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ABSTRACT The NH2-terminal 36 residues of the heavy
chain and the NH-terminal 40 residues of the light chain from
a human Waldenstr6m's IgM with binding activity for phos-
phorylcholine (phosphocholine) are compared with the pub-
lished sequences of five mouse IgA myeloma proteins with the
same activity. An extensive structural similarity, i.e., 3 amino
acid interchanges within framework residues, and one in the
hypervariable region, is noted between the heavy chains of both
species. The light chains, however, show a considerable diversity
and, in contrast to the heavy chain, no correlation between the
primary structure of the first hypervariable region and the
binding specificity is apparent.
The dining of a very similar heavy chain variable region in

two different species that are separated by about 75 million
years in evolution favors the concept of stable transmission of
variable region genes throughout evolution.

The mechanism by which diversity of immunoglobulins is
generated remains a controversial issue; essentially two alter-
native hypotheses have been proposed. According to one theory,
there is one germ line gene for each variable region (1-3); the
alternative theory proposes a small number of germ line genes
that is amplified by somatic mechanisms, e.g., point mutation
(4-6), recombination (7), and excision of DNA followed by
repair with error (8, 9). The possibility has also been raised that
the hypervariable regions (10, 11) are encoded by a large
number of small separate segments of DNA ("episomes") that
are inserted into a limited number of germ linegenes(10, 12).
Amino acid sequence analyses of antigen-binding monoclonal

immunoglobulins from BALB/c mice (13-16) and from man
(17) and of antibodies against streptococcal polysaccharides
induced in part-inbred rabbits (18) have indicated the repeated
occurrence of V-region genes, which can be interpreted as fa-
voring the multiple germ line hypothesis.
The identification of a Waldenstr6m's macroglobulin with

specificity for phosphorylcholinet (PC) has recently been de-
scribed (19). In the present report the NH2-terminal amino acid
sequences of the heavy and light chains of this IgM are reported
and compared with the structural data obtained by Barstad et
al. (13) on five murine anti-PC IgA myeloma proteins. The
intriguing observation from this study is the extraordinary
degree of homology of the human ,u chain within its amino-
terminal 36 residues with murine a chains from PC-binding
proteins.

MATERIALS AND METHODS

The properties and purification of IgM FR, which has binding
activity for PC, have been described elsewhere (19). The protein

Abbreviations: PC, phosphorylcholine; V, variable, and C, constant
region of immunoglobulin chain; H, heavy, and L, light immuno-
globulin chain.
tThe Commission on Biochemical Nomenclature recommends the
name phosphocholine for this compound.

was partially reduced and alkylated; heavy and light chains
were separated by gel filtration on a column of Sephadex G-200
(2 X 200 cm) in 5 M guanidine hydrochloride.

Preparation of Cyanogen Bromide (CNBr) Fragments. The
partially reduced and alkylated heavy chain was treated at a
2:1 CNBr/protein ratio(wt/wt) in the presence of 70% formic
acid for 16 hr at 4°. The isolation and characterization of the
CNBr peptides will be described elsewhere.
Amino Acid Sequence Determination. Heavy and light

chains (300-400 nmol) were subjected to 38 and 40 cycles, re-
spectively, of automated Edman degradation in a Beckman
model 890B sequenator (20). The conventional Beckman
Quadrol program was used for the light chain, whereas the
heavy chain was degraded in the presence of dimethylben-
zylamine buffer. The COOH-terminal sequence of the CNBr
peptide 1-34 of the heavy chain was established by digestion
with carboxypeptidases A and B (21). The CNBr peptide
spanning residues 35-85 of the heavy chain was degraded in
the sequenator after reaction with 4-sulfophenyl isothiocyanate
(22).
The phenylthiohydantoin amino acid derivatives were

identified by gas chromatography (23), liquid chromatography
(24), in some cases by thin-layer chromatography (25), and by
amino acid analysis after back hydrolysis to the free amino acids
by HI (26). The repetitive yields varied between 93 and 95%
for each sequenator run.

RESULTS
The amino acid sequence of the NH2-terminal 38 residues of
the FR, chain is shown in Fig. 1. This sequence is compared
with the prototype sequences of subgroups I, II, and III of
human heavy chain variable regions (VH) (27) and with the
NH2rterminal sequences of 5 a chains derived from PC-binding
mouse myeloma proteins (HOPC 8, TEPC 15, S 107, MOPC
603, and MOPC 167) (13). This comparison clearly reveals that
the VH region of IgM FR belongs to the VH III subgroup. VHFR
differs from the VHIII prototype sequence by a single amino
acid substitution in position 6, where an aspartic acid was found
instead of a glutamic acid.

All the murine a chains shown in Fig. 1 also belong to the
VHIII subgroup; differences from the basic VHIII sequence are
noted in two positions: a Lys/Gln substitution in position 3 [most
murine VHIII sequences have Lys in this position (28)], and a
Thr/Ala exchange in position 24. VHFR differs in its framework
residues from the PC-binding mouse myeloma proteins in three
positions (Gln/Lys interchange in position 3, Asp/Glu substi-
tution in position 6, and Ala/Thr exchange in position 24).
The amino acid sequence of VHFR given here includes the

first hypervariable region (residues 31-35). For protein MOPC
603 with activity against PC, it was shown that the first hy-
pervariable region is directly involved in hapten binding (29).
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FIG. 1. NH2-terminal sequences of the heavy chains of IgM FR, of five PC-binding IgA mouse myeloma proteins, and of the human VH
subgroups I, II, and III. Pyrrolidone carboxylic acid is symbolized by <Glu. A solid line represents identity with the VHIII subgroup. Brackets,
[ ], indicate deletions. V indicates variable residue positions. HVI marks the extent of the first hypervariable region. The data for human VH
subgroups are from ref 27; for the murine myeloma proteins TEPC 15, HOPC 8, S 107, MOPC 603, and MOPC 167, from ref. 13. Identical residues
within the hypervariable region have been framed.

Sequence analysis of VHFR reveals identity within this region the five PC-binding mouse myeloma proteins, and two Wal-
between murine and human proteins, with the exception of denstrom's IgM proteins (Pom and Lay) with anti-IgG activity
residue position 35, where an aspartic acid was found instead (30) that belong to the VHIII subgroup are given in Table 1.
of a glutamic acid. This amino acid substitution would represent Within the framework section (positions 1-30) as much as 90%
a single base exchange at the DNA level. homology is found between VHFR and the murine NH2-ter-

Comparisons among the NH2-terminal sequence of VHFR, minal VH regions. Homology (97% or 93%) is observed between
the amino-terminal 30 residues of IgM FR and IgM Pom or IgM
Lay, respectively. A high extent of homology (four identical

Table 1. Homology between heavy chain residues out of five) is also noted between the first hypervariable

NH2-terminal regons regions (positions 31-35) of IgM FR and the mouse IgA proteins.

(expressed in % for positions 1-36 and 1-30 and as number
(epesein ared% esifor positions1-36and1-30-3a d as nThe two human IgM proteins with different specificity, how-
ofhaedesduefrpsiion3- 35) ever, share only one residue out of five with IgM FR or with the

Positions 1-36 murine proteins in this region.
FR H8 Tl s S,07 M603 M167 In contrast to this extraordinary degree of homology

81-51087 6 03 167 throughout the first hypervariable regions of human and mu-

FR- 89 890 890 890 8 rine heavy chains with the same activity, a considerable di-
Por 86 83 83 83 83 81 versity was observed when the NH2-terminal sequences of the
Lay 83 81 81 81 81 78 light chains were compared. The sequences of the 40 NH2-

- terminal residues (positions 1-35, according to the numbering
Positions 1-30 scheme in ref. 31) of the light chain of IgM FR, (VLFR), of the

FR H8 T1s S107 M603 M167 five mouse immunoglobulins with anti-PC activity and the
FR - 90 90 90 90 87 prototype sequence of the human VK subgroups I-IV (31) are

H8 90 100 100 100 97 given in Fig. 2. The sequence of the NH terminal 29 residues
Pom 97 93 93 93 93 90 places the light chain FR into the human VKII subgroup, al-
Lay 93 90 90 90 90 87 though differences at positions 2 (Val/Ile), 10 (Phe/Ser), and
VHIII 97 9 93 93 90 15 (Leu/Pro) are present.

Positions 31-35 (hypervariable region) The comparative analyses of the different light chains of
FR H8 T15 S1O7 M603 M167 PC-binding human and mouse proteins and of the Bence-Jones

FR 4 4 4 4 protein Cum (32), which belongs to the VKII subgroup, are

H8 4 5 5 5 given in Table 2. Homology (80%) is observed between the
Porn 1 1 1 1 1 1 framework residues (positions 1-29) of IgM FR and of protein
Lay 1 1 1 1 1 Cum. The comparison of the VLFR with the murine light chains

however, reveals only about 50% homology. A similar extent
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FIG. 2. NH2-terminal sequences of the light chains of IgM FR, of five PC-binding IgA mouse myeloma proteins, and of the human VK
subgroups I, II, III, and IV. Brackets, [ l, indicate deletions. A solid line indicates identity with the first sequence listed. The data for human
VK subgroups are from ref. 31, for the murine proteins, from ref 13.

of homology is found between VL from PC-binding mouse
proteins of different idiotypes. Light chains from murine
proteins with the same idiotype are identical in their framework
residues and also within the first hypervariable region (positions
30, 31a-g, and 32). When these hypervariable positions are
compared in proteins of different idiotypes (H8 and M6w), only
11% homology is observed. A similar situation is found for

Table 2. Degree (%) of homology between light chain
NH2-terminal regions

FR
H8
M603
BJ Cum (VKII)

Positions 1-35
FR H8 Ti s

46 46
46 - 100
46 56 56
76 48 48

Positions 1-29

S
S107
46
100
56
48

M603
46
56

62

FR H8 T1 5 S107 M603 M167
FR 55 55 55 55 57*
H8 55 100 100 66 39*
M603 55 66 66 66 43*
M167 43* 39* 39* 39* 43* -
BJ Cum (VKII) 80 53 53 53 60 62*

Positions 30,31a,bc,d,e,fg, and 32 (hypervariable region)
FR H8 T1 5 S107 M603

FR 11 11 11 0
H8
M603
BJ Cum (VKIL)

11
11
56

- 100 100 11
11 11 11
22 22 22 56

VLFR, which shows 0% or 11% homology with the mouse
proteins. A degree of homology of 56% is found between the
hypervariable regions of protein FR and Cum.

DISCUSSION

In the present report, human and murine immunoglobulins
with binding activity for PC have been found to share ex-
traordinary structural similarities within their NH2-terminal
VH regions. For instance, comparative analysis of residue po-
sitions 1-36 shows 86-89% homology (Table 1); this comparison
includes both framework and hypervariable region residues.
Within framework residues protein FR displays 90% homology
to the mouse heavy chains and 97% to the human VHIII pro-
totype sequence; this clearly indicates that both VHFR and the
VH region of PC-binding mouse myeloma proteins belong to
the same subgroup. This finding is consistent with the suggestion
that subgroups evolved before speciation of mammals (27, 33).
An apparent correlation between particular antigen binding

specificities and heavy chain subgroups has also been observed
by Barstad et al. (28) in mouse myeloma proteins with different
binding activities. According to recent computer analysis on
various segments of 310 light and 133 heavy chains, however,
the complementarity-determining (hypervariable) regions
appear to be independent of subgroup (34). The comparison
of the first hypervariable regions of heavy chains derived from
PC-binding immunoglobulins of mouse and man reveals as
many as four identical residues out of five, whereas only one
identical residue out of five is observed between IgM FR and
two Waldenstrom's macroglobulins of the same VH subgroup
but with a different specificity (anti-IgG). This suggests a close
relationship between primary structure and specificity for the
first hypervariable region of the heavy chain in PC-binding
immunoglobulins. The only substitution between mouse and
human heavy chains in this region is the Asp/Glu exchange in

Asx was taken identical to Asp or Asn, Glx identical to Glu or
Gln. H8, M603, and M167 proteins do not share idiotypic specifici-
ties. H8, T15, and S107 have identical idiotypes.
* Only residues 1-23.
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position 35; the presence of an aspartic acid is expected to confer
a slightly higher degree of acidity on the combining site. Glu45
and Tyr-3 have been shown for the heavy chain of the mouse
myeloma protein MOPC 603 to make contact with the PC
hapten (29). This implies that the requirement for the contact
amino acid in position 35 is merely its acidity, provided that it
is located within an appropriate environment.
The corresponding evaluation of the NH2-terminal light

chain sequences indicates a much greater diversity (Table 2).
It is remarkable that the first hypervariable regions of the light
chains Cum (32) and the mouse immunoglobulins binding PC
are more homologous than the corresponding VL region of
protein FR and those of the murine proteins.

It thus appears for the light chains of the studied proteins that,
in contrast to their heavy chains, there is no obvious relationship
between primary structure and specificity within the first hy-
pervariable region; this might suggest that the heavy chain plays
a more important role in determining this specificity, a concept
already proposed by Barstad et al. (13). Crystallographic studies
on the PC-binding mouse IgA myeloma protein MOPC 603
indeed have indicated that the PC hapten is bound asymmet-
rically in the cavity and interacts more with the heavy chain
than with the light chain (29). Similarly, structural studies on
antibodies to p-azophenylarsonate induced in mice (35) indi-
cated that antibody populations with shared idiotypic specifi-
cities and an identical sequence of the NH-terminal one-third
of the heavy chains contain at least four different light chains.
This, however, is not a general situation. It has been shown, for
example, that mouse myeloma proteins with anti-a(l -- 3)-
dextran activity were extremely restricted in sequence vari-
ability over the entire VL region (14); identical NH2-terminal
light chain sequences through the first hypervariable region
have also been found in two human IgG anti-y-globulins (17)
and in rabbit antibodies against streptococcal polysaccharides
(18). There are, in addition, examples of mouse myeloma pro-
teins that bind 13(1 6)D-galactan in which both heavy and
light chains are similar (36).

Apart from the extraordinary extent of sequence homology
of the NH2-terminal VHFR and the murine VH regions, evi-
dence suggesting a considerable extent of structural similarity
throughout the entire V domain of the human and murine
PC-binding immunoglobulins comes from xenogeneic chain
recombination experiments. Recombinants prepared from the
polypeptide chains of IgM FR and the mouse IgA myeloma
protein TEPC 15 recovered as much as 41% of the binding
activity of homologous recombinants (W. F. Riesen, J. Im-
munol., in press) although these two proteins do not share idi-
otypy (H. Cosenza and W. F. Riesen, unpublished data). Carson
and Weigert (37) demonstrated that as few as three substitutions
in the light chain V regions of mouse IgA myeloma proteins
with anti-a((l 3)dextran activity caused a loss of about 50%
of the binding activity of homologous recombinants; this indi-
cates that even a small number of amino acid substitutions may
alter the specificity of the antigen-binding site.
The finding of similar V regions associated with different C

regions is in accordance with previous data based on sequence
analysis (38, 39) and on idiotype studies (40) and is consistent
with the accepted view that at least two genes are coding for
one polypeptide chain (41).
The NH2-terminal 36 residues of the human ,u chain FR

document the extraordinary fact that within an evolutionary
span of about 75 million years (42) a sequence was preserved
that differs from the mouse heavy chain sequences by only four
amino acid substitutions. Three of these are located in frame-
work positions, one within the hypervariable region. With re-

gard to this finding, theories suggesting somatic mutation re-
stricted to the complementarity-determining regions (5) will
have to propose a mechanism by which such similarity is either
maintained throughout evolution or newly created. The
probability for parallel somatic mutations to occur in a random
sample of one species and in five random samples of another
species over such a long evolutionary time seems to be low.
Two of the three substitutions in the framework of the heavy

chain FR are in line with the pattern of human VHIII; the ad-
ditional exchange in position 6 has not been observed in any
other VHIII region. It is possible that the aspartic acid in this
position may have evolved in human VHIII sequences specific
for PC. If this were true, other examples of human antibodies
specific for PC with heavy chains belonging to the VHIII
subgroup should display this substitution. In view of the se-
quence identity within the NH2-terminal 36 residues in the
heavy chains from mouse proteins with PC-binding activity,
a possible linkage of residue Asp-6 with Asp-35 would be of
great value in supporting one or the other theories that deal with
the origin of antibody diversity.
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