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ABSTRACT.
Murine T cells express either of 2 antigen receptors on
their surface: af or yé T cell receptors. The yé T cell
population contains subsets which show tissue specific
localization, invariant T cell receptors and/or specificity
for stress antigens. This makes these T cells unlike a2 T
cells.
This thesis describes the genomic organization of the entire
mouse T cell receptor gamma locus. It contains 4 clusters of
gene segments, each with a C, a J and 1 to 4 V gene
segments. Compared to other T cell receptor and
immunoglobulin loci, this is an unusual organization. The
Cy2 cluster is in an orientation that is opposite to that of
all other clusters.
Two new Y enhancer-like elements were identified in the
locus. Also shown is that the hinge region of Cy4 is encoded
by at least 2 exons. This 1is similar to the gene
organization of the human Cy2 gene segment, and different
from the other mouse and human Cy gene segments.
Sequence comparison of the T cell receptor y gene segments
of various mammals reveals structural conservation during
evolution. The C region is most conserved, except in the
hinge region. This subdomain is variable in length and in
sequence. The extracellular domain is well conserved and
contains amino acid residues which are also conserved in the

other T cell receptor and immunoglobulin proteins.
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The Vy gene segments are less well conserved, but several
amino acid residues are found which are (nearly) invariant.
During evolution, the 2 studied mammals each appear to have
lost certain V gene segments relative to a hypothetical

ancestor.
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Chapter I.

INTRODUCTION.



The immune system.

The mammalian immune system protects the host from
infections by neutralizing and eliminating pathogens.
Several cell types contribute to the immune system, which
can be divided into nonspecific and antigen (Ag) specific
cells.

Macrophages and monocytes are nonspecific effector cells
that phagocytose and neutralize foreign material.
Lymphocytes on the other hand are antigen specific effector
cells. These include the B and T cells. B cells can secrete
their antigen receptor, the immunoglobulin (Ig), into the
extracellular fluid. There it binds specifically to the
pathogenic substance (free antigen). Following this binding,
the pathogen is neutralized by phagocytic cells, or by
complement mediated cell lysis.

Unlike B cells, T cells can not secrete their receptor
molecule. The antigen specific T cell receptor (TCR) remains
anchored in the cell membrane. Like the antibodies (Abs}, it
is highly specific in its recognition. The TCR binds to
antigen fragments present on the surface of other cells. Ag
binding activates the T cells. Activated helper T cells (Th)
respond to binding of antigen by producing growth and
differentiation factors, which stimulate ('help') other
cells of the immune system. Cytotoxic T cells (Tc) that

recognize virus Ag on infected cells on the other hand kill



the infected cell.

There are 2 types of T cells, which can be distinguished by
their TCR: af T cells have a TCR composed of an o and a 8
chain, whereas the yé cells have a TCR made up of a y and a
6 chain.

The basic structure of the receptors (Ig, of and yé TCR) is
very similar. They all consist of 2 chains, each with a
constant and a variable part. The recognition specificity
resides in the combined variable parts. Each cell makes
chains with unique variable parts and thus, each cell
produces a single type of receptor, which is highly specific

for a particular antigen.

Diversity.

The immune system must be capable of recognizing every
foreign antigen which may enter the body. Hence, the
receptors on the B and T cells must be capable of
recognizing an enormous diversity of antigens. The diversity
in the receptors is generated by DNA rearrangements in
individual T and B cells that juxtapose 2 or 3 gene segments
from a large number of such elements, thereby creatiné a
gene which encodes the variable domain of the receptor.

The Ig light (IgL) chain and the TCR o and y loci contain
multiple V and J gene segments, which are physically

separated on the DNA. Figure 1 shows how one Vy and one Jy



4
gene segment are joined in a DNA rearrangement process which
generates a Vy gene. The rearrangement process is guided by
DNA rearrangement signals 3' to the V and 5' to the J
segments. These signals consist of conserved 7-mers and 9-
mers and a nonconserved 12 or 23 basepair (bp) spacex. In
the rearrangement process, these signals and the intervening
DNA are excised.
The Ig heavy (IgH) chain and the TCR 8 and 6 loci have
multiple V and J gene segments as well as multiple D
elements, which are located between the V and J elements. In
these loci, a J segment is joined to a D, which is then
joined to a V, generating a V gene.
Additional diversity arises from imprecise joining of V, D
and J DNA segments, due to removal of bases from the ends of
the gene segments and/or insertion of random bases (N
nucleotides) at the joints before ligation of the DNA ends.
As a result, the junctions which result from a particular V
to J (or V-D or D-J) rearrangement can be very
heterogeneous. As the junctions encode part of the antigen
binding site, this process creates wuseful additional
receptor diversity.
If the resulting V gene is in the proper translational
reading frame (i.e., functional), it will encode one chain
of the receptor. Finally, each chain which is thus encoded

can pair with another chain (¢ and 8, y and &, IgH and IgL)
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also created by the mechanism outlined above (Tonegawa,

1983; Davis and Bjorkman, 1988; Lafaille et al., 1989).

Vy Jy Cy
—V.232 S12ln —
Vy Jy Cy

Figure 1. DNA rearrangement of a Vy and a Jy gene segment
generates a Vy gene. Top: A DNA fragment with a Vy, a Jy and
a Cy gene segment in germline configuration. Bottom: the
products of the V to J rearrangement. The intervening DNA is
excised and circularized. The recognition signals (7 ,3 9

and 9 ;, 7) are indicated.



MHC molecules.

The TCR and Ig differ in the way in which they recognize
their antigens. Igs recognize the antigen directly, usually
when the binding site (the epitope) is part of a larger
structure. The TCR on the other hand can only recogniz

antigen in association with MHC (major histocompatibility
complex) molecules. Antigen presenting cells (APCs) process
the antigen and present proteolytic peptides on their MHC
molecules to the extracellular environment. The phenomenon
that T cells can only recognize antigen in the context of
MHC molecules is termed MHC restriction.

There are two general types of MHC molecules: class I and
class II. Class I molecules are expressed on the cell
surface in association with f2-microglobulin. The structure
of a human class I molecule, HLA-A2, has been determined
(Bjorkman et al., 1987). It shows that the N-terminal part
of the molecule forms a cleft between 2 alpha helices. This
is where the peptide is bound and thus presented to T cells.
It is not clear if all class I molecules can present
peptide, even though the structure of most class I molecules
is probably very similar. The classical class I molecﬁles
(K, D and L in the mouse) can present antigens and are
expressed on virtually all cell types of the body.

There is also a large group of class I molecules for which

no function has been found. These so-called class Ib
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molecules (in the mouse also referred to as the TL and Qa
antigens) are expressed on the cell surface of certain
cells, also in association with 82-microglobulin. Whereas
the classical class I molecules are highly polymorphic, the
class Ib molecules are far less polymorphic.

Class II molecules are heterodimers composed of alpha and
beta chains. They present antigens like the classical class
I molecules, but their tissue distribution is much more
restricted than that of the classical class I molecules.
While classical class I molecules present antigens to CDS8
expressing cells (usually Tc), class II molecules present
antigens mainly to Th cells, which leads to secretion of

growth- and differentiation factors.

af and y6 T cells.

Immunoprecipitation experiments showed that the TCR consists
of 2 chains, which are noncovalently associated with a
protein complex termed CD3 on the surface of T cells.

Most T cells in the body express the aff TCR. Their functions
have been well characterized. They recognize specific
antigen fragments when these are presented by MHC molecules
on APC. As a population, the af cells appear to be able to
specifically recognize an enormous diversity of peptide
antigens.

Like the off cells, T cells expressing the yd TCR have been
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shown to be cytolytic and secrete factors as well. However,
their functional specificity is not clear. There are
specific yb cell subsets, some of which show specific homing
to mucosal and epithelial sites, some have invariant TCR
variable domains, others shown antigen recognition without
apparent MHC restriction and some subsets recognize orly a
single related group of antigens (Kyes and Hayday, 1990;

Allison and Havran, 1991).

Table I. Nomenclature of Vy genes, as proposed by Garman et

al. (1986) and Raulet (1989) and Maeda et al. (1987).

Garman/Raulet Maeda
Vi.1 V1
v1i.2 V2
V1.3 V3
V2 V4
V3 V5
va V6
V5 v7

Below is a review of the development of y6 T cells, tﬁeir
tissue localization and the antigens they may recognize.
Next, the genes of the murine y locus will be discussed.
Table I shows the names of the 7 Vy genes and the 2

different nomenclatures that are in use. For the purpose of
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this discussion the nomenclature established by Garman et

al. (1986) and Raulet (1989) will be used.

Ontogenvy of ¥6 cells.

The first TCR y RNA is detectable in the liver and gut
(Vy5), at day 11 of fetal development, before colonization
of the thymus. In the fetal thymus, y RNA is detectable on
day 13, the first day investigated (Carding et al., 1990).
TCR R RNA is first detectable on day 15 and o RNA on day 16
(Haars et al. 1986).

Serological analysis shows a particular time course of
development. Cells expressing the y06 TCR appear in the
thymus before day 14 of gestation and increase in number up
to day 20. Cells expressing aff TCRs start to appear at day
16 and become the dominant population around day 19 (Havran

and Allison, 1988; Itochara et al., 1989).

Distinct waves of y0 cells arise in the thymus.

Most thymocytes in the day 14 and 15 fetal thymus express a
Vy3* ¥4 TCR on the cell surface, a population which rapidly
declines and is scarcely detectable by day 18 (see figﬁre
2) . This early population uses exclusively the V3J1Cyl and
V1D2J2C6 chains in the TCR (Havran and Allison, 1988; Ito et
al, 1989; Lafaille et al, 1989). The Vy3 cells are

progressively replaced by cells expressing V4J1Cyl and
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V1iDJ42 (Ito et al., 1989; Allison and Havran, 1991). These
cells in turn are replaced by Vy2 expressing cells and
finally Vy5 cells appear. Serologically, Cy4 containing TCR
were detected in the fetal thymus as early as day 16.
Earlier time points were not investigated, nor was the V
which it contained determined (Houlden et al., 1988).
Interestingly, the order of appearance of the Vy2-Vy5* cells
in ontogeny parallels the order of the V gene segments on
the chromosome (see figure 2).
The early Vy3 and 4 expressing thymocytes have an unusual
feature: their in frame V-Jy and V-D-J6 junctions are almost
invariant. There is limited exonuclease activity evident in
these canonical junctions, and no N region nucleotides are
observed (Lafaille et al., 1989). The V1D2J2Cd genes and V-
JyYl junctions in the Vy3* and Vy4' cells are identical.
Since Vy3* and Vy4t cells with these same canonical
junctions were found in specific locations in the periphery,
it has been suggested that the fetal canonical cells are
their precursors (Lafaille et al., 1989; Asarnow et al.,
1989; see below). Indeed, early fetal Vy3* thymocytes have
been shown to be the only cells which can give rise to'the
canonical Vy3 T cell population in the periphery (see below,
Havran and Allison, 1990). The precursor-product
relationship of the fetal Vy4 population has not been

investigated.
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The sequential appearance of y6 T cells expressing different
TCR Vy genes in the thymus raised the question whether this
is due to preprogrammed precursor cells, or due to

instruction by the thymic environment.
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Figure 2. The order of expression of the Vy genes in the

fetal thymus parallels the gene order in the y locus.
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Experiments showed that only fetal stem cells give rise to
significant numbers of Vy3* cells. Fetal and adult stem
cells can give rise to Vya* cells, but only the RNA from
fetal derived cells encoded invariant VJy Jjunctions
identical to those of normal fetal Vy4* cells (Ogimoto et
al., 1990; Ikuta et al., 1990; Ikuta and Weissman, 1991).

These results suggest that there may be a developmental
clock in the stem cells which determines when to close or
activate certain genes (e.g., Vy3 and N region insertional
machinery), or alternatively that there are different types
of stem cells, each with its own developmental program

(Ikuta et al., 1990; Ikuta and Weissman, 1991).

Extrathymic y6 T cell maturation.

Nude mice lack a thymus, and are virtually devoid of a8 T
cells. T cells expressing y0 TCRs on the other hand can be
found in the gut, the spleen and lymph nodes of nude mice,
albeit in decreased numbers (Pardoll et al, 1988; Yoshikai
et al., 1986; Bandeira et al., 1991}).

Intestinal intraepithelial lymphocytes (i-IEL) with
functionally rearranged Vyl.2, 2 and 5 develop in athfmic
mice as well (Whetsell et al., 1991). Hence, it has been
suggested that the gut epithelium attracts progenitor cells
and induces maturation, including rearrangement of the TCR

genes (Mosley et al., 1990; Guy-Grand et al., 1991).
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There is also evidence that yd expressing resident pulmonary
lymphocytes (RPL) can develop extrathymically, as they too
are present in nude mice (Sim and Augustin, 1990; 1991).
Mature Vy3* cells reside in the skin and are absent in nude
mice, indicating that they are thymus dependent (Havran and
Allison, 1990). However, Vy3 and 4 may be able to rearrange

in nude mice (unpublished results in Kyes and Hayday, 1990).

Thus, it appears that most if not all Vy genes can rearrange
extrathymically and at least some y0 sublineages can mature
outside the thymus as well.

The presence of some y0 populations in nude mice raises the
question whether there are 2 maturation pathways for (or 2
sublineages of) y6 cells, one occurring in the thymus and
one outside the thymus (Mosley et al., 1990; Guy-Grand et
al., 1991) or whether 0 cells can develop outside the
thymus, but that this process is much more efficient inside

the thymus (Pardoll et al., 1988).

Tissue distribution.

Maybe the most remarkable feature of y0 cells is that there
is a specific tissue distribution for some of the yd
subsets. Table II and figure 3 summarize the phenotype of y6

cells in specific tissues.
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The skin.
(DECs) in the skin are thy-

The dendritic epithelial cells
between the

1*, y6* «cells which are interspersed
keratinocytes in the outer layer of the skin (Elbe et al.,

1989). The y6 TCR is identical in all DECs: these cells all

use exclusively V3J1Cyl and V1D2J2Cé. Even the V(D)J
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Figure 3. Schematic view of the tissue distribution of Vy2-

S* y6 subsets in adult mice. Solid lines indicate near
exclusive homing and broken 1lines indicate preferential
localization (adapted from Cheng et al., 1991).
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junctions of the 2 TCR chains are nearly invariant in the
DECs (see table III; Havran et al., 1989; Asarnow et al.,
1988, 1989).

As a population the DEC are Vy3*. However, three DEC cell
lines have been reported which express Cy4 and/or Cy2
proteins on their surface, with V61 (Koning et al., 1988;
McConnel et al., 1989). The significance of this is not
known.

Thymic precursors. There is only one other discrete T cell
population which expresses Vy3 on its surface, namely the
earliest wave of y0 cells in the fetal thymus (Havran et al,
1988). The ‘'canonical' V(D)J junctions of the fetal y and
6 TCR rearrangements (see above) are identical to those of
the DECs (table III; Asarnow et al., 1988; 1989). Indeed,
functional DECs only derive from early fetal cells (Havran

and Allison, 1990; Payer et al., 1991).

Vagina, uterus, tongue.

Vy gene. Approximately half of the T cells in the vagina,
uterus and tongue carry Y6 TCRs on their surface. The most
predominant Vy on these cells is Vy4 (table II, figure.3).
All the analyzed in frame y junctions were identical to
those of the fetal canonical V4-Jyl sequence (Itohara et al,

1990a; Nandi and Allison, 1991).
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Table II. Tissue distribution of yd subsets in adult mice?.

tissue major TCR diversityP
skin (DEC) V3J1iCy1l V1iD2J2Co limited
r-IEL V4J1Cy1 V1iD2J2Cé limited
lung (RPL) V2J1Cy1 voe/5 ++
intestines V5J1Cy1l V4 (D1)D2J61 +++
(i-IEL) V6 (D1)D2J61
lactating mammary  V2/V3-J1Cyl Vb4 4+
gland
thymus V2/V4-J1Cyl Vé5/6 et
V1.1J4Vy4
V1.2J2Cy2
spleen V1.1J4Cy4 Vd5/6 +++
V2J2Cy1 vo4/2
V1.2J2Cy2
8pbbreviations: r-IEL, reproductive IEL; i-IEL, intestinal
IEL; RPL, resident pulmonary lymphocytes.

bDiversity at the V-J junction of the rearranged y gene

segments. limited: the V-J junctions are invariant as

described in the text;

++:

group (see text).

+++: the junctions

Adapted from Cheng et al. (1991).

are very diverse,

the junctions are very diverse with the exception of one
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Vé gene. The only VO gene segment found in yé cells of these
tissues is V61 (table II). In the majority of cases, this V0
is rearranged to D62 and Jé2, and has a junction which is

identical to that of the fetal canonical sequence and the

DEC V1iDJd Jjunction (see above and table III; Nandi and
Allison, 1991; Itohara et al., 1990b). Thus, it is possible
that the fetal Vy4 population contains the precursors for
these peripheral Vy4* populations, analogous to the DEC
lineage. The absence of y6 cells from the vagina of nude
mice suggests that the precursors need the thymus for

maturation (Nandi and Allison, 1991).

Intestine.

The proportion of i-IEL which express a y6 TCR appears to
vary widely (30-80%). Generally, about half of the i-IEL are
Y0 T cells, the rest are af T cells. The yé cells are
interspersed between the epithelial cells on the villi in
the intestines (Bandeira et al., 1991).

Vy genes. Vy5 1is the predominant y gene in the i-IEL
population, but Vy2 and 4 RNA are also present (table'II,
Takagaki et al., 1989%a; Kyes et al., 1989; Bonnevilie et
al., 1988). PCR amplification of the V-Jy junctions showed
that a large proportion of junctions with Vy2 and 4 are out

of frame, while most V5Jyl junctions are in frame and are
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Table TITI. Compilation of frequently used or unusual V-Jy

junctions.

tissue TCR _V gene junctions

DEC, early fetal thymocytes

¥Y: EATYY C A C W D S S GF
TGT GCC TGC TGG GAT AGC TCA

Vy3 / Jyl
o cC G 8 D I G G S S W
TGT GGG TCA GAT ATC GGA GGG A G C TCC TGG
Vol / D62 /N/ J62

r-IEL, fetal thvmocytes

Yy: TGTYY C A C W D S S GF
TGT GCA TGC TGG GAT AGC TCA
Vy4 / Jyl
0: same as in DEC

RPL in lung

¥: GXYS
C S Y G b'd Y S G
TGT TCC TAC GGC NNN T AT AGC TCA
Vy2 / N / Jyl

6: BID
C A S G Y I G G I R A T D
TGT GCC TCG GGG TAT ATC GGA GGG GAT CGA G CT ACC GAC
Vé5s / Dé2 / Jo1

From Lafaille et al. (1989), Asarnow et al. (1988), Asarnow
et al. (1989), Itohara et al. (1990a, 1990b), Nandi and
Allison, (1991), Allison and Havran (1991), Sim and Augustin

(1990, 1991).
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reported as quite diverse (Asarnow et al., 1989; Kyes et
al., 1989; Takagaki et al., 1989a). Only one report stresses
the low wvariability in the Jjunctions (Whetsell et al.,
1991) . However, close inspection of the other reported Vy5
V-J junctions shows that within each report half or more of
the Jjunctional sequences are identical to one another, or
differ by 1 amino acid.
Vd genes. The i-IEL express predominantly Vé6 and 4, with a
smaller number of cells expressing V65, 7 and 1. The
junctions of these TCR genes show considerable diversity at
the nucleotide and amino acid level (Takagaki et al., 1989a;
Kyes et al., 1989; Asarnow et al., 1989). Thus, there is no
restricted V0 gene segment usage.
There appears to be selection or preferential homing of Vé4
expressing y6 i-IEL in I-EX mice, as these mice have more
vé4* i-IEL than non I-EX mice. This selection occurs
extrathymically (Lefrancois et al., 1990). Since intestinal
epithelium cells express class II, they may be involved in
this selection process (Lefrancois et al., 1991; Guy-Grand
and Vassalli, 1986).
In summary, other than a predominance of Vy5, there appéars
to be no restricted diversity of i-IEL y&é TCR, in contrast

to the yé TCRs in skin and vut IELs.
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Lung.
The T cells in the 1lung are referred to as resident
pulmonary lymphocytes (RPL). The 0 T cells constitute
approximately 28% of all CD3* T cells in the lung (Augustin
et al., 1989).
Vy genes. The 6 cells in the lung predominantly use Vy2
(table II). In BALB/c mice, most (90%) of these have a
common feature: they show a junction which encodes the amino
acid sequence GxYS, where x can be 'any' amino acid, and G
and S are encoded by germline V and J sequences, resp.
(table III). RPLs of C57BL/6 mice have this sequence in only
about 40% of the Vy2* cells. Extrathymic selection of Vy2
GXYS junctions is suggested by the fact that the functional
Vy2 rearrangements in the thymuses of these mice show only
limited numbers of GxYS junctions and by the fact that nude
mice also have a high proportion of GxYS junctions in the
Vy2* RPL (Sim and Augustin, 1991).
Vé genes. The repertoire of V& genes expressed in RPLs is
highly diverse (table II). The most abundant 6§ RNA is Vé6,
followed by V65, then V67 and Vdé4. RNA for V43 and 2 is very
low (Sim and Augustin, 1990). They are all rearranged to
Jé1. In adult BALB/c these junctions are highly diverse (N
nucleotides, use of 1 or both Ds), except in the V§5

junctions.

Over 80% of the characterized in frame V5J61 junctions use
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only D62, and 2/3 of these are invariant, with no N
nucleotides and no loss of germline sequences. Thus, over
60% of the productive V45 rearrangements have identical
junctions in BALB/c RPL. These V65 junctions have been named
BALB/c invariant delta (BID), since they have not been
detected in C57BL/6 mice. It appears to be dominantly
inherited, since F1(BALB/cXC57BL/6) also show this feature
in their rearranged V45 RPL junctions. The BID sequences are
also present among RPLs in nude Balb/c mice, suggesting that
their predominance is caused by positive selection
(expansion) in the periphery. Since BID is also present in
lymph nodes, the selection may occur at sites outside the
lungs. BID is expressed on a small fraction of the RPLs and
GxXYS on a majority, making it is unlikely they are selected

for together (Sim and Augustin, 1990).

Spleen and lvmph nodes.

The y6 cells in the spleen, lymph nodes and blood are all
Thy-1*, nearly all CD8 , and make up 3-5% of all CD3% cells
in the spleen and lymph nodes (Itohara et al., 1989; Cron et
al., 1988). The first T cells appear to enter the spieen
after birth.

Vy chains. Adult splenic y6 cells predominantly express
V1.1Cy4, V2J1Cy and V1.2Cy2 (Cron et al., 1990; Ezquerra et

al., 1990). Nude mice accumulate only small numbers of aR
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and yd6 cells in the spleen, with the yé cells expressing
Cyl, V1.2-Cy2 and Cy4. This indicates that the splenic ¥0
cells are mainly thymus dependent (Pardoll et al., 1988;
Cron et al., 1990).

6 chains. The splenic delta chains show extensive junctional
diversity (Lacy et al., 1988). V05 appears to be the
predominant V& used in adult splenocytes, with Vé2, 4, 6 and

Val0 present as minor species (Ezquerra et al., 1990).

Thymus.

Vy chains. The y6 cells develop in the thymus in an ordered
pattern (see above). The first to appear are Vy3/Vd1l
expressing cells, followed by Vy4/Vdl and then Vy2 and Vy5
cells (see figure 2). V1.1J4Cy4 is also expressed in the
fetal thymus, as early as day 16 (Houlden et al., 1988).
Adult thymocytes express mainly Vy2, and some Vy5 and 4
(Takagaki et al., 1989b; Korman et al, 1988) Rearrangements
of Vy3 and 4 were not detected in adult thymus DNA, whereas
rearrangements of Vy2 and one or more V1 members appear to
be quite frequent (Garman et al., 1986). A prominent
difference between fetal and adult junctions is the presehce
of considerable wvariability in the adult junctions, as
compared to fetal junctions, both in the y and & junctions
(Lafaille et al., 1989).

Vb6 chains. V85 and 6 appear to be the predominant Vés that
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are expressed in the adult thymus (Takagaki et al., 1989Db;
Elliott et al., 1988). One of the VJ7 genes has been
reported to be rearranged in a large number of thymocytes
also (Korman et al., 1988). Early fetal thymocytes use Db2
and J62 frequently (see above), but adult thymocytes
generally use both D's and J01 in their V§ rearrangements

(Elliott et al., 1988).

Homing of y¥6 cells to epithelial sites.

As described, certain y6 cell populations reside at
particular anatomical sites in the body. Whether the
localization was due to the particular y0 receptor that they
displayed was investigated in transgenic mice. Vy2/Vél
transgenic mice express this transgene encoded TCR on all ¥
cells including on skin and i-IEL y6 cells. This shows that
homing of y6 cells is not determined by the nature of the ¥
TCR. The nature of the homing determinant is not known

(Bonneville et al., 1990; Barrett et al., 1992).

¥6 _cells in other vertebrates.

The pattern of ydé cell expression in mammals is diversa. In
the mouse, the yd cells make up 5-10% of the peripheral
blood lymphocytes and some subsets show tissue specific

localization.
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Human. The y6é cell content of human peripheral blood
lymphocytes (PBL) is variable but generally low, around 5%.
The spleen and lymph nodes contain similar proportions of y&é
cells. A substantial, but variable fraction of these the ¥
PRL express CD8 (Groh et al, 1989). Most of the y6 PBL
express V9J1Cyl and V62, even though these cells are rare in
the thymus. Peripheral expansion by selection has been
suggested (Parker et al., 1990).

In human, a minority of the i-IEL are y¥0 cells, but this
population seems to be increased moderately over that in the
blood, indicating a somewhat preferential localization
(Ullrich et al., 1990). Nearly all y6 i-IEL are located in
the epithelial cell layer, rather than the lamina propria.
There is no evidence for preferential usage of Vy genes in
the human i-IEL, but here does seem to be a preferential use
of V61l. The V(D)J junctions of the y and & genes show
considerable diversity however (Ullrich et al., 1990; Jarry
et al., 1990; Deusch et al., 1991). The skin has a low
number of yé cells which are outnumbered substantially by of3
cells, a situation unlike that in the mouse.

These results show no predominant expression of yo cellé at
specific locations in the human body, other than in the gut

epithelium (Groh et al, 1989; Ullrich et al., 1990).

Ruminants. The y6 cells in sheep and cow constitute a large
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part of the circulating T cells (60%), unlike in the mouse
and human. In the ruminants, only a small minority of the T
cells in the peripheral lymphoid tissues are y0 cells. They
reside in large numbers in epithelia such as the gut and
tongue and in cattle also in the skin (Hein and Mackay,
1991) . Thus, the epithelial localization observed in the
mouse is also present in these mammals. The TCR V genes that

are used in these populations are not known.

Birds. Chickens also contain large numbers of yé cells. The
Y6 cells in the blood and spleen are 20-50% of the total
lymphocyte population. They are also prominent in the
epithelium of the intestines, but not in the skin (Bucy et

al., 1988; Cooper et al., 1989).

Function.

The physiological function of the immune system is to
protect the body from foreign pathogens and neoplastic
cells. How the yd cells fit in this system is not entirely
clear. As described above, much more is known about their
differentiation and tissue localization, but little abbut
what they do. The of cells have been well studied. When an
animal is injected with an antigen, af cells which are
specific for that antigen can be readily isolated. This is

not the case with y0 cells (see below).
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The possible function of y0 cells has been the topic of
speculation. The preferential localization of yé cells in
various epithelia has suggested that the vy6 cells are
involved in surveillance of the bodies surfaces, or that
they are the first line of defense against infections. The
monomorphic nature of the TCR of several of these subsets
has suggested that they must recognize an equally
monomorphic ligand, probably a self protein, which may be
presented in response to infection (Janeway, 1989).

In order to gain insight into the function of the y6 cells,
much effort has been put in defining the structures these
cells recognize. As described below, some of the ligands are
possibly microbial antigens and (altered) self molecules, to
which the yd cells respond by secretion of lymphokines and
cytotoxicity. Class Ib molecules have been implicated as

restriction elements for 1 subset.

1. MHC products.

The o T cells exhibit class I or class II MHC restricted
antigen recognition, that is, they recognize their peptide
antigens as part of a peptide-MHC molecule complex. Henée,
it comes as no surprise that many aR cells can recognize
class I or class II MHC molecules from H-2 disparate mouse
sStrains, presumably because they mimic a ‘'self MHC +

peptide' structure. In contrast, y6 cells do not show this
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strong bias to recognition of allogeneic MHC class I and
class IT molecules. If anything, the isolated ¥6 cells that
do bind MHC molecules recognize class Ib (TL and Qa)
molecules as often as they do class I and class II

molecules.

Class I and class II reactivity.

Several cell lines (lines or hybridomas) expressing y0 TCRs
reactive with class I or class II molecules have been
isolated. Table IV lists the mouse clones and table V the
human clones which recognize well defined target molecules
(with or without antigen).

Mouse clones LBK5 and LBK1 both recognize class II
molecules. They use the same ¥ and 6 genes, but the
junctions are different.

Several of the clones were isolated from nude mice (LBK5 and
-1, unnamed H-2D reactive clone, G8). The reactivity of
clone G8 could be inhibited by anti CD8 antibodies
(Bluestone et al., 1991).

Hybridoma KN6 recognizes a TL molecule, which is expressed
on many cell types. The hybridoma was derived from C57EL/6
thymocytes, without selection (Bonneville et al., 1989;
Ito et al., 1990). The V2Jyl junctions of KN6 and clone G8
are different and the 2 cells use different V6 genes

(Bluestone et al., 1991).
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One mouse y6 hybridoma is known for which the restricting

element and the presented epitope are identified. This cell

Table IV. Mouse MHC reactive y0 T cell lines and hybridomas.

name reactivity Vy/Vé isolation?® reference

LKB5 TI-EK/b.8 V1.2Jy2 MLC 2
V5D2J61

LKB1 I-A9 Vi1.2Jy1 MLC 3
V5D2J61

- H- 2Dk Cy4 MLC 4

G8 TLX v2Jy1l MLC 1, 4
Va11D1D2J61

KN6  TL-27/22P  v2Jy1 random 5, 6
V5DJ1CH

DGT3 Qa-1+GT Cy1l GT 7, 8

CGT3

a) The clones were isolated after mixed lymphocyte culture
(MLC) or immunization (GT). Hybridoma KNé was made from a
fusion with normal yé* thymocytes.

References: (1) Matis et al. (1987), (2) Matis et al.,
(1989), (3) Rellahan et al. (1991) (4) Bluestone et al.
(1988), (5) Bonneville et al. (1989), (6) Ito et al. (1990),

(7) Vidovic et al. (1989), (8) Vidovic and Dembic (1991).
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can respond to a copolymer of poly (Glu>? TyrSO) (GT),
unless antibodies to Qa-1P® are present (Vidovic et al.,
1989) . Furthermore, the hybridomas were capable of providing
specific (Qa/GT) B cell help, i.e., they can stimulate
antibody production (Vidovic and Dembic, 1991) .In human,
several target structures for y6 cells have been described,
including one example of a restricted response to a known
antigen (see table V).
The specificity of some clones was characterized in great
detail, including after expression of the target structure
in mouse cells (clones ILM12, ES-204 and ES-433). The
reactivity of other clones was only determined by antibody
blocking of the target structure (e.g., clone RNG-135).
CD1c is a class Ib molecule, which is associated with R2m on
the cell surface. Two independent reports show reactivity of
isolated y6 cell lines to CDlc. Anti CD1lc antibodies blocked
the response (Porcelli et al., 1989; Faure et al., 1990).
CD1lc is expressed on a small number of cells in human,
including subsets of T and B cells and Langerhans cells in
the skin.
TCT.1/Blast-1/CDh48 is not an MHC molecule, but is a meﬁber
of the immunoglobulin supergene family. It shares homology
to CD4, class IIa and V-kappa proteins and is anchored to
membrane lipids (Staunton and Thorley-Lawson, 1987). & T

cells specific for TCT.1/Blast-1/CD48 have been isolated
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from 2 individuals. The molecule is widely expressed on
haematopoietic cells, but not on various other cell types

{(Mami-Chouaib et al., 1991; Del Porto et al., 1991).

Table V. Specificity of human y6 T cell 1lines and

hybridomas.

name reactivity isolation reference
LM12 HLA-A24 MLC 1
ES-204 HLA-A2 MLC 2
ES-443 HLA-A2 MLC 2
RNG-135 HLA-DQ MLC 3
N2Al11l HLA-DR7 random 8
DF HLA-DR4 + TT immunization 4
J2B7 CDhlc random 5
IDP2 CD1lc patient 6
E,G TCT.1/Blast-1/CD48 MLC 7

a) The clones were isolated after mixed lymphocyte culture

(MLC), immunization, from an immunodeficiency patient,

or from randomly generated yd* PBL clones.

References: (1) Ciccone et al. (1989), (2) Spits et al.
(1990) (3) Bosnes et al. (1990), (4) Kozbor et al. (1989),
(5) Faure et al. (1990), (6) Porcelli et al. (1989), (7)

Mami-Chouaib et al. (1991), (8) Jitsukawa et al. (1988).
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Despite efforts to isolate alloreactive y0 cells, few such
clones have been isolated. It appears much easier to isolate
allospecific af cells than allospecific y6 cells (O'Brien et
al., 1989). Since some alloreactive y6 cells have been
isolated, it may be that classical and nonclassical MHC
molecules can function as restricting molecules for at least
certain classes of Y0 cells. Yet the low frequency of MHC
reactive y& (relative to af3) cells may be an indication that
(1) MHC restricted yé cells are a minority in the yé T cell
population, and/or
(2) most MHC reactive y6 cells are sequestered in epithelia
and not present in blood or peripheral lymphoid tissues (the
cell lines and hybridoma in tables IV and V were not derived
from epithelial y6 populations), and/or
(3) the structure and/or selection of the TCR Vy and Vo
genes predisposes the ¥4 cells against self recognition (is
a large part of the 6 TCR binding affinity due to
interaction with the ligand, making the TCR more 'ligand

specific' than 'MHC specific'?).

It should be mentioned that using MLR to geneiate
alloreactive y0 cells (which is how most clones in tables IV
and V were isolated) may predispose the experiment to
generate alloclass I and alloclass II yd cells, rather than

alloclass Ib y6 cells. Only when there are differences
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between the surface molecules expressed by the 2 cell types
in the MLC (stimulator cells and responder cells) is
activation of responder T cells expected. The class I and
class II molecules are much more polymorphic than the class
Ib molecules. They are therefore much more likely to be
different between the 2 celltypes in an MLC with cells from
2 random individuals or mouse strains than the class Ib
molecules. In addition, in an MLC, reactive vy0 cells can
only be generated against the surface molecules present on
the stimulating cells. Thus, y6 cells directed against, for
instance, a gut specific surface molecule can not be

generated if the stimulator cells are spleen cells.

If certain class Ib molecules are not expressed on
stimulator cells, then the MLR would not allow the isolation
of ¥0 cells specific for those class Ib molecules.

For instance, class Ib molecules which are expressed on gut
epithelial cells may not be expressed on spleen or blood
stimulator cells. Thus, this MLC cannot generate y6 clones

capable of recognizing this gut antigen.

In summary, finding y0 cells reactive with classical class
I or class II molecules is not surprising due to the
selection for them by MLR. To find approximately equal

numbers of class Ib reactive yd cells is interesting and may
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point to a function of the class Ib molecules in ¥
reactivity. There are indeed data supporting the use of TL
molecules as restriction elements for one yd subpopulation.
The response of isolated i-IEL to isolated gut epithelial
cells can be inhibited by antibodies to Tla (Eghtesady and
Kronenberg, 1992).

The CD8 molecules interacts with the a3 domain of classical
and nonclassical class I molecules (Salter et al., 1990;
Teitel et al., 1991). Hence, it is no surprise that part of
the y6 i-IEL express CD8 on the cell surface. The DECs in
the skin and most ¥6 cells in other anatomical locations
(spleen, lymph nodes, thymus), do not express CD8. But when
maintained in vitro, the percentage of CD8 expressing cells
increases. This raises the question whether only specific y6
populations use class 1I/Ib molecules as restriction elements
(such as the i-IEL), or whether many or most yd cells use
these molecules as restiction elements, but only after
activation induces CD8. Alternatively, y6 T cell populations
may exist which use class I/Ib restriction elements, but
which do not require (nor express) CD8 for this interaction.

The answer to this question is not clear.

Class Ib molecule expression in the body is variable. RNA
from the T3, T9 and T21 genes is present in very few BALB/c

mouse tissues, but it is abundant in small intestinal
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epithelial cells. RNA from the T10 and/or T22 and M2 genes
is also present in mouse intestinal epithelium. In situ
antibody staining showed indeed that T3 and possibly T18 are
present on the epithelial cell surface (Wu et al., 1991;
Hershberg et al., 1990). Also expressed on the mouse gut
epithelium is CD1 (Bleicher et al., 1990). Two human CDlc
reactive y6 T cells have been isolated (table V). The T22
and T23 genes are expressed on a wide variety of tissues
(Ito et al., 1990).

Thus, various class Ib molecules are expressed at various
places in the body (see also Strominger, 1989; Stroynowski,

1990) .

2. Viral and bacterial antigens.

Only one example of a y6 clone which responds to a known
viral antigen is known. A y0 T cell directed against Herpes
Simplex Virus surface glycoprotein I was raised by virus
infection and subsequent coculture of lymphnode cells with
cells expressing this molecule. This response was not
restricted by class I or class II molecules. Vyl.2 was used

in this clone (Johnson et al., 1992).

Bacterial antigens in mice. O'Brien et al. (1989) showed
that a substantial portion of ¥ expressing hybridomas

derived from unselected thymocytes from newborn mice
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spontaneously produced IL-2, indicating that they were
active in culture without further stimulation. This activity
was inhibited by antiCD3 antibodies, suggesting that the
cells recognize a cell- or medium-derived structure with
their TCR. All of these spontaneously active clones could be
further stimulated by purified protein derivative (PPD) from
Mycobacterium tuberculosis. And nearly half of these cells
could be stimulated by a 65 kD heat shock protein (hsp-65,
a component of PPD) from a related Mycobacterium, although
this response was weaker than the PPD response. This
indicated that an evolutionary highly conserved molecule
(hsp-65) was recognized by these y6 hybridomas (O'Brien et
al., 1989; O'Brien and Born, 1991; O'Brien et al., 1991). An
hsp-65 peptide which stimulated all tested PPD reactive
hybridomas strongly, showed homology to the corresponding
sequence of the hsp-65 homologs in mouse/human and yeast.
Synthetic peptides of these yeast and mammalian hsps indeed
stimulated 2 tested clones, although the response was weaker
than with mycobacterial hsp peptide. This result led to the
speculation that PPD reactive y6 cells might crossreact with
autologous hsp, explaining the frequent spontanéous
stimulation of y6 clones in culture (Born et al., 1990).

Interestingly, all of the analyzed PPD reactive clones
expressed functional V1.1J4Cy4, mostly (25/28) together with

one of 2 V66 gene family members. The junctions of the
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rearranged genes showed a somewhat limited diversity. Most,
but not all V1.1J4Cy4 expressing hybridomas were PPD
reactive (Happ et al., 1989).
The response of y0 cells to mycobacterial antigens is not
limited to these thymocyte hybridomas. A subset of
hybridomas from adult yé spleen cells also secreted IL-2
without stimulation. These clones all expressed V1.1J4Cy4,
like the thymocyte hybridomas, but the junctions were more
diverse than in the newborn thymocyte hybridomas (O'Brien
and Born, 1991; O'Brien et al., 1991).
Several other lines of evidence show that y6 cells respond
to mycobacterial antigens. Immunizing mice with mycobacteria
resulted in a large expansion of the lymph node yé cells
(Janis et al., 1989) in concert with an expansion of of
cells. In a secondary response, the number of y6 cells did
not go up, but the aff cells increased in number faster than
in the primary response (Griffin et al., 1991). Nude mice
also contain PPD reactive y6 cells in the lymph node, which
also expand after immunization (Yoshikai et al., 1990).
Aerosols containing PPD also increased the numbers of yé
cells, but this time in the lung (Augustin et al., 1969).
Thus, proliferation of y6 T cells appears to be a general

result of exposure to mycobacterial antigens.
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Bacterial antigens in human. Human y0 cells have also been
shown to proliferate in vitro in response to mycobacterial
antigens. All the proliferating cells express Vy9/Va2.
However, this response could be a superantigen response. The
junctional diversity of the V genes was very large
(indicative of a polyclonal expansion; Band et al., 1991;
Ohmen et al., 1991) The nature of the antigen(s) is not
clear. It could be the mycobacterial hsps (Fisch et al.,
1991). A low molecular weight component of a mycobacterial
lysate has also been described which requires class II
expression for its stimulation of a large proportion of Vy9*
cells (Pfeffer et al., 1992).
Other sources of human yé superantigens have been described
including a component on Daudi cells (probably an hsp; Sturm
et al., 1991; Fisch et al., 1990) and Staphylococcal
Enterotoxin A (SEA), which also requires class II in order
to stimulate the Vy9* cells (Rust et al., 1990).
Antigen specific responses involving mycobacterial lysates
occur as well: several hsp-65 reactive clones have been
isolated (Holoshitz et al., 1989; Haregewoin et al., 1989),
even though this group may be a minority in the ¥ subset
which is reactive to mycobacterial antigens (Kabelitz et
al., 1990).
In summary, the response of human y6 cells to mycobacterial

antigens is strong, but what the primary antigen is, has not
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been shown conclusively. It could be the mycobacterial hsp,
a superantigen of mycobacterial origin, or even a self
component induced by the mycobacterial antigen. Whether the
use of mouse Vyl.1l in the response to PPD is akin to the

human Vy9 response to mycobacterial antigen is not clear.

3. Stress proteins.

There are a number of experiments that suggest that yé cells
may recognize stress proteins. In the previous section,
spontaneously IL-2 secreting thymocyte hybridomas are
described which do not need antigen presenting cells (APCs)
for the spontaneous activity. Blocking the y6 TCR blocks the
IL-2 release, indicating that the stimulation is through the
TCR. Some of these clones respond to mycobacterial hsp-65
and also to a peptide derived from it, as well as to the
homologous peptide of mouse hsp-63, although weaker.
Selective expansion of yd cells occurs when isolated lymph
node or pulmonary cells are subjected to heat shock and then
cultured, without antigenic stimulation. The heat shock
induced a number of hsps. The expansion was even stronger if
the cells were first exposed in vivo to mycobactefial

antigens, prior to the in vitro heat shock (Rajasekar et

al., 1990).

At least 2 of the epithelial y6 cell populations appear to



39

respond to stressed cells: DECs and i-IEL. Virtually all
DECs express identical TCR, with identical junctions (see
above) . This observation already led to the speculation that
these cells must recognize a very monomorphic 1ligand,
probably not some unknown foreign antigen, but a self
protein (Asarnow et al., 1988).

Freshly isolated DECs respond to freshly isolated
keratinocytes from the skin and to a keratinocyte cell line,
but not to fibroblasts or spleen cells. DEC yd clones were
the only T cells that could respond to the keratinocyte cell
line. The recognition was shown to be dependent on the TCR
and not MHC restricted, as DECs from MHC disparate strains
responded to keratinocytes of all tested strains and antiMHC
and antiQa antibodies did not inhibit the response. The DECs
can also respond to fibroblasts that have been incubated
with tryptic digests of keratinocytes.

The authors concluded that the y0 DECs recognize a self
antigen which 1is ©present or produced in isolated
keratinocytes. Since the response could be enhanced by heat
shocking the keratinocytes, the ligand that is recognized is
probably derived from a stress protein, or induced by'it.
The stress molecule is probably also induced during the
isolation procedure. The presenting molecule for the stress
antigen is unknown. It appears to be a molecule with little

or no polymorphism (Havran et al., 1991; Allison and Havran,
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1991) .
A similar response is generated by i-IEL in vitro. The T
cells and epithelial cells of the small intestine can be
isolated from the gut and separated. Adding these 2 cell
populations back together results in activation of the i-
IEL. Soluble antiyd antibodies block the response,
indicating that the response is specific. AntiTL antibodies
also inhibit the response, suggesting that the response is
TL restricted (see above). Other cells can not substitute
for the epithelial cells, showing that the interaction is
specific. The ¥4 cells responsible for the activity are
probably the Vy5* i-IEL, which constitute 70-90% of all yo
cells in the gut epithelium. Heat shock increases the
response. Thus, the i-IEL are autoreactive cells, which
probably respond to a stress protein of the small intestine
epithelial cells which 1is presented by TL antigen(s)
(Eghtesady and Kronenberg, 1992; Eghtesady et al., 1922).
A major difference between the DEC and i-IEL populations is
that the DEC yé TCR is identical in all cells, whereas the
i-IEL Vy and V6 genes and their junctions are not (see
above) . The Vy5 gene is used by most i-IEL yd cells, but the
VJ junction can vary. In addition, there are at least 5 V6
genes present in the i-IELs (see above, table II), which
makes for extensive overall diversity.

Why do i-IEL have this diversity, whereas the DECs do not?
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Several possible explanations come to mind. A simple
mechanistic reason may acount (at least in part) for the
difference: the DEC precursor cell develop in the fetal
thymus at a time when little terminal transferase activity
is present, which effectively 1limits the amount of
junctional diversity.

An alternative reason may be that the gut epithelium cells
may present several different self peptides to different
populations of yé cells. Or the gut epithelium can present
the self peptide(s) on several different TL molecules, and
each combination is recognized by i-IELs with different y6
TCRs. Alternatively, the V(D)J junctions may be of low
importance in the recognition of the ligand. The V region
outside the junction may primarily determine the binding
affinity. Or the difference may be related to the ways in
which these 2 y0 subsets develop. The DECs must traverse
through the thymus where the cells with the canonical
junctions are (probably) positively selected, allowed to
exit and populate the skin (Itohara and Tonegawa, 1990b).
The Vy5 i-IEL are present in nude mice and in 82m deficient
mice, which indicates that they do not need the thymus per
se and that they are not selected on class I/Ib molecules.
Hence without (positive) selection, the emerging cells are
expected to express variable junctions. However, the

prediction then is that only those with the 'correct'
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junctions will respond to stressed epithelial cells (if the
junctions influence the specificity). If in vivo, as in
vitro, the cells do not proliferate well, clonal expansion
does not occur and a Vy5 subset with homogeneous joints will
not be observed.

It may be possible to investigate this latter hypothesis.
One can generate Vy5* hybridomas and those that respond to
stressed gut epithelium can be analyzed for V gene usage and

junctional diversity.

In summary, the Vy3/Vjl subset develops early in the fetal
thymus and localizes to the skin. The V(D)J junctions of
virtually all cells are identical. These DECs respond to
stressed keratinocytes. The Vy4/Vdl subset develops after
the Vy3/Vé1l subset, also has invariant TCRs and is found in
the female reproductive organs as well. The specificity of
these cells 1is unknown. The Vy2, Vyl.1l and Vyl.2 subsets
have heterogeneous junctions and can be found in the spleen
and lymph nodes. The Vyl.1l subset appears to be involved in
responses to mycobacterial antigens and possibly hsp.

The Vy5 subset makes up the majority of the yé cells in the
small intestine epithelium. The junctions of these cells are
diverse and the cells do not need to traffic through the

thymus. These cells respond to stressed epithelial cells of
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the small intestine, a reaction which appears to be
restricted by TL molecules. Very few cell surface molecules
that can serve as ligands for y6 cells have been defined and
those that are known are either class I, Ib, IT or class I
like (and TCT.1l). Generating yé cells that are specific for
these structures appears to be difficult. Few specific
antigens or peptides which can stimulate specific y0 cells
are known. Superantigens which can stimulate large subsets

of y0 cells appear to exist, at least in humans.

STRUCTURE OF THE y CHAIN.

Protein structure.

The murine y0 TCR is expressed as a disulphide 1linked
heterodimer expressed on the surface of T cells. The size of
this complex varies between 77 and 90 kD, depending on the
particular y and 0 chains that are used. On a denaturing
gel, the y chain migrates as a protein of between 31 and 47
kD, depending on the particular y constant region which is
used. The size of the 6 chain varies between 45 and 48 kD.

BALB/c mice have genes 4 Cy regions. These are designated

Cyl through Cy4, with Cy3 being a pseudogene (see belo&).

Immunoprecipitation of TCR y chains from C57BL/10 and BALB/c
spleen cells identified 3 types of ¥ chains as shown in

Table VI.
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Table IV. Sizes of the TCR y chains, as determined by

immunoprecipitation.

size (kD)
Yy chain BALB/c C57BL/10
V2J1Cy1 35 32 (no CHO)
V1i.2J2Cy2 31 (no CHO) 31 (no CHO)
V1.1J4Cvy4 41 41

No CHO: no carbohydrates; from Cron et al., 1990.
The Cy2 chains are not glycosylated. This allows for easy
identification of Cyl, 2 and 4 containing y chains in mouse
strains like BALB/c, where Cyl is N-linked glycosylated (see
table VI). TCR y chains containing Cy4 are larger than those
with Cyl or Cy2, due to the larger protein core. This ¥
chain is glycosylated in all mouse strains examined. In most
strains the V1.1J4Cy4 protein is 41 kD (table VI), of which
6 kD is due to carbohydrates (Cron et al., 1990). In a few
mouse strains the Cy4 containing ¥ chain is larger (47 kD),

due to a larger protein core size (Cron et al., 1990).

Genomic organization of the murine y locus.

The TCR ¥ chains are encoded by gene segments which are
located in the TCR ¥ locus. BALB/c mice have 7 y V gene

segments, 4 J gene segments and 4 constant region genes. The
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organization of the murine y locus is unusual, in that each
of the 4 C regions, has its own V gene(s). This is
different from most other mouse TCR and Ig loci. Four gene
clusters have been identified, each with a single C and J
gene segment and a variable number (0-4) of V gene segments.
Figure 4 shows a schematic view of how these gene clusters
are believed to be organized in BALB/c mice. The clusters
were first proposed when it became apparent that there was
a preferential rearrangement pattern. The V genes in each
cluster rearrange most frequently or exclusively to the C in
the same cluster (Raulet et al., 1989).
The Cyl cluster contains Vy2, 3, 4 and 5. Rearrangements
within this cluster to Jyl have established the order of the
V genes as shown in figure 1 (Vy5-2-4-3--J-C). The Cy3
cluster contains only Vyl.3, whereas cluster Cy2 contains no
V genes. The Cy4 cluster contains Vyl.1l and 1.2. Since Vy1l.2
is only found rearranged to Jy2-Cy2 and since this V gene is
in the opposite orientation (rel. to Vyl.1l and Cy4), it is
likely that the Cy2 cluster 1is next to the Cy4 cluster,
oriented as indicated in figure 4. In rare Vy5 to Cy4
rearrangements, all other V and C genes are deleted .
(Pelkonen et al., 1987). The results of these rearrangement
established the order of the clusters as indicated in figqure
4. Gaps in the map are located between the clusters between

Vy2 and 4, and between Vy3 and Jyl (see figure 4; Hayday et
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Figure 4. Proposed genomic organization of the murine TCR ¥
locus. The orientation of the Cy3 cluster is unknown, as the
parentheses indicate. Arrows show the transcriptional
orientation of the Vyl.2, Jy2 and Cy2 gene segments (see
text) and ¥ indicate pseudo gene segments. The map is not to

scale (adapted from Raulet, 1989).

al., 1985; Garman et al., 1986; Traunecker et al., 1986;
Pelkonen et al., 1987; Iwamoto et al., 1986).

Field inversion gel electrophoresis (FIGE) has confirmed
that the Cy2 and Cy4 clusters are linked on a single Sal I
fragment (90 kb) and that the Cy3 cluster is within 60 kb of
this fragment. The Cyl cluster was not linked to the other

clusters (Woolf et al., 1988).

Most other TCR and Ig loci have an organization with one or
more C regions, all at one end of the locus, a number of J
segments upstream of the C region(s), D regions upstream of
the Js (only in Ig heavy chain, TCR 8 and 6 1loci) and

multiple Vs at the other end of the locus, upstream of the
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Ds/Jds (Lai et al., 1989).
The mouse y locus is also different from the human TCR ¥y
locus in organization. The organization of the human locus
is similar to that of the other TCR loci (Lefranc and

Rabbitts, 1989). It is schematically shown in figure 5.

v vy v v
1 O A N A A A 1 I S I I |
123 4 65 5S5P6 7 8 VA V9 V10 vBV11 JP1 JP N1 cy1 JP2 J2 cy2
L J

vyl

Figure 5. Genomic organization of the human TCR ¥y locus.
Pseudogenes are indicated by Y. Individual exons are not

shown (adapted from Lefranc and Rabbitts, 1989).

The mouse ¥y locus is similar only to the mouse Ig lambda
light chain locus and the shark Ig heavy chain (IgH) loci.
The mouse lambda light chain locus has 2 C regions, each
with 2 C genes and 1 or 2 v Qenes (Lai et al., 1989). The
shark IgH locus also resembles this organization. It has
gene clusters containing one V, one J, one or more Ds and
one C region. These clusters are repeated many times in the
shark genome (Kokubu et al., 1988).

Most of the productive rearrangements which give rise to

cell surface expression of y chains involve intra cluster
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rearrangement, i.e., Vy5-4-3-2 rearrange to Jyl, Vyl.1
rearranges only to Jy4 and Vyl.2 only to Jy2. However,

rearrangements between clusters are occasionally observed,

but they are usually nonfunctional (Raulet, 1989).

Y dgene sequences.

C genes. The constant region genes encode the constant
region of the y protein chain. The Cyl, 2 and 3 genes in the
mouse consist of 3 exons, which encode the extracellular
domain (330 nucleotides; nt.), most of the hinge region (30-
45 nt.), the transmembrane region and the cytoplasmic domain
(140 nt) plus untranslated region. The 3' untranslated
regions (from the stop codon to the polyadenylation signal)
are 398/406 and >283 nt. for Cyl1/Cy2/Cy3 and Cy4 (Hayday et
al., 1985; Garman et al., 1986; Iwamoto et al., 1986).

Sequence comparison shows that Cyl, Cy2 and Cy3 are very
homologous (over 90% at the nucleotide level, Garman et al.,
1986, chapter III). However, Cy3 appears to Dbe
nonfunctional, due to a defective splice site. It also has
a mutation in the polyadenylation signal (Hayday et al.,
1985). The upstream J segment (Jy3) is also nonfunctiénal
due to a stop codon in the coding sequence (Traunecker et
al., 1986). That these gene segments are nonessential is
clear since both (and Vyl1.3) are absent in several mouse

strains (Iwamoto et al., 1986; Klotz et al., 1989).
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The Cyl gene in BALB/c encodes a site for N glycosylation in
its first exon, which is not present in Cy2 (see table VI;
Garman et al., 1986).

Cy4 is also homologous to Cyl, 2 and 3, but less than the

latter 3 Cy genes among one another (only 66% at the
nucleotide level). The Cy4 gene is most divergent from the
other mouse Cy genes in the hinge/transmembrane exon, in
length and sequence composition. The homology in the other

2 exons is substantially higher (77%).

J gene segments. The 4 J gene segments are homologous, with
Jy4 being the most diverse. The Jy gene segments encode 19
amino acids. Jy3 is a pseudogene, as it contains a stop
codon. The recognition sequences 5' to the Jys contain a 12

bp spacer (Hayday et al., 1985; Traunecker et al., 1986).

V gene segments. Seven Vy gene segments have been described
in Balb/c mice. The Vyl.1, 1.2 and 1.3 genes are very
similar (>94%) and make up the Vyl family. Vy2 is homologous
to the Vyl family members (65-70% at the nucleotide level).
The other 3 Vys show limited similarity to one another-and
to the Vyl gene segments (Huck et al., 1988; chapter III).

The Vy2, 3, 4 and 5 gene segments are all located 5' to Cy1l,
whereas Vyl.3 is the single V 5' to Jy3-Cy3. Vyl.1 and 1.2

are located between Cy4 and Cy2 (see figure 4). The
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recognition sequences 3' to the V genes contain 23 bp

spacers (Hayday et al., 1985; Garman et al., 1986).

In order to better understand the organization of the murine

TCR ¥ locus and to understand how this organization may have
evolved, the locus was characterized in detail and compared
to the structure of the human TCR ¥ locus. Chapter 2
describes the organization of the murine y locus and the
position of the y gene elements, including 2 new elements

which are potential y specific enhancers.

The y gene sequences of various vertebrates were compared as
well in order to determine which ¥y gene segments were
conserved during evolution and therefore may have an
essential function. The sequence comparisons also indicate
how the y loci may have evolved differently in the mouse and
human lineages. Chapter 3 shows these sequence comparisons,
describes the conserved structural elements and describes

the evolutionary implications.
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SUMMARY .

Murine T cells carry either of 2 antigen receptors on their
surface: af or y6 T-cell receptors (TCR). In the ¥
population subsets exist with tissue specific localization,
with invariant variable regions and with specificity for
stress antigens. The genomic organization of the complete
TCR y locus is reported here. It spans 205 kb, verifies the
clustered organization of the locus and the predicted order
and orientation of the individual y gene clusters. Thus, the
Cyl cluster is the 5' most cluster and contains Vy2, 3, 4
and 5. The organization of this cluster is similar to the
human TCR Yy locus organization. The Cy2 cluster is in
opposite transcriptional orientations relative to the other
Y genes. The Cy4 cluster is small and represents the 3' most
cluster. The genomic organization of the Cy4 gene reveals
that the hinge region is encoded by multiple exons. This is
similar to the organization of the human Cy2 gene and unlike
the organization of the other mouse and human Cy gene. The
sequence of 2 previously uncharacterized potential y chain

enhancer elements is also described.
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INTRODUCTION.

The role of the immune system is to protect the body from
foreign entities, by neutralizing and eliminating infections
and abnormal cell growth. Among the cell types involved in
this system, T cells are indispensable for the proper
functioning of the immune system. They provide antigen-
specific T-cell help for immunoglobulin secreting cells (B
cells) and destroy cells infected with pathogens. Two types
of antigen receptors can be found on the surface of T cells:
af or y6 T cell receptors (TCRs). These receptors are
generated by somatic rearrangement of V, D (in £ and 6 loci
only) and J gene segments that are separated in the germline
DNA, during T cell differentiation (Kronenberg et al.,
1986) .

The ¥6 cells are an unusual T cell population. Certain
subsets localize exclusively or preferentially to certain
epithelia. Some of these subsets express nearly invariant
antigen receptors, indicating that they may recognize tissue
specific self antigens. The y6 populations in the skin and
gut have been reported to recognize self antigens which are
presumably induced by stress (Havran et al., 1991; Eghtesady
and Kronenberg, 1992).

The TCR y chain and the gene segments that encode it are
unusual in several respects. Some of the y chains found in
the periphery are homogeneous in their V-J junctions and are

expressed exclusively with V61 (Asarnow et al., 1988; Havran
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et al., 1989; Itohara et al., 1990; Nandi and Allison,
1991). In the germline of BALB/c mice, the y gene segments
are organized in 4 clusters, each with a single J(oining)
gene segment and C(onstant) gene. One of these appears to be
non functional and one may be 1in a transcriptional
orientation which is opposite to that of the other 3
clusters (Hayday et al., 1985; Garman et al., 1986;
Traunecker et al., 1986; Iwamoto et al., 1986). The locus
has a limited number of V(ariable) genes, there are only 7.
The Cyl cluster contains 4 Vy gene segments (V2-5) and a T
cell specific enhancer (Garman et al., 1986; Pelkonen et
al., 1987; Spencer et al., 1991; Kappes et al., 1991). The
Cy3 cluster has only a single V, Vy1.3 (Traunecker et al.,
1986). The Cy2 cluster only undergoes rearrangement with
Vyl1.2, which is located just 5' to the Cy4 cluster. The Cy4
cluster also contains only a single Vy gene segment, Vyl.1l
(Hayday et al., 1985; Iwamoto et al., 1986).

The Cy4, Cy2 and Cy3 clusters are within 150 kb of one
another, based on the results of field inversion gel
electrophoresis experiments. The Cyl cluster has not been
linked to the other clusters (Woolf et al., 1988). Molecular
cloning experiments have not yet linked the 4 Vy gene
segments in the Cyl cluster, nor have they been linked to
the Jyl gene segment or the Cyl gene. Similarly, Vyl.2 has
not been linked to the Cy2 cluster by molecular cloning

(Raulet, 1989).
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Infrequent rearrangement between a V from one y cluster and
a J from another cluster does occur. This process deletes
the intervening J gene segments and C genes. This
characteristic has been used to determine the relative order
of the clusters. These analyses established that the 5' to
3' order of the y chain clusters is as follows Cyl - Cy3 -
Cy2 - Cy4. The transcription orientation of the Cy¥3 and Cy2
clusters was unknown. However, the orientation of the Cy2
gene and Jy2 gene segment was predicted based on the
transcriptional orientation of the Vyi.2 gene (Hayday et
al., 1985, Iwamoto et al., 1986).

This report shows the complete genomic structure of the
murine TCR ¥ locus. The clusters are organized as predicted.
The Cyl cluster in the locus shows distinct homology to the
human TCR ¥ locus, both in organization and in sequence
(Huck et al., 1988). Two sequence elements with homology to
the y enhancer are described. The organization of the Cy4
gene is reported as well. It contains 2 exons that together
encode the hinge region of the Cy4 chain, a situation which

is similar to the organization of the human Cy2 gene.
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MATERIALS AND METHODS.

Amplification reactions. Amplifications (Saiki et al., 1988)
were performed in 20-150 ul reactions with 1 puM each primer,
2.5 units AmpliTaq/100 pl (Perkin Elmer-Cetus), 50 mM Tris,
pH 8.5, 50 mM NaCl, 2.5 mM MgCl, and 2 mM DTT. Amplification
conditions were typically: 30 sec. 93° C, 40 sec. 60° ¢ and
30-120 sec. 72° C for 25-30 cycles. The products were
analyzed on agarose gels (1-2%) and isolated in low melt
agarose (0.8-1.2%, SeaPlaque, FMC) when appropriate. Primers
(5" to 3') for amplifying the enhancer fragments were: 95:
AGATCTACTTCCTGATACTCC and 96: AAGCTTAGGGATATTTTGTCTC. The
Cy4 primers were, C54: CARACGCACTGACTCAGACT, C43:
GGAAACAGAATCTCTTGGTCAAC, 133: AAGATAGCAGGACTCTCCTG, 135:
ATTGCATGAAAGGAAGAAAGG, 136: ACAACTATTAATGTTAATCCCA and 137:

TGGGATTAACATTAATAGTTGT.

Probes. DNA fragments were generated by amplifying template
DNA (plasmid or cosmid) with appropriate primers in 20 ul.
Typically, 1 ul was reamplified in 150 pul, isopropanol
precipitated and separated on a low melt agarose gel.
Approximately 50 ng (2-5 pul of the excised band) was used

for random priming (Feinberg and Vogelstein, 1983).

Field inversion gel electrophoresis. High molecular weight
DNA was isolated from BALB/c liver and embedded in low-melt

agarose (InCert, FMC) as described (Popko et al., 1987)
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digested with Ksp I and separated on a 1% agarose gel by
field inversion gel electrophoresis (FIGE). The gel was
blotted onto a nylon membrane (Zetaprobe, BioRad), which was

then hybridized with various y probes (described above).

Genomic cosmid library screening. A BALB/c mouse cosmid
library was constructed in vector pWE1l5A (K. Wang et al. in
preparation). The y probes used in the library screening
were Vyl, Cy2 and a probe derived from the 1 kb y enhancer
(Y1E) described by Spencer et al. (1991). All hybridizations
were performed according to established protocols (Ausubel,

et al., 1991). The cosmid clones were rescreened until pure.

Restriction mapping. The isolated cosmids were characterized
with probes for the known Vy and Cy genes, as well as with
the ylE probe. DNA was prepared from 1.5 ml cultures
according to the alkaline lysis method, from 500 ml cultures
via CsCl purification, or from 150 ml cultures via a scaled
up alkaline 1lysis miniprep procedure, followed by a PEG
precipitation (Ausubel et al., 1991). Isolated cosmid DNA
was digested with Eco RI, or any of a variety of rare
cutting enzymes. The DNA samples were separated on agarose
gels (0.25 - 1.5%), and transferred to nylon membranes
(Zetaprobe). The map of the locus with the location of

individual gene segments was constructed from hybridization
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data. The distance between gene segments and cosmid ends was

determined by PCR amplification.

Cosmid walking. Ends of appropriate cosmids were sequenced
with 32p labeled vector primers by cycle sequencing with a
commercial kit (BRL) , following the manufacturer's
instructions. The reactions yielded 180-300 nt. readable
sequenée. Some cosmid ends were amplified prior to
sequencing, in which case the amplified fragment was
separated on low melt agarose as described and sequenced in
gel with the Sequenase kit (USB, Kretz et al., 1989). The
obtained sequences were analyzed with the GCG DNA analysis
program (Devereux et al., 1984, Altschul et al., 1990,
Pearson and Lipman, 1988). Cosmid end-sequences which were

not part of known repeats were amplified and used as probes.



84

RESULTS.

Size of the locus.

The field inversion gel electrophoresis data show that most
of the locus is located on a 360 kb Ksp I fragment (figure
1) except Vyl.1, Jy4 and Cy4. These 3 gene segments are on
an adjacent 100 kb fragment (figure 1 and below). A previous
study (Woolf et al., 1988) located the Cy2 and Cy4 clusters
on a single 90 kb Sal I fragment, adjacent to a 60 kb Vyl.3-
Cy3 containing fragment. The Cyl cluster (with Vy2-5) was
located on a 45 kb Sal I fragment, which the study did not

link to the other fragments.

Yac cloning.

A YAC library of C57Bl/6 DNA (S. Tilghman, Princeton) was
screened by PCR amplification with primers for Vyl and Cyl.
One pool of positive clones was isolated. Hybridization with
various probes identified 1 positive clone. It contained
Vy5, 4, 3 and 2, Cy2 and the y specific enhancer (Spencer et
al., 1991 and see below). FIGE analysis showed that the YAC

clone extended only 10-15 kb 3' to Cyl (data not shown).

Cosmid mapping.

A BALB/c cosmid library (K. Wang et al., in preparation) of
15 genome equivalents was screened with a Vyl probe, a Cy3
probe and a probe for the y specific enhancer (see below).

On cosmid DNA blots, these probes detect all Vyl members,
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all Cy members (at a wash stringency above 0.2 x SSC at 650
C) and 3 enhancer-like fragments (see below). Fifty five
positive cosmids were isolated. These were analyzed for the
presence of mouse TCR y gene segments by hybridization with
various y probes. Representative cosmids were also analyzed
for the presence of Sal I, Sma I and Cla I sites. Based on
the hybridization data, 20 cosmid clones were placed on the

map as shown in figure 2.

Description of the murine y locus.
Figure 2 shows the structure of the entire mouse y locus as
deduced from these clones. It spans 205 kb of DNA, with the

V-J-C clusters taking up about 100 kb of DNA (figure 2).

A. Coding regions in the clusters.

1) . Cyl cluster. The Vy2, 3, 4 and 5 gene segments are
located 5' to Cyl. They are located within a 10 kb region,
17 kb 5' to Jyl. The order and distance between the Vy gene
segments from 5' to 3' are: Vy5 -6.6 kb- Vy2 -5.8 kb- Vy4 -
1.2 kb- Vy3. The enhancer sequence, YlE (Spencer et al.,
1991) is located 2.5 kb 3' to the polyadenylation site of
Cyl, as determined by PCR amplification with enhancer and Cy
specific primers (data not shown; Spencer et al., 1991;
Kappes et al., 1991). The known gene segments in the cluster

(VY5 to y1lE) span 41 kb (figure 2).
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2). Cy3 cluster. This cluster was isolated previously on
overlapping lambda clones (Traunecker et al., 1986). It
contains Vy1.3, Jy3 and Cy3. The distance between Vyl.3 and
Jy3 was reported as 7.8 kb. Our study finds this distance to
be 13 kb. The enhancer-like element in this cluster (y3E,
see below) is located approximately 7.5 kb 3' to the
polyadenylation site of Cy3, as determined by PCR
amplification (data not shown). The entire cluster (Vyl.3 to
Y3E) spans 29 kb and is located on a 50 kb Sal I fragment

(fEigure 2).

3) Cy2 cluster. The Cy2 gene has only been found expressed
with Vy1.2 (Raulet, 1989), which is located upstream of Cy4
(Eigure 2, Iwamoto et al., 1986). The transcriptional
orientation of the Cy2 gene and the Jy2 and Vyl.2 gene
segments is opposite to that of the other y gene segments,
including Cy4 (figure 2). The distance from Vyl.2 to Jy2 is
22 kb. No cosmid was isolated which contained all 3 elements
on it. The enhancer-like element in this cluster (y2E) is
located 3.7 kb 3' to the polyadenylation site of Cy2, as
determined by PCR amplification (data not shown). The entire

cluster spans 36 kb (Vyl1.2 through y2E).

4) . Cy4 cluster. Vyl.1l is located 2.2 kb upstream of Jy4,
which is 1.8 kb 5' to Cy4 (Traunecker et al., 1986). The

gene gsegments of the Cy4 cluster (Vyl.1, Jy4 and Cy4) span
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13 kb, which makes this a particularly small immunoglobulin-
like V-J-C cluster. Vyl1l.2 1lies only 4 kb 5' to Vyl.1, in
opposite transcriptional orientation (Hayday et al., 1985;
figure 2). The Cy4 and Cy2 clusters are located on a single

85-90 kb Sal I fragment.

Genomic organization of the Cy4 gene segment.

The N terminal part of the hinge region of the mouse Cyl, 2
and 3 and human Cyl chains are 10 to 15 amino acids in
length and are encoded by single exons. The human Cy2 gene
is polymorphic for the number of hinge encoding exons. There
are 2 or 3 exons, which encode 32 and 48 amino acids,
respectively (Littman et al., 1987).

The genomic organization of the mouse Cy4 gene was not
previously known. Since the cDNA sequence predicts a hinge
of 33 amino acids, experiments were performed to determine
its genomic structure. Figure 3 shows a schematic of the Cy4
cDNA structure and the 1location of the amplification
primers. Primers 45 and 43 amplify a 300 bp fragment,
consistent with a single exon for this domain. Amplification
of cosmid DNA with primers 45 and 137 generated a 5 kb DNA
fragment, indicating the presence of probably 1 intron
between these primer sites. Primers 136 and 135 are from the
start and the end, respectively, of the hinge region.
Together with a 3' primer (#133), they amplify fragments of

2.8 kb and 1.95 kb, respectively (figure 3). The results
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from figure 5 show that the protein coding sequence of Cy4
spans nearly 8 kb, which is much larger than the 2.5 kb of
protein coding sequence of the Cyl, 2 and 3 genes (Hayday et
al., 1985; Garman et al., 1986). If the N-terminal part of
the Cy4 hinge is encoded by 2 exons (see Discussion), then
the introns in this gene are 4.6, 0.9 and 1.8 kb in size

(figure 3, bottom).

B. Non coding sequences.

Three y enhancer-like elements.

The y enhancer probe (Spencer et al., 1991) hybridizes to 3
bands on a genomic blot (figure 4). The 13.5 kb Eco RI
fragment contains the described functional enhancer (y1lE)
fragment (Spencer et al., 1991; Kappes et al., 1991).
Hybridizations of cosmid blots with this probe localized
these enhancer like elements 3' to Cyl (y1lE), Cy2 (y2E, 8.5
kb) and Cy3 (y3E, 9.0 kb; figure 2). The y2E and ¢¥3E
crosshybridizing fragments were amplified from cosmids with
primers designed from the published ¢y1lE sequence and
sequenced (figure 5). They are over 96% identical to ¥Y1E,

the functional enhancer.

Linking the clusters.
Cosmid y54-3 links the Cyl and Cy3 cosmid clusters. The
distance between the 3' end of cosmid y72-2 and 5' end of

cosmid y6 is only 150 bp. The sequence of these ends and the
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intervening DNA is colinear with the 3' part of a Ll repeat
(data not shown). The linkage correlates with the FIGE
data, which identified a 60 kb Sal I fragment containing
Vyl.3 and Cy3 (data not shown; Woolf et al., 1988). The
cosmids identify this as a 50 kb fragment, with the 5' Sal

I site located just 3' to y1E in the Cyl cluster (figure 2).

The Cy3 and Cy2 cosmid clusters overlap by a short distance,
as shown by the overlap of cosmids Y91 and y37-2 (figure 2).
An endprobe from the 5' end of cosmid y37-2 hybridizes to
the end of cosmid y91 (data not shown). The overlap is less
than 6 kb.

Cosmid y3 and most Cy4 containing cosmids overlap (figure
2) . The overlap contains part of a L1 repeat, flanked by
sequences homologous to a mouse retrovirus related sequence
(Schmidt et al., 1985). Hybridization with endprobes of
cosmids y3 and Y63 confirmed the overlap (data not shown),
as did the presence of the Sma I and Cla I sites in both of

these cosmids (figure 2).
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DISCUSSTION.

Described in this report is the cloning of the complete
mouse TCR y locus, the first mouse TCR 1locus to be
completely c¢loned. Also reported are the sequences of 2
potential enhancers, the genomic organization of the murine
vy locus and the genomic organization of the Cy4 gene. This
information helps to understand the evolution of the y locus
and points to functionally important features of the ¥y

locus.

A cosmid map for the murine TCR y locus.

The map of the locus shows a nonrandom distribution of
cosmid clones. All bonafide cosmids that were isolated from
the Cy2, Cy4 and 3'end of the Cy3 regions are shown, except
that 3 cosmids were isolated that are identical to cos y37-
2. More cosmids were isolated from the Cyl and 5'end of the
Cy3 regions than shown. This nonrandom distribution may be
due to preferential digestion of certain Sau3A I sites in
the Cy2/4 regions. This may have resulted in few fragments
of approximately 40 kb after partial Sau 3AI (the optimal
size for cosmid inserts which allows efficient packaging
when ligated into the 8.5 kb vector).

The cosmid map predicts Sal I fragments which are in close
agreement with the FIGE map (Woolf et al., 1988). The Cy2
and Cy4 clusters are both located on a 85-90 kb Sal I

fragment (90 kb according to the FIGE data). The Cy3 cluster
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is present on a 50 kb Sal I fragment (60 kb according to the
FIGE data). However, these 2 Sal I fragments are not
adjacent to one another as Woolf et al. (1988) described.
They are separated by a 25 kb Sal I fragment. Woolf et al.
(1988) measured the partial Sal I fragment which contains
the Cy3, 2 and 4 clusters as 150 kb. The cosmid shows that
this distance is 175 kb, which is in the range of the FIGE
data. Our own FIGE data show this fragment to be 180 kb
(data not shown). The Cyl cluster is on a 45 kb Sal I
fragment. The 5' Sal I site of this fragment is not present
in any of the cosmids. It is presumably located just 5' to
cosmid ¥5.

The isolated cosmids contain all known y gene segments, 1.2
kb of DNA 5' to Vy5 (on cosmid y¥5) and approximately 12 kb

3'" to Cy4 (on cosmid y84; see figure 2).

The organization of the murine y locus.

A. The V_and J gene seqgments and C genes are organized in

clusters.

The known sequence elements of the murine y locus span
approx. 205 kb and consists of 4 V-J-C clusters. Figure 2
shows that the order of the clusters is Cyl (with Vy5, 2, 4
and 3, Jdyl and Cyl), Cy3 (with Vyi.3, Jy3 and Cy3), Cy2
(with Cy2, Jy2 and Vy1.2) Cy2 (with Vy1.1, Jy4 and Cy4).
Thus, the map confirms the previously predicted order and

orientation of the clusters (Raulet, 1989, Traunecker et
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al., 1986; Iwamoto et al., 1986). The Jy2 gene segment and
Cy2 gene are in opposite orientation relative to most other
Y gene segments (figure 2). This was predicted since Vyl.2
(which is the only V gene to rearrange to Jy2) is in an
orientation opposite to that of Vyl.1, Jy4 and Cy4 (Hayday
et al., 1985; Traunecker et al., 1986). The orientation of
the Cy3 cluster was unknown until recently. In a T cell
lymphoma derived from S8CID mice, both chromosomes had
undergone rearrangements involving Vy genes of the Cyl
cluster and Jy3. These cells had 1lost both Cyl gene,
indicating that the Cyl and Cy3 clusters are in the same
orientation (Schuler et al., 1991).

The clustered organization of the murine y locus is unlike
that of the other T cell receptor loci and most of the
immunoglobulin loci (Lai et al., 1989; Wang et al., in
preparation). In this respect it only bears resemblance to
the mouse Ig lambda light chain and the shark Ig heavy chain
loci (Blomberg and Tonegawa, 1982, Kokubu et al., 1988). The
clusters take up about half of the y locus, approximately
120 kb, and the 2 expressed mouse y regions (yl and y2/4)
together encompass only 90 kb.

The size of the locus can be considered small among the
imunoglobulin-like loci in the mouse. The mouse « and # TCR
loci are much larger (approx. 1000 and 750 kb resp., Wang et
al., in preparation) and so are the immunoglobulin heavy

chain (500 kb or larger) and the kappa light chain loci
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(estimated to be larger than 1 Mb, Lai et al., 1989). The
mouse TCR y locus is only one quarter larger than the human
Yy locus (160 kb, Lefranc et al., 1989).

The cosmid map (figure 2) identifies the only 7 Vy, 4 Jy
gene segments and 4 Cy gene that have been identified to
date. Additional gene segments might exist in the BALB/c
locus, but (1) they do not crosshybridize to the described
gene segments and (2) they must rarely rearrange to a Jy
gene segment, as they have not been identified in T cell
lines. Nonfunctional Vy genes may exist, similar to V-like
sequences which have been found in the human y locus
(Lefranc et al., 1986; Forster et al., 1987; Huck et al.,

1987; Chen et al., 1988).

B. Potential enhancers near Cy2 and Cy3.

A functional y enhancer (y1lE) is located 3' to Cyl (Spencer
et al., 1991; Kappes et al., 1991). It hybridizes to 2 other
fragments, which are located 3' to Cy2 and Cy3 (y2E and y3E;
see figures 2 and 4). These 2 elements are over 96%
identical to y1lE (figure 5). Several short sequence elements
in y1E may have a function in enhancer activity. Within the
EcoRV - Pvull fragment described by Kappes et al. (1991) as
having enhancer activity, y2E has only 2 differences with
Y1lE in these sequence elements, and y3E only 3 differences
(figure 5). Whether these differences are sufficient to

impede enhancer activity can only be determined by
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functional studies. It is unlikely that functional y6 cells
would ever use yY3E as an enhancer for Cy3, since Cy3 and Jy3
are both nonfunctional gene segments (Hayday et al., 1985;
Traunecker et al., 1986). This gene cluster is likely to be
nonessential as it is absent from several mouse strains
(Iwamoto et al., 1986; Klotz et al., 1989).

The y1lE probe did not hybridize to a DNA fragment in the Cy4
cluster. This cluster may have an enhancer which is

dissimilar to the 3 described enhancers.

Organization inside clusters.

The distances between the J gene segments and C genes are
identical in the Cyl, 2 and 3 clusters: 3.8 kb (Hayday et
al., 1985; Traunecker et al., 1986). In the Cy4 cluster, the
J-C distance is only 2.2 kb (Traunecker et al., 1986).

In the Cyl cluster, the distance between the mouse Jyl gene
segment and the closest Vy gene segment (Vy3) is 17 kb, very
similar to that in the human locus (16 kb). In all other
mouse TCR loci, this distance is much larger (Wang et al.,
in preparation). In the Cy2, y3 and y4 clusters, this V-J
distance is 22, 13 and 2.2 kb, respectively (figure 2,
Iwamoto et al., 1986). The relatively large V-J distance in
the Cy2 cluster correlates with the apparent insertion of a
retrovirus related sequence (Schmidt et al., 1985) which is
not present in the other V-J regions (data not shown).

The order of the Vy gene segments in the Cyl cluster (3-4-2-
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5) reflects their order of activation in ontogeny. The Vy3,
4 and 5 genes are also expressed in a tissue specific
manner, whereas Vy2 and the Vyl gene segments are not
(Raulet, 1989; Allison and Havran, 1991).
In the Cy3 cluster, the distance from Vyl.3 to Jy3 has been
reported as 7.8 kb (Traunecker et al. 1986). This is at
variance with our results (13 kb), and may be due to a
strain polymorphism. ”
The close spacing of Vyi.1 and Jy4 (2.2 kb) in the Cy4
cluster does not appear to prevent occasional rearrangement
of Jy4 to other Vy segments (Vy5, Pelkonen et al., 1986}).
The Vyl.1, Jy4 and Cy4 gene segments span only 13 kb (figure
2), which is small for an immunoglobulin like cluster. Only
the 10 kb immunoglobulin heavy chain clusters (V-D-J-C) in
the shark genome are smaller (Kokubu et al., 1988).
The sequences of the J, C and y enhancer-like elements in
the Cyl, 2 and 3 clusters are very similar. The genomic
organization of these elements in the clusters 1is also
similar (Hayday et al., 1985; Traunecker et al., 1986;
Garman et al., 1986; figure 2). This similarity in sequence
and organization suggest that recent duplications gave rise

to these ¥y gene clusters.

Genomic organization of the murine Cy4 gene.
All mammals analyzed to date have at least 2 C y region

genes. The constant regions encoding these y chains are very
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similar, except in the hinge region (Takeuchi et al., 1992
and references therein). The Cy1l gene in human and the Cyl,
2 and 3 genes in mouse have a single exon encoding the N
terminal portion of the hinge (Raulet, 1989). The human Cy2
chain is polymorphic for the number of hinge encoding exons
(2 or 3 exons; Littman et al., 1987). Like the human Cy2
chain, the hinge region of the mouse Cy4 chain is longer,
different in sequence from the hinge of the other mouse Cy
chains (Iwamoto et al., 1986) and encoded by at least 2
exons (figure 5). Since all human and mouse Cy hinge exons
encode 10-16 amino acids (Raulet, 1989), it is possible that
there are only 2 hinge exons in the Cy4 gene of BALB/c mice.
Some mouse strains express a Cy4 chain which is even larger
than the described Vyl.1-J4-Cy4 chain of BALB/c mice (Cron
et al., 1990). This could be due to the presence of a longer
hinge region in the Cy4 chain of these mouse strains,
similar to the situation in the human Cy2 gene. Thus, it is
possible that the number of exons which encode the hinge
region in Cy4 is polymorphic in mice, similar to the human
Cy2 chain.

The different C gene may be functionally different due to
the different hinge regions (Raulet, 1989). Several
morphological characteristics of human Cyl expressing cells
are different from those of Cy2 expressing cells (Grossi et
al., 1989). This may indicate that there are functional

differences between y0 cells with different Cy hinges. It
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would then appear likely that either the particular Cy gene
selected for expression and its surrounding sequence
elements determine the characteristics of the cell, or that
another genetic element exists which selects for a
particular functional characteristic and a particular Cy

gene.

Comparison between murine and human TCR y loci.

Even though the mouse and human TCR ¥ loci appear quite
different in organization, they have some features in
common. Most notably, several similarities exist between the
mouse Cyl cluster and human locus (figure 6; Pelkonen et
al., 1986).

(1) The V-J distance is nearly identical in both loci (17
and 16 kb).

(2) Both loci are compact in the regions which contains the
V gene segments, with a spacing of less than 10 kb between
V gene segments.

(3) The human 1locus has only 4 Vy subfamilies with
functional V genes (Vyl, 9, 10 and 11; see figure 6). The 4
mouse Vy genes in the Cyl cluster are all functional (figure
2).

(4) When comparing the V gene sequences (Huck et al., 1988),
it was noted that the mouse Vy5 and human Vyl family members
are homologous (the 5' most Vy gene family on both loci).

Homology also exists between murine Vy2/Vyl gene segments
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and human Vy11i and 10 (Figure 6; Huck et al., 1988; chapter
3). The Cyl, 2 and 3 genes in mouse and both human Cy gene
also have distinct homology (Raulet, 1989). Based on the
genomic organization and length of the hinge regions, there
appear to be 2 types of Cy chains: mouse Cyl, 2, 3 and human
Cyl vs. mouse Cy4 and human Cy2.

The major difference between the mouse and human y loci is
the location of the V genes. In human, all V gene segments
are in the 5' half of the locus and both Cy genes are in the
3' end. In the mouse, each of the 4 C's has at least 1 Vy
gene linked to it.

In summary, even though certain aspects of the loci are
different, the overall organization of the mouse Cyl cluster

and human TCR y locus are remarkably similar.

Implications of mouse-human comparisons.

The mouse has 3 vy6 populations which show specific
localization in epithelia in the skin, tongue, female
reproductive organs and gut. The Vy gene segments uniquely
or preferentially used in these subsets are Vy3, 4 and 5
respectively (Raulet, 1989). At least 2 of these 3 mouse Y0
populations (skin and gut) recognize tissue specific self
components (Havran et al., 1991; Allison and Havran, 19931;
Eghtesady and Kronenberg, 1992). In humans, there is no skin
specific y0 subset. Thus it not surprising that humans have

no mouse Vy3 homolog (expressed uniquely in mouse skin) . The
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absence of a mouse Vy4 homolog in humans may foreshadow that
humans have no %6 subset in the tongue and female
reproductive organ (not investigated). Humans do have y& T
cells in the gut epithelium, but these cells show no
preferential V gene segment usage (Ullrich et al., 1990;
Jarry et al., 1990; Deusch et al., 1991). However, the human
Vyl gene segments are the homologs of mouse Vy5 (expressed
in mouse intestinal epithelium; Huck et al., 1988). The
function of the human Vyl gene segments may have shifted
from gut specific antigen recognition to recognition of
other antigens.

No tissue specific 1localization exists for Vyl or 2
expressing y6 T cells. A large proportion of mouse Vyl.1-Cy4
expressing T cells appear to be able to respond to
mycobacterial antigens, irrespective of the V-J junctions
(Happ et al., 1989). The human Vy9 gene can likewise be
stimulated in a polyclonal fashion by several antigens, in
a reaction which appears to be a superantigen response (Rust
et al., 1990; Band et al., 1991; Ohmen et al., 1991; Pfeffer
et al., 1991 Sturm et al., 1991). Possibly, the human Vy9
gene segment may be a functional counterpart for the mouse

Vyl.1l gene segment.

Evolution of the mouse y locus.
The Cy1l, 2 and 3 genes are very homologous to one another,

as are the Jyl, 2 and 3 segments, the Vyl family members
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(Hayday et al., 1985; Garman et al., 1986; Traunecker et
al., 1986) and the 3 described y enhancer-like elements
(Eigure 5). The Jy4 and Cy4 gene shows distinct but lower
homology with the other J gene segments and C genes as well
(66%, Iwamoto et al., 1986; Traunecker et al., 1986). And
Vy2 shows some homology to the Vyl members. These homologous
gene segments and their location in the locus suggest that
they arose by duplication. During evolution, a primordial
Vy-Jy-Cy locus may have duplicated to give rise to the Vy2-
Cyl and Vy1.1-Cy4 clusters. Subsequent duplication of Vyl.1
and Jy1-Cyl (including the enhancer) in the mouse lineage
may have created a new Vyl-Jy-Cy cluster, which, upon
complete duplication, may have given rise to the Vy1.2-Cy2
and Vy1.3-Cy3 clusters. The other Vy genes (Vy3, 4 and 5)
were perhaps not involved in the gene duplication, or they
may have been deleted later in all clusters except the Cyl
cluster. Subsequent events may have changed the details of
the organization of the clusters, such as the V-J distances.
Nevertheless, the events outlined above would explain the
overall organization of the murine y locus. However, more
complicated explanations can be proposed, including gene
conversion which makes (distantly) related gene segments
similar. The genomic organization of the TCR y loci of other
mammals may shed additional light on the evolution of the

locus.
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We have isolated the physical DNA of the entire mouse TCR Yy
locus. Sequence analysis of this locus and the human locus
may give a better understanding of how the mouse and human
loci have evolved, as well as identify important elements in

the locus, including promoter and additional enhancer (near

Cy4?) elements.
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Probe: Vy4 Vyi Cya

' . — 360 kb

Figure 1. Mapping of the murine TCR y locus by field
inversion gel electrophoresis. A Ksp I blot of BALB/c DNA
was hybridized to a Vy4, Vyl.2 and a Cy4 probe. All 3 probes
identify the same 360 kb band. The Vyl.2 and Cy4 probes also
identify a 100 kb fragment. The hybridization signal in the

top of the gel corresponds to partially digested DNA.
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Figure 2. Map of the murine T cell receptor y locus. The
gene segments and genes are indicated as vertical lines (V
and J segments) or as boxes (C and E segments). Individual
exons of the V gene segments and C genes are not indicated.
The J gene segments were not mapped in this study, but were
placed based on previous reports (Hayday et al.; 1985,
Traunecker et al., 1986; Iwamoto et al., 1986) .
Nonfunctional gene segments and genes are indicated by ¥.
Infrequent restriction enzyme sites are indicated (C= Cla I;

K=Ksp I; S= Sal I; Sm= Sma I).
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Figure 3. The Cy4 gene in BALB/c is encoded by at least 4
exons and spans over 8 kb. A. Schematic representation of
the cDNA sequence of Cy4 and the putative exon boundaries
(based on comparison with the Cyl, 2 and 3 sequences;
Iwamoto et al., 1986; Raulet, 1989); TM: transmembrane
region, c¢yt: cytoplasmic domain, 3' UT: 3' untranslated
region, shaded box). The primers which were used for
amplification are shown as arrows. B. Result of
amplification of cosmid y84 DNA with various combinations of
primers. C. Proposed genomic organization of the BALB/c Cy4
gene as deduced from the amplification data (see text). The
exons are indicated as boxes. The intron sizes are indicated
below the figure. The size of the 3' untranslated region of

Cy4 is not known.



116

extracellular hinge TM + cyt 3'uUT
domain
45 136
> .
Vy-J4- | [ I Cya cDNA
- << > -
a3 137 135 133
45 45 136 135
Rrimers [43 137 133 133
M - + template ‘
1
~7.1 ‘
6.1
5.0 i
—4.0 ‘
|
size
3.0 (kb) 3
615 ;
size 492
(bp) 369 2.0
246
123 L1.6
exon 1 2a 2b 3
. | 1 g Al 1 gl
i {4 [/

4.6 kb 0.9 kb 1.8 kb



117

EcoRI Hind Il
Y1E — e
102 __
P e
‘YZE/ — 81 —
— 7.1 —
— 6.1 —
— 51 —
- —y2E
— 41
3E
l— 3.1 — - /Y

\y1E
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ITI fragments in BALB/c genomic DNA. The ¢y1lE probe was

hybridized to a genomic blot containing BALB/c DNA.
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Figure 5. BALB/c mice have 2 sequences which are very
similar to the y enhancer. The y1lE sequence is from Spencer
et al. (1991). The y2E and y3E segments were amplified from
cosmids with primers 95 and 96 and sequenced in low-melt
agarose with specific primers. Gaps were introduced into the
aligned sequences to maximize identity. Sequences which may
be important for enhancer function are boxed (from Spencer

et al., 1991).
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Figure 6. Homology between the mouse Cyl and Cy4 clusters
and the human TCR y locus. Solid lines indicates sequence
homology and the dashed line indicates homology in genomic
organization. The schematic representation of the human TCR

Y locus is from data in Lefranc and Rabbitts, 1989 and Fox et

al., 1989.
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Chapter III.

STRUCTURE AND EVOLUTION OF T CELL RECEPTOR GAMMA GENE

SEGMENTS.
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SUMMARY .

The T cells in the mammalian body are essential components
of the response to pathogens. They recognize components of
the infections via the T cell receptor (TCR). The yé T cell
receptor (TCR) is composed of 2 chains. The ¥ chain is
encoded by genes and gene segments located in the TCR ¥
locus. These genes and gene segments have been conserved
during evolution. All examined species have at least 2 Cy
genes. The Cy genes of mouse, man, sheep and cow are very
similar, except in the hinge, or connector region. This
hinge region is variable in length and in sequence. The Vy
gene segments encode proteins which are quite wvariable in
sequence, but have conserved features which presumably allow
the V domains to fold similarly. Evolutionarily, the C genes
may have arisen from 2 ancestral Cy genes, which were
present before the lineages of primates, rodents and
ruminants diverged.

The V gene elements appear to have been less well conserved.
Only 3 Vy gene subfamilies in mouse and man show distinct
sequence similarity. The other V genes do not have
counterparts in the other species, indicating that they have

been lost in one but not the other lineage.
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INTRODUCTION.

T cells play a crucial role in the immune system. They
provide help in the induction of antibody production and
cause 1lysis of cells infected with viruses and other
pathogens. These T cells are antigen specific, in that they
can only be activated by a specific structure. The receptor
which recognizes this antigen structure is termed the T cell
receptor (TCR). The TCRs are heterodimers which are
expressed on the surface of the T cells. Two types of TCRsS
exist: one is composed of an o and a 8 chain (the aff TCR),
and the other of a y and 6 chain (the y6 TCR).

The TCR gene segments which encode these chains are located
in large loci. There are generally many V(ariable) gene
segments, 1 or 2 C{onstant) genes and 1, or 2 types of short
gene segments (J, or D and J). In a characteristic way, a
functional TCR « or y gene is generated by DNA rearrangement
which brings a V gene segment together with a J gene
segment. In the 8 and é§ TCR loci, at least 2 rearrangements
must occur in order to generate a functional TCR gene. Here,
a V, a D and a J gene segment need to be combined into a
single contiguous V gene, by DNA rearrangement (Kronenberg
et al., 1986; Davis and Bjorkman, 1988). Transcription of
the composite V gene and the C region exons followed by RNA
splicing generates mRNA which encodes a y chain.
Comparisons of the o and R protein sequences showed that the

C domains (Ca and C8) have similarity to the IgC regions in
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the occurrence and position of various amino acids (Williams
and Barclay, 1988). The Vo and VB regions show similarity to
the Ig V region. These domains have been postulated to fold
in a similar manner (Chothia et al., 1988; Williams and
Barclay, 1988).

This paper compares Cy and Vy protein and gene sequences of
various mammals. The structure of the C regions is well
conserved, with the exception of a single subdomain. The V
regions are far less conserved, except for some residues
which are probably important for proper folding of this
domain. The sequence comparisons also show that during
evolution, certain species lost TCR y gene elements, or
acquired additional y elements by gene duplication or gene

conversion.
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MATERIAL AND METHODS.

Gene sequences. The gene sequences were obtained from
Genbank or entered manually into a VAX computer. All further
manipulations were performed with the GCG programs (Devereux
et al., 1984).

Alignments. The nucleotide sequences were translated into
protein sequences, and aligned using the GCG LINEUP program.
Alignments were based on maximal identity between the amino
acid residues. Gaps were introduced when necessary for
optimal alignment. The sequences were then pairwise scored
for percent identity. Each mismatch with a gap was scored as
a difference, unless the difference at the C-terminus was
due to one sequence being shorter than the other.

The nucleotide sequence alignment was based on the protein
sequence alignment. Percent identity was scored between all

pairwise combinations as for the proteins.
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RESULTS AND DISCUSSION.

Table 1 lists the y genes and gene segments, the references
in which they were reported and the name under which they
are listed in the figures. The 3' ends of some Vy gene
segments are not known, as they were only reported as cDNA
sequences. In these cases, the nucleotides which were
potentially N-region nucleotides were omitted from the
sequences before alignment. The human Cy2 gene sequence used
in the alignment and comparisons includes all 3 copies of

exon 2 (Littman et al., 1987).

I. Constant regions.

A. Protein structure.

Figure 1 shows an alignment of the protein sequences of all
known Cy chains. The consensus shown on the top line
identifies all positions where 6 or more of the 10 residues
at that position contain the same amino acid. The putative
R strands are underlined (based on comparisons with
sequences reported in Lesk and Chothia (1982); Williams and
Barclay (1988)).

All mammals examined to date have a minimum of 2 Cy genes.
It is clear that all chains share significant homology, with
most differences located in the C-terminal half of the C
regions. The C regions consist of an extracellular,
immunoglobulin constant region-like domain of 110 amino

acids, a transmembrane region (TM) of 20-22 amino
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Table 1. Sequences and references.

name used reference
mouse
Cy1l Mgcl Hayday et al. (1985)
Cy2 Mgc2 Hayday et al. (1985)
Cy4 Mgc4 Iwamoto et al. (1986)
Vyl.1l Mgvl.1 Hayday et al. (1985)
Vyl.2 Mgvl.2 Hayday et al. (1985)
Vyl.3 Mgvl.3 Traunecker et al. (1986)
Vy2 Mgv2 Garman et al. (1986)
Vy3 Mgv3 Garman et al. (1986)
Vy4 Mgv4 Garman et al. (1986)
Vy5 Mgv5 Pelkonen et al. (1987)
human
Cy1l Hgcl Lefranc et al. (1986a)
Cy2 Hgc2 Lefranc et al. (1986a)
Littman et al. (1987)
Vyl family Lefranc et al. (1986Db)
Hgvl-2 to Hgvl-8
Vy9 Hgv9 Forster et al. (1987)
Huck et al. (1988)
Vy1l0 Hgv1o0 Forster et al. (1987)

Huck et al. (1988)

Vyll Hgvll Huck et al. (1988)
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Table 1. (cont.) Sequences and references.
name used reference

sheep

Cy1l Sgcil Hein et al. (1990)

Cy2 Sgc2 Hein et al. (1990)

cow

Cyl Bgcl Takeuchi et al. (1992)

Cy2 Bgc2 Takeuchi et al. (1992)

Cy3 Bgc3 Takeuchli et al. (1992)

acids and a cytoplasmic region, generally of 12 residues.
Only 6 amino acids are present in bovine Cyl (Hein et al.,
1990; Littman et al., 1987). A hinge or connector region of

variable length connects the IgC like and TM domains.

Extracellular Ig like domain.

The extracellular immunoglobulin constant region (IgC) like
domains are similar in length in all mammalian Cy proteins
(figure 1). These domains contain 2 cysteine residues
characteristic of Ig constant and V region like domains, at
positions 32 and 88 (figure 1). The putative disulfide bond
between these 2 residues spans 56 amino acids in the Cy
proteins of all examined species. Obvious regions of
homology are present in the sequences as shown in figure 1.

The IgC domain has been postulated to make 7 £ strands,
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termed A to G (Lesk and Chothia, 1982; Williams and Barclay,
1988). The sequences which encode strands A, B (which
contains the Cys at position 32) and E have been most
conserved. In the other strands, conserved and nonconserved
amino acid changes are evident. The extracellular IgC like

domain of the Cy proteins appears to be well conserved.

The transmembrane and cytoplasmic regions.

The TM regions of the Cy proteins are well conserved too
(boxed in figure 1). This 20-22 amino acid region contains
a hydrophilic and potentially charged Lys residue in the
mouse, human and one sheep protein. This residue has been
postulated to interact with acidic residues in the TM region
of CD3 chains (Raulet, 1989). Interestingly, this charged
residue is not present in the T™ domain of the sheep Cy2 and
bovine Cy proteins. It will be interesting to determine if
these TcR heterodimers interact with CD3 components in a way
similar to those of y chains which contain a positively
charged residue in the TM region.

The cytoplasmic region of the Cy region is 12 amino acids in
length in all but 1 protein (bovine Cyl). It appears that
a mutation in bovine Cyl truncated this chain by 6 amino
acids (see the nucleotide sequence in figure 2: the codon in
bovine Cyl is TGA, one nucleotide different from TGT in
bovine Cy2). All chains contain a transmembrane anchor in

this region (2 Arg residues in most chains) and a Cys
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(except bovine Cyl). The TM and cytoplasmic domains are well
conserved in addition to the extracellular domain among the
Cy proteins of the examined species. This suggests that
these regions have important functions which depend on

specific protein structures.

The hinge region.

The most obvious difference between the various Cy chains is
in the hinge region, which connects the extracellular IgC
like and TM domains. The length of the hinge is quite
variable and ranges from 24 amino acids in mouse Cy2 to 79
residues in bovine Cyl. Most of the variability resides in
the N-terminal end of the hinge. The C-terminal end of all
hinges is well conserved. This region contains the conserved
Cys residue (position 173 in figure 1) which is thought to
be involved in the intrachain disulfide bond with the TcR 6
chain. Only human Cy2 1lacks this Cys residue and as
expected, Cy2 containing y chains are not covalently linked
to a 6 chain (Littman et al., 1987). The sheep Cyl and 2 and
bovine Cyl and 2 proteins all have 2 additional Cys residues

in the hinge regions, spaced less than 20 amino acids apart.

The hinge regions are thought to allow flexibility due to
the presence of Pro residues (Kronenberg et al., 1986). All
chains but mouse Cy2 have prolines in this domain. Sheep Cyl

and all bovine y chains have 4 or more Pro residues. These
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hinge regions could thus allow considerable flexibility in
the Cy chains, with the exception of the mouse Cy2 chain.
The hinge of mouse Cy2 is the shortest of the Cy hinges (24
residues) .
Several of the 1longer hinge regions show evidence of
duplicated stretches of amino acids. This has been shown for
the human Cy2 chain, where 2 or 3 exons (each encoding 16
amino acids: residues 111-127, 128-142, 143-178 in figure 1)
can be included in the hinge. These exons are highly similar
to one another and presumably arose by triplication of a
single exon. The human Cyl gene has only a single copy of
this very homologous exon (Littman et al., 1987). The hinge
of the sheep and bovine Cy chains contain repeated motifs of
the short sequence TTEPP. Bovine Cyl has 4 related motifs,
sheep Cyl has 3, bovine Cy2 has 2 and sheep Cy2 and bovine
Cy3 have only a single copy. This could be due to a variable
number of highly homologous exons in the respective genes
(Takeuchi et al., 1992).
The N-terminal portion of the hinge regions of the human and
mouse Cy chains display very 1limited homology with the
hinges of the ruminant Cy proteins (figure 1). The N-
terminal region of the hinge of the mouse Cy4 chain is
unusual in that it shows no obvious resemblance to any of
the other hinge regions. Only weak homology to the hinge of
the human Cy genes is apparent.

The function of the divergent hinge exons is not known. It
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is interesting that all mammals examined have at least 2
types of Cy chains: one with a short hinge and one with a
longer hinge. This length heterogeneity may have a
functional significance, or may simply be a reflection of
the fact that the sequence is not important (other than the
conserved C-terminal end with the Cys residue): it may
simply act as a spacer between the IgC like domain and the

™ region and allow the dimeric TcR to be flexible.

B. Gene structure,

The genomic organizations of the mouse Cyl, 2, 3 genes and
the human Cyl gene are very similar. Exon 1 encodes the
extracellular IgC like domain, exon 2 encodes the part of
the hinge which includes the Cys residue (10-16 amino acids)
and exon 3 encodes the rest of the hinge (20 amino acids),
the T™M and the cytoplasmic domains and the 3' untranslated
region. The human Cy2 gene organization is similar to the
human Cyl gene, except that the number of exon 2 segments is
polymorphic in the human Cy2 gene: 2 or 3 copies are present
(Littman et al., 1987). The structure of the mouse Cy4 gene
has not been determined in detail, but PCR analysis has
shown that there are at least 2 exons which encode the hinge
region segments (chapter 2). This genomic organization with
multiple hinge exons exist in the human Cy2 gene and
possibly the sheep and bovine Cy genes as well (Takeuchi et

al., 1992).
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C. Evolutionary implications.

Figure 2 shows an alignment of the nucleotide sequences of
the Cy genes. The alignment was based on the protein
alignment of figure 1.

The similarity between the Cy chains is obvious from figure
1 and 2, and is also represented in tables 2 and 3. Since
the hinge regions are the most divergent between the various
Cy genes, the similarities in tables 2 and 3 are indicated
in 2 ways: as overall identity (total) and as identity
excluding the amino acids from positions 111 to 181 in
figure 1 (indicated as 'minus hinge' in tables 2 and 3). The
following discussion will primarily use the latter

comparisons.

Two or more Cy genes in each species.

The mouse Cyl and 2 gene sequences are highly similar to one
another (95%) and also to the mouse Cy3 gene (>94%, data not
shown) . Cy3 is probably a defective gene, as it has a splice
site defect (Hayday et al., 1985; Garman et al., 1986). It
seems likely that these 3 mouse Cy genes arose by a recent
duplication, or have undergone recent gene conversion
events. The other mouse Cy gene (Cy4) 1is considerably more
divergent (approx. 75% outside the hinge regions).

The human Cy genes are also very similar to one another,
especially when only a single copy of exon 2 in the human

Cy2 gene is considered (amino acids 143-179 in Hgc2, figure
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1; Littman et al., 1987; Lefranc et al., 1986). Their close
similarity indicates that they are the result of a recent
duplication or gene conversion event.

The described bovine Cyl and 2 chains are also very similar,
except for the length of the hinge (98% identity outside the
hinge region). These 2 chains may even be encoded by
allelles, containing different numbers of hinge encndin
exons (Takeuchi et al., 1992). The third bovine Cy gene
(Cy3) is more divergent from bovine Cyl and 2 (82% identity
outside the hinge region).

The 2 sheep Cy genes are relatively divergent, as they show
only limited homolgy to one another (85% outside the hinge).
In the 3 mammals other than human, 2 divergent types of Cy
genes exist (mouse Cyl, 2, 3 - mouse Cy4, sheep Cyl -sheep
Cy2 and bovine Cyl, 2 - bovine Cy3). In human, the 2 Cy

genes are very similar, except for the hinge region.

The Cy genes from all species show similarity.

From the comparison of the bovine and sheep genes (figure 2
and table 4), it is clear that the sheep Cyl and bovine Cyl
and 2 genes shared a common ancestor (95% identity outside
the hinge). A high degree of similarity between sheep and
cow orthologous genes is not surprising, as the sheep and
cow diverged from a common ancestor only 20 million years
(Myr) ago (Irwin et al., 1991). The presence of a second Cy

gene in both species which are only 85% similar (cutside the
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hinge region) is surprising. Either the 2 chains present in
the common ancestor diverged at very different rates after
sheep and cow diverged, or more than 2 chains were present
in this ancestor. In sheep one Cy gene may have been lost
and in cow another.

The mouse, human and ruminant lineages arose approximately
80 Myr ago. The exact time of divergence has not been
conclusively established (Pesole et al., 1991). The data in
table 2 show that the mouse Cyl and 2 are most homologous to
the human Cyl and 2 genes (80% outside the hinge) indicating
that these 2 species may be more closely related than to the
ruminants. There appears to be no counterpart to mouse Cy4
in human, sheep or cow. As all studied mammals have at least
2 (generally divergent) Cy genes, it 1is likely that the
common ancestor to all these species already had at least 2
Cy genes. In all species but mouse, the Cy4 ancestral gene
may have been replaced by a duplicate copy of the other
gene.

The similarity between the mouse and human Cy genes (except
Cy4) outside the hinge regions (80%) is very similar to that
between the mouse and human Ca and Cé coding regions (76%

and 79% respectively; Koop et al., 1992).

Proposed evolution of the TCR y Constant genes.
Figure 3 shows a diagram of how the TCR Cy genes in the 4

studied mammals may have evolved from a common ancestor. The
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diagram is based on the assumptions that the ancestral locus
had 2 Cy genes, that the bovine Cyl and 2 genes are allelles
{(Takeuchi et al., 1992), and that cow and sheep have no
other Cy genes.
In this proposed evolution scheme, the ancestral Cy gene
which gave rise to the mouse Cy4 gene was lost in the other
3 mammals. All other Cy genes present in these species are
more similar to the mouse Cyl, 2 and 3 genes than to the
mouse Cy4 gene, especially when the hinge region is not
included in the comparison (table 3).
The timing of gene duplications (i.e., recent vs. ancient)
can not be determined. An ancient duplication followed by a
recent gene conversion involving the entire coding sequence
will look 1like a recent duplication. There is some
indication that gene conversion did indeed occur in the
mouse TCR y locus, namely in the enhancer-like elements 3'
to the mouse Cy genes (chapter 2; data not shown). As the Cy
genes in all 4 mammals show similarity, they too may have
undergone gene conversion to make the genes within each
species similar, rather than by gene duplication.
The mouse Cyl, 2 and 3 genes probably arose by recent gene
duplications (or underwent a recent gene conversion), as
they are over 94% homologous to one another.
The human Cyl and 2 genes are also very homologous (98%
outside the hinge), indicating that they too arose by

(recent) gene duplication. Alternatively, the ancestral gene
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indicated in figure 3 as C4 may not have been lost, but gene
converted to make both human Cy genes similar.
The ruminant evolution is somewhat more complex. Sheep Cyl
and bovine Cyl are 95% similar (outside the hinge),
indicating that they arose from the same ancestral Cy gene.
The sheep Cy2 gene is 85% similar to the sheep Cyl gene and
to the bovine Cyl/2 and Cy3 genes, and less than 80% similar
to any of the mouse or human Cy genes. The bovine Cy3 gene
is also more similar to the other ruminant Cy genes than to
the mouse and human genes. This indicates that all ruminant
Cy genes have a common ancestor. Since the sheep Cy2 and
bovine Cy3 genes are only 85% similar (vs. 95% between sheep
and bovine Cy1l), they probably had separate ancestors before
the divergence of sheep and cow. Thus, the ruminant ancestor
must have had 3 Cy genes, one giving rise to sheep and
bovine Cy1l, one giving rise to sheep Cy2 and one giving rise
to bovine Cy3. There is no indication that ancestral gene
'C4' has been retained in the ruminants. But again, the loss
of the ancestral 'C4' gene is equivalent to it being gene
converted by the Cl1 ancestral gene.
This proposed evolutionary pathway shows some interesting
features. Despite loss of sequence information (Cy4) in all
but one lineage, all species still have at least 2 Cy genes.
In each species, the 2 (or more) Cy genes have hinges of
different length. Second, gene duplication (and/or gene

conversion) events have occurred in all 1lineages. The
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plasticity of the TCR ¥ loci is further indicated by the
different organization of these loci in mouse and human
(chapter 2). The human locus has an organization similar to
most other TCR and Ig loci: a single cluster exists with the
Vs upstream, the 2 C genes all downstream and the J elements
upstream of the C elements. The mouse locus on the other
hand consists of 4 clusters, each with one or more Vs, one
J and one C gene.

It will be interesting to determine the organization of the
TCR y locus of the 2 ruminant species for which Yy sequences
are known. The organization of these mammals may indicate
how the loci have evolved and what the structure of the

ancestral locus was.

In summary, all species examined have multiple Cy genes. The
general stucture of these chains has been well conserved,
except for the absence of a charged residue in the TM region
of most ruminant proteins, the lack of a Cys in the hinge of
human Cy2 and the variability in length and sequence of the
N-terminus of all hinge regions. The sequence comparisons
indicate that the y genes have undergone multiple events
during evolution, including gene duplication and/or gene

conversion.
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II. Variable regions.

A. Protein structure. The only species for which complete V
gene sequences have been reported are mouse and human.
Several V gene families exist in these 2 mammals, including
mouse Vyl (3 members) and human Vyl (7-10 members, not all
of which are functional; Lefranc et al., 1986b). An
alignment of the functional V region amino acid sequence is
shown in figure 4. The proposed £ strands (based on
alignments with sequences reported in Williams and Barclay
(1988) and Chothia et al. (1988)), are indicated.

The size of the V regions varies from 102 to 106 residues.
From the alignment it is evident that far fewer amino acids
residues are conserved in the V regions than in the C
regions. Only 20 residues are present in similar positions
in 60% or more of these chains. These include the conserved
Cys residues (at positions 27 and 103 in the consensus
sequence in figure 4). Since all sequences have some type of
deletion relative to the consensus, the proposed disulfide
bond loops out a somewhat variable number of amino acids: 69
(mouse Vy3) to 73 residues (3 other Vy chains). Only the
human Vyll chain lacks the first Cys residue (figure 4).
Several conserved amino acids are present around these
conserved Cys residues. They are part of the proposed R
strands B and F, respectively (Chothia et al., 1988;
Williams and Barclay, 1988). In # strand C, 4 amino acids

are conserved: IHWY. The latter 2 amino acid are also
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conserved in the V regions of o and f TCR genes (Chothia et
al., 1988). All but 1 amino acid residue shown in the
consensus lie in the proposed 8 strands which are thought to
be involved in intra- and inter chain interactions (Chothia
et al., 1988; Willjams and Barclay, 1988) . Their
conservation would predict that they have an important role
in the structure of the V domain.

The size of the loops between £ strands B and C and C' and
D are variable due to deletions/insertions in the sequences
(amino acid 35-38 and 64-67). These 2 loops constitute the
hypervariable regions (hvl and hv2) which are thought to be
part of the antigen binding site .of the TcR. The third
hypervariable loop is encoded by the VJ junction of the
rearranged gene segments (Chothia et al., 1988; Williams and

Barclay, 1988; Davis and Bjorkman, 1988).

B. Evolutionary implications.

The Vy gene sequence alignment is shown in figure 5. It is
apparent that the mouse Vyl members are very similar to one
another (94-95%, figures 4 and 5, table 3B). They are
arranged in the mouse y locus as single V genes upstream of
separate J and C genes (chapter II). Their similarity
suggests that they arose by duplication, possibly in tandem
with J and C genes (chapter 2). They show some similarity to
mouse Vy2 (65-72%; table 3B). The similarity between the

mouse Vyl members and the other mouse Vy genes is not
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significant at the amino acid level (21-31%), but limited
homology can be detected with Vy3 and 4 at the nucleotide

level (40-45%; table 3B).

The human Vyl proteins are clearly very similar to one
another (66-91%), but show little similarity to any of the
other human V regions (table 3A). More limited similarity
among the human Vy genes exists between Vy1l0 and 11 (43% at
the amino acid level and 59% at the nucleotide level). Some
similarity also exists between human VyB and Vy10/11, but
only at the nucleotide level (data not shown). The VyB gene
is a pseudogene and therefore not included in the

alignments.

The mouse Vy5 region shows similarity to the human Vyl
members (approx. 46 and 65% at the protein and nucleotide
level, respectively; table 4A and 4B; Huck et al., 1988;. In
the human lineage, the Vyl ancestral gene duplicated several
times to give rise to multiple Vyl genes. The number of
human Vyl members is polymorphic and ranges from 7 to 10
(Ghanem et al., 1989). Several of these are pseudogenes
(Lefranc et al., 1986b).

In mouse, Vy5 expressing cells are located mainly in the
gut, in or near the epithelial cell layer (Takagaki et al.,
1989; Bandeira et al., 1991). Recent experiments suggest

that these T cells respond to stress antigens, produced by
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the gut epithelial cells. This in vitro response couid Dbe
inhibited by antibodies to TL antigens, indicating that
these nonclassical class I MHC molecules present the stress
antigen(s) to the Vy5 expressing yé T cells (Egthesady et
al., 1992; Eghtesady and Kronenberg, 1992). No preferential
expression of any of the TcR Vy genes in the human gut has
been reported (Ullrich et al., 1990), leaving their function
unknown. Whether the human Vyl expressing cells are
restricted in their response by nonclassical class I MHC
molecules, similar to the mouse Vy5 expressing cells is not
known.

The mouse Vyl and Vy2 regions appear to be similar to the
human Vyll region, and somewhat less similar to human Vy1l0
(tables 4A and 4B). The homology between mouse Vy2 and human
Vyll is 51% at the amino acid 1level and 71% at the
nucleotide level. The antigen specificity of these gene

segments is unknown.

Proposed evolution of the TCR y Variable genes.

A proposed evolutionary pathway for the human and mouse Vy
gene segments is shown in figure 6. It is partially based on
the assumption that V genes which show similarity descended
from common ancestors, rather than becoming similar due to
convergent evolution. In this diagram, a single V gene (VA
in figure 6) gave rise to V5 in the mouse and the V1 family

in human.
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All other V genes in mouse and human may have descended from
a single ancestral V gene (VB in figure 6, top) which
existed well before the split of the mouse and human
lineages. Before the mouse-human divergence, the VB gene
probably duplicated to give rise to 5 genes, labeled C-G in
figure 6. These genes gave rise to the other functional
mouse and human V genes. Mouse V2 and the Vyl members (V1.1,
1.2 and 1.3) evolved from VC, which in the human lineage
gave rise to V11. The VC duplication which gave rise to V2
and the V1 members (65-72% similar) may have occurred even
before the mouse-human split. The similarity between the
mouse and human noncoding region (i.e. with no or minimal
selection) in the TCR Co-Cé region is approximately 67%
(Koop et al., 1992). Thus, coding regions (which are
expected to have some level of selection pressure) which are
65-70% similar can be expected to have diverged before the
mouse-human lineages diverged.

Figure 6 shows VD to be the ancestor of mouse V4, whereas is
has been deleted in the human lineage. Similarly, VE gave
rise to mouse V3, but in the human lineage it too was
deleted. The human V9 and 10 genes evolved from separate
ancestral genes VF and VG (figure 6). These genes were lost

in the mouse lineage.

In summary, 2 groups of related V gene segments have been

identified in mouse and human. Mouse Vyl and 2 are
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homologous to human Vy10 and 11, whereas mouse Vy5 is
homologous to the human Vyl subfamily. The propacsed
evolution of these genes shows a variety of gene duplication
and deletion events. It will be of interest to analyse the
Vy genes which are present in other mammals. The presence of
homologs of the mouse and human Vy genes in other mammals
may indicate whether the proposed evolution is correct or
not. It also will show which Vy genes are conserved among
species (maybe mouse Vy5) and which are not. This may point
to a function of this Vy which is similar in all species,
e.g., recognition of similar antigens, presented by similar

MHC molecules.

Speculation.

1. Mouse Vy3 expressing cells are located exclusively in the
skin (Havran et al., 1989). The skin of humans do not show
specific localization of yé6 cells. This correlates with the
absence of a Vy3 homolog in the human. Perhaps the absence
of a mouse Vy4 homolog in the human correlates with an
absence of a y6 T cell subset in the female reproductive
organs and tongue, the tissues in which the mouse Vy4 cells
are located (Itohara et al., 1989).

The skin of the cow has abundant y6 T cells. It will be of
interest to determine if all these cells use a single Vy and
Vd gene (Vy3/Vdél in mouse), if all these cells have

monomorphic y4 TCR (invariant junctions, as in the mouse),
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and whether these cells respond to self antigens expressed
by skin cells (keratinocytes in the mouse). A caveat to
these speculations is that the mouse y0 cells in the skin
are located in the epidermis, whereas in the cow they are
located in the dermis, raising the possibility that the cow
skin y0 cells may be distinct in that they recognize a self

antigen from another cell type.

2. The presence of 2 Cy chains in all species examined to
date raises the question why this is so. One explanation
could be that the 2 chains have different functions (or are
used in 2 different subsets of y6 T cells). If this is true
in humans, then this is most likely due to the difference in
the hinge regions, as the 2 Cy regions in some individuals
differ by only a single change outside the hinge regions
(Raulet, 1989). Alternatively, the Cy genes may be
functionally equivalent, whereas the Jy gene segments that
are located just 5' to each Cy gene may determine functional
differences. Or there may be a bias in rearrangement,
allowing certain V genes to rearrange almost exclusively to
one specific J-C gene pair. Selection for such a V gene

would then also imply selection for the J-C pair.

The sequence comparisons have shown that the T cell receptor
Cy genes are conserved among the studied mammals. The region

in the Cy genes which is least conserved corresponds to the
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hinge region. The Vy gene segments are far less conserved in
sequence. Evidence exists for loss of Vy gene segments in
the human and mouse lineages.
Analysis of the TCR ¥ loci in other mammals may give clues
regarding the importance of phylogenetically conserved
sequences, such as the length and composition of the Cy

hinges and the presence of particular V genes in the genome.
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Figure 1. Alignment of TCR y constant region proteins. A

consensus (Con) is shown where 6 or more amino acids are

identical. A ":" in the consensus sequence indicates that no
consensus was apparent. A "-" indicates a gap which was
introduced to optimize the alignment. A "." denotes identity

with the consensus. The "*" identifies a stop codon. The
putative £ strands are underlined and the transmembrane

region is boxed.
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Figure 2. Alignment of TCR y congtant region gene sequences.
A consensus (Con) is shown where 6 or more nucleotides are
identical. A ":" in the consensus sequence indicates that no
consensus was found at that position. A "-" indicates a gap
which was introduced to optimize the alignment. A"." denotes

identity with the consensus.
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Loss of C4 Triplication of C1, loss of C4
C1 c1 c2 C3
1 — M
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Figure 3. Proposed evolution of the Cy genes of mouse,

human, sheep and cow. The ancestral locus is shown as

containing 2 Cy genes and the bovine Cy2 gene is assumed to

be an allelle of bovine Cyl (and therefor not shown). See

text for a full explanation.
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Pigure 4. Alignment of TCR Vy region protein sequences. A

consensus (Con) is shown where 9 or more amino acids (60%)

are identical. A ":" in the consensus sequence indicates
that no consensus was apparent. A "-" indicates a gap which
was introduced to optimize the alignment. A"." denotes

identity with the consensus. The putative £ strands are

underlined.
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Figure 5. Alignment of TCR Vy gene sequences. A consensus
(Con) is shown where 9 or more nucleotides (60%) are
identical. A ":" in the consensus sequence indicates that no
consensus was found at that position. A "-" indicates a gap

which was introduced to optimize the alignment. A"." denotes

identity with the consensus.
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Figure 6. Proposed evolution of the functional Vy genes of
mouse and human. The ancestral locus is shown as containing
2 Vy genes, VA and VB. The VB gene 1is postulated to have
duplicated, resulting in a mouse-human ancestor which 5
related Vy genes {(C-G). Not all members of the human Vyl
family are shown. The bold characters indicate V genes and
the numerical characters show the current Vy gene

nomenclature for mouse and human.



168
Table 2. Percent identity between Cy proteins. The values
below the diagonal show the identity between the entire
proteins. The values above the diagonal show the percent
identity between the proteins outside the hinge region

(amino acids 1-110 and 181-226). Symbols as in figure 2.
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Table 3. Percent identity between Cy gene sequences. The
values below the diagonal show the identity between the
entire genes. The values above the diagonal ("minus hinge")
show the percent identity between the genes outside the

hinge region (nucleotides 1-329 and 540-687).
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Table 4. A. Similarity between human Vy region segments. B.
Similarity between mouse Vy region segments.
Values above the diagonal are percent amino acid identity.

Values below the diagonal are percent nucleotide identity.
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A.
amino
HUMAN acid
vi.2 | V1.3 | V1.4 ] V1,5 ] V1.8 \VAS) V10 VAR
V1.2 75 91 73 77 23 24 22
V1.3 88 76 85 73 22 23 23
V1.4 95 88 66 78 24 24 23
HUMAN| V1.5 85 94 84 71 23 23 27
V1.8 89 87 89 85 25 23 24
V9 38 37 40 36 39 34 32
V10 39 37 39 37 38 48 43
Vit 33 34 35 35 35 45 59
nucleotide
B.
amino
MOUSE acid
Vit | vi.2 | V1.3 V2 V3 V4 V5
Vi 86 92 48 32 22 23
V1.2 94 90 49 32 21 21
V1.3 95 95 51 31 23 23
MOUSE] V2 68 65 72 27 28 22
V3 45 45 44 44 31 18
V4 45 41 40 44 29 20
V5 35 34 35 39 35 36

nucleotide
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Table 5. A. Similarity between mouse and human Vy protein
sequence. B. Similarity between mouse and human Vy gene

segments. The values are expressed as percent identity.
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HUMAN
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MOUSE

Vi1 | vi2 | vi.3 V2 V3 V4 V5
V1.2 25 22 23 19 21 26 44
Vi.3 26 24 25 20 23 25 45
V1.4 25 22 23 20 21 26 47
V1.5 26 24 26 21 20 23 43
V1.8 26 23 24 21 21 25 49
V9 33 30 34 31 29 26 25
V10 41 39 43 44 29 27 27
\AR! 51 46 51 51 28 19 22

Amino acid

MOUSE

V1.1 | vi.2§ vi.3 V2 V3 V4 V5
V1.2 36 35 35 36 33 41 65
V1.3 37 37 35 35 33 39 64
V1.4 36 36 35 38 34 40 66
V1.5 36 36 35 35 34 39 62
V1.8 36 35 35 36 33 39 68
V9 45 45 46 46 40 43 38
V10 51 51 53 56 44 41 40
V11 65 63 65 71 44 38 41

Nucleotide
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Appendix

THE MAKING OF A MAP.
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INTRODUCTION,

This appendix describes the progress in the mapping of the
murine TCR ¥y locus. It emphasizes several aspects of the
project: the strategies used at the various stages of the
project, problems or stumble blocks that were encountered and
the strategies used to overcome these. Finally, some general

aspects of mapping are discussed.

STRATEGIES.

Several complementary strategies were used for mapping and
cloning of the mouse TCR y locus. The size of the locus was
estimated by field inversion gel electrophoresis (FIGE).
Cosmids were isolated using several y genes and gene segments
as probes. The first set of cosmids fell in 4 overlapping
sets (so called contigs), with 3 gaps between the sets. The
presence of rare cutting restriction enzymes in the cosmids
was determined. Based on these data and the FIGE data, the
sizes of the gaps were estimated.

The next attempt was to isolate (a) YAC clone(s) which
contained the locus, or part of it. This did not allow us to
close all gaps. Next, we screened a larger cosmid library
with more probes. One cosmid was isolated which linked 2
contigs.

The other 2 contigs appeared not to be linked. As a final

step, cosmid ends were sequenced in an attempt to isolate
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single copy probes from the ends of contigs. These could be
used to isolate cosmids which would extend further into the

gaps, or even link the contigs together.

RESULTS AND DISCUSSION.

1. The size of the mouse TCR y locus.

BALB/c liver DNA was digested with infrequent cutting
enzymes, run on a field inversion gel and blotted onto
Zetapobe (BioRad). The blot was hybridized with various mouse
Y probes. The Cy4 gene has limited homology to the other 3 Cy
genes and will not show up when the blot is hybridized with
a Cyl, 2 or 3 probe and washed with 0.2 x SSC. This allowed
discrimination between the Cy4 and Cyl, 2 and 3 genes.

The most informative enzyme was Ksp I, which allowed the
identification of 2 large DNA fragments, 360 and 100 kb in
size, which contained all known TCR ¥ gdgenes and gene
segments. These 2 fragments were shown to be contiguous in
subsequent cosmid cloning experiments (see below).

A problem that became apparent in the final stage of the
project was that several FIGE fragments were not complete,
but partial digestion products. Comparison with the FIGE map
of Woolf et al. (1988) indicated that discrepancies existed
between the sizes of the Sal I fragments in these 2 maps. As
both studies used BALB/c DNA, this could not be due to strain

polymorphisms. Since the sizes of the FIGE fragments in both
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studies were not accurate (data not shown and see chapter
III), it was not realized that some FIGE fragments in our

study were partials.

2. Cosmid isolation.

The postulated map of the mouse y locus (figure 4 in chapter
I) showed that the Cy genes and Vyl gene segments were
interspersed in the locus. Probes for these genes were used
to screen 30 cosmid library filters in duplicate (150,000-
300,000 clones). Positive clones were picked and colony
purified. Cosmid DNA was isolated, and aliquots were digested
with Eco RI and Hind III, run on an agarose gel and blotted
onto Zetaprobe. These blots were hybridized with various ¥y
probes. Since the sizes of the Eco RI fragments which contain
the gene segments were mostly known (from the literature), it
was simple to place the cosmids on the map, as shown in
figure 1.

The cosmids were also digested with the same rare cutting
enzymes that were used for the FIGE experiments. Following
gel elctrophoresis and blotting, the blots were hybridized
with various y probes and with oligonucleotides specific for
the ends of the cosmid vector. The data obtained from these
experiments were used to place the infrequent cutting enzymes
on the map, as shown in figure 2. The presence of multiple

infrequent cutting enzyme sites next to the cloning site in
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the vector (pWE1l5A) was very helpful in mapping the
infrequent cutting enzyme sites in the cloned DNA.

Also shown in figure 2 are the FIGE fragments that were
placed on the map, based on the location of the infrequent
cutting enzymes. The start and endpoints of certain FIGE
fragments which spanned gaps between contigs were arbitrarily
assigned. For many of these no probe was available for one
end of the proposed fragment location.

The size of the FIGE fragments shown in figure 2 were used to
calculate the size of the gaps between the contigs. The gap
between the Cyl and Cy3 contigs was estimated at 5-10kb
(based on the 60 kb Sal I fragment). The gap between the Cy2
and Cy4 contigs was estimated to be 20 kb (based on the 60 kb
Sma I fragment) and the size of the gap between the Cy3 and
Cy2 clusters was estimated to be 90 kb (based on the Cy2 and

Cy4 gap and the 180 kb Sal I fragment).

An initial attempt was made to isolate single copy probes
from the ends of cosmids y6 and yl4. These ends were cloned
and partially sequenced. Cosmid y6 contained a highly
repeated sequence as determined by hybridization. Sequence
analysis showed that it was part of an L1l repeat. Cosmid y14
was determined to be a recombinant cosmid. The end fragment
of this cosmid hybridized to a 450 kb Ksp I fragment, not to

the expected 360 kb fragment.
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The number of cosmids isolated from the 1library was much
lower than expected based on cosmid isolation for other TCR
loci (Kai Wang, personal communication). Hence, the cosmid
library was rescreend with the same probes as before. Several
new cosmid clones were isolated, as shown in figure 3. None

of these cosmids linked contigs together.

3. YAC isolation.

In order to close the gaps, 2 approaches were taken. The
first was to isolated (a) YAC clone(s) which would contain
the ¥y locus. The second approach was to screen a larger
cosmid library with more y probes (see below).

A YAC library from C57BL/6 mouse DNA (S. Tilghman, Princeton)
was screened with oligonucleotide primers specific for the
Vyl gene segments and primers for the Cyl, 2 and 3 genes. A
single pool of 94 clones was positive. A colony filter 1lift
containing DNA from these clones was screened with various ¥
probes. Initially, a false positive was isolated (background
on the membrane). A genuine positive was isolated later. A
problem with screening the YAC colony filter was that the
amount of DNA on the filter was highly wvarizble.
Hybridization with a YAC vector probe was necessary in order
to show that the genuine positive on the filter was very weak
due to the low amount of DNA that was present (YAC pools are

now screened by PCR amplification until single positive
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clones are found).

This YAC clone contained only the 5' end of the mouse TCR ¥
locus, as indicated in figure 4. The Cyl gene was present in
this YAC clone, but not any of the Vyl gene segments. By FIGE
analysis, the YAC clone was shown to extend approximately 40
kb 3' to the Cla I site in the Vy2 gene segment (data not
shown). The size of the YAC clone was 500-600 kb, as

determined by FIGE.

4. Rescreening of the cosmid library.

The previous cosmid filter hybridizations yielded fewer
positives than expected. In addition, the positive clones
showed up as weak spots on the autoradiograms, sometimes as
single positives. It was concluded that the filters were in
poor condition (contained small amounts of accessible DNA) .
Hence new duplicate filters were made from 100 cosmid likrary
plates (500,000-1,000,000 colonies), which were screened with
probes for the Cy genes, for the Vyl gene segments and for
the enhancer like fragments (located 3' to Cyl, 2 and 3; see
chapter II).

This screen yielded many positives. Cosmid 54.3 spanned the
gap between the Cyl and Cy3 clusters (see figure 5). It
hybridized to a Cyl probe, as well as an oligonucleotide
probe derived from the end of cosmid y6. In order to verify

that the linkage of the 2 contigs was correct, the region
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between cos y72 and cosmid y6 was amplified from genomic DNA
and from cosmid y54.3, using 2 primers derived from the end
of cosmid y6 and 2 primers derived from the end of cosmid y7
(which was also sequenced, data not shown). The amplified
fragments from the cosmid DNA and the genomic DNA were
identical in size and predicted a gap between cosmids y6 and
y72.2 of 100-200 bp. The 'gap' was sequenced from the
amplified fragment of cosmid y54.3 and shown to be part of a
L1l repeat. The sequence of the end of cosmid y6, the 'gap’
and the end of cosmid y72.2 was colinear with the sequence of
prototype L1 sequences in the GenBank database (data not
shown) . This established that the gap was 150 bp in size and
that cosmid y54.3 did not contain a deletion in this region.
No other clones were isolated which spanned the gap between

the Cyl and Cy3 clusters.

Several cosmids were isolated which hybridized to the Cy, the
Y enhancer and/or Vyl probes. The cosmids which fell in the
Cy4 cluster all mapped to the same region of the cluster.
Cosmid y58 appeared to extend nearly 5 kb beyond the 5' end
of cosmid y74. However, it contained a Not I site which was
not present in any of the Cy4 containing cosmids. Hence this
was a recombinant cosmid. Only cosmid y63 extended beyond the
5' end of cosmid y74, by approximately 1.2 kb.

One cosmid (y73A) was mapped to the 3' end of the Cy3 contig

(see figure 5).
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Four identical cosmids (represented by cosmid y37-2 in figure
5) were mapped to the 5' end of the Cy2 contig. Cosmid y10.2

mapped to the 3' end of this contig (figure 5).

Recombinant cosmids.

Cosmid Y97 contains a Sal I site near the 3' end, which is
not present in cosmid ¥10.2. This identified one of these
cosmids as a recombinant cosmid. The Sal I and Sma I sites in
the 5' half of cosmids y2 and the y37-2 like cosmids did not
coincide, indicating that here too a recombinant cosmid could
be present. Cosmid ¥37-2 was unstable, which made the
interpretation of the digests more complicated.

A cosmid isolated in this screen but characterized later
(cosmid ¥91, see figure 6) mapped to the 3' end of the Cy3
contig. It did not contain the Cla I site which was present
in the 3' end of cosmid y73A, indicating that one of these

cosmids was recombinant.

5. Cosmid end sequencing.

The result of the work to this point still left 2 gaps, of
approximately 15 and 70 kb. In order to close these gaps,
single copy probes were needed from near the ends of the
contigs. For this, ends of relevant cosmids were sequenced.
The obtained sequences were compared to the Genbank database

and classified as repeat elements, or as unknown sequences.
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Two types of repeated elements were found. Many cosmid ends
contained parts of L1 repeats (indicated as L1 in figure 6).
The mouse genome contains 50,000 to 100,000 copies of this
repeat in the genome. Two cosmid ends contained retroviral-
like sequences, which are indicated as R in figure 6. Only
50-100 copies of this repeat exist in the mouse genome. The
organization of the L1 and retroviral sequences in cosmid y63
indicated that the 5' end of the retroviral sequence was
joined to the 3' end of an L1 segquence.
Oligonucleotide primers were designed from the 'unknown'
cosmid end sequences and used for PCR amplification of these
ends (using an appropiate vector primer as a second primer).
The PCR fragments were used for hybridization to genomic
southern blots and cosmid blots.
The end of cosmid y37-2 hybridized to a single Eco RI
fragment on a genomic blot, but only when the blot was washed
at high stringency. Surprisingly, it hybridized to the end of
cosmid y91 (see figure 7), a cosmid which was isolated in the
same library screen as cosmid y73A. This cosmid had been hard
to purify and was therefore not mapped when figure 6 was
made. Two primers designed from the endsequence of cosmid
¥37-2 amplified the same size fragment from cosmids y37-2 and
Y91, indicating that these 2 cosmids overlapped.
The end probes of cosmid ¥10.2 and y93 hybridized to 5
identical Eco RI bands in the cosmid blots and in genomic

blots when the blots were washed at high stringency. This
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indicated that these probes were specific for the ¥ locus
when the washes were performed under stringent conditions. As
mentioned above, either cosmid y73A or cosmid %91 was
recombinant. As cosmid y91 overlapped with cosmid y37-2,
cosmid y73A had to be recombinant. Hence, its end sequence
could not be specific for the y locus. This was confirmed
when it became clear that cosmid y10.2 was also recombinant
(see below). The overlap of cosmids y91 and y37-2 was in
agreement with the FIGE data, again indicating that cosmid
Y91 was a correct (i.e., nonrecombinant) cosmid, whereas
cosmid y73A was recombinant (see below and chapter II for a

discussion of the FIGE data and the final map).

The presence of 2 retroviral sequences (of which only 50 to
100 copies exist in the mouse genome) in the y locus seemed
statistically unlikely (but ofcourse, the locus appears to
have been generated by duplications). Therefore, the ends of
cosmids y3, y63 and y74 were analyzed in more detail. The
junction of the retroviral and L1l elements was amplified from
cosmid Y63 and sequenced. Amplification primers were made
from the obtained Ll and retroviral sequences and used for
amplification of cosmid DNA. The amplified fragments from
cosmid y3 and y63 template DNA were identical. Hybridizations
with these PCR fragments showed that the organizations of the
ends of both cosmids were identical. The Sma I - Cla I

fragment in both cosmids were also of identical size. This
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indicated that these cosmids overlapped.
However, cosmids y97 and y10.2 did not hybridize to these PCR
probes. It was already argued above that (1) one of these
cosmids was recombinant, and (2) the end of cosmid ¥10.2 was
not specific for the ¥ 1locus, as its crosshybridizing
counterpart (the end of cosmid y73A) was not specific for the
Y locus. Furthermore, the 60 kb Sma I FIGE fragment predicted
a gap of 15-20 kb between the Cy2 and Cy4 contigs. This did
not agree with an overlap of cosmids y3 and y63.
However, if the Sma I fragment was a partial, then the
overlap is correct. As shown in figure 7, there is a 50 kb
Sma I fragment in the Cy2-Cy4 region, assuming that the
internal Sma I site is not digested. The overlap, as shown in
figure 7, also agrees with the map of Woolf et al. (1988),
which predicted a 90 kb Sal I fragment containing both Cy4
and Cy2.
The Sal I fragment of 180 kb shown in figure 6 agrees with
the idea that this also is a partial digestion product, and
also agrees with the map of Woolf et al. (1988), except that
they missed a 25 kb fragment (see chapter II). This
correlates with an overlap of cosmids ¥91 and y37-2 and
explains the discrepancies between the FIGE data of our study

and the map of Woolf et al. (1988).
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Conclusions.

Several problems were evident in this large scale mapping
project.

First, the available probes were clustered in the locus and
there were large regions for which no probes were available.
For instance, the distance between the enhancer-like elements
3' to Cy2 and Cy3 is 75 kb, with no other known y gene
segments located inbetween. Hence it can be considered luck
that we obtained cosmids y91 and the 4 y37-2 like cosmids,
and thus linked the Cy2 and Cy3 contigs.

Second, the FIGE data were in part derived from partial
digestion products. While partial digestion products are
useful in large scale mapping, it is important to know what
bands on an autoradiogram are partial products. The partial
products led us to overestimate the sizes of the gaps between
the contigs. Also, the lack of single copy probes led us to
misplace the ends of the FIGE fragments on the map.

Third, several recombinant cosmids were encountered. These
can only be identified when at least 2 cosmids are present
which map to equivalent positions, but which are nevertheless
different at one end (e.g., cosmids y91 and y73A). Which
cosmid is correct can only be determined by other methods
(e.g., the overlap between cosmids y91 and ¥37-2), or by
isolating more cosmids in the relevant area. As shown in the
Cy2 - Cy4 region, recombinant cosmids can map preferentially

to certain region (cosmids y14, 97 and ¥10.2 were all
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recombinant). The absence of many cosmids in one particular
region of a locus (e.g., the Cy2 region shown in figure 7)
may indicate that that region is hard to clone into cosmids.
This is presumably because the partial digestion conditions
which give a 'good' library cause more, or fewer than average
Sau 3AI sites in this region to be digested (i.e., these
sites are  preferential, or poor digestion sites,
respectively) . Preferential digestion leads to DNA fragments
which are smaller than 35-40 kb and which can not be
efficiently cloned into cosmids. These smaller fragments can
however ligate together and into cosmid vectors. If these
products can be packaged efficiently, they can show up as

recombinant cosmids.

Identification of recombinant cosmids.

The y cosmids were mapped by digestion of cosmid DNA with
infrequent cutting enzymes, and hybridization with y probes.
This also proved to be an efficient method for identifying

the presence of recombinant cosmids.

Cosmid Vector.
The use of cosmid vector pWE1l5A, which has multiple
infrequent cutting enzyme sites near the cloning site, was

very useful for the cosmid mapping.
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Cosmid end sequencing.

Sequencing of the ends of cosmids works fairly well with the
USB cycle sequencing kit. A prerequisite appears to be decent
quality cosmid DNA (data not shown). Many cosmids can be
processed at the same time. A disadvantage 1s that the
primers have to be labelled with ¥32P-ATP. These labelled
primers and the sequencing reactions are very hot and not
stable for very long. A fluorescent sequencing approach or
other alternative would be desirable.

This method works well enough that it should be considered a
viable method for cosmid walking. Unfortunately, a portion of
mouse cosmid ends are not expected to contain single copy
sequences, especially not in loci which contain repeated
sequences (e.g., all TCR loci). This limits the usefulness of
this technique in species wich have genomes with large

numbers of repeats.
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