I-region associated, or Ia

antigens, regulate the recognition of foreign antigens on the surface of

macrophages and B cells by T cells (5). Class III molecules include
several components in the activation stage of complement cascade (6), and

will not be discussed further.
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The H-2 Complex and the Human Leukocyte Antigens (HLA). The genetic
maps for the MHC of mouse and man have been constructed by serological
analysis of recombinant MHC chromosomes (fig. 1) (4, 5, 7, 8). The H-2
complex is located on chromosome 17, and spans about 2 centimorgans of
DNA, which corresponds to approximately 4000 Kb of DNA. The complex is
divided into six subregions called K, I, S, D, Qa, and Tla (4,5). Two
categories of class I antigens are encoded at four loci of the H-2
complex--K, D, Qa and TLa. The class I loci, K and D, encode cell surface
molecules termed transplantation antigens, denoted H-2K, H-2D and H-2L
antigens, which mediate the graft rejection initially used to define the
MHC. The class I molecules belonging to this category represent the
classical H-2 antigens. They are expressed on all tissue types, and are
highly polymorphic, with more than 50 different alleles (4,5). The second
category of class I genes, Qa and Tla, encode the Qa-1, Qa-2 and Tla
antigens, which are structurally closely related to the class I
transplantation antigens. However, they differ from classic H-2 antigens
in several aspects. The Qa antigens are preferentially expressed on B and
T cells, and the Tla antigens on thymocyte and certain leukemia cells.
More striking, the Qa and Tla antigens exhibit a much lower level of
polymorphism among mice (9). Class II genes lie between the K and D loeci,
in the region called I of H-2, and encode the cell surface Ia antigens,
which are primarily expressed on the surface of B cells, macrophage, and
activated T cells, and also exhibit extensive serological polymorphism (4,
5). Two distinct types of murine Ia molecules, I-A and I-E, have been
identified (10).

The human MHC called human leukocyte antigens (HLA) complex is

located on chromosome 6, and encompasses about 3 centimorgans of DNA,
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6
extending perhaps over 6000 Kb of DNA (fig. 1). It also consists of three

types of loci (4, 5, 7). Class I loci HLA-A, -B, -C (analogous to K and D
of mouse H-2), encode the transplantation antigens which are present on
virtually all cells and elicit strong allograft reactions. The gene
organization of human class I loci is different from their mouse
counterparts, since the HLA-A, -B, -C genes are contiguous to one another,
whereas in the mouse H-2 K gene is separated from the other class I genes
by H-2 I and H-2 S loci. The human counterparts to mouse Qa and Tla
antigens have been charaterized serologically and biochemically, but their
genes have not yet been mapped (11). Class II loci HLA-D (analogous to I
of mouse H-2) encodes three distinct types of human class II molecules, DR
(12), pc(DS) (13), and SB (14) antigens which stimulate response of T
cells in the mixed lymphocyte reaction and probably modify the response to

antigen on macrophage.

Structure and function of the MHC antigens. Both class I and class

II antigens are heterodimeric cell surface glycoproteins (fig. 2) (7). The
class I loci encode for a polypeptide chain with a molecular weight of U5
KD, which contains three extracellular domains (a1, a2 and a3 ), each
about 90 amino acids long, a transmembrane region, and a cytoplasmic
domain (4, 5, 7, 8). The third extracellular domain is noncovalently
associated with g2-microgloblulin (g2-M) on the cell membrane. The B2-M
is a 12 KD polypeptide (15) which shows homology to the constant domain of
Ig and is encoded on the murine chromosome 2 and human chromosome 5 (16).
Thus the cell surface molecules of class I appear to be heterodimers, but
only the class I molecules are anchored on the membrane. Class II antigens

consist of two non-covalently associated polypeptide chains with
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molecular weight of 33,000 and 28,000, designated heavy chains (y) and
light chains (g), respectively. Both of these polypepetides are encoded in
the MIC, each contains two extracellular domains, a transmembrane region,
and a small cytoplasmic domain (4, 5, 7, 8, 16).

All the cell surface antigens of the MHC have a cruical role in the
regulation of the immune response. The class I antigens, originally
recognized as transplantation antigens have been shown to be involved in
the recognition and killing by cytotoxic T cells, that permit T cells to
detect foreign antigens in the context of self (17). In the process of
immunosurveillance, the T cell receptor on the cytotoxic T lymphocyte
must recognize both foreign antigen and self transplantation antigen,
This phenomenon has been termed major histocompatibility restriction, or
H-2 restriction in mice. The function of non polymorphic class I antigens,
Qa and Tla, is unknown. Class II antigens also function as restricting
elements, but for regulatory T cells (18). The proliferative response of T
cells to antigen presented on the macrophage surface required histo-
compatibility at the H-2 I region of the two cell types. Similarly, the
cooperation between helper T cells and B cells exhibits H-2 restriction.
Thus, the Ia antigens determine several immunologic reactions including
control of the level of immune response (proliferation and suppression),
delayed-type hypersensitivity (DTH), disease-susceptibility, and primary
and secondary allogeneic T cell reactions.

Both the importance of T cell recognition in the positive and

negative regulation of the immune system and a number of unusual

characteristices of class II molecules, make the studies of the class II
molecules important. For instance, the class II molecules possess unusual

features of biosynthesis, conformational change, and interaction. Their
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structures suggest evolutionary relationships with both class I, and Ig
molecules. Like class I antigens, they form a highly polymorphic multigene
family with a complex pattern of antigenic determinants. Recently, the
rapid progress of molecular biology has dramatically advanced our
understanding of the MHC. The isolation of genes has facilitated the
precise characterization of the MHC class II molecules. Therefore, I will
concentrate the following discussion on the topic of the molecular
structure, gene organization, and functional studies of class II antigens

derived from molecular cloning.

II. Class II antigens of the MHC

The molecular structure of class II antigens. The initial efforts to
purify class II molecules on the basis of reactivity with specific

antisera led to the identification of a number of integral membrane
glycoproteins composed of two chains, a heavy chain (a) and a 1ight (g)
chain (7, 8, 16). In mice, two families of Ia molecules encoded by the I-A
and I-E subregions have been identified and characterized. Both I-A and
I-E molecules consist of two noncovalently associated polypeptide
subunits, I-A  and I-AB, I-E, and I-EB, respectively. However, the I-A and
I-E molecules are structurally distinct based on partial N-terminal
sequence and peptide map analysis (10, 19). Futhermore, I-A and I-E
molecules display different patterns of structural variability. Hhen‘
allotypic I-E molecules are structurally compared, their small (B)
subunits are found to be very different, whereas their large (a) subunits
are generally invariant. I-A molecules, in contrast, display structural

variability in both subunits when allotypes are compared.
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Recent studies have identified three distinct types of human class

II molecules. The HLA-DR molecules are structurally homologous to the
murine I-E molecules (10, 12), whereas the DC(DS) molecules are the human
equivalent to the murine I-A molecules (13). These molecules display the
same patterns of structural variability as their murine counterparts. The
third human class II molecule, SB, has not been found in the mouse,
although the SB gene appears to crosshybridize most strongly with the

mouse Eg2 gene (7, 32).

The isolation of genes coding for class II antigens. Due to the

availability of specific antisera and recent advances in molecular cloning
techniques, the genes coding for class II molecules have recently been
isolated. Two procedures were used to isolate human class II cDNA clones.
First, cDNA clones were selected for their ability to bind class II mRNA,
which could be identified by in vitro translation and immunoprecipitation
of the synthesized polypeptide. Such an approach was used in the cDNA
cloning of DRa (20), DCa(21), DRB(22) and DCR(23). In an alternative
approach, short oligonucleotides were synthesized corresponding to the
nucleotide sequences predicted from amino acid sequences of class II
polypeptides, and were used as hybridization probes to screen for the
class II cDNA clones (24). The genomic clones containing human class II
genes were isolated by hybridization with the cDNA clones (25).
Subsequently, the ¢cDNA and genomic clones encoding mouse class II antigens

were isolated by cross species hybridization with human ¢cDNA clones

( 26"32 ) °

Polypeptides of class II antigens. Amino acid sequences deduced from
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DNA sequences of cloned genes (19-42) have complemented the N-terminal

sequence data and other structural studies in providing a clear picture of
the molecular structure of class II antigens. These sequences, together
with studies demonstrating selective proteolytic cleavage of the dimeric
complex, show that each molecule is composed of four extracellular
domains, two N-terminal domains with no discernible homology to Ig ( «al
and 81), and two immunoglobulin-like domains (closest to the membrane)
with sequence similarities to the constant Ig domain (a2 and 82). A short
hydrophilic peptide connects the extracullar domains to a short membrane-
binding hydrophobic region, and continues with a short hydrophilic
carboxyl-terminal domain located in cytoplasm (fig. 3).

The first domain of class II heavy chains are variable in length
(from 85-88 amino acids), and contain one glycosylation site at homologous
residues (residues 82 for Aa ). The sequences of DRa 1 from different
alleles are invariant, and homologous to murine E domain. The DC(DS) al
sequences are variable between different alleles, and show sequence
homology to the murine Aa domain. The first domain of the class II light
chain is 95 amino acids long and has a glycosylation site at residue 19.
Two cysteines at positions 15 and 79 form a disulphide loop of 64 amino
acids. The human class II g1 domains have strong homology with A81 and EB1
domains, and low homology with human class I a1 domain, and a2 domain (35,
38).

The econd domains of both chains ( a2 and g2) are 95 amino acids
long, bear a 56 amino acid disulphide loop (from residues 111 to 167 in
a2 for Ac , and from 118 to 174 in B 2), with one glycosylation site in
the a2 domains, at residue 122 for Ag. It has been shown to have strong

sequence homology to Ig constant regions Cy3 and C,4, the a3 domain of
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Figure 3. Comparison of published amino acid sequences of class II
antigens. The sequences are divided into three parts accroding to the Aa
chain exon structure: (a) the first extracellular domain, (b) the second
extracellular domain and (c) connecting peptide, transmembrane and
cytoplasmic regions. Known exon boundaries are indicated by arrows. The
identical residues are indicated by dashes. The gaps are inserted to
improve homology. The glycosylation site triplets are boxed, and the
disulfides are indicated by arrows.

Aa : Alleles k, d, b, f, u, q (30). Ea: allele K (27); d (39). DCy : DRY4,6
(21). DSa : DR7T (33). DRy : DR4,L4 (38); DR maja (40); DR untypied, DR2,2,
(41). Ag : alleles b, d, k, (42). Eg : allele d (28). DCg : DR4,6 (35);

DR2,2 ( Taken from ref. 7.). DRg : DR4,6 (34); DR2,2 (Taken from ref. 7.).
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class I antigens, g2-microglobulin and Thy-1 antigens (25, 35, 38).

Following the second domain, there is a hydrophilic peptide called

the connecting peptide (CP) that connects the extracellular domain with
the transmembrane region. The CP of the heavy chains are 13 amino acids
long and rich in glutamic acid and proline, whereas the CP of the light
chains are 11 amino acids long and rich in serine. There is no sequence
homology between the CP of the heavy chain and light chain.

As expected, there is no detectable homology between the heavy chain
and light chain in the transmembrane region. However, there are striking
homologies between different heavy chain transmembrane hydrophobic
regions, and also between light chain hydrophobic sequences. Strong
homologies in the hydrophobic regions of other molecules have been
reported, including membrane IgG1, IgG2 and IgM (43), Thy-1 antigens of
mouse, rat and human, and glycophorins of man, ox, and pig (44). This
indicates that the structure of the hydrophobic domain is conserved to
serve an important, specific, but unknown biological function for each
molecule. In class II molecules, it has been suggested that interaction
between the two chains in the hydrophobic region provides a selective
pressure to conserve these homologies. The hydrophobic region ends, as
with every transmembrane protein sequenced, with a cluster of positively
charged residues that are thought to interact with the negatively charged
phospholipid headgroups of the inner leaflet of the membrane. These
residues are followed by short cytoplasmic tails of variable length

containing many charged and hydrophilic residues. Mouse and human class I
and class II genes show similar variations in the length of their

cytoplasmic domain. The cytoplasmic tails of membrane bound polypeptides

have been proposed to mediate the effects of external stimuli to the cell
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interior. It is not clear whether the variations in length of the
cytoplasmic domains are important for different effector functions of the
molecules and for distinct interactions with cytoskeletal proteins, or

whether they simply reflect evolutionary variations of a non functional

carboxyl terminus.

Exon and intron organization of class II genes. Genomic cloning of

DRa (25), DCB(8), Eq (27), Eg(28) and AR (32) genes have determined the
intron-exon organization of these genes. There is a striking correlation
between the organization of exons in the genes and the structural domains
of the class II molecules--ie., each structural domain is encoded by a
separate exon (fig. 4). In the DRq and Ea , the leader peptide (L) and
first domain (a1) is separated by a large intron; the transmembrane
region, cytoplasmic exon and part of the 3' untranslated region is encoded
in a single exon, followed by an intron dividing the 3' untranslated
region into two exons (an unusual feature for an eucaryotic gene). A
similar gene organization can be found in the gene for R2-M (45). The gene
organization of class II light chains, Ag , Eg, and DCg are different from
that of the heavy chains. The 81 and 82 domains are separated by a large
intron, 2.4 kb in Ag and DCg and 3.9 Kb in Eg. The transmembrane region is
encoded by a single domain, whereas the cytoplasmic domain is split into
two exons and the 3' untranslated region is encoded in a single exon. The
gene organization of the class II light chain genes are similar to class I
heavy chain genes (8). Thus, the structure of class II a and B genes
differ in several regards. The DC8 cytoplasmic region lacks eight amino
acids present in the other light chains of I-A and I-E, which correspond

to a single exon in the Ag and Eg (28, 32). Whether this reflects
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deletion of the exon, loss of a splice site, or alternative splicing
events is not clear. One of two DR light chain cDNA clones reveals a lack
of all of the transmembrane and cytoplasmic region (16). Whether this

represents a secreted form of class II molecules needs to be clarified.

Genetic map of the class II region of the MHC. The genetic map of

the genes coding for class II antigens has been divided into five
subregions: I-A, I-B, I-J, I-E and I-C, by recombinational analysis (4,
5). Recently, the organization of the class II genes in the I region of
the BALB/c mouse has been studied by chromosome walking procedures (26). A
human DRa cDNA probe was used to screen a cosmid library. This was
followed by using left-ended or right-ended single-copy probes for the
sequential screenings, and over 200 Kb of DNA representing most of the I
region of BALB/c mice has been isolated. Several class II genes, Aa, Ag,
Ea, EB, and two unknown genes or pseudogenes called Ag2 and Eg 2, have
been mapped in this region (26). The E,, Ay, and Ag genes were identified
by direct DNA sequence analysis, the Eg gene has been identified by
hybridization with an oligonucleotide probe specific for the Elé
polypeptide, and the ER 2 gene has been identified by cross hybridization
to the mouse Eg and human DC g cDNA probes (26). The Ag and Eg , together
with Ag2 have the same 5' to 3' orientation, whereas the E,, A, genes
show an opposite orientation. The location of the Ay gene between the Ag
and Eg genes is different from the gene order of Aa-AB-Eg suggested by the

peptide map analysis of A polypeptides from intragenic recombination
studies (46). However, the gene cloning data unequivocally shows that the

class II gene order in the BALB/c mice is 5'-Ag2-Ag-A,-Eg-E,-E%-3' (16).

The organization of human class II genes is not known to the same
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extent as in the mouse, although an intensive effort is being made to
understand the organization of the D region, which appears to be more
complex than the I region. When DRR and DCB cDNA probes are used in the
Southern blot analyses of human DR homologous cell lines, 4-13 bands
(depending on the restriction enzyme used) can be detected, suggesting the
existence of at least three categories of light chain genes in human MHC
(47-49). Isolation of cosmid clones, together with mapping using
Y-ray induced deletion mutants, show that five or six heavy chain genes
are located in the D region (50, 51). It is currently believed that there
are at least seven human light chains (three DRR , two DCR and two SBB)
and at least five or six human heavy chains (one DRa, three or four DCua-

related, and one SBg).

Polymorphism of class II antigens. Serological studies have defined
the several alloantigenic systems of the MHC, I-A and I-E antigens in

mouse and DR, DC(DS), and SB antigens in human. Each of these allo-
antigenic systems can be distinguished from the others on the basis of
immunodepletion and two-dimensional (2-D) gel analyses. These systems are
all highly polymorphic. By using alloantisera and mixed lymphocyte
reactions, at least 13 DR alleles can be defined (52). Biochemical
studies, including 2-D polyacrylamide gel electrophoresis, tryptic peptide
analysis, and N-terminal protein sequence determination, have suggested
that the polymorphism of class II antigens results from their structural
differences. In most biochemical studies, the g chains have been cited as
being divergent, while very limited polymorphism has been attributed to
the o chains (10). The amino acid sequences derived from cDNA clones of

class II antigens have led to the conclusion that alleles of polymorphic
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class II loci are very different from each other (Figure 3). The
differences are found not only on the light chains but also on the heavy
chains of A and DC.

The comparison of DR g chains has revealed that the DRa chain is
invariant, or nearly so, since only one amino acid difference (Val/Leu in
the cytoplasmic tail) has been found in several DRy clones. The Ey chain
sequences from alleles d and k differ only by two amino acids (one in the
a 2 domain, the other one in the transmembrane region). However, the heavy
chains of the I-A and DC antigens show more variation between different
alleles. Comparison of Aa sequences from several alleles shows 7-18 amino
acid differences, whereas 11 amino acid differences can be found between
the DCa chains of DR7 and DR4,wb cell lines (33). Most of these
differences are concentrated in the ol domain and are clustered within a
few hypervariable regions (31, 33). When the amino acid sequences of class
II light chains are compared between different alleles, they reveal 13-15
amino acid differences between different Ag alleles, 17-27 amino acid
differences between DCg chains, and 24 amino acid differences between DRg
chains of DR4, 6 and DR2, 2 cell lines (fig. 3). The overall sequence of
the o chain is less ploymorphic than that of the g chain. However, the g1
domains are not substantially more polymorphic than a1 domain of the I-A
and DC(DS).

The molecular mechanisms involved in the generation of the extensive
allelic polymorphism of class II antigens have not been established.
Several hypotheses have been proposed. An analysis of nine intra-I region
recombinants has demonstrated that all nine recombination events have
occured within a distance of 8 Kb or less at the Eg locus--ie., a hot spot

of recombination (26). Together with the data from studies of determinant
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shuffling, this suggests that, as for class I antigens (53), recombination
and gene conversion between members of the class II multigene family are
important mechanisms for generating diversity (26). However, another
hypothesis has been suggested to explain the generation of Aa allelic

polymorphism (32).

Biosynthesis of class II antigens. As mentioned above, the class II

molecules have a very unusual feature of biosynthesis. It has been
reported that the biosynthetically immature class II antigens are
associated with an invariant third chain, provisionally called In (Ii,Y )
chain (54-56). More specifically, newly synthesized a and B chains form a
complex with the In chain in the endoplasmic reticulum. After transport of
the protein complex to the Golgi apparatus, and concomitant with terminal
glycosylation, the In chain dissociates from the a and 8 chains. At
least a fraction of the In chains subsequently become integrated into the
plasma membrane independently from class II antigens. The In chain is a
basic, methionine rich, transmembrane glycoprotein, and is not encoded
within the MHC (55). The biological function of the In chain is not yet
known. It has been suggested that it may regulate the intracellular
transport of class II antigens, and it may prevent the formation of class
II hybrid molecules-- ie., molecules composed of @ and B subunits
encoded by different loci. The cDNA clone of a human In chain has been
isolated (56). The amino acid sequence derived from DNA analysis suggests
that the N-terminus of the In chain resides on the cytoplasmic side of
membrane, and the In chain may be devoid of an N-terminal signal. DNA
mediated gene transfer experiments of DR or I-A genes to mouse L cells,

which contain very little In chain, indicate that the In chain may not be
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essential for the surface expression of class II molecules. The precise

role of the In chain still remains to be clarifed.

Gene expression and functional studies of class II genes. The class

II molecules have long been proposed to serve as restricting elements that
permit the regulatory T cell (helper, suppressor, and amplifier) to view
antigen in the context of self on the surface of other T cells,
macrophages, or B cells. Class II genes appear to control the
proliferation of the regulatory T cells as well as the effector reactions
carried out by these T cells, such as the amplification of other T-cell
subsets and the promotion of B-cell differentiation. The isolation of
genes, gene transfer and in vitro site-directed mutagenesis techniques
offer complementary approaches to dissect the function of each molecule,
and to clarify the structure-function relationships existing among Ia
molecules, foreign antigens and T cell receptor molecules. Malissen et al.
have transferred the mouse Ao and Ag genes into mouse L-cell fibroblasts
and hamster B cells (57). The I-A molecules expressed on these two types
of cells appear normal by serological assays and 2-D gel electrophoresis,
and can present certain antigens to T cell helper hydridomas. Futhermore,
the I-A molecules on the L cell can act as targets for allogenic cytotxic
T cells. Rabourdin-Combe and Mach also have successfully transferred the
DRa , DR and the DR associated In chains into mouse L cells (58). The
molecules expressed have been identified by monoclonal antibodies. Whether

the molecules also possess the function of DR antigens is still unknown.
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III. The Thy-1 antigen--a membrane protein with homology to immunoglobulin

Tissue distribution of the Thy-1 determinant. The Thy-1 antigen was

first identified in the mouse by A. E. Reif and J. M. Allen (59) as a cell
surface alloantigen of thymus and brain, with two allotypic forms called
6-AKR (Thy-1.1) and 6-C3H (Thy-1.2). Both antigenic determinants are
coded by the Thy-1 locus on chromosome 9 in mice (60). By using mouse
alloantisera, the Thy-1.1 but not the Thy-1.2 alloantigenic determinant
was recognized on rat thymocytes and brain cells (61). The mouse and rat
Thy-1.1 determinants are similar but not identical, since the affinity of
cross-reacting antibody differs by 10-fold between two species. Other
antigenic determinants on the Thy-1 molecule can be recognized by
xenogeneic antisera, and these include species-specific and cross-reacting
determinants (62). The Thy-1 antigens defined either by allo- or xeno-
antisera have been shown to be located on the same molecular complex,
which is referred to as the Thy-1 molecule. The Thy-1 antigens have also
been identified in dog and man by cross-reaction with rabbit antibodies to
rat Thy-1 (63).

The tissue distribution of the Thy-1 antigen follows unusual patterns
within a species, and shows surprising differences between species (63).
In all species studied the molecule is a major constituent of the brain
cell membrane, where there are about 600,000 molecules per cell (64). It
is predominantly found on neuronal cells. In lymphoid tissues the Thy-1
antigen is likely to be the most abundant cell surface molecule of mouse
and rat thymocytes, but is found in reduced amounts in dog thymocytes and
not at all in human thymocytes. In the mouse, Thy-1 is absent from stem

cells, and has been widely used as a marker for T lymphocytes. In contrast
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to this, most rat T lymphocytes lack Thy-1, but the molecule is found on a
sub-set of bone marrow cells (30-45%), including immature B cell and
haemopoietic stem cells (65). In rodents some fibroblasts (66), epidermal
cells (67), breast cells (68), and muscle cells (69) also display the
Thy-1 antigen. In many of these tissues the levels of Thy-1 expression

undergoes dramatic changes during differentiation (68, 69).

Molecular properties of Thy-1. All of the Thy-1 antigenic
determinants from the thymus and brain of rats and mice are expressed in

glycoproteins with an apparent molecular weight on SDS-polyacrylamide gels
of about 25 KD. The molecules have been purified from both tissues in both
species (70, 71). The molecular weights, determined by sedimentation
equilibrium measurements, are 17500 for brain Thy-1 and 18700 for
thymocyte Thy-1, and in each case the molecular weight of the polypeptide
is 12500. The amino acid compositions of the Thy-1 glycoprotein from brain
and thymus are very similar (72), but the carbohydrate composition of
brain Thy-1 glycoprotein differs from that of thymocytes, accounting for
the difference in molecular weight (72).

Both thymocyte and brain Thy-1 glycoproteins have the properties of
molecules that bind directly to the plasma membrane. Rat Thy-1
glycoprotein can be solubilized as a monomer in deoxycholate (DOC) and
detergent Brij 96, and binds one micelle of DOC/molecule. If the detergent
is removed, the molecule self-associates to form an oligomer. Mouse
thymocyte Thy-1 glycoprotein is labelled in membranes by a lipophilie,
photoactivatable reagent which labels only the hydrophobic section of
membrane proteins (73). These properties suggest that the molecule has a

hydrophobic portion in its structure and this is presumably responsible
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for integration into the membrane since there has never been any
indication of Thy-1 glycoprotein binding to another molecule in

immunoprecipitation studies (74).

Protein structures of Thy-1. The molecules expressing the Thy-1
determinants have been isolated from the brain of mouse (81), rat (70),

dog (75), human (76, T7), chicken (78), frog (79) and squid (80). These
glycoproteins all have a structure related to the mouse and rat Thy-1
molecules. The amino acid compositions of the Thy-1 molecules from brains
of chicken, mice, rats, men and squids, and from human foreskin have been
determined (76, 78, 80, 81) (Table 1). The protein sequences of the Thy-1
membrane glycoprotein of mouse and rat brain have been reported.

The rat brain Thy-1 sequence was determined from tryptic and V-8
proteinase peptides, and consists of 111 amino acids. The molecule
contains two disulphide bonds, Cys-9 to Cys-111 and Cys-19 to Cys-85, and
three N-linked amino acid sugars, located at Asn-23, -T4, and -98 (81).
The C-terminal peptides were unusual, in that they were either obtained in
a highly aggregated form, or could only be purified after binding to
detergent Brij 96 micelles. They thus appeared to have hydrophobic

properties, yet did not contain any extended sequence of hydrophobic amino
acids. The C-terminal peptides also contained some unidentified ninhydrin-

postive material, glucosamine and galactosamine. This suggested that the
hydrophobic properties of the C-terminal peptides may be due to the
linkage of lipid.

Mouse Thy-1 glycoproteins were purified from the brain of AKR strain
(Thy-1.1) and CBA strain (Thy-1.2) mice, and the protein sequences were

determined (80). The mouse sequences of mouse Thy-1 are very similar to
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Amino acid analyses of the Thy-1 glycoproteins

Human Rat Mouse Chicken Squid

Brain Brain Brain Brain Brain

Thy-1 Thy-1 Thy-1.2 Glycoprotein Glycoprotein
CYs 5 y y y 8
ASX 9 15 14 1L 15
THR 11 10 10 10 7
SER 12 8 1" 12 7
GLX 11 10 11 10 12
PRO 5 3 3 3 3
GLY 5 y y 6 8
ALA y 2 3 5 5
VAL 8 9 8 7 8
MET 1 1 1 2 2
ILE 2 5 y 6 5
LEU 1 13 12 12 6
TYR 5 2 y 5 y
PHE 4 2 y 3 y
HIS 5 y y 3 4
LYS 8 8 9 8 9
ARG 6 9 7 6 6

Data were taken from references: human Thy-1 (76); mouse Thy-1.2 (80); rat

Thy-1 (81); chicken Thy-1-like glycoprotein (78); squid brain glycoprotein
(80).
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that of rat Thy-1. Both molecules consist of 112 amino acids, with the
two allotypic forms differing by only one amino acid at residue 89, where
Thy-1.1 has arginine and Thy-1.2 has glutamine. This fits well with the

amino acid composition, which is similar except that Thy-1.1 has one more
Arg and one less Gln than that of Thy-1.2 (76). It also explains the

finding that Thy-1.1 is more basic than Thy-1.2 in isoelectrophoresis
(82).

Homology to Ig and speculation on the function of the Thy-1 antigens.

Homology between Thy-1, which has a domain-like structure including a
disulphide loop of the appropriate size, and the C domain of Ig has been
noted at the protein sequence level by E. Cohen et al.(83). With the mouse
protein sequences and further analysis, it is now clear that the Thy-1
sequence fits better along the whole sequence of the Ig V domain. This was
especially suggested by a comparison of the protein sequence of mouse Ig
V,1 and rat Thy-1 (81), and analysis of identities between the protein
sequences of Thy-1 and VL and VH (80). There are 25 and 23 sequence
identities between mouse Thy-1 and Vi, and V§ domain, respectively, and 9
of these in each case are the residues that are conserved in more than 90
% of all Vi and Vy sequences. There are a number of long stretch of
identical sequence among the mouse, rat and human Thy-1 molecules. These
are interrupted in three places by blocks of residues that differ among
the species, residues 23 to 29, 60 to 68, and 99 to 103. The position of
these blocks of divergent sequencés correspond to the locations of
hypervariable regions of the Ig V domain (84). These data suggest that the
Thy-1 molecule has homology to both the C and V domains of Ig.

The comparison of the protein sequences of Thy-1 and g 2- M suggests
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that the homologies are at least as good as those between g 2-M and C
domains of Ig (85). DNA and amino acid sequence analyses have revealed
homology among the MHC antigens, g 2-M and Ig domains, and suggest that all
three have evolved from a common ancestral gene encoding a primitive
domain (85-87). On the basis of sequence homologies, it was suggested that
Thy-1 could be the primordial domain of the Ig superfamily. One homolog of

the Thy-1 molecule with the similar amino acid composition to the other
Thy-1 molecules was found in the squid brain (80). A partial amino acid
sequence showed homology with rodent Thy-1 and ngv domain sequences,
suggesting that this molecule may be the first invertebrate member of the
Ig superfamily. This finding greatly strengthened the idea that the Thy-1
molecule is primitive, and is likely to be the primordial domain of Ig
family.

Despite the fact that Thy-1 is so abundant on the surface of thymus
and brain cells, and that its molecular structure is so well
characterized, the function of Thy-1 is still an open question. Because of
sequence homology to Ig, it has been suggested that molecules displaying
the Thy-1 antigen play a role in cellular recognition and morphogenesis in
the nervous system (81). The expression of the Thy-1 antigen accompanying
tissue differentiation has been noted since Thy-1 was first discovered.
Reif and Allen noted that the expression of Thy-1 in the brain
accompanies the development of brain, ie. neonatal brain possesed only
1.5-2.8% of the content of antigen found in adult brain. In contrast,
the antigen was almost fully developed in the neonatal thymus (59). In
addition, J. E. Lesley and V. A. Lennon also observed that the expression
of the Thy-1 antigen on skeletal muscle was transitory, being expressed on

myoblasts and newly developed myotubes, but disappearing as myotubes
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differentiated. This finding suggests that Thy-1 may be functional in
normal muscle development (69).

Recently, many studies have tried to use monoclonal antibodies
against the Thy-1 antigen to define the function of Thy-1. Several lines
of data have been reported. R. Dulbecco et al have used monoclonal
anti-Thy-1 sera to prevent the differentiation of mammary cells (68).
Certain monoclonal antibodies to the Thy-1.1 antigen prevent formation of
new domes and cause disappearance of preexisting one. This suggests that
the specific interaction of these antisera with the Thy-1 antigen
redirects the differentiation programs of these cells. A role for Thy-1 in
cell interactions leading to differentiation within the thymus, and in
enhancing the regeneration of processes by rat retinal ganglion cells,
have been suggested (88, 89). The function of Thy-1 in the immune system
has also been studied by using either allogeneic antisera or monoclonal
antibodies. By using rabbit anti-mouse brain antisera, the Thy-1 antigens

were suggested to be involved in T cell activation, since antibodies

against Thy-1 stimulate T cell proliferation and induce T cell growth
factor production in normal T cells (90). One such monoclonal antiserum
which is able to induce interleukin-2 in T cells, was suggested to
recognize the Thy-1 molecule (91). Therefore, the Thy-1 antigen has been
proposed to be equivalent to human T3 antigen, which has been shown to
play a critical role in the T cell antigen recognition process. However,
another line of data suggests that the mouse antigen equivalent to human
T3 antigen is not the Thy-1 molecule, although it is a 25 KD glycoprotein
with the properties very similar to the Thy-1 molecule (92). Whether the

Thy-1 antigen is involved in T cell receptor recognition remains to be

clarified.
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Since the amino acid sequence of Thy-1 has been reported, it is
possible to use recombinant DNA methods to isolate Thy-1 gene, and study
its genomic structure and its relatedness to the immunoglobulins.
Furthermore, by using the isolated gene, we are able to study the
expression and function of Thy-1 in various cell types by gene transfer

and in vitro site-directed mutagenesis techniques.
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The HLA-D region of the major histocompatibility complex (MHC) of man
encodes polymorphic glycoproteins found predominantly on the cell surfaces
of B cells and macrophages. These proteins mediate interactions, required
for the induction of immune responses, among cells of the immune system
and consequently are referred to as Ia (immune-response associated). Two
families of Ia molecules, DR and DS (also known as DC), have been defined,
the former analogous to the I-E (ref. 1) and the latter to the I-A
molecules of murine MHC (2-4). Both DR and DS molecules consist of two
non-covalently associated polypeptide chains with molecular weight 33,000
and 28,000 designated o and B , respectively. The polymorphism of DR
molecules is due to structural variation in the small subunit, DRg, with
the large subunit, DRy, being constant in structure (5-7). In contrast,
both subunits, DSy and DSg, are structurally variable when DS allotypes
are compared (3). We have now isolated a ¢cDNA clone from a DR7 cell line
that contains the entire coding sequence for the DSa subunit and have
compared its predicted amino acid sequence with that previously deduced
from a DSa cDNA clone isolated from a DR4,w6 cell line (8). This
comparison reveals that 10 of 11 amino acid differences are located within
the ol (N-terminal) domain and that the a2 or immunoglobulin-like domains
are identical.

Poly(A)-containing RNA was isolated from a consanguineous homozygous
DR7 cell line (LG-10) and cDNA was synthesized by reverse transcription
using an o0ligo(dT) primer followed by second-strand synthesis using DNA
polymerase. A cloned cDNA libray was constructed by insertion of the cDNA

into the Pst I site of pBR322 using the poly(dG).poly(dC) homopolymeric
extension method (9). Colonies containing cDNA were screened with a nick-

translated cDNA probe, pDCH1 (provided by C. Auffray), which encodes the
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entire DS(DC) @ subunit except the leader sequence and 17 amino acids of
the N-terminus (8). From an initial screening of 10,000 colonies, four
strongly hydridizing clones were detected, all of which had similar
restriction patterns (data not shown); and the one with the largest
insert, pDS,-12, was subjected to DNA sequence analysis (Fig. 1). The cDNA
insert of pDS,;-12 consists of 921 nucleotides. Starting with the
methionine initiation codon, ATG, at nucleotide positions 20-22, there is
an open reading frame of 762 nucleotides encoding 254 amino acids and
terminating with the TGA codon at nucleotide positions 782-784. This 1is
followed by a 3' untranslated region of 123 nucleotides and a poly(A) tail
of 14 nucleotides. Nineteen bases upstream of the poly(A) tail is the
canonical polyadenylation signal AATAAA. The first 23 codons, amino acids
=23 to -1, encode the hydrophobic leader sequence. The amino acids
predicted from the next 25 codons are in nearly perfect agreement with the
previously determined N-terminal protein sequence of a DS7 alpha subunit
(3). By convention we have given the DS allotype the same numerical
designation as the DR allotype of the cell line from which it was
isolated. Accordingly, DS molecules isolated from a DR7 cell line are
designated DS7. The two discrepancies are probably due to protein
sequencing errors although the existence of a second DS7 alpha-like
subunit cannot be ruled out. Thus, pDSq -12 contains the entire coding
sequence for the DSTa subunit.

As has been shown previously (8), the DS(DC) o subunit displays strong
amino acid and DNA sequence homology to the DRa subunit (Fig. 2). However,
despite the overall high degree of homology between DRy and DSy (54%)
there are several regions of very low homology, notably the first 51 amino

acids of the coding region, (including the leader sequence) where only 12
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Fig. 1. cDNA and predicted amino acid sequence of the DS, subunit
clone, pDS,-12. The nucleotide sequence of the coding strand and the
predicted protein sequence (single letter amino acid code) are shown. The
nucleotide sequence immediately follows the 15 guanine residues used to
insert the cDNA into the Pst I site of pBR322. The 23-amino acid signal
sequence is numbered -23 to -1 and the termination codon at nucleotide
positions 782-784 is indicated by an asterisk. The canonical
polyadenylation signal AATAAA located in the 3' untranslated region is
underlined. The restriction enzyme sites that were 5' end labelled and
used for DNA sequencing are shown. The nucleotide sequence of an extensive

series of overlapping fragment was determined by the procedure of Maxam

and Gilbert (18).
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Fig. 2. Comparison of the protein sequences of DR and DSa subunits
predicted from cDNA clones. The DRy protein sequence was predicted from
the nucleotide sequence of a DRa cDNA clone previously isolated (19), and
the protein sequence of the DSa subunit was predicted from the nucleotide
sequence of the pDSy-12 cDNA clone described here. The DRa and DSa
subunits may be organized into a leader (L) region, two extracellular
domains (o1 and o2), a connecting peptide (CP), a transmembrane (TM)
region and an intracytoplasmic (CY) region based on the studies by Korman
et al. (10), Auffray et al. (8) and Lee et al. (11). Homologous regions of
DR and DSa subunits are boxed. The homology between these two molecules is
21.7% in the leader sequence, 48.2% in the o 1 domain, 65.2% in the a2
domain and 72.5% in the combined CP, TM and CY regions. The numbering

system is based on the DS sequence.
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of 51 (24%) of the residues are identical and amino acid positions 47-59,
where only 4 of 13 (318) of the residues are identical. In addition, the
3' untranslated regions show no significant homology above random (30%).

When the nucleotide sequence of the pDSy-12 cDNA insert, which codes
for the DS7, subunit, is compared with that of the pDCH1 c¢DNA insert,
which codes for a nearly complete DSU4,6a subsunit, 11 nucleotide substitu-
tions as well as deletion of a codon at nucleotide positions 254-256 are
observed (Fig. 3). A comparison of the predicted protein sequences for the
DSo and DS4,6a subunits (Fig. 4) reveals 11 amino acid sequence
differences, 10 of which are located whithin the N-terminal portion of the
molecule which by analogy to the DRa subunit has been designated the al
domain (10,11). The o2 domain, which represents an immunoglobulin-like
region conserved among class I and class II histocompatibility antigens
(12-15), is identical for both the DS4, 6 and DS7 a subunits. The 11th
amino acid sequence difference is found in a region of the molecule
referred to as the connecting peptide and bridges the 2 domain and the
transmembrane segment. It is intrguing that 4 of the amino acid
differences are clustered at position 47-56, one of several regions, as
pointed out above, where DR and DS subunits differ substantially. Thus,
there is even a suggestion of a hypervariable region. Indeed, recent
studies by M. Davis et al. (personal communication) reveal that the murine
Ao subunits (homologues of DS) show a high degree of variability at these
same positions. Note also that of nine nucleotide differences within the
a1 domain (the deletion of the codon at positions 254-256 is considered as
a single substitution event), seven result in amino acid differences. This
high precentage of non-silent substitutions suggests that there are fewer

structural and functional constraints on the a1 domain than for other
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Fig. 3. Comparison of the DNA sequences of DS7 and DS4, 6 o
subunits. The upper line represents the DSTa DNA sequence and lower line
the DS4, 6 o DNA sequence (from ref. 8). The sequences are identical
unless otherwise indicated. Positions 254-256 repesent a deletion in DS7 a
with respect to DS4, 6o . The first N-terminal amino acid is indicated by

an arrow and the termination codon by an asterisk.
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Fig. 4. Comparison of protein sequences of DS4Y, 6 and DST7 a subunits.
The predicted protein sequence of the DS7a subunit (Fig. 1) is compared
with the predicted protein sequence of the DSU, 6o subunit taken from
ref. 8. As the DS4, 6 o cDNA clone did not contain the first 17 amino
acids, residues 1-17 are based on protein sequence analysis (4). Domain
organization is as in Fig. 2. There are 11 amino acid differences between

these two molecules, 10 in the g1 domain, the 11th in the connecting

peptide region.
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proteins. We believe that pDSa-12 and pDCH1 represent products of alleles
at the same locus because 126 of 127 nucleotides at the 3' untranslated
(UT) regions are identical. Although, at this time we cannot entirely rule
out the possibility that these clones are products of different loci that
have recently diverged (16, 17), it is difficult to see how they could
have accumulated so many differences in the ;1 domain while maintaining a
relatively constant 3' UT region. Additional studies should resolve this
issue.

Thus, the DSy subunit consists of an N-terminal domain with a high
degree of variability and a highly conserved immunoglobulin-like domain.
The constancy of the o2 domain may reflect a functional requirment such as
the ability to interact with the immunoglobulin-like domain of the DS B
subunit, interactions analogous to those that occur between immunoglobulin
heavy and light chains. The role of variability in the o 1 domain,

however, remains to be determined.
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Thy-1 was originally defined in mice as a cell-surface alloantigen of
thymus and brain with two allelic forms, Thy-1.1 and Thy-1.2 (ref. 1).
Subsequently, the Thy-1.1 alloantigenic determinant was identified in rats
(2). In both species, Thy-1 is present in large amounts on thymus and
brain cells (3) and in smaller quantities on the fibroblasts (i),
epidermal cells (5), mammary glands (6) and immature skeletal muscle (7).
In many of these tissues the level of Thy-1 expression changes
dramatically during cell differentiation. The molecules expressing the
Thy-1 antigenic determinant have been isolated from rat and mouse brain
cells and have been shown to have a molecular weight of 17,500 (ref. 8).
One-third of the Thy-1 molecule is carbohydrate and the remainder is a
polypeptide of 111 amino acids whose sequence has been fully determined
(9). We report here the isolation and characterization of a cDNA clone
encoding the rat thymus Thy-1 antigen but find that the DNA sequence ends
prematurely at a position corresponding to amino acid 103. It appears to
be a complete transcipt, however, as the last codon is followed directly
by a poly(A) tract.

Poly(A) containing RNA was isolated from W/Fu rat thymocytes, and
cDNA was synthesized by reverse trancription using oligo(dT)12-18 primer.
Double-stranded cDNA was synthesized as described previously (10). A
cloned cDNA library was constructed by inserting the total cDNA population
into the Pst I site of pBR322 using poly(dG).poly(dC) homopolymeric
extensions (11). Colonies containing cDNA were screened (12) with a
synthetic 32P-lal:oellecl oligodeoxynucleotide (17-mer) mixture composed of
all 32 possible sequence permutations corresponding to amino acids 82-87
of Thy-1. Two hydridizaton-positive clones were isolated from 10,000

colonies. One clone (pT64) contained cDNA encoding the Thy-1 antigen and
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its entire sequence was determined by procedure of Maxam and Gilbert (13).
The overall structure of the cDNA clone pT64 and the sequencing strategy
used are shown in Fig. 1.

The DNA sequence contains a 45-base 5'-untranslated region followed
by 57 bases coding for a presumptive leader peptide of 19 amino acids
starting at the first methionine codon (numbered -19 in Fig. 2). The
leader sequence exhibits several features characteristic of leader peptide
present at the amino terminus of membrane bound proteins (14); it contains
many hydrophobic amino acids (11 non-polar residues) and terminates in a
residue with a small neutral side chain (glycine). The remainder of the
predicted amino acid sequence is in agreement with the published amino
acid sequence for rat brain Thy-1 (9). There are, however, several unusual
features at the 3' end of the Thy-1 cDNA clone. The DNA sequence ends
prematurely at a position corresponding to amino acid 103, 8 amino acids
earlier than predicted from the protein sequence, but followed directly by
a poly(A) tract. There is, however, no termination codon. Furthermore, a
presumptive polyadenylation signal, 5'-AATAAA-3'(ref. 15), which is part
of the coding sequence, is found 12 nucleotides upstream from the poly(A)
tract. Two alternative explanations for these unusual features at the 3'
end can be proposed: (1) a deletion of the sequence encoding the
C-terminal peptide occurred during the cloning procedure while retaining
the sequence corrsponding to the poly(A) tract, or (2) the AATAAA sequence
at positions 293-298 was recognized as a polyadenylation signal in vivo
and position 310, which is 12 nucleotides downstream from the AATAAA
sequence, served as a polyadenylation site.

The first explanation cannot be excluded although such a cloning

artefact has not been described before. The second explanation is a very
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Fig. 1. Partial restriction map and strategy for sequencing Thy-1
cDNA clone, pT6d. The entire cDNA was cleaved at selected sites with
restriction endonuclease and fragments corresponding to the insert were
purified by acrylamide gel electrophoresis and electroelution. Fragments
were treated with calf intestinal or bacterial alkaline phosphatse and
32%p-labelled at both 5' ends with T4 polynucleotide kinase as described
(13). Alternatively, some fragment were 3%P-labelled at both 3' ends with
DNA polymerase (26). Double-end-labelled fragments were separated by
acrylamide gel electrophoresis, electro-eluted and subjected to partial
chemical degradation sequence analysis as described by Maxam and Gilbert
(13). Partially cleaved fragments were separated on 8, 15 and 20%
acrylamide gels. The extent of sequence determined from each fragment is
indicated by the length of the arrow. The closed circles and vertical
lines at one end of each arrow indicate labelling at the 3' end or 5' end,

respectively. The sequencing strategy used here allowed us to sequence

both DNA strands completely.
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Fig. 2. Primary structure and predicted amino acid sequence for
pT64. Amino acids are numbered relative to the amino-terminus of the
protein sequencec as detertmined by Campbell et al (9). The 19-amino acid
leader sequence 5' to the codon for the first amino acid is numbered -19
to -1. The hexanucleotide sequence, AATAAA, at the 3' end is underlined. A

24-base poly(A) tail directly follows codon 103.
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attractive model for a mechanism regulating rapid changes of Thy-1 gene
expression during cell differentiation and is similar to that observed in
other systems. For example, during differentiation, B lymphocytes undergo
a shift from expression of membrane-bound IgM to secreted IgM. It has been
shown that the transcription unit for secreted and membrane-bound IgM
heavy chains contains two separate poly(A) addition sites. The basis for
selection between these two gene products apparently resides in the choice
of polyadenlyation site of the precursor RNA followed by differential
"splicing out™ of introns (16, 17). Expression of the late adenovirus
transcription unit is alo controlled through differential poly(A) site
selection (18). A similar mechanism may be responsible for regulating
Thy-1 gene expression. Differential poly(A) site selection may control the
expression of the C-terminal coding segment, which is apparently the
region of Thy-1 responsible for membrane integration (9) and, in the
presence of differentiation-inducing factors such as thymic hormones,
complete expression of cell-surface Thy-1 may be induced. Komuro and Boyse
demonstrated that Thy-1 negative precursor cells in the bone marrow and
spleens of mice can be induced to differentiate in vitro into Thy-1
positive T lymphocytes within 2 h of incubation with crude thymus extract
(16). Our hypothesis might explain the mechanism responsible for this
rapid induction of Thy-1 on the cell surface.

DNA and amino acid sequence analyses have revealed homology among the
ma jor histocompatibility antigens, B2-microglobulin and immunoglobulins,
and suggests that all three have evolved from a common ancestral gene
encoding a primitive domain (20-22). Homology between Thy-1, which has a
domain-like structure including a disulphide loop of the appropriate size,

and immunoglobulins has been noted at the amino acid sequence level (23).
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We have compared the nucleotide sequences of Thy-1 cDNA amd mouse A1 light
chain variable region (24) which was shown to have the highest degree of
amino acid sequence homology to Thy-1 (23). When the sequences are
aligned as shown in Fig. 3, overall homology between the neculeotide
sequence of Thy-1 and the variable region is 36%. This sequence homology
supports the hypothesis that Thy-1 and immunoglobulin have evolved from a
common ancestral gene. Furthermore, our observation concerning the Thy-1
cDNA clone, pT64, suggests that the Thy-1 gene may even have inherited a
remnant of a mechanism involved in regulating immunoglobulin gene
expression, namely differential polyadenylation. Additional experiments
aimed at defining the genetic organization and regulating elements of
Thy-1 expression are in progress. Thus Thy-1 which has long been used
primarily as a marker for T lymhpocyte differentiation (25), may itself

represent an intriguing system for study of gene expression.
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Fig. 3. Comparison of the DNA sequences of mouse V)1 (MOPCI04E) and
rat Thy-1. DNA sequences were aligned with the amino acid squence
alignment of Williams et al. (23), except for certain regions, indicated
by parentheses, that were realigned to increase homology. Identical amino
acid residues are underlined and nucleotide sequence homologies are
indicated by vertical lines. Gaps inserted to maximize homology are
indicated by dashes. The hypervariable regions (HV1, HV2 and HV3) are
lined above the amino acid sequence and the Variable-Constant (V-C)
junction (J region) is indicated by a dotted line. It is interesting that
although the overall nucleotide sequence homology between Thy-1 and V)1 is
36%, comparisons of small segments reveal considerable variation in the
degree of homology. The homology is 41% in positions 1-20, 19% in the
position 21-34 (sequences corresponding to the first hypervariable region
1), 41% in positions 35-85, 38% in positions 86-92 (HV3) and 24% in the

positions 93-103 (sequences corresponding to the J region).



61

001 06

TeA usy oI Iyl 847 usy Jeg 13§ Iyl o1g usy uro L19 Ias TeA Bay na nyo sX) 39K 1AL dsy

uﬂﬂ.doﬂ.g a€§uw<§<8opioﬁwecu88u§o _.ﬂ.u_;uﬂu&.u&
| I

019 IOV"91D VVV DOV VD V99 199 OLL 519 991 IvD OVV 29V OV1 991 V S._.ooau.._.uﬂaﬁ,i

T8A 2yl no7 84T 1yl A1 A19 A19 ayd 1ep_dal SyH usy 135 141 dag neT ey 8AD ayg IAL 311

uoFIdunf 5-p € AR

08 oL 09
&19 W19 dsy sAT IYL Yl ayq usy BTV Na] 14l no TeA 8K TT ayd Say dEV 19§ Y4 TS usy [EA
u8gp&ﬁau«oﬁuﬂuﬁoocﬁogah_vuawgoﬁEuuouégob.Eoﬁose

IRLL |1l | | i IR
V9 V9 1VD 9VD 1OV 9VD VD9 999 VOV DIV DOV 91D 009 © 129 OVV VD V99 IVV 51D 901 J99
eTy ni9 dsV n19 Iyl UTH eIV ATH Iyl oI Iyl N Ty - - (BTV 847 sy A9 311 ™1 135 A19

—

81y 195 Fav 141 ayr syH n19 °1g 1eA K19 ne1 ayy X7H 19g na1
ooowo.__.on_,os._.guéus_uo"_x_vﬁuwwﬁ.wvu - - = = - - -uo<3"_vco._.u8

1|
VOl 211 VOV VVD 100 119 199 VOO 199 V90 OVV OVV D0V 199 199 VIV VID 190 IOV Oll
aeg oyg Fay) - - - wTv 01 TeA A[9 0ag eIV 8av usy usy iyl AT 419 oTI no K19 Iyl 9yd

7 AH
oy o

2 195 ayqg N9 STH UTH OTI 014 NIT USY 1yl USY USY NI STH
c._.uucu33ﬁﬂ3w2§wq«wﬁoﬂca§u<ooa<u"_uouﬁu<<o_o<u<<.“.s_‘u<oa8

| |
E.Suaooﬁuiuucaﬁui 19V 1DV VOV LI9 199 999 IJV 19V Vol
dig usy ey 34 usy - J3g Iyl 1yl TeA BTV AT9 Iyl 135 13

1 AH
114 _ or_ —_— 1_
Bay 843 dsy 8ay no usy utH usy TepA na7T 8A) eV Iyl naT I3V ITI TVA 3xv uro
091 OVD 91D VIO LID OVV VD = = = OVV 919 910 291 999 9OV 91D J9V OLV 919 99V VD

na
L T I | __ [ N __ 11
.—.U

1-4y1 vy

o YA 98NOK

1-4y1 3%y

TYp @8nol

1-&y1 ey

TYA 3¥SNOK

1-4y vy

TYA 98SNOR

1-Ay1 3I%d

1Yz asnoy

Figure 3



6.

10.

1.

12.

13.
W,

REFERENCES

Reif, A.E. and Allen, J.M.V. J. Exp. Med. 120, 413-433 (1964).
Douglas T.C. J. Exp. Med. 136, 1054-1062 (1972).
Reif, A.E. and Allen, J.M.V. Nature 209, 523 (1966).
Stern. P.I. Nature 246, 76-78 (1973).
Scheid, M., Boyse, E.A., Carswell, E.A. and O1d, L.J. J. Exp. Med.
135, 938-955 (1972).
Lennon, V.A., Unger, M. and Dulbecco, R. Proc. Natl. Acad. Sci. USA
75, 6093-6097 (1978).
Lesley, J.F. and Lennon, V.A. Nature 268, 163-165 (1977).
Kuchel, P.W., Campbell, D.G., Barclay, A.N. and Williams, A.F.
Biochem. J. 169, 411-417 (1978).
Campbell, D.G., Gagnon, J., Reid, B.M. and Williams, A.F. Biochem. J.
195, 15-30 (1981).
Efstradiadis, A., Kafatos, F.C., Maxam, A.M. and Maniatis, T. Cell 7.
279-288 (1976).
Villa-Komaroff, I., Estratiadis, A., Broome, S., Lomedico, P., Tizard,
R., Naber, S.P., Chick, W.L. and Gilbert, W. Proc. Natl. Acad. Sci.
Usa 75, 3727-3731 (1978).
Swgs, S.V., Wallace, R.B., Hirose, T., Kawashima, E.H. and Itakura,
K. Proc. Natl. Acad. Sci. USA 78, 6613-6617 (1981).
Maxam, A.M. and Gilbert, W. Meth. Enzym. 65, 499-560 (1980).
Inouwye, M. and Halegoua, S. CRC Crit. Rev. Biochem. 7, 339-3T1
(1980).

62



15.
16.

17.

18.

19.

20.

21,

22.

23.

24,

5.

26.

63
Proudfoot, N.J. and Brownless G.G. Nature 263, 211-214 (1976).
Rogers, J., Early, P., Cater, C., Calame, K., Bond, M., Hood, L. and
Wall, R. Cell 20, 303-312 (1980).
Early, P., Rogers, J., Davis, M., Clame, K., Bond, M., Wall, R. and
Hood, L. Cell 20, 313-319 (1980).
Nevins, J.R. and Wilson, N.C. Nature 290, 113-118 (1981).
Komuro, K. and Boyse, E.A. Lancet i, TU40-T43 (1973),
Peterson, P.A., Cunningham, B.A., Berggard, I. and Edelman, G.M.
Proc. Natl. Acad. Sci. USA 69, 1697-1701 (1972).
Steinmetz, M, Frelinger, J., Fisher, D., Hunkapiller, T. Pereira, D.,
Weissman, S.M., Uehara, H. Nathenson, S. and Hood, L. Cell 24,
125-134 (1979).
Larhammer, D.L., Schenning, L., Gustafsson, K., Wiman, K., Claesson,
L., Rask, L. and Peterson, P.A. Proc. Natl. Acad. Sci. USA 79,
3687-3691 (1982).
Williams, A.F. and Gagnon, J. Science 216, 696-703 (1982).
Bernard, 0., Hozumi, N. and Tonegawa, S. Cell 15, 1133-1144
(1978).
Raff, M.C. Immunology 19, 637-650 (1970).
Maniatis, T., Pritsch, E.F. and Sambrook, R. Molecular Cloning, 115

(Cold Spring Harbor Loboratory, New York, 1982).



Chapter IV

THE NUCLEOTIDE SEQUENCE OF THE MOUSE THY-1 GENE

Hsiu-Ching Chang and Jack Silver

Department of Microbiology and Public Health
Michigan State University

E. Lansing, MI 48824

Running Title: Genomic cloning and DNA sequence analysis

of the mouse Thy-1.2 gene

64



SUMMARY

The mouse Thy-1.2 gene was isolated from a C57BL/6 cosmid library.
The nucleotide sequence of the mouse Thy-1.2 gene has been determined from
an 8-Kb long Eco RI fragment. The predicted amino acid sequence indicates
that mouse Thy-1.2 antigen contains a 19 amino acid leader peptide and the
112 amino acids previously reported by protein sequence analysis, plus 31
extra amino acids at the carboxyl terminus. These 31 amino acids contain a
stretch of 20 amino acids, at positions 124-143, which is highly
hydrophobic. Northern blot analysis of RNA from mouse tissues indicates
that the sequence coding for these 31 amino acids is present on poly(A)
containing RNA of brain and thymus tissues. The entire coding sequence is
distributed among three exons, encoding for amino acid residues -19 to -8,
-7 to 106 and 107 to 143, respectively. The predicted amino acid sequences
and gene organizations of mouse, rat and human Thy-1 were compared. The
sequences are more highly conserved between rodents than between rodents
and human. The carboxyl termini are highly conserved among these three
species, with homologies of more than 85 %. The highly conserved nature of
the carboxyl terminus suggests a functional role for this fragment of the

molecule.
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INTRODUCTION

The Thy-1 antigen was originally defined in mice as a cell surface
alloantigen of thymus and brain with two allelic forms, Thy-1.1 and
Thy-1.2 (Reif and Allen, 1964). Subsequently, The Thy-1.1 determinant was
identified in rat (Douglas, 1972). In both species, Thy-1 is present in
large amounts on the surface of thymus and brain cells, with about 600,000
molecules per cell on rat thymocytes, and equivalent amounts on brain
cells . Thus Thy-1 is probably the most abundant surface glycoprotein of
both cell types (Acton et al., 1974). In rodents, Thy-1 is also expressed
in small amounts on fibroblasts (Stermm, 1973), epiderm%} cells (Scheid et
al., 1972), mammary glands (Lennon, 1978) and immature skeletal muscle
cells (Lesley and Lennon, 1977). In many of these tissues the level of
Thy-1 expression changes dramatically during cell differentiation.

The molecules expressing the Thy-1 antigenic determinant have been
isolated from rat and mouse brain cells (Letarte-Muirhead et al., 1975,
Trowbridge et al., 1975). Thy-1 has been shown to have a molecular weight
of 17,500, of which one third of the molecule is carbohydrate, and the
remainder is a polypeptide of 111 amino acids in rat (Campbell et al.,
1981) and 112 amino acids in mouse (Williams and Gagnon, 1982).
Glycoproteins that are structurally related to rat and mouse brain Thy-1
have been purified from the brain of human (Cotmore et al, 1981), dog
(Mckenzie and Fabre, 1981), chicken (Rostas et al., 1983) and frog
(Mansour and Cooper, 1984), and even from invertebrate squid (Williams and

Gagnon, 1982). The expression of Thy-1 seems to be conserved in the
66
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evolution of neuroral cells and fibroblasts; however, the expression of
Thy-1 on lymphoid cells varies in different species (Dalchou and Fabre,
1979). Thus, although Thy-1 is the most abundant surface molecule on rat
and mouse thmocytes, the human homolog cannot be detected unambiguously on
human thymocytes. Furthermore, Thy-1 is present on mouse T lymphocytes but
absent from B cells. In constrast, Thy-1 is absent from rat T cells, but
present on rat bone marrow cells (Hunt et al., 1978).

The Thy-1 molecule was previously thought to have an unusual mode of
integration within the membrane. It can be heavily labelled in the
thymocyte membrane with an affinity label which labels only the
hydrophobic section of the membrane proteins (Owen et al., 1980). Previous
biochemical studies had failed to reveal any extended sequence of
hydrophobic amino acid that might function as a transmembrane segment.
Furthermore, the C-terminal peptide had hydrophobic properties despite a
lack of a hydrophobic sequence (Kuchel et al., 1978). Therefore, it was
suggested that the hydrophobic properties of the C-terminal peptide were
due to the linkage of 1lipid which anchored Thy-1 on the cell membrane.
However, recent studies of Thy-1 cDNA clones by T. Moriuchi (personal
communication) have shown that the rat Thy-1 molecule is 142 amino acids
long with a hydrophobic segment at the carboxyl terminus. This suggests
that Thy-1 in fact is an integral protein anchored on the membrane via a
hydrophobic segement.

Thy-1 has long been used as a mouse T cell marker. Despite much
speculation, however, there is no clear understanding of its biological
significance. On the basis of amino acid sequence, secondary and tertiary
structures (Cohen et al., 1978) and nucleotide sequence (Moriuchi et al.,

1983), Thy-1 shows striking structural homologies with Ig domains, and
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with other members of the Ig superfamily (Larhammer et al., 1982, Korman

et al., 1982). This has led to the hypothesis that Thy-1 is likely to be a
. primordial domain from which all the members of the Ig superfamily might

have evolved. It would therefore be interesting to analyze the evolution
of the Thy-1 gene in relation to other members of Ig superfamily.

In this study, we report the isolation of mouse Thy-1 genomic clones
from a C57BL/6 comsid library, and DNA sequence analysis of the Thy-1
gene. The predicted amino acid sequences and gene organization of mouse,
rat and human genes are compared. The protein sequences and gene
organization of the Thy-1 genes are well conserved among the three

species, with homologies in the third exon of greater than 85%.



RESULTS

Isolation and charavterization of mouse Thy-1 genomic clones.
A cosmid library of mouse C57BL/6 DNA was constructed in the c2RB vector
as described (Bates and Swift, 1983) with a small modification. The
C57TBL/6 DNA was partially digested with Sau 3A to an average size of 40
Kb, and dephosphorylated before ligation with Bam HI-Sma I digested c2RB
DNA. Ligated DNA was then packaged in vitro, and infected E. coli strain
1046 was used to construct a cosmid library (Figure 1). To isolate a mouse
Thy-1 genomic clone, the cosmid library was probed with the P-labelled
insert of the rat thymocyte Thy-1 cDNA clone, pT6l4 (Moriuchi et al.,
1983). After screening 175,000 clones, three independent clones were
isolated, cT10, cT34 and cTS5F. The partial restriction enzyme maps of
these clones are presented in Figure 2A. The c¢T10 clone shares only 4 and
2 Kb of 3' end of the Thy-1 gene with c¢T34 and ¢T5F, respectively. The
total insert of these clones spans about 75 Kb DNA along the mouse DNA.
The clones were first identified as Thy-1 containing clones by
Southern blot analyses, since the mouse Thy-1 gene had been shown to be a
single copy gene, and to be located in an 8 kb Eco RI fragment in
Southern blot analysis of total cellular DNA (data not shown). The
Southern blot analysis of these cosmid clones shows that each contains
only one hybridizing band. The ¢T10 clone contains an 8-kb Eco RI band of
the exact size as indicated by the cellular DNA analysis. The Eco RI
fragments of clones cT34 and c¢T10 were subcloned into the Eco RI site of
pBR322. The Thy-1 containing subclones, pcT34 and pcT108, were subjected
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Figure 1. Scheme for the use of c2RB vector in the construction of a
mouse C57BL/6 cosmid library. After digestion with Bam HI and Sma I, c2RB
DNA is ligated to phosphatase-treated mouse CS7TBL/6 DNA insert, which was
partially digested with Sau 3A to an average size of approximately 40 Kb.
Note that Bam HI and Sau 3A have the same cohesive GATC ends. A high ATP
concentration is used during the ligation reaction to prevent the joining
of the Sma I blunt ends. In vitro packaged DNA was used to infect E. coli

1046 in order to construct the mouse cosmid library.
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Figure 2. Restriction enzyme maps of Thy-1 genomic clones.
(A) Partial Eco RI digestion maps of Thy-1 containing clones, cT10, cT34
and c¢TSF are shown. Clone c¢T10 shares only 4 and 2 kb of the 3' end of the
Thy-1 gene with cT34 and cT5F, respectively, making the total insert of
these clones span 75 Kb of DNA along the mouse genome.
(B) Partial restriction map of the Thy-1 containing genomic clone, pcT108,
and the intron-exon organization of the mouse Thy-1 gene. The thicker
line, and the boxed area denote the coding region of Thy-1. The amino
acids were numbered relative to the amino-terminus of the protein sequence
as determined.
(C) The strategy for sequencing the Thy-1 gene. The pBR322 clones
containing the Eco RI insert of Thy-1 were cleaved at selected sites with
restriction endonucleases as indicated. The fragments were isolated and 5'
end-labelled with T4 polynucleotide kinase, or 3' end-labelled by filling
in with DNA polymerase I. Double-end labelled fragments were digested with
restriction enzymes, separated on the agarose gel, eluted, and then
subjected to DNA sequencing by Maxam and Gilbert's method. The extent of
sequence determined from each fragment is indicated by the length of the
arrow. The solid circle and vertical lines at one end of each arrow
indicated labelling at the 3' or 5' end, respectively. The DNA sequence
was completely determined by sequencing either both complementary strands

or the same strand at least twice, starting with different cleavage sites.
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Restriction Enzyme Maps of Mouse Thy-1 Genomic Clones
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to DNA sequence analysis following the strategies illustrated in Figure
2C. The sequence data enabled us to definitively identify these clones as

Thy-1 containing clones.

Structure of the mouse Thy-1 gene.

Comparison of the nucleotide sequences of mouse genomic and rat cDNA
clones, and comparison of the predicted amino acid sequence with the
protein sequence previously reported (Williams and Gagnon, 1982)
established the intron-exon organization of the mouse Thy-1 gene (Figure
2B). The coding region of Thy-1 is divided into 3 exons by two introns of
sizes 590 bp and 388 bp, respectively. As is often the case, the first
exon codes for part of the 5' untranslated region of the mRNA and the
first 12 amino acids of the signal peptide, amino acids -19 to -8,
followed by a 590 bp intron. The second exon contains most of the amino
acids of the mature protein, amino acids -7 to 106, followed by a 388 bp
intron. Both introns were occurred by RNA spliced between the first and
second base of the junctional codons according to GT/AG rule (Nevins,
1983). The rest of the predicted amino acid residues, positions 107-143,
followed by the termination codon, TGA, and the 3' untranslated region of
mRNA reside in the third exon. Since the only difference between the two
mouse allelic forms, Thy-1.1 and Thy-1.2, is amino acid residue 89, in
which Thy-1.1 is arginine and Thy-1.2 is glutamine, the gene we have
cloned is the mouse Thy-1.2 gene. This is consistent with the serological

typing of the C57BL/6 Thy-1 gene. The predicted protein sequence shows

that the mouse Thy-1.2 gene contain a 19 amino acid presumptive leader
peptide, 112 amino acid residues which fit completely with the protein

sequence reported by Campbell et al. 1981, plus 31 additional amino acids



75

Figure 3. Sequence of the mouse Thy-1.2 gene. The nucleotide
sequence and predicted protein sequence (three letter amino acid code) of
the Thy-1 gene are shown. Exons are underlined, with a thin line for the
untranslated region of mRNA, and with a thick line for the protein-coding
sequence. The initiation codon is boxed and the termination codon is

indicated by an asterisk. The AATAAA sequences are boxed.
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(Figure 3). The last 20 amino acids at the carboxyl terminus (positions

124 to 143) are highly hydrophobic and include ten leucine residues.

The gene organization of mouse, rat and human Thy-1.

Since the nucleotide sequences of rat and human Thy-1 genes have been
determined (Seki et al., 1984), we were able to compare the gene
organization of mouse, rat and human Thy-1 genes (Figure 4). The
distribution of the coding sequence among the three exons is identical for
all three species, coding for amino acids, -19 to -8, -7 to 106 and 107 to
143. All the introns follow RNA splicing occurs between the first and
second base of the junctional codons accroding to GT/AG rule, with
variations in length among these three species. This indicates that the
gene organization of Thy-1 is highly conserved among these three species,
with very well conserved exon structure, and slightly less conserved
intron structures. However, there are some features conserved in the rat
and human thy-1 genes, but not in the mouse Thy-1 gene. Namely, there is a
deletion of one amino acid at position 29, and there are two AATAAA
sequences in the 3' untranslated region of both human and rat Thy-1 gene
located around 550 bp and 1100 bp downstream of the termination codon,
TGA. However, there is only one AATAAA sequence in the 3' untranslated
region of mouse Thy-1 gene, located at a position corresponding to the

second AATAAA sequence of the rat and human gene.

Northern blot analysis of RNA from mouse and rat tissues
To determine whether the 31 extra amino acids predicted from the cDNA and

gene structure are present in the mRNA, northern blot analyses were
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Figure 4. Comparison of the gene organization of mouse, rat and
human Thy-1. The intron-exon organization of rat and human Thy-1 genes
were determined by Seki et al., 1984. The sizes of exons are shown by the
amino acid residues, and the sizes of introns and 3' untranslated region

are shown by the nucleotide base pairs. The locations of the AATAAA

sequences are shown in non-proportional scale.
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performed. A northern blot of poly(A) containing RNA from mouse brain,
liver, spleen and thymus, was hybridized with a Pvu II digested fragment,
PV3, which codes for amino acid residues 107 to 143 (Figure 2B). Only one
species of mRNA was detected in brain and thymus tissues (Figure 5A). This
demonstrates that the 31 extra amino acids are transcribed. The same blot
was then hybridized with the entire insert of pcT108 two months later. The
same bands were detected again (data not shown). The northern blot of
total RNA from rat thymus and form several human B cell lines was also
probed with the insert of pT6li. There is also only one species of Thy-1

mRNA in the rat thymus, with an approximate size 1.7 Kb.

Comparison of 5' untranslated region

To determine where the Thy-1 gene begins, the nucleotide sequences of the
5' ends of the rat ¢DNA and rat and mouse genomic clones were compared
(Figure 6). The nucleotide sequences of the first coding exon and 28 base
pairs upstream from the initiation codon, ATG, are identical for the rat
cDNA and genomic DNA; upstream from this point, the sequences differ
substantially. The same situation can be found when the nucleotide
sequences of rat cDNA and mouse genomic DNA are compared. However, the
homology between the sequences of the rat and mouse genomic clones extend
far beyond this point. The rat gemonic nucleotide sequence CTGCAG/A at
positions -30 to -24 fits very well with the consensus sequence of the
splicing acceptor site, TNCAG/G (Nevins, 1983).This indicates the presence
of an intron within the 5' untranslated region of both the rat and mouse
Thy-1 genes. In the mouse thy-1 gene, a sequence close to the consensus
sequence of the splicing acceptor site, at positions -30 to -25, can also

be found. When a Southern blot of Eco RI-Hind III digested pcT108 was
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Figure 5. Nothern blot analyses of RNA from mouse and rat tissues.
(A) Poly(A) containing RNA was isolated from mouse brain (B), liver (L),
spleen (S) and thymus (T), and subjected to northern blot analysis as
described in Experimental Procedures.
(B) Total RNA of rat thymus (5) and several human B cell lines, 3105 (1),
3106(2), DR2-Ma (3), and DR2-Mo (4) was isolated, and analyzed as

described above, except it was hybridized with the insert of pT6A.
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Figure 6. Comparison of the 5' end nucleotide sequences of rat cDNA
and mouse and rat genomic DNA. The sequence of the rat ¢cDNA (top line),
starting from position -U45 upstream from the initiation codon, ATG, is
compared to the sequences of rat, and mouse genomic clones (middle line
and bottom line, respectively). Identical bases are shown by a line
between the sequences. The initiation codon is boxed, and the putative

splicing points are marked.
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COMPARISON OF S'END NUCLEOTIDE SEQUENCES OF RAT AND
MOUSE THY-1 GENOMIC DNA AND RAT cDNA

CAAGTGTCCCTCCAAGAGAAGGGGAGGGGCTGAGTTGTCCATTGTGTGATCCTTGGATCT
TCCCTAAGAGAAGGGGATAAAGAGAGGGGCTGATGTATTCATCATGTGCTCCGTGGATCT

-5
¢TGCAAGCTA

CAAGCCCTCAAGGTAAATGGGGACCCACCTGTCCTACCAGCTGGCTGACCTGTAGCTTTC

-10 1 25
GGGGA%CCCAGACCCAGGACGGAGCfATTGGCAC ACCCAGTCATCAGCATCACTC
_CCCA-CTGCAGACCCAGGACGGAGCTATTGGCAC CCCAGTCATCAGCATCACTC
CCCACCACAQ#ATCCAAGTCGGAACTCTTGGCAC CCCAGCCATCAGCGTCGCTC

Figure 6
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hybridized with a full length mouse Thy-1 cDNA clone (a gift form M.
Davis), both fragments hybridized (data not shown). Since the only Hind
III site in pcT108 is located 1.5 Kb upstream from the initiation codon,
it suggests that there is an intron in the 5' untranslated leader of the
Thy-1 gene with an estimated size of 1.5 kb. The lack of restriction
enzyme sites within this region, suggesting the presence of highly
repetitive sequences, has made this region difficult to sequence. Introns
in the 5' untranslated region have been observed in the genes of rat
insulin I (Cordell et al., 1979) and chicken ovalbumin (Breathenach et
al., 1978) with sizes of approximately 120 bp. The reason for the
existence of such a large intron in the 5' untranslated region of the
Thy-1 gene is unknown. Whether it plays some role in regulating the

expression of Thy-1 remains to be determined.

Comparison of the predicted amino acid sequences of the Thy-1 genes

The predictd protein sequences of mouse, rat and human Thy-1 are aligned
with a gap inserted at amino acid 29 in both rat and human Thy-1 to
maximize the homology (Figure 7). All three Thy-1 antigens contain a 19
amino acid leader peptide plus the extra 31 amino acids at the carboxyl
end previously undetected by other investigators. Although, there is a
high degree of overall homology, there are three regions, located at
positions 23 to 29, 60 to 68, and 99 to 105, that vary substantially among
the species. It is intriguing to note that these regions correspond
closely to the locations of the hypervariable regions of Ig V domains
(Bernard et al., 1978), suggesting that as in immunoglobulins there is
little structural constraint in these regions of the molecule.

The degree of protein sequence homology between the three species are
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Figure 7. Comparison of the predicted amino acid sequences of mouse,
rat and human Thy-1. Identical amino acid residues are underlined. The

hydrophobic segment is underlined.
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Protein sequence comparison of mouse, rat, and human Thy-1
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compared exon by exon in Table 1. The overall protein sequence homology
between mouse and rat Thy-1 is 80%, but only 66% between mouse and human
and rat and human. Within the first exon, amino acid resiudes -19 to -8,
the homology is 75%, 66% and 75%; thus, as expected the signal peptide is
not conserved between the species. The homology for the second exon
coding for amino acids -8 to 106, is 80% between mouse and rat, and 66%
and 60% between both rodents and man, consistent with the evolutionary
relationship of the species. The homologies within the third exon,
encoding amino acids 107 to 143, are 92%, 89% and 86%. If only the
hydrophobic segments are compared, the homologies are greater than 85%
among all three species. Strong homologies in the hydrophobic regions of
other molecules including membrane IgG1, IgG2a, and IgM (Tyler et al.,
1982), and glycophorins of man, ox, and pig (Murayama et al., 1982) have
been reported. This suggests that the structure of the hydrophobic segment
is conserved in order to serve an important and specific, biologic

function.



DISCUSSION

Analysis of the mouse Thy-1 genomic clone, and comparison of the
protein sequences derived from the nucleotide sequences of mouse, rat and
human Thy-1 genes have revealed several interesting features: the mouse
Thy-1 antigen contains 143 amino acids instead of the 112 originally
reported. The coding region of the Thy-1 gene is distributed into three
exons, with the third exon encoding amino acids 107 to 143. The gene
contains several AATAAA sequences through out the entire Thy-1 sequence,
but only one, located 1110 bp downstream of the termination codon, TGA,
serves as a polyadenylation signal. There is an intron in the 5°'
untranslated leader with a size of at least 1.5 kb. The overall structure
of the mouse, rat and human Thy-1 genes is well conserved, including the
intron-exon organization, the protein sequence and the 31 additional amino
acids at the carboxyl terminus. There are three regions where protein
sequence differences are concentrated when Thy-1 molecule from different
species are compared, and these regions correspond closely to those of the
hypervariable regions of the Ig V domain.

It should be noted that there are several inconsistencies between
the DNA and protein sequences of Thy-1 (Table 2). For instance, the
predicted amino acid compositions of mouse, rat and human Thy-1 (Table 2,
line b.) contain tryptophan, but protein sequences of mouse, rat and human
brain Thy-1 antigens, or even the squid brain glycoprotein (Table 2, line
a.) do not. Also amino acid composition analyses failed to reveal any
hydrophobic amino acids in the C-terminal peptide (Campbell et al., 1981;

90
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Williams & Gagnon, 1982; Cotmore et al., 1981). These C-terminal
hydrophobic regions are highly homologous (greater than 85%) among all
three species, and are also present on the mRNA of rat and mouse thymocyte
and brain tissues. According to the length and hydrophobicity of this
segment, this region may serve as a transmembrane segment anchoring Thy-1
on the cell surface (Chou and Fasman, 1978). It is likely therefore that
Thy-1 is in fact an integral membrane protein anchored on the membrane via
a hydrophobic C-terminal segment.

In addition to Thy-1, there are two other proteins which are reported
to have discrepancies between the biochemically determined protein
sequences and the protein sequences predicted from the nucleotide
sequence. One of those is a membrane protein, the Variant Surface
Glycoproteins (VSGs) of the parasitic protozan trypanosome (Boothroyd et
al., 1982). The nucleotide sequence from the cDNA clones of VSGs suggests
that the primary translation product of one VSG gene contains a 23 amino
acids hydrophobic tail at the carboxyl terminus which is not found on the
isolated mature glycoproteins. Another one is a secretory protein, rat
a-lactoalbumin (a-LA), which has been found to have 17 extra hydrophobic
amino acids beyond the C-terminus (Dandekar and Qasba, 1981). Two forms of
rat a-LA have been found with different molecular weights; however, only
one species of mRNA can be found.

Several possible explanations have been proposed for these
discrepancies. It is possible that the extra hydrophobic segments are

removed during the processing of protein in a manner similar to the

cleavage of the N-terminal signal peptide (Lingappa et al., 1978). An
alternative explanation is that proteolytic degradation has occured during

the preparation and purification of molecules and their peptide products,
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Comparison of amino acid compositions of the Thy-1 antigens

Human Rat Mouse Squid

Brain Brain Brain Brain

Thy-1 Thy-1 Thy-1.2 Glycoprotein

a b a b a b a

CYS 5 y y y y 4 8
ASX 9 10 15 17 14 15 15
THR 1 13 10 12 10 1 7
SER 12 19 8 13 11 16 7
GLX 1 12 10 12 1 12 12
PRO 5 3 3 3 3 3 3
GLY 5 5 y 6 y 6 8
ALA y 5 2 3 3 y 5
VAL 8 9 9 10 8 9 8
MET 1 2 1 1 1 2 2
ILE 2 y 5 7 y 6 5
LEU 1" 23 13 2l 12 20 6
TRP 0 1 0 1 0 1 0
TYR 5 5 2 2 ] ) g
PHE y 6 4 6 3 y y
HIS 5 6 y 4 y y y
LYS 8 6 8 8 9 9 9
ARG 6 7 9 9 T 9 6

Line a. is the amino acid composition obtained from protein analysis
(residue/molar amount).

Line b. is the amino acid composition predicted from nucleotide sequence
(residue/molar amount).

Data were taken from references: human Thy-1 (Cotmore at al., 1981); rat
Thy-1 (Campbell at al., 1981); mouse Thy-1.2 and squid brain glycoprotein
(Williams and Gagnon, 1982); predicted amino acid compositions of human
and rat Thy-1 (Seki et al., 1984).
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or that the C-terminal peptide was lost simply because of its
hydrophobicity. Further protein sequence studies and searches for possible

precursors should resolve this issue.



EXPERIMENTAL PROCEDURES

DNA cloning

The cosmid library of mouse CSTBL/6 was constructed in a cosmid vector
c2RB as described (Bates and Swift, 1983) with a minor modification. The
mouse C57BL/6 DNA was partially digested with Sau 3A to an average size
of about 40 Kb, then dephosphorylated before ligated into the Bam HI and
Sma I digested c2RB DNA. A high ATP concentraction is used during the
ligation reaction to prevent the joining of the Sma I blunt ends. In vitro
packaged DNA was used to infect E. coli strain 1046 to construct mouse
libraries. The mouse library was screened using the insert of the Thy-1
cDNA clone as a hybridization probe. The DNA of putative Thy-1 positive
clones was purified by mini preparation. The DNAs were cleaved with Eco
RI, and other appropriate restriction enzymes and run on a 0.6% agarose
gel for Southern blot analyses. Confirmed Thy-1 positive cosmid clones
were then digested with Eco RI and subcloned into the Eco RI site of
pBR322. The Subcloned DNA was used to transfom E. coli strain HB101, and
the colonies were screened with the original Thy-1 probe. The general
procedures for the growth, screening and analysis of cosmid libraries,
nick translation, and Southern blot analyses were performed as described

(Maniatis et al., 1982).

DNA preparation.
The preparation of DNAs from putative Thy-1 clones was perfomed using the

alkaline-extract method (Birmboim and Doly, 1979) with some modifications.

9y
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A bacterial culture (40 ml) was cultured overnight without any
amplification. The bacteria were pelleted, and treated with the GTC
solution (50 mM glucose, 10 mM EDTA, 25 mM Tris-HC1l, pH 8.0) without
lysozyme. A clear lysate was prepared by the addition of 2 volumes of 0.2
M NaOH-1% SDS, and the cellular DNA was precipitated by the addition of
0.5 volume of 3 M potassium acetate (pH 5.2). The plasmid DNA remaining in
the supernant was precipitated with 0.6 volume of isopropanol. The DNA was
suspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), treated with
DNase-free RNase, phenol extracted, and then precipitated with 2.5 volume
of ethanol. The DNA isolated from this procedure can be used for
endonuclease restriction enzyme digestion, and ligation for subcloning.
Large scale DNA preparation was perfomed as described above, except that
CsCl gradent centrifugation was used for purification of the plasmid prior

to RNase treatment and phenol extraction.

DNA sequence analysis

The Thy-1 positive subclones, pcT108 and peT34, were subjected to
nucleotide sequence analyses. The entire genomic clone was cleaved at
selected sites with the restriction endonucleases, and fragments
corresponding to the insert were purified by agarose gel electrophoresis
and electroelution, or electrophoresis on low melting point agarose (BRL)
and extraction with 0.3 M NaOAC (pH 5.2) saturated phenol. Fragments were
dephosphorylated with calf intestinal alkaline phosphatase and
end-labelled with T4 polynucleotide kinase. Only one of the fragments was
end labelled by filling in with the DNA polymerase I. Double-end labelled
fragments were digested with restriction enzymes, separated on agarose gel

or low melting point agarose, and eluted from gels, then subjected to
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partial chemical degradation sequence analysis as described (Maxam and

Gilbert, 1980).

RNA analysis

The preparation of total RNA from mouse and rat tissues was perfomed as
previously described (Chirgwin et al, 1979). The poly(A) containing RNA
from mouse tissuses was isolated as described (Aviv and Leder, 1972). The
northern blot analysis was performed as described (Lehrach et al, 1977).
The mouse poly(A) containing RNA was run on a 1.2% formaldehyde agarose
gel, botted onto a nitrocellulose filter, and hybridized with 32l”-labelled,
PV3, in 50% formamide solution at 42°C. The northern blot analysis of RNA
from rat thymus and several human B cell lines was done in the same way as

that of mouse, except that it was hybridized with the °¥-labelled insert

of pT64 in a solution of 6x SSC, 10x Denhardt's, 0.1% SDS at 68°C.
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CLOSING STATEMENT

Although many of the questions concerning the structure,
polymorphism, and gene organization of class II genes have been answered
by recombinant DNA technology and monoclonal antibodies analysis, there
are still a set of questions that need to be answered. These include the
detailed tertiary structure, the mechanism of biosynthesis, the mechanism
of generation of polymorphism, the molecular function and the evolutionary
history of class II antigens.

It is the same situation for Thy-1. Although the detail genomic
structures of mouse, rat and human Thy-1 have been studied, many
controversies concerning the Thy-1 antigen remain to be resolved. Such as,
why is human Thy-1 antigen not conserved by evolution; whether the Thy-1
antigen contains the hydrophobic segment on its carboxyl end while
spanning on the membrane. Finally, since Thy-1 is expressed in various
amounts in different tissues, we would like to know more about how its

expression is regulated, and what its role is in these different tissues.
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