Neuronal Cell Thy-1 Glycoprotein:
Homology with Immunoglobulin
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Structural studies on proteins have
suggested that many molecules with re-
lated functions belong to families that
may have evolved from primitive genes
by duplication and divergence. These
families include the serine proteases,
heme binding globins, cytochromes, and
immunoglobulins (/). The sequences of
genes of eukaryotes have further re-
vealed that regions coding for amino
acids (exons) are usually interrupted by

sequence from the amino terminus to
the vicinity of the third hypervari-
able region appears to be in one exon
with a small piece (Vi) or pieces (Vy)
being spliced onto this to com-
plete the carboxyl terminal region of the
V domain during differentiation of B
lymphocytes (9).

Bo-Microglobulin (B;-m) was the first
molecule, other than antibodies which
showed homology with Ig, and it can be

Summary. The amino acid sequences of mouse brain Thy-1 glycoproteins are
shown to be homologous to those of variable-region immunoglobulin domains. There
is also good homology with constant domains and P-microglobulin; overall the
resuits suggest that Thy-1 may be like the primordial immunogiobulin domain.
Preliminary evidence for an invertebrate Thy-1 homolog supports this possibility.

noncoding regions (introns). It has been
suggested that the exons may encode
segments of protein sequence which cor-
respond to particular functions and that
rearrangement of exons may contribute
to the rapid diversification in evolu-
tion of proteins with related functions (2,
3).
The heavy (H) and light (L) chains of
antibodies are made up of domains of
about 110 amino acids which show se-
quence and structural homology (4-7).
This is illustrated for immunoglobulin M
(IgM) in Fig. 1, which shows five do-
mains in the heavy chain and two in the
light chain. The homology includes vari-
able (V) and constant (C) region do-
mains, and it is widely accepted that the
immunoglobulin (Ig) family was derived
by gene duplication from a primordial
molecule homologous to a single domain
(4). This idea is supported by the se-
quences of Ig genes which show that
each C domain corresponds to a single
exon (8). For V domains the coding
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aligned with a single C domain (10, I{).
Subsequently B,-m was found to be the
smaller of two noncovalently associated
polypeptides which constitute the class 1
major histocompatibility antigens (HLLA-
A, -B, and -C antigens). The large poly-
peptide of the HLLA-A, -B, -C antigens
contains two disulfide-bonded loops of
sequence and the COOH-terminal one of
these is homologous with C domains of
Ig (12, 13). The only other molecule
known to be homologous to Ig is the
Thy-1 antigen which consists of a single
domain (14, 15). Studies on rat Thy-1
strongly suggested that it belongs to the
Ig superfamily, but a particular relation-
ship to V or C domains was not estab-
lished (15). Immunoglobulins, HLA-A, -
B, -C, and Thy-1 antigens are all found at
cell surfaces, and their homology regions
are shown in Fig. 1. Hitherto none of
these molecules has been found in spe-
cies more primitive than vertebrates.

. In this article we report the sequences
of the two allotypes of mouse Thy-1
glycoprotein and show that these se-
quences and those of rat Thy-1 fit best
with Ig V domains. However, sequence
homologies with C domains and (3,-m are
also striking, and this suggests that Thy-
1 may be like the primordial Ig domain.
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A putative Thy-1 homolog has been puri-
fied from squid brain, and the sequence
of one tryptic peptide suggests that this
may be the first invertebrate member of
the Ig superfamily.

Thy-1 Antigen

The Thy-1 antigen is a glycoprotein
found at the cell surface of rodent thy-
mocytes, neuronal cells, and some other
cell types (16). There are 10° molecules
per cell on rat thymocytes (/7) and an
equivalent amount on neuronal cells
(18), and thus Thy-1 is probably the most
abundant surface glycoprotein of both
cell types. Thy-1 was first identified as
the theta (0) alloantigen of mouse thymo-
cytes (19), which occurs in two allotypic
forms now referred to as Thy-1.1 and
Thy-1.2 (20). Rat Thy-1 also displays the
Thy-1.1 determinant (17, 21), and other
xenoantigenic determinants can be iden-
tified on rat and mouse Thy-1 with rabbit
antibodies (22).

All the Thy-1 antigenic determinants
are associated with rat brain and thymus
glycoproteins that have molecular
weights of 17,800 and 18,700, respective-
ly (23-25). These glycoproteins have the
properties of molecules that can find
their way into the lipid bilayer, since
they bind one micelle of detergent, and
aggregate to form a regular complex if
detergent is removed (25). Also Thy-1 is
heavily labeled in thymocyte membranes
by an affinity label that is subject to
photoactivation and that partitions into
the lipid bilayer (26). The Thy-1 glyco-
proteins have never been found associat-
ed with other membrane proteins, and
the anchorage of Thy-1 to the membrane
is thus quite different from that of B,-m,
which is not hydrophobic and binds to
the large polypeptide of the HLA-A, -B,
and -C antigens (Fig. 1). The protein
moiety of the Thy-1 glycoproteins has a
molecular weight of 12,500 (25) and is
probably identical in the brain and thy-
mus forms with differences in the carbo-
hydrate accounting for the different mo-
lecular weights (27).

Glycoproteins that are structurally re-
lated to rat Thy-1 have been purified
from brain tissue of mouse (28, 29), man
(30, 31), dog (32), and chicken (33); and
the expression of Thy-1 also seems to be
conserved in evolution on fibroblasts
(30, 34). In contrast, the expression of
Thy-1 on lymphoid cells varies in differ-
ent species (16). For example, whereas
Thy-1 is the most abundant surface mol-
ecule on rodent thymocytes the human
homolog is absent from human thymo-
cytes (and the name Thy-1 is thus inap-
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propriate) (35). These tissue distribution
patterns are puzzling, but similarly
patchiy tissue distributions are being
found for other cell surface antigens. In
fact, surface antigens found on a few
apparently unrelated cell types but not
on all cells are much more common than
molecules that are highly specific for one
cell type.

The sequence of rat Thy-1 glycopro-
tein (16) consists of 111 amino acids with
two disulfide bonds from Cys® to Cys!'!
and Cys? to Cys® and three N-linked
carbohydrate structures at residues 23,
74, and 98 (36). The molecule seems to
have a nonprotein hydrophobic segment
attached to the COOH-terminal Cys resi-
due since small COOH-terminal pep-
tides, which should have conventional
properties, behave very anomalously,
and can only be isolated by virtue of
théir binding to nonionic detergents (/6).
The postulated nonprotein segment
would explain both the hydrophobic
properties of the Thy-1 glycoprotein (25,
26) and its means of attachment to the
lipid bilayer. Neither of these features
can be explained by the amino acid se-
quence (/6). A model summarizing these
points and the new data presented below
are shown in Fig. 2a.

Mouse Thy-1 Sequences

Thy-1 glycoproteins were purified
from brains of mice of Thy-1.1 (AKR and
A/Thy-1.1 strains) and Thy-1.2 (CBA
strain) allotype (Fig. 3). The amino acid
compositions of both glycoproteins were
very similar, but the Thy-1.1 glycopro-
tein had one more Arg and one less Glx
residue than Thy-1.2 glycoprotein (Fig.
3) in agreement with the results of Cot-
more et al. (30). Different tryptic pep-
tides were obtained from Thy-1.1 and
Thy-1.2 glycoproteins (Fig. 4) and in the
sequences (Fig. 5) the only difference
was an Arg (Thy-1.1)/Gln (Thy-1.2) in-
terchange at residue 89. This fits well
with the amino acid composition (Fig. 3)
and also with the finding that Thy-1.1 is
more basic than Thy-1.2 in isoelectrofo-
cusing (37).

The sequence for mouse Thy-1 is very
similar to that of rat Thy-1, apart from
two patches of sequence (see below),
and the molecules of both species have
all the features shown in Fig. 2a.

Thy-1 Alloantigenic Determinants and
Immune Response to Thy-1

The finding of a sequence difference
between Thy-1.1 and Thy-1.2 glycopro-
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Fig. 1. Molecules in the Ig su- V domains
perfamily. IgM, HLA-A, -B,
and -C and Thy-1 glycoproteins
are shown schematically at a
cell surface. Ig domains and
their homologous regions in
Thy-1 and HLA-A, -B, and -C
are represented by circles. In-
trachain disulfide bonds are
shown by the S-S symbols and
interchain bonds in IgM by
dashed lines. N-Linked carbo-
hydrate structures are shown by
the club ('), and NH, and

COOH idceélgfy the NHz-tefrrrllli- Membrane
d H- i t
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tion of B,-m. It is believed that COOH cdon Cytoplasm

HLA-A, -B, and -C and IgM are
integrated into the membrane by a hydrophobic protein sequence; but for Thy-1 the evidence
suggests the existence of a nonprotein structure for membrane integration. [The diagrams are
based on (12-13, 15, 16, 54, 55)]

The single-sequence difference be-
tween mouse Thy-1.1 and Thy-1.2 also
suggests that there is only one antigenic
determinant recognized in immunization
between mouse strains. Thus the Thy-1
antigen alone would not be expected to
stimulate immune responses that require
collaboration between B and T lympho-
cytes recognizing different determinants.
This is consistent with the analysis of the
alloimmune response to Thy-1, which

teins suggests a protein basis for the
mouse alloantigenic determinants. The
rat sequence is consistent with this since
rat Thy-1 has the Thy-1.1 determinant
and also has an Arg residue at the equiv-
alent position to Arg® of mouse Thy-1.1.
Previous experiments suggested that the
Thy-1.1 determinant was protein-based
since the antigenicity was destroyed by
proteolysis and protein denaturation (27,
38).
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Fig. 2. (a) Model for Thy-1 at the cell surface drawn roughly to scale. The polypeptide is folded
as for the V, Ig domain (41). [X] The positions of N-linked carbohydrate structures at residues
23,74, and 98 (rat Thy-1) or 23, 75, and 99 (mouse Thy-1) (Fig. 5) and a typical asialo-N-linked
structure is shown roughly to scale at top right; ©, the position of the allotype-related sequence
difference at residue 89 in mouse Thy-1; &, indicates the two blocks of four and five residues
that differ in sequence betwéeen mouse and rat Thy-1 at residues 26 to 29 and 63 to 67 (Fig. 6).
The bars (—) show disulfide bonds with the Thy-1 bond Cys'°-Cys®® (rat) or Cys!®-Cys®
(mouse) drawn as for the conserved bond between B-strands B and F in the V domain (Fig. 2¢).
The other Thy-1 disulfide bond, Cys®-Cys!!! (rat) or Cys®-Cys''2 (mouse) is drawn to fit with the
Ig fold and to show how a nonprotein hydrophobic ‘‘tail’’ might be attached and inserted into
the lipid bilayer. (b) Disposition of segments of B-strand along Ig V- and C-domain sequences.
(c) Folding pattern in Ig domains. The broad arrows in (¢) indicate B-strand segments and the
single line sequences connecting B-strands. The lengths of the lines are not in proportion to the
length of sequence [compare (a) and (¢)]. The antiparalle] B-strands form two B-sheets that are
held together by hydrophobic interactions and the disulfide bond between B-strands B and F.
The pattern for a C domain in (c) is shown by the dashed line directly connecting B-strands C
and D. For V domains, there is extra sequence in the middle of the domain and this can vary in
length. In (b) one extra B-strand (C’) is shown, but often two extra B-strands are found as
indicated in (c). [The diagrams in (b) and (¢) are derived from (7)]
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showed that antibody is only found if
other antigenic determinants are present
on the immunizing cells as well as the
Thy-1 determinant (39). Alloimmuniza-
tion with brain tissue does not elicit an
immune response (40) perhaps because
brain neuronal cells lack the viral or
histocompatibility antigenic determi-
nants that act as helper determinarits
when lymphocytes are used as antigens.

Homology Between Thy-1 and

Immunoglobulin V Domains

All Ig- domains consist of two B-sheets
with antiparallel B-strands (7, 4/). The
segments forming the B-strands occur
regularly along the sequences (Fig. 2b)
and their folding pattern is illustrated
schematically for V and C domains in
Fig. 2c. Both domain types share a core
of three (3-strands in each 3-sheet labeled
A, B, E and G, F, C in Fig. 2. The
sequences for these B-strands come from
the ends of the domain while the central
portion shows a different folding pattern
in V and C domains. In V domains thetre
is a longer central sequence which is
folded in two main B-strands (C’ and D in
Fig. 2, b and ¢), and C domains have
only one central B-strand, which is la-
beled D. Also there are V- or C-specific
residues in the other B-strands together
with shared residues which characterize
the whole Ig superfamily (6).

Previous studies clearly showed that
Thy-1 and Ig domains were related in
evolution since assignrents of B-strands
A,B,CandE, F, G could be made in the
Thy-1 sequence on the basis of structural
rules and sequence homology (I5). A
categorization of Thy-1 as being more V-
or C-like was not achieved since the
molecule seemed to show some charac-
teristics of both types of domain.

With the mouse sequence and further
analysis, it is now clear that Thy-1 fits
better along the whole sequence with V
rather than C domains. This was particu-
larly suggested by analysis of identities
between blocks of four or more Thy-1
residues with those of &ll proteins listed
by Dayhoff et al. (42) (see Tables 1 and
2). An alignment of the Thy-1 sequences
with a Vg and V| sequence is shown in
Fig. 6. In this alignment only three
breaks were needed to match the se-
quences after Vg and V. had been
aligned. There are 25 and 23 sequence
identities between mouse Thy-1 and the
V, and Vy domains, respectively, and
nine of these in each case are with resi-
dues that are conserved in more than 90
percent of all Vi or Vy sequences (43).
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Between the Vi and Vg sequences
shown there are 29 identities.

In considering the homologies (Fig. 7)
in detail it is convenient to begin with the
COOH-terminal half at Cys® (mouse
Thy-1 numbering) which is found in the
center. of B-strand F and forms the con-
served disulfide bond with the Cys of
B-strand B (Fig. 2b). A sequence like
Tyr®..Cys® is conserved in all Ig do-
mains, but a Phe at 85 as in mouse Thy-1
is V-like since all V domains but no C
domains have Phe or Tyr at this position
(43). Also an Asp at residue 80 and Gly at
82 are indicative of V domains since an
Asp six residues from the Cys is highly
conserved in all V domains, and at four
residues on the NH,-terminal to the Cys
V domains almost always have Ala (89.6
percent) or Gly (9 percent) (43). The
sequence Asp®® Tyr Phe Cys is found in
three V, domains but in no other pro-
teins in the protein dictionary (Table 1),
and the mouse Thy-1 sequence from
residue 80 to 88 has up to seven identities
with V, sequences (see pig V, in Fig. 8).
If Thy-1 was like a C domain, then a
conserved sequence around Cys® of Tyr

Thy=1.1 Squid brain

Thy-1.2 Thy~-1.1 sequence glycoprotein
SCMC 3.6 3.7 4 8
ASX 13.8 13.8 14 15
THR 9.8 9.8 10 7
SER 10.7 10.8 11 6.8
GLX 12 10.5 10 12.4
PRO 3.2 3.1 3 2.7
GLY 5.5 5 4 8
ALA 4.3 3.7 3 4.7
VAL 8 7.9 8 7.7
MET 1.3 1.1 1 1.7
ILE 4 3.9 4 4.9
LEU 11.2 11.7 12 6.1
TYR 3.9 3.9 4 4.4
PHE 3.1 2.8 3 3.6
HIS 3.4 3.8 4 3.7
LYS 7.9 8.6 9 9
ARG 6.3 7.9 8 6.3

Fig. 3. Amino acid analyses of glycoproteins.
Mouse Thy-1 glycoproteins were purified
from the brains of AKR (Thy-1.1) and CBA
(Thy-1.2) mice, Thy-1.1 was purified by
means of an OX 7 (MRC) antibody affinity
column (/6) and Thy-1.2 by means of a lentil
lectin affinity column (24, 29) after prepara-
tion of deoxycholate extract from brain (/6).
The amino acid compositions were derived
from at least six analyses and the Ser and Thr
values were corrected for degradation; 1/2
Cys values (SCMC) were determined on re-
duced and alkylated glycoprotein samples.
The squid brain glycoprotein was prepared as
for mouse Thy-1.2 and the analysis of a re-
duced and alkylated sample is shown with
values normalized to 112 residues.

(Phe) x Cys x Val x His would be expect-
ed (6) (x indicates a nonconserved amino
acid).

On the COOH-terminal side of Cys%
there are few identities between Thy-I
and V domains, and, in B-strand G, Thy-
1 looks more like a C domain [(I5) and

‘K(100)SIS identity in Table 1]. When V.

and Vy domains form dimers, a number
of contacts occur through the amino ac-
ids of B-strand G (7) and these have
presumably been selected for such inter-
actions. There is no evidence that the
homologous regions of Thy-1 and C do-
mains interact with other proteins.

In B-strand E, sequences which distin-
guish V and C domains are not found. A
pattern like the Leu’' Thr Leu of Thy-1
is conserved in virtually all Ig domains in
this position (6).

In B-strand D, all but one Vi and 90
percent of Vi sequences have Arg (the
rest have Lys) at position 59 and a patch
like Arg Phe Ser (less commonly Arg Val
Ser or Thr) is highly conserved (43).
Around Arg™ mouse Thy-1 has five resi-
dues that are identical to Vi (New M) in
this position (Table 1), and the more
extended sequence from Thy-1 residue
55 to 63 is highly homologous in terms of
conservative substitutions with the pre-
dominant sequence in Vy demains (43).
This suggests that Thy-1 runs from B-
strand E directly into a B-strand D like
that in Vg domains.

At the NH,-terminus there is good
homology in terms of conservative sub-
stitutions between Thy-1 and V domains
through B-strand A, provided that a dele-
tion of three Thy-1 residues is made
between the postulatéd B-strands A and
B. Cys!® defines B-strand B and a Leu at
17 is commonly found in both V and C
domains. However, the sequence Leu'
Arg!® is characteristic of Vp do-
mains (Table 1) and Arg® of V| domains
43).

For B-strand C, the homology of Thy-1
with Ig has been previously discussed
(I5) and Leu®® of Thy-1 can be confident-
ly aligned with the invariant Trp of Ig
domains. In this position B,-m also has a
Leu residue (Fig. 6) as does a pseudo-
gene V, sequence (44). Toward the
COOH-terminus from Leu’® there is ex-
cellent homology between Thy-1 and the
Vi and Vy domains shown. In this re-
gion V domains move from B-strand C
into the extra C' strand not found in C
domains (see Fig. 2, b and ¢). The ho-
mology between Thy-1 and V domains
breaks down at a point (Leu®) one resi-
due from the beginning of the second
hypervariable region of V domains. Im-
mediately after this hypervariable region
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Vi but not Vy domains have a highly
conserved sequence of Gly Val Pro (43).
If the hypervariable region of Vp do-
mains is deleted this can be aligned with
Gly* Val Pro of Thy-1. Mouse Thy-1 has
Ile not Val at position 51, but this rein-
forces the homology since, of 152 Vi
sequences, 126 have Val and 23 have lle

at this position (43). The sequence Gly
Ile Pro Glu is found in mouse Thy-1 and
a number of human V, sequences, but in
no other protein in the protein dictionary
(Table 1). '

The overall conclusion from Table 1
and Fig. 6 is that Thy-1 has strong ho-
mology with V domains and that it is

likely to have the extra B-strand homolo-
gous to C’ of V domains. It should be
noted that Thy-1 has sequences that are
characteristic of Vi (particularly \) com-
pared with Vi domains (residues 20, 50
to 53, 81, 83, and 88) and vice versa
(residues 15, 16, and 55 to 63), as well as
having sequences commonly foundin Vi
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Fig. 5. Sequences of mouse Thy-1.1 and Thy-1.2 glycoproteins. Peptides were prepared for sequencing by digesting 100 nanomoles of Thy-1.1
and Thy-1.2 with trypsin and fractioning on Biogel P-10. They were further purified by high-performance liquid chromatography (HPLC) (56) on a
Waters pBondapak C;g column in 0.1 percent ammonium bicarbonate or 0.2 percent formic acid buffers with a gradient of acetonitrile. The
efferent was monitored on an LKB Uvicord S monitor with HPL.C flow cell at 206 nanometers. The peptides were identical for Thy-1.1 and Thy-
1.2, except for T+, Tg, and Ty, which differ because of the presence of Arg at position 89 in Thy-1.1 compared with glutamine for Thy-1.2. The
tryptic peptides from both Thy-1.1 and Thy-1.2 were sequenced in a Beckman automatic sequencer (with Polybrene), and the phenylthiohydan-
toin derivatives were identified by HPLC. In all cases the sequences satisfied the analyses, The NH,-terminal peptides T, were blocked, but were
sequenced after enzymatic removal of the NH,-terminal pyroglutamic acid (57). The peptide analysis was started with 25 to 80 nanomoles, and
the initial yield was in the range of 30 to 80 percent, except for T (12 percent), with repetitive yields of 83 to 97 percent for peptides with more
than three residues. There was no indication of more than one residue at any position and no ambiguity about any of the residues, except for resi-
dues 23, 75, and 99. At these positions no amino acid was determined, but the residues are likely to be Asn with N-linked carbohydrate attached
as for rat Thy-1. The peptides contained carbohydrate, and in each case one Asx residue in the composition was not accounted for by the peptide
sequence. There was one unexpected cleavage, which occurred after Tyr 67 in‘both Thy-1.1 and Thy-1.2. The peptides have been aligned by
homology with rat Thy-1 (Fig. 6). The alignment of Ts, T¢, and T-, was confirmed by isolation and sequencing of a pepsin peptide (see below)
YRSRVTL. The alignment of T, and T, was confirmed by the identification of a minor sequence in T+, and Ty which was for T, plus T+, and
T+, plus Ts, respectively, and was presumably due to failure of the unscheduled cleavage to go to completlon A pepsin peptlde of composition
SNQPYIKV was also isolated. The alignment of T, or Ty with Ty, was confirmed by isolation and sequencmg of a pepsin peptide of sequence
YRDKL. To identify the disulfide bonds, 100 nanomoles of unreduced mouse Thy-1 was digested with pepsin in the presence of Brij 96 and 0.5M
acetic acid as for rat Thy-1 (I6). The peptides linked by Cys® and Cys't? bound to the detergent micelle and were eluted at the front of a Biogel P-
10 column in 0.1M acetic acid while the pepudes linked by Cys'® and Cys® were retarded on the column. The dipeptides were oxidized, and the
Cys peptides were purified by gel filtration and HPLC.. The amino acid compositions were in complete accord with the sequences: TAC(9)L;
RLDC(19)RHENNTKDNSIQHE; FC(86)E or FCEL; VKC(112).
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and Vy domains but rarely in C domains
(for example, residues 59, 80, 82, 83).
The mean minimum base change per
codon needed to convert the aligned
sequences in Fig. 6 from one to the other
is not much greater for Thy-1 compared
to Vi, (1.12) or Vg (1.13) than it is for Vi
versus Vi (1.02) (Table 3). The probabil-
ity that these scores are due to chance is
much less than 0.01 percent according to
the methods of Moore and Goodman
45).

Comparisons Between Mouse and
Rat Thy-1 and the V-Domain Fold

In rat and mouse Thy-1, there are a
number of long stretches of identical
sequences, especially residues 5 to 25, 30
to 40, 42 to 50, 52 to 60, and 68 to 84 (Fig.
6). In two places these are interrupted by
blocks of residues that differ between the
species. At residues 26 to 29 there are
four differences including a deletion,
while at residues 63 to 67 there is a block
of five different amino acids.

The locations of these blocks of differ-

ing sequence are shown on the V fold in
Fig. 2a, and they strongly support this
model for Thy-1. Residues 26 to 29
would come in the bend region connect-
ing B-strands B and C and residues 63 to
67 in the bend connecting B-strands D
and E. This is to be expected, since in Ig
domains the sequences connecting B-
strands vary much more than those in
the B-strands (6), and the hypervariable
regions consist of interconnecting se-
quences. Thy-1 residues 26 to 29 corre-
spond closely to the first hypervariable
region of V domains and residues 63 to
67 correspond to a stretch that can show
variability in V domains (43) even though
it is not considered to be part of the
combining site. The amino acid differ-
ence between mouse Thy-1.1 and Thy-
1.2 is also found in a sequence that is
postulated to connect B-strands (residue
89 between strands F and G) in a position
corresponding to the third hypervariable
region of V domains. This bend and the
other two mentioned above are all adja-
cent in the model shown in Fig. 2a, and
this corner of the molecule might ac-
count for all the antigenic determinants

Tables 1 and 2. Identities between segments of rat or mouse Thy-1 sequences (four or more
residues) and Ig sequences. In mouse and rat Thy-1 there are 129 short sequences of at least
four residues which can be compared with sequences in the protein segment dictionary (42),
which contains about 120,000 segments and was compiled in 1978 from 1081 sequences or major
fragments of sequence containing 119,000 residues (about 11,500 residues are from immuno-
globulin V-domain sequences and 4200 from C-domain sequences). On a random basis it would
be expected that identities to a minimum of 40 of the Thy-1 tetrapeptide sequences should be
found in the dictionary since 30 percent of the possible tetrapeptides are present (presumably
> 30 percent of those beginning with common amino acids). The number of Thy-1 sequences
found with identities in the dictionary was 72, of which the 19 shown in Tables 1 and 2 were with
Ig domains [only sequences which cross-checked as correct with (43) were used]. The sequence
LRLXC, where X is a nonidentity, is also included since it involves homology with the conserved
NH,-terminal Cys of Ig domains. There were also seven segments identical to hemoglobin
sequences {8500 residues in the dictionary), but there is no extended relation between Thy-1 and
hemoglobin sequences. The identities with Ig in nonhomologous positions (Table 2) are
presumably due to chance association biased by the presence of patches of sequence suitable
for B-strand formation in both Thy-1 and Ig sequences. Table 1. Identities between
segments of Thy-1 sequence (four or more residues) and Ig sequences in homologous positions
within domain (see Figs. 6 and 7 for alignments). The numbers in parentheses refer to the amino
acid position in the Thy-1 sequences.

Thy-1 Ig domains In other
. sequences™ with identity proteins
L(15)RLXC Vu (19 sequences) One
S(46)GTL Rabbit Cyl IgG Three
G(50)IPE Three human V, None
R(57)SRVT Human Vy (New M) None
D(83)YFC Three V, (two human, pig) None
K(100)SIS Rabbit Cy3 IgG None; nonhomologous V

*The one-letter abbreviations for amino acids are used here (36).

Table 2. Identities between segments of Thy-1 sequences (four or more residues) and Ig
sequences (36) in nonhomologous positions. Other details as in the legend for Table 1.

K@2)VTS[Cu2 IgM 320]*; I(4)SLT [Cy2 IgG 266]; T4)SLTA[Vy 81]; SG)LTA[Vy 81];
A(B)CLV[Cy1 IgA 141]; L(27)PIQH[Cy2 IgG 325]; K(42)HVLIV, 96]; RGHVTL[V, 18];
V(60)NLF[C,\ 115]; S(64)DRF[V, 59]; T(78)KDE[C, k 182]; V(S0)SGA[V, 11; Cyl IgE 193];
T(96)SSN[V, 92]; S(98)NKSIS[V, 26].

*In brackets the Ig sequence is identified as domain, class, and sequence position with numbering as in (43).
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of Thy-1. Other parts of the surface of
Thy-1 may be covered by the carbohy-
drate structures interacting with the
polypeptide as is seen in IgG Cy2 do-
mains (46) and in the influenza hemag-
glutinin molecule (47). The attachment
points for N-linked carbohydrate are
shown in Fig. 2a, which also shows a
typical N-linked carbohydrate structure
drawn roughly to scale. Three such
structures could cover most of the outer
protein surface of Thy-1.

Homologies Between Thy-1 and

C Domains

In previous studies homologies be-
tween Thy-1 and C domains were noted
(14, 15). The extra disulfide bond of Thy-
1 is like one that can occur in Cyl
domains, and homologies with C do-
mains were much more significant than
with V domains in sequence compari-
sons restricted to 35 residues assigned to
the B-strands A, B, C, E, F, and G (I5).
In these comparisons the blocks of se-
quences in Tables 1 and 2 which strongly
suggest an exact fit with a V fold were
mostly not considered.

This likeness to both V and C domains
would be explained if Thy-1 was closer
to the primordial domain than any other
contemporary Ig domain. McLachlan
(48) has argued on structural grounds
that the primordial domain should have
had a V domain fold with the C domain
pattern being derived by sequence dele-
tion in the middle of the molecule (Fig.
2b). A similarity between Thy-1 and the
primordial domain would be supported if
it could be shown that 8-strand D of C
domains had sequence homologies with
the Thy-1 sequences found between (-
strands C and E. In Fig. 7 it is seen that
this is the case, and the homology with
rabbit Cyl includes one of the blocks of
four identities listed in Tables 1 and 2.

If C domains are aligned along the full
sequence of Thy-1 with alignments at
each end as before (/5) and those in the
middle as in Fig. 7, then good scores for
identities and mean minimum base
changes are obtained (Table 3). The best
fit is seen with the Cyl domain whose
scores are as good as those for V do-
mains. However with C domains, unlike
V domains, patches of four and five
identities in highly conserved regions are
not seen and more gaps are needed for
maximum homology. An excellent align-
ment between Thy-1 and B,-m is also
possible and this is shown in Fig. 6. To
achieve maximum homology the deletion
in the middle of the molecule must be

SCIENCE, VOL. 216



B-STRAND A B

Mouse Thy-1 sequence number 10 20 30
* % * * * * &
Mouse V, A[VIVT QE-SA[ClT TS PGETVT[L|T[CIRls STGAVTT{S]--NYANWVQQ
Rat Thy=1 Rlvit sL T -2ac|L[VIN - - -[QIN[L]R|L|D|C|RIE ENN[FINLP - I QHEFSLTIR|E
Mouse Thy-1.1 KT S L T - A c|{L{V|N - - ~{g|N|L|R|L|D|C[RIH E N N|T|K D IQHEFSLTLRIE
Human Vi VOLEQSGEPG|L]VIR - P sigjrl)sitiTiclTvscesiprsNJ--~DYYTWVIRIQ
* * % * * * * * * %
Guinea pig B,~ V Q[¥JY(SIR H P[AJE N G K ENr-1n8E-YvscerHPEoE--EvELLEkN
microglobuli%
c' D E
40 50 60
* *: * * * & * %
Mouse V) K|P D LFTGLIGG_’I‘NNRAPG A---=-- RIF s G[E]LIGN
Rat Thy-1 K|k K|H|V[L]s|GlTL - - - - - - - - Glv|p|E H T Y[R[S|R[VIN L. F s[DIR F
Mouse Thy-1.1 |[KIR xlglvit)slglr L - - - - - - - - G|TiPJE B T Y|R|S{R|V[T|L[S]NQ P ¥
Human V PPGRG EW-IGYVFYHGTSDDTTPLRSRVTMLV[%_]TS
* * * Kk ok *
Guinea pig By~ GKIKJI DNV EM S DL-=-==~==~ =~ SEFBIkDWT
microglobuliii
- G
80 100
* * * * % *
Mouse Vj G a Q[T|e[DPTE]A I H--WVFGGGTEKLT{V][LGQP
Rat Thy-1 N F[TiT|X [D|E[G D Q--NPTSSNKTIN|IVIRDKLVEKC
Mouse Thy-1.1 N F|T|{T|K|D|{E|G D A--NPMSSNKSIS|VYRDKLVEKC
Human V, sv|tfAaD/T AV GCIDVWGQGSLVTSS
* % % * & * * %k * *
Guinea pig 8,~ A[F[T]P N[Ds b E[¥)s[C}- - RIV[S}u 1 TL-FEEPEKIVKWDP N[

microglobulin

Fig. 6. Alignment of rat and mouse Thy-1 sequences with a mouse V, sequence (MOPC 104E) (41), a human Vy sequence (New M) (43) and guin-
ea pig B,-m sequence (38). In the comparison with V domains, identical residues are boxed and dashes show gaps in the sequence inserted to max-
imize the alignment. Residues with an asterisk (*) above or below are those present at a frequency of > 0.9 in all V;_ or-Vy sequences. The bars
with letters A, B, C, C’, D, E, F, and G above the sequences indicate residues involved in forming p-strands as shown in Fig. 2. Some variations
occur between Vy; and V_in the beginning and end of these segments, but the sequences shown are a reasonable approximation to those involved
in the strands for both V; and Vy domains (15). In the alignment with guinea pig ,-m the boxed residues in the B,-m sequence are those that are
identical to rat Thy-1.

C c’ D E
40 50 60 70
Rat Thy-1 EFLTREKKKHVLSG]TLL——GVPIEHTYRS—[B-]VNLFSDRFIKT
Human Cr,) TVAWEK - -~ - - - ADIS[E P VIK alg|v]-[EJT]T|T P|S|- KQ SNNKYAASS Y|L[S|L
Rabbit IgG Cyl TV I WN - - - = = = = - SCjTLTDGV-—RTFPSV@QSSGLYSVPSTVSV
Human IgGy Cyl T V[gw N - = - - - - - - sleiz|n]T slelv]- -[Elr]F P A v QssGLyYSLss[yvifv
C D E
TMSCL T179CL
157 Cy1 191 Cyt

Fig. 7. Homologies between rat Thy-1 and Cy1 and Cp\ sequences in the middle of the domain. The B-strands C and E were identified in the Ig se-
quences and in Thy-1 as in (15), and the sequences in between then aligned to give maximum homology with a minimum of gaps inserted. The pro-
posed B-strands C’ and D for Thy-1 are as in Fig. 6 and are marked above the sequence while the D B-strand for C domains is marked below and is
as designated for human Cp\ in (/5) from the structure of Saul ez al. (59). The sequence numbers above the sequences are for mouse Thy-1 as in
Fig. 6, and the numbers below are for the arrowed residues of the C. and Cyl sequences with numbering as in (43).

Fig. 8. Homology between a squid 70 - __ 80 86 90

brain “Thy-1" homolog, mouse  Squid glycoprotein [T Mon E R[LIOlEi-DJEJGDIY]P L Lfc]-[s][¥Y]lF N D ¥ L K

Thy-1.1, and immunoglobulin V Mouse Thy-1.1 VLTLA_N_FT_T_KDEGDY--FCELRVSGANP

dor)rllains, A partial squuencefrorr}; Human V, (New M) [Tin|a 1 T GL]Q|AE[D|E[A{D|Y]|- - Y|CIQ[S]Y]D R S L RV

asquidBrainglycoproteiniscom Mouse V) (MOPC 104E) AJL|T I T'G/A|Q|T E|D[E Ai_I_Y - - FiCiA Lﬁy SNHWV
0 *  Pig Vv TiL|T 1 TiciAlo|AE|D|E|ADIY[- - FICJALY]JK S S F GG

pared with mouse Thy-1.1 and V,, 9 i b = = 58

sequences (43) around the

COOH-terminal Cys of the conserved disulfide bond of Ig domains. The numbering above the sequences is as for mouse Thy-1 (Fig. 6) and that
below for V, sequences as in (43). The boxes with unbroken lines show identities and those with broken lines the conservative substitution Ala or
Gly. The sequence of the squid peptide is from automatic sequencer runs on two tryptic peptides. One was a peptide from reduced, alkylated, and
succinylated brain glycoprotein isolated by gel filtration on Biogel P-10, as in Fig. 4 in a similar position to T, of mouse Thy-1.2. This peptide
gave sequence to residue 36 and sequence up to 26 as shown was unambiguous with the exception of the Met or Val assignment at residue 3. The
other tryptic peptide was from reduced and alkylated glycoprotein and was isolated by gel filtration on Biogel P-10 and was further purified by
HPLC on a Waters pBondapak C,g column in 0.1 percent ammonium bicarbonate with elution by a gradient of 5 to 35 percent of a solvent
mixture containing equal volumes of acetonitrile, methanol, and isopropanol. This peptide gave unambiguous sequence (with the exception of
residue 3 which is probably Met) to residue 24.
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Table 3. Evaluation of alignments between Thy-1 and other sequences in the immunogtobulin
superfamily. The V domain and B,-m sequences were aligned as in Fig. 6. Immunoglobulin C
domain sequences were aligned as in (/5) except that sequences were aligned in the middle of
the molecule as shown in Fig. 7; the conserved Val of C domains two residues from the COOH-
terminal Cys of the conserved disulfide bond was aligned with Val®® of Thy-1 as shown for ,-m
in Fig. 6; residues at the beginning of the molecule and in stretches connecting B-strands were
aligned to maximize homologies without excessive insertion of gaps. The probabilities of the
mean base change scores being a random occurrence was read from the statistical tables of
Moore and Goodman (45). According to their test the probability of obtaining a mean score of
1.17 for 100 residues aligned is 0.01 percent. Ig sequences are from (43) and guinea pig and

mouse B,-m from (58, 60).

Minimum
base Probability
Rat Thy-1 sequences Residues Iden- change due to
compared with aligned* tities per random
residue event (%)
(mean)
Mouse V, (MOPC 104E) 100 23 1.11 <<.01
Human V, (New M) 101 15 1.18 >.01 <.1
Human Vi (New M) 103 22 1.13 <<,01
Human Cy (lambda) 95 19 1.28 >1 <5
Human Cyl (IgG)) 96 23 1.03 <<.01
Human Cy2 (IgG)) 94 20 1.15 <.01
Human Cy3 (IgG)) 94 15 1.17 >.01 <.1
Mouse 3,-m 90 22 1.14 <.01
Guinea pig B,-m 90 27 1.05 <<.,01

*Alignments are available on request.

made in a different position for 8,-m than
for Cy1 and Cp. domains, and this could
indicate an independent divergence from
the primordial domain for f,-m com-
pared with Cyxl and Cp domains. The
homologies between Thy-1 and B,-m are
at least as good as those between (,-m
and C domains (I1). It is clear that the
case for Thy-1 being like the primordial
domain is as sound as could be expected
on the basis of sequence homologies.

Identification of an

Invertebrate Thy-1 Homolog

If Thy-1 were shown to be primitive,
the argument for its likeness to the pri-
mordial domain would be greatly
strengthened. A homolog of Thy-1 was
thus sought in squid brain with the use of
a biochemical approach. In all species so
far examined the Thy-1 glycoprotein
stands out because of its low molecular
weight and high content in neuronal tis-
sue. Glycoproteins were prepared and
fractionated as for mouse Thy-1.2 (Fig.
3), and a possible homolog was purified.
It has an apparent molecular weight on
sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) of
18,000 (rodent Thy-1 is 23,000 but the
protein molecular weight is only 12,500)
and an amino acid composition similar to
rodent Thy-1 (Fig. 3). Tryptic peptides
were prepared and a partial sequence is
shown in Fig. 8. A block of five identities
can be aligned with rodent Thy-1 at the
NH,-terminal side of Cys®. This homol-
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ogy seems highly significant since the
five identical residues are not seen in any
protein listed in the protein segment dic-
tionary (¢2). With Ig V, domain se-
quences the homology is even more
striking than with rodent Thy-1 (Fig. §).

Implications of the Homologies

There is no doubt that Thy-1 is the
best candidate for a molecule which may
approximate to the primordial Ig do-
main, and the full sequence for the squid
glycoprotein should be informative in
further testing this possibility. Analysis
of the variation of Thy-1 in evolution and
of the disposition of exons and introns in
Thy-1 genes are of interest in relation to
the evolution of immunoglobulins. The
sequence divergence between rat and
mouse Thy-1 may be of relevance to the
mechanism of generation of diversity in
the hypervariable regions of V domains.
Of the three hypervariable regions, a
mechanism is known only for the third
region of Vi where diversity is produced
by variation in the splicing of small seg-
ments of sequence to the main exon (9,
49). The patch of four residues which
differ between rat and mouse Thy-1 at
sequences 26 to 29 is almost exactly
homologous in position to the first hy-
pervariable region of Vy domains (42).
This suggests that genetic drift at the rate
seen in Thy-1 would be sufficient to
produce hypervariability in this region in
a multiple set of V genes.

The data on Thy-1 alters concepts

about Ig-related structures on cell sur-
faces. In immunology there has been an
unstated assumption that Ig-related
structures, and particularly V regions,
will be found only on receptors involved
in immune functions. The possibility of
such a relationship may have survived
the finding of homologies between histo-
compatibility antigens and C-region do-
mains since histocompatibility antigens
appear to control T cell recognition (50).
However, the Thy-1 data show that V-
like domains must have a more basic
function, since expression of this mole-
cule is not conserved on lymphoid cells
(35). In fact, Thy-1 seems very much a
neuronal molecule rather than a lym-
phoid one, and if a molecule like it did
give rise to the Ig superfamily there
seems no reason why there may not be a
related set of molecules involved in neu-
ronal recognition. The finding that ho-
mology with V domains does not define
an antigen receptor raises problems in
the interpretation of the ever-popular
experiments in which T lymphocyte re-
ceptors are sought on the basis of cross-
reactions with antibodies to immuno-
globulins. These problems are strikingly
illustrated by the isolation of monoclonal
antibody to Thy-1, which is specific for
idiotypic determinants of the TEPC-15
mouse myeloma protein (51).

The sequence homologies between rat
and mouse Thy-1 prove that the mole-
cule must have an essential function,
since it is not obvious how long stretches
of sequence can remain identical on ei-
ther side of a patch of variation other
than by selection. Two possible func-
tions are suggested by the roles of Ig
domains in immunoglobulins where V-
region domains mediate antigen recogni-
tion and C-domains effector functions.
By analogy with V domains one could
argue that Thy-1 functions as a receptor
for another molecule (for example, a
hormone) with the combining site being
the region homologous to the antigen
recognition site. In contradiction is the
fact that the sequence in this part of Thy-
1 shows great variation between the rat
and mouse. Alternatively, one could ar-
gue that Thy-1 functions in a manner
analogous to C domains of Ig and is in
effect a ligand that is recognized by re-
ceptors on other cells. We have previ-
ously proposed a hypothesis on these
lines, suggesting that Thy-1 is one of a
set of Ig-related structures that mediate
cell recognition in morphogenesis (/5).
In this hypothesis, the Ig domain can be
considered as a stable *‘platform’ for the
display of determinants that could be
protein as in Ig Fc regions and potential-
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ly protein or carbohydrate in the case of
Thy-1 antigen. The idea of the Ig domain
as a basic recognition unit for cell inter-
actions would then be the functional
common denominator for the Ig super-
family rather than a function that is
linked to immunity.

Evidence as to the role of Thy-1 is
clearly needed. It has been shown that
antibodies to Thy-1, when applied to the
brain in vivo, can selectively affect the
behavioral responses of rats (52), and
that such antibodies can inhibit the virus-
dependent proliferation of leukemia cells
(53). Further experiments on the effects
of antibodies against Thy-1 in functional
systems may be rewarding.
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