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Mouse Immunoglobulin Chains. Pattern of Sequence

Variation among « Chains with Limited Sequence Differences?

David McKean,I Michael Potter, and Leroy Hood™* §

ABSTRACT: Partial amino acid sequences of two « light chains
from the BALB/c mouse, M63 and T124, are compared with
two previously published mouse sequences, M70 and M321.
All four « chains have nearly identical amino-terminal se-
quences and a four-residue insertion at or near position 27
when compared with two other mouse « chains, M41 and M21.

’Fvo general types of amino acid sequence variation were
observed in comparing the amino-terminal 23 residues of the
variable regions from 44 mouse « chains (MV, regions) (Hood
et al., 1973). Certain proteins were identical or nearly identi-
cal over this stretch of sequence, whereas others differed by
3-16 amino acid residues. Peptide map comparisons of the
first group (identical or nearly identical) suggested that these
proteins fall into two groups: (a) those with variable (V) re-
gions which appeared identical and (b) those with variable
regions exhibiting limited sequence differences (one to four
distinct peptides). Immunologists generally agree that V
regions with extensive sequence differences (e.g., from differ-
ent branches on the V region genealogic tree or different sub-
groups) are probably encoded by distinct germ line genes
whereas each set of Vregions with an identicalsequence appears
to be encoded by a single germ line (Cohn, 1971; Gally and
Edelman, 1970; Hood and Prahl, 1971). However, a contro-
versy exists as to whether similar but not identical V regions
(those on the same branch of the V region genealogic tree or
in the same subgroup) are encoded by a single germ line V
gene with sequence diversification produced by somatic muta-
tion (somatic theory) or whether these limited sequence differ-
ences are encoded by distinct germ line genes (germ line theory).
In order to approach this question we present the pattern of
variation which occurred among four light chains with limited
sequence differences (MOPC 321, MOPC 63, TEPC 124 and
MOPC 70).* The partial sequences of M70 (Gray et al., 1967)
and M321(McKean et a/.,1973) have been previously reported.
This paper employs the methodology used in analyzing M321
and presents the partial variable region sequences of M63 and
T124. We describe the patterns of amino acid substitutions
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M321 and T124 differ from one another by three residues, all
in the hypervariable regions. M63 differs from M321 and
T124 by eight residues, while M 70 differs from the other three
proteins by 20-21 residues. The implications of these data
with regard to the genetic mechanism of antibody diversity
are discussed.

which exist among these proteins and discuss the implications
of these observations vis-a-vis genetic mechanisms of immuno-
globulin diversity.

Materials and Methods

Proteins. The isolation and purification procedures for M63
and M124 proteins were identical with those of M321 (Mc-
Kean et al., 1973). The respective plasma cell tumors produced
approximately 200-500 mg of urinary light chain from 20 mice
during one tumor generation. These studies were carried out on
less than 500 mg of each protein.

Because of the structural similarities of M124 and M63 to
M321, the methods used for amino acid analysis, cyanogen
bromide cleavage, and separation of the corresponding peptide

TABLE 1: Amino Acid Composition of M321, T124, and M63.7

M321 T124 Mé63
Asp 26 (25) 24 (24) 26 (26)
Glu 20 (21) 20 (22) 22 (22)
Thr 20 (20) 22 (19) 18 (19)
Ser 28 (30) 29 (30) 22 (29)
Pro 16 (12) 15 (12) 12 (12)
Ala 13 (13) 15 (14) 14 (14)
Gly 13 (12) 13 (12) 14 (13)
Val 11 (11) 12 (11 12 (11)
Met 2(2) 2(2) 22
Ile 10 (10) 10 (10) 8 (9)
Leu 15 (13) 15 (13) 14 (14)
Tyr 10 8) 9 (8) 8 (8)
Phe 8 (9) 8 (9) 8(9)
Lys 12 (12) 10 (11) 10 (11)
His 3(2) 32 3(2)
Arg 9 (9) 10 (9) 8 (8)

® Values reported are amino acid residues from 24-hr
hydrolysates of native light chain rounded off to the nearest
integral number except for Ser and Thr values which are
based on a linear extrapolation of 24- and 48-hr hy-
drolysis values to zero time. Cys and Trp were not
quantitated.
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1 5 10 15 20 25
M63-V Region Asn-Ile-Vel-Leu-Thr-Gln-Ser-Pro-Ala-Ser-Leu-Ala-Val-Ser-Leu-Gly-Gln-Arg-Ala-Thr-Ile-Ser-Cys-Arg-Ala-Ser-
Eeptide L Sequenator
Fragments L ¢c-c2—! L c-T2 Ibc-T3—
— c-c4
27 27a 2Tb 27c¢ 274 28 30 35 L0 45 50

Gln-Ser-Val-Asx-Ser-Tyr-Gly-Asx-Ser-Phe-Met-Glx-Trp-Tyr-G1lx-Glx-Lys-Pro-Gly-Glx-Pro-Pro-Lys-Leu-Leu- ? - ? {Leu-Ala-

Sequenator 3

C-T3 I B-T4 J LB-T6—
c-c4 J 1 c-¢5 } L B-C7 —
55 60 65 70 75 80
Ser-Asn-Leu-Glx-Ser-Gly-Val-Pro-Ala-Arg-Phe-Ser-Gly-Ser-Gly-Ser-Arg-Thr-Asx-Phe] [Thr-Leu-Thr-Tle-Asx-Pro-Val-Glx-Ala-
B-T6 L B-T7 J
B-C9,0 Hl— B-Cli I B-Cl2
85 90 100 105

Asx-Asx-Ale-Ala-Thr-Tyr][Phe-Cys-G1x-Glx-Asx-ASx-G1lx-Asx-Pro-Tro-Thr-Phe][Gly-Gly~Gly-Thr-Lys-Leu-Glu~-Ile~Lys-

L—B8-T9 —

g-cg———b—ow—— . B-CI13,14 I B-CI5 Il—B-Cl6—
LB-ci4
110 120 125 130
M63-C Region Arg-Ala({Asx,Ala,Als,Pro,Thr,Vel,Ser,Ile,Phe,Pro,Pro,Ser,Ser,G1x,Glx,Leu,Thr,Ser,Gly,Gly,Ala,Ser,Val,Val)
; !
Peptide BTIO
Fragments L

B-Cl6 I

T-10,lla

135 140 R 150 155 160
Cys][Phe(Leu,Asx,Asn,Phe,Tyr,Pro)Lys] [Asx (Tle,Asn,Val)Lys][Trp-Lys] [T1e(Asx,Gly,Ser,Glx)Arg]G1x(Asx,Gly,Val,Leu,Glx,Ser,
—t T-1ib 2 B-TI12 ——Lg-113-! B-Tl4 L B-TIS

165 170 175 180 185
Asx,Thr,Asx,Tro,Asx ,Ser )Ly [Asx{Ser ,Thr ,Tyr,Ser Met] [Ser(Ser ,Thr ,Leu,Thr,Leu,Thr )Lys] [Asx(G1x,Tyr ,G1x)Arg] [lis (Asx,Ser,
B-TI5 I B-T!6 J1 c-TI7 L c-Ti8 JL—C-TI9—
L—T-190—

200

195 205 210
Tyr,Thr)Cys-Glx(Ala,Thr His)Lys][Thr (Ser,Thr,Ser ,Pro,Ile,Val)Llys][Ser(FPhe ,Asx)Arg)[Asx-G1lx~Cys ]

214

-2 —b—T-20

c-TI9 11 T-20
—T-19a—t——T-19p——

FIGURE 1: Peptide fragments from M63. The peptides of the methionine-cleaved chain are numbered from the amino terminus. Peptides
labeled a and b indicate fragments derived from tryptic digests after aminoethylation of the half-cystine residues. The nomenclature is dis-
cussed in the text. Briefly for peptide C-T2, C indicates peptide 2 was derived from a trypsin (T) digest of cyanogen bromide peak C. Brackets
enclose those peptides (or groups of peptides) whose position in the chain has not been established directly by sequence overlap. These are
assigned an order by homology with other chains, Parentheses enclose residues whose sequence has not yet been determined. ““Sequenator”
indicates that the amino-terminal sequence was determined by the automatic sequenator.

fragments, peptide isolation, enzymatic cleavage, and the
dansyl-Edman procedure were identical with those previously
described (McKean ez al., 1973).

Peptide Nomenclature. Peptides for each light chain are
numbered from the amino terminus as shown in Figure 1 and
2. For peptide designations, number of the tumor (124 or 63)

is given first; then is given the enzyme which produced the
fragment (T = trypsin; C = chymotrypsin); and finally is
given the peptide number. CN designates that the correspond-
ing fragment was derived from a larger peptide fragment
produced by cyanogen bromide cleavage. The amino acid
numbering is that of Gray et al. (1967).
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TABLE I1: Amino Acid Compositions of Tryptic Peptides from CN-C.%

C-T2 C-T3 C-T17 C-T18 C-T19
M63 T124 M63 T124 Mé63 T124 Mé63 T124 M63 T124

Tyr 0.8(1) 0.8(D) 0.9(1) 0.8(D 0.7(1) 1.0Q)
Phe 1.0(1) 1.1()
Lys 1.2¢q) 1.0 0.9() 1.00)
His 1.7(2) 1.8
Arg 1.1(1) 1.0 0.8(1) 1.0(D
Asp 2.3 1.8 1.0 1.1(D) 1.3()y 1.2(D
Glu 1.3(1) 09() 2212 2212 1.3() 1.1(D
Thr 1.1(1) 1.1(D 303 2903 1.9(2) 2.0
Ser 0.8(1) 0.9 4.8(5° 3.5y 1.8(Q2) 1.9Q 1.01) 1.0
Pro
Ala 1.0(1) 1.0 1.0) 1.0 0.9(1) 09(
Gly 1.1(1) 1.0
Val 1.001) 1.0Q1)
CMCys 0.6 (1) 0.7(D 0.6(1) 0.7(1)
Ile 1.01) 09
Leu 202 2.1 (D
Trp +¢
Total residues 6 6 13 13 8 8 5 5 11 11
Yield (%) 57 26 16 32 12 17 9 30 27 27

¢ Values reported are amino acid residues. Amino acids present at a level of less than 0.2 residue are omitted. Values in paren-
theses represent the nearest integral number of residues. ” Includes homoserine as well as serine as the zinc ligand amino acid
analysis system would not separate these residues. The low value probably reflects the fact that a portion of the cyanogen bromide

1 S 10 15 20 25
T124-V Region Asp-Ile-Val-Leu-Thr-Gln-Ser-Pro-Ala-Ser-Leu-Ala-Val-Ser-Leu-Gly-Gln-Arg-Ala-Thr-Ile-Ser-Cys-Arg-Ala-Ser-
Peptide L
Fragments Sequenator -

c-T2 Lc-T73-
——c-c2—I— c-c3 JL c-Cc4

27 27a 2To 27c 274 28 30 35 Lo 45 50
Gln-Ser-Val-Asx-Trp-Tyr-Gly-Asx-Ser-Phe-Met(Glx,Trp,Tyr )Glx-Glx-Lys-Pro-Gly-Glx-Pro-Pro-Lys-Leu~Leu-Ile-Tyr-Arg-Ala-

c-T3 il B-T4 iL B-T5 H—
c-Cc4 L c-C5 ! - 8-c7 ! Lg-co-
55 €0 €5 T0 5 80
Ser-Asn-Leu-Glx-Ser-Gly-Ile-Pro-Ala-Arg-Fhe-Ser-Gly-Ser-Gly-Ser-Arg(Thr ,Asx )Phe [Thr-leu-Thr-Ile-Asx-Pro-Val-Glx-Ala-
B-T6 I B-T7 !
—B-c9 —J! B-CIO 1 B-ClI L B-cCi2
85 90 95 100 105

Asx-Asx-Val-Ala-Thr-Tyr]{Phe-Cys-Glx-Glx-Ser-Asx~Glx-Ala-Pro-Trp) [Thr-Phe][Gly-Ser-Gly-Thr-Lys-Leu=-Glu-Ile-Lys~
L—op-T9—!
8-Ci2 It B-CI3 JL-cl4dL- B-CI5 I

FIGURE 2: Peptide fragments from M124. See legend to Figure 1 for explanation. The C region isolated peptide fragments are identical with
those of M63 (see Figure 1).

Results

and M321 are remarkably similar, Furthermore, the amino-
terminal 23 residues for each of the three proteins are identical

Location of Methiony! Residues. The amino acid analyses of apart from an Asp < Asn interchange at position 1 (Hood et
M63 and M124 gave 2 mol of methionine/mol of protein al., 1973). Accordingly, it seemed likely that the methionine
(Table I). The overall amino acid compositions of M63, M124, residues in T124 and M63 might be placed at positions homol-

762
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C-T20 C-121 C-T22

Me63 T124 M63 T124 Mé63 T124
Tyr
Phe 1.1() 1.1
Lys 1.0 1.1
His
Arg 1.1(1) 0.9()
Asp 1.1 1.2 0.9() 1.0
Glu 1.1 1.1Q)
Thr 2112 2.0
Ser 212 19@ 0.8(1) 0.8(1
Pro 0.8(1) 1.1QD
Ala
Gly
Val 09(1) 1.0
CMCys 0.6(1) 0.5Q0)
Ile 1.01) 0.9
Leu
Trp
Total residues 8 8 4 4 3 3
Yield (%) 59 25 29 14 7 8

cleavage product of methionine is present as basic homoserine lactone. ¢ Yields are based on micromoles of peptides isolated
compared with micromoles of fragment originally digested with trypsin. ¢ Tryptophan determined by Ehrlich’s stain.

ogous to those in M321. Thus efforts were directed at isolating
and characterizing the three cyanogen bromide fragments from
T124 and M63.

Isolation of Cyanogen Bromide Peptides. Native M63 and
M124 were cleaved with cyanogen bromide, reduced and S-
carboxymethylated. After gel filtration on G-75 Sephadex,
three peaks, CN-A, CN-B, and CN-C, were eluted at volumes
identical with those of their M321 counterparts (McKean
et al., 1973, see Figure 3B). The characterization of fragments
CN-C and CN-B was carried out as described for M321
(McKean et al., 1973). These analyses verified that the meth-
ionines for both M63 and T124 were positioned at residues
33 and 175. Thus for both proteins CN-C contained two
cyanogen bromide fragments, L; and L;, extending from
positions 1 to 33 and 176 to 214, respectively, and CN-B
contained one fragment, L, extending from positions 34 to
175 (see Figure 2 in McKean ef al., 1973). These fragments
were identical in size with those of M321.

Light-Chain M63. The amino-terminal 37 residues of this
protein were characterized on the sequenator and are given
in Figure 1. The yield data were similar to that of M321. The
characterizations of intact peaks CN-B and CN-C by dansyl
analysis and by carboxypeptidase A were identical with those
analyses for the corresponding peaks in M321 (McKean et al.,
1973) and are again given in Figure 1. Eight tryptic and three
chymotryptic peptides were isolated from CN-C and their
compositions are given in Tables Il and IV and their sequences
in Tables III and V, respectively. Ten tryptic and nine chymo-
tryptic peptides were isolated from CN-B and their composi-
tions are given in Tables VI and VII and their sequences in
Tables VIII and IX, respectively. The compositions and se-
quences of four tryptic peptides isolated from aminoethylated
light chains are given in Tables X and X1.

Various peptide overlaps shown in Figure 1 permit us to
order the variable region peptides into six groups, residues
1-33, 34-47, 50-71, 72-86, 87-98, and 99-107. The order of

Insertion

| 5 10 15 20 25 27 27 30

MTO [ R SN ST VTN TN S U VOO0 WA S S U S Y W B ¢ I_ALQ_L_A_J_B S_I_I_LA_J.N
M32) K——TY—B——Q
Ti24 Q——WY—B——Q
M63 N Q———5 Y—8——Q
- Hvy |
35 40 45 50 55 60 65 70
70 LPA—t Ll il palug Gitytdtaa 1l igalig
321 -Y R——L Z2—1 R—T
124 -Y R—L ZI—1 R——T
63 -Y PL—LZ—V—R T
fo—Hvg —+
75 80 85 90 95 100 105

70 “NLR-EMAZoeb Tttt g KLyl liiolg

32 -T—B—V—A~—V-—T S B—B S

124 -T—8—V—A—V-—T sB—A S

63 ~T—B—V—A—A-T BB—8B G
fo—Hv —

FIGURE 3: Amino acid sequence comparison of M70, M321, T124,
and M63. The one letter amino acid code of Dayhoff (1969) is used:
D-aspartic acid; N-asparagine; Q-glutamine; K-lysine; B-aspartic
acid or asparaginine; T-threonine; W-tryptophan; S-serine; Y-
tyrosine; I-isoleucine; F-phenylalanine; A-alanine; R-arginine; L-
leucine; V-valine; G-glycine; Z-glutamic acid or glutamine; H-
histidine; and M-methionine. HVy, HVy1, and HVir indicate the
three hypervariable regions as defined by Wu and Kabat (1970).
In M63 residues homologous to positions 48—49 were not isolated.
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TABLE I1: Amino Acid Sequence of Tryptic Peptides from CN-C.

Peptide Mé63 T124

C-T2 Ala-Thr-Ile-Ser(Cys,Arg) Ala-Thr-Ile-Ser(Cys,Arg)

C-T3 Ala-Ser-Gln-Ser-Val-Asx-Ser-Tyr-Gly-Asx-Ser-Phe-Met  Ala-Ser-Gln-Ser-Val-Asx-Trp-Tyr-Gly-Asx-Ser-Phe-Met
C-T17 Ser(Ser,Thr,Leu,Thr,Leu,Thr,Lys) Ser(Ser,Thr,Leu,Thr,Leu,Thr,Lys)

C-T18 Asx(GIx,Tyr,Glx,Arg) Asx(GIx,Tyr,Glx,Arg)

C-T19 His(Asx,Ser,Tyr,Thr,Cys,Glx,Ala, Thr,His,Lys) His(Asx,Ser,Tyr,Thr,Cys,Glx,Ala,Thr,His,Lys)

C-T20 Thr(Ser,Thr,Ser,Pro,lle,Val,Lys) Thr(Ser,Thr,Ser,Pro.Ile,Val,Lys)

C-T21 Ser(Phe,Asx,Arg) Ser(Phe,Asx,Arg)

C-T22 Asx(Glx,Cys) Asx(GIx,Cys)

TABLEIV: Amino Acid Composition of Chymotryptic Peptides from CN-C.*

C-C2 C-C3 C-C4 C-C5
Mé63 T124 M63 T124 M63 T124 M63 T124
Tyr 0.9 1.0Q)
Phe 1.2() 1.1()
Lys
His
Arg 0.9 1.0 1.001)
Asp 1.0 1.2() 1.2() 1.2Q)
Glu 1.1 1.1 (D) 1.1()
Thr 1.1(1)
Ser 1.0(1) 0.9 3.8(4 3.203) 0.9() 0.9 ()
Pro
Ala 0.9() 1.0 1.1 1.1(D) 1.0(1)
Gly 0.8(1) 1.0( 0.9()
Val 0.9(1) 1.0(1) 0.9() 0.9
CMCys 0.7(1) 0.5(1)
Ile 1.00)
Leu 1.2 1.1
Trp 0.7(1)
Total residues 4 4 11 11 4 4
Yield (%)° 40 25 18 23 20 13 26
¢ See legend to Table I1.
TABLE V: Amino Acid Sequence of Chymotryptic Peptides from CN-C.

Peptide Mé63 T124

C-C2 Ala-Val-Ser-Leu (Ala,Val,Ser,Leu)

C-C3 (Gly,Glx,Arg,Ala,Thr,Ile)

C-C4 Ser(Cys,Arg,Ala,Ser,Glx,Ser,Val,Asx,Ser, Tyr) Ser(Cys,Arg,Ala,Ser,GlIn,Ser,Val,Asx, Trp)Tyr

C-C5 Gly-Asx-Ser-Phe (Gly,Asx,Ser,Phe)

these groups has been assigned by homology with proteins
M70and M321.

All of the tryptic peptides from the constant region were
isolated and their compositions were identical with those of
M321. No attempt was made to isolate overlap peptides be-
cause of the probable identity of this constant region to that
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of M321 and correspondingly their order was determined by
homology to M41 (Gray et al., 1967) and M321.

Three additional points are worthy of note. First, the
amino-terminal residue of CN-B (L2) gave no result with the
dansyl chloride procedure. As with M321 the presumed glu-
tamine residue at this position probably cyclized to a pyrroli-
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donecarboxylic acid. Second, the Lys-Pro bond between
positions 39 and 40 did not cleave with trypsin digestion, in
contrast to the results obtained with protein M321. Finally,
residues homologous to 48-49 in M321 were not isolated.
Possibly there is an Ile-Tyr sequence at these positions with
the Tyr extremely susceptible to chymotrypsin cleavage.
Tryptic (B-T6) and chymotryptic peptides (B-C9, 10) were
isolated with their amino terminus at position 50. It may be
that the hypothetical peptide Leu-Leu-Ile-Tyr was lost in the
chromatographic dimension of the fingerprint isolation pro-
cedure.

Light-Chain T124. The amino-terminal 27 residues of this
protein were characterized on the sequenator as indicated in
Figure 2. Again the yield was similar to that of M321. The
characterizations of intact CN-C and CN-B peaks by dansyl
chloride and carboxypeptidase A were identical with those
of M321. The tryptic and chymotryptic peptides are char-
acterized in Tables II-XI as indicated for M63,

The peptide overlaps shown in Figure 2 permit us to order
the variable region peptides into six groups, 1-33, 34-71, 72—
86, 87-96, 97-98, and 99-107, whose order is assigned by
homology to M70 and M321.

The constant region tryptic peptides were identical in com-
position with their counterparts from proteins M63 and M321.
No overlap peptides were isolated from the C region and their
order was determined by homology to M4l and M321.

Discussion

Immunoglobulins of the BALB/c mouse offer an excellent
system for a study of the mechanism responsible for antibody
diversity. These animals are highly inbred and accordingly
their immunoglobulin sequence variations should reflect the
genetic mechanism responsible for immunoglobulin diversity
without a ‘“‘noise’’ contribution due to the genetic polymor-
phisms of an cutbred population such as man. The question
of interest is whether a single mouse V, (MV,) germ line gene
can give rise by somatic mutation to V, regions with limited
sequence differences, or whether a germ line MV, gene must
be postulated for each distinct sequence. To approach this
question we have characterized three V, regions with limited
sequence differences over their amino-terminal 23 residues
(M63, M321, and T124) and compared them with a fourth
similar « chain (M70) already in the literature.

The variability which exists among four MV, regions with
limited sequence differences is illustrated in Figure 3. Two
light chains, M321 and T124, have three amino acid differ-
ences {Table XII). M63 differs from M321 and T124 by eight
residues, whereas M70 differs from the other three by 20-21
residues. A majority of the substitutions resulting from pair-
wise comparisons of these four light chains can be explained by
single nucleotide substitutions (67/77-88 7).

The interrelationships of these MV, sequences can be best
analyzed in terms of a genealogic tree which depicts the re-
lationships of the MV, regions with regard to the minimum
genetic events that are required to produce the corresponding
diversity (Figure 4) (see discussion in Hood ez al., 1973). One
can ask whether these genetic events could most reasonably
occur during phylogenetic evolution (germ line mechanism)
or whether during ontological development (somatic mech-
anism). The distance between the M70 branch and the other
three proteins is as great as that found between certain human
k subgroup branches (Smith er al., 1971). This suggests that
the germ line gene encoding M70 is distinct from those en-
coding M321, T124, and M63. It is however not at present

ANCESTOR

15.5 T124  M321

M70

FIGURE 4: A genealogical tree of four mouse « chains with “limited”
sequence differences (see text). Numbers indicate the minimum
number of base changes which separate the proteins from their
nearest common nodal ancestors. Kindly prepared by Dr. G. Smith
according to Smith er al. (1970).

possible to determine whether the three sequences M321,
T124, and M63 are products of three distinct germ line MV,
genes or result from somatic modification of a single MV,
gene. With regard to a somatic mutation mechanism it is not
clear what selective forces might exist to produce, for example,
the eight mutational events which separate the M63 and M321
immunocyte clones, nor how many successful mutations can
be fixed in a V gene during the lifetime of a normal mammal
(see Jerne, 1971, and Cohn, 1971, for speculation in this
regard).

These results are particulary interesting when analyzed in
terms of the “hypervariable regions.” Wu and Kabat (1970)
analyzed the complete and partial sequence data available on
77 Bence-Jones proteins and immunoglobulin light chains
from man (A and x) and from mouse (k) and found three
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TABLE vI: Amino Acid Composition of Tryptic Peptides from CN-B.?

B-T4 B-T5 B-T6 B-T7 B-T9
M63 T124 M63 T124 M63 T124 M63 T124 Me63 T124

Tyr 0.7¢(1) 0.8() 1.1()
Phe 0.9(1) 1.0Q)
Lys 2.1(2) 1.9@Q) 1.0¢1) 0.9(Q)
His
Arg 1.0 1.2¢) 1.0Q) 1.0(1) 1.1(1)
Asp 1.1y 1.0Q)
Glu 4.2 4.2 1.3¢(1) 1.1Q) 1.0¢(1) 1.0Q1)
Thr
Ser 1.7Q2) 1.9() 293 293
Pro 2.8(3) 3103 0.9(1) 1.0
Ala 1.9(2) 2.0
Gly 0.9(1) 1.0(1) 0.9(1) 1.0 202 1.9Q
Val 0.8 (1)
CMCys
Ile 0.9 Q) 1.0 (D) 1.0y 1.1(D)
Leu 2.0(2) 1.92@ 1.1 0.9 1.00)
Trp +d +d
Total residues 12 12 5 12 11 7 7 4 4
Yield (%))¢ 18 6 9 13 23 50 19 54 42

@4 See legend to Table II.

TABLE viI: Amino Acid Composition of Chymotryptic Peptides from CN-B.?

B-C7 B-C9 B-C10 B-Cl11

M63 T124 M63 T124 M63 T124 M63 T124
Tyr
Phe 1.0(1) 1.0 0.9(1) 0.9 (1)
Lys 2.2(2) 1.9(2)
His
Arg 1.1() 0.9 (1) 1.1() 1.0 1.0 (D)
Asp 1.0 1.0(1) 1.1(1) 1.0 (1) 1.1(1)
Glu 2.9(3) 3.003) 0.9 0.7(Q)
Thr 1.3() 0.5 (1)
Ser 1.0 0.8 (1) 1.9(2) 1.0 3.003) 2.9(3)
Pro 2.8 (3) 2.9(3) 1.0() 1.0
Ala 1.0(1) 1.0 (1) 1.9(2) 1.1()
Gly 0.9 (1) 1.1 () 1.0(D) 1.1() 1.8(2) 2.1()
Val 1.1(1)
CMCys
Ile 1.0 (1)
Leu 2.0(2) 2.1(2) 2.1(2) 1.1 Q) 1.8(2)
Trp
Total residues 11 11 5 5 13 8 9 9
Yield (%)° 8 20 19 20 8 15 50 32

% ¢ See legend to Table II.

regions of hypervariability extending from residues 24 to 34,
50 to 56, and 89 to 97 (see Figure 3). These observations were
extended by the findings of Weigert er al. (1970) and Appella
(1971) who examined a total of 11 mouse A chains. From
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compositional analyses of peptides and sequence analysis
they concluded that seven \ chains were identical and that the
remaining four showed variation only in the hypervariable
regions. In comparing M321 and T124 ali three amino acid
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B-T10 B-T12 B-T13 B-T14 B-T15 B-T16
M63 T124 Mé63 T124 M63 T124 M63 T124 M63 T124 M63 T124
1.0(1) 1.2

1.0(1) 1.0¢1) 1.01) 1.0Q) 1.0(1) 1.0(1)
1.0) 1.0Q) 0.8(1) 0.9(1)
212 1.9(Q) 1.2d4) 1.0Q) 3.7 3.6@) 1.2 1.1Q)
120) 1.1(Q) 2.1Q) 2.2(Q)
1.0) 1.1(1) 1.2(1) 0.9(1)
1.0 1.0 1.92) 1.9 2.53) 2.83)?

1.0(1) 1.0(1) 1.0 1.0

0.9(1) 1.0 1.01) 0.9(1)
1.01) 1.0q) 0.9(1) 0.9(1)
0.9(1) 1.0(1)
+d +d +d +d
1 1 5 5 2 2 6 6 14 14 6 6
23 16 46 21 6 15 33 38 17 11 13 8
B-C12 B-C13 B-C14 B-C15 B-C16
M63 T124 M63 T124 M63 T124 M63 T124 M63 T124
0.91)  0.9Q)
2.0(2) 0.8(1) 1.1 () 1.1
0.8 (1) 1.1(1) 0.8 (1) 1.0 (1)
1o) 1.0Q)
3.03 333 3203 1.1Q) 1.0)  1.0Q)
08(1) 1.0 293 29(Q) 1.2(1) 1.0 (1)
293) 293  0.9() 1.01)  0.9(1) 1.0 (1) 1.1(1) 0.9 (1) 1.0 (1)
1.1Q1) 0.9 (1)
1.0(1) 1.0 (1) 0.9 (1) 1.1 (1) 0.9 (1) 1.0
3.203) 222 1.0 3.1(3) 2.9(3)
3.03) 2.00Q2
1.1(1) 2.0
0.6(1) 0.7
1.1(1)  0.9() 1.0 (1) 1.1(1)
1.2(1) 1.0Q) 1.2(1) 1.0 (1)
0.6(1) 0.6()
15 15 12 10 2 2 6 6 10 10
11 17 8 13 16 17 34 20 37 21

substitutions are in the hypervariable regions (see Figure 3 pared to M321 and T124. M70 has more than 409, of its
and Table XII). M63 has all but one of its substitutions (an substitutions in the hypervariable regions when compared with
amide which may or may not be a true difference, see Hood M321, T124, or M63. This is of particular interest since the
et al., 1973) in or near these hypervariable regions when com- hypervariable regions constitute about 259 of the variable
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TABLE XI: Amino Acid Composition of Tryptic Peptides from Aminoethylated Light Chains.®

Tlla T11b T19a T19%
M63 T124 M63 T124 M63 T124 M63 T124
Tyr 0.9(1) 0.9 (1) 1.1
Phe 1.3 (D) 0.9 (1) 2.2 1.9 2)
Lys 0.9(1) 1.0(1) 0.9(1)
His 0.9(1) 1.0
Arg 0.8 (D 0.9(1)
Asp 1.2() 1.1() 2.02) 2.2(2) 0.9(1)
Glu 2.3(2 2.1 1.0(1)
Thr 1.8 (2) 2.002) 1.2() 1.0
Ser 4.8 (5) 4.7 (5) 0.9 (1)
Pro 2.703) 3.203) 1.0 1.1(1)
Ala 4.0® 4.1 () 1.1 ()
Gly 2.2(2) 2.0(2)
Val 3.103 3.0
CMCys 1 ()¢ 1(1)¢ 1)
Ile 0.8(1) 1.1 ()
Leu 1.0(1) 1.0 1.1(D) 0.9(1)
Total residues 27 27 8 8 6 5
Total ()¢ 19 7 5 23 6 9

2.¢ See legend to Table I1. ¢ Value of AECys estimated by peak height.

regions. When two other previously sequenced mouse « chains
with even more extensive amino acid substitutions, M41 and
and M21 (Milstein and Svasti, 1971) are compared (Table
XII) about 40 % of the sequence differences are located in the
hypervariable regions.

The three hypervariable regions appear to comprise a part
of the active (antigenic) site of the antibody molecule in that
affinity labels have been attached to each of these three regions
(Eisen, 1971). Accordingly, amino acid sequence variation
in these regions is required to produce a diverse series of
active sites. It will be of interest to determine whether or not
there is some special feature of the respective immunoglobulin
genes or chromosome structure that permits mutation in these
regions to occur at an accelerated rate (Benzer, 1961; Okada
etal.,1972),

Weigert et al. (1971) have argued from the mouse A sequence
data cited above that the effective mutations for changing
antibody specificity are somatically produced and occur only
in the hypervariable regions. They suggest that only the
mutations within the hypervariable regions confer a positive
selective advantage on a given immunocyte clone, and that
any light chain with an amino acid substitution outside a
hypervariable region must be encoded by an additional germ
line V gene. When this criterion is applied to the mouse V,
sequences presented in the first paper of this series (Hood
et al., 1973), at least 32 germ line genes are required for the
44 MV, amino-terminal sequences examined. In addition our
study of the nearly complete sequences of four similar MV,
sequences add yet another V, gene to this list (one for M70,
one for M63 and one for the M321-M124 pair). Thus ac-
cording to the hypothesis put forward by Weigert and co-
workers, 33 MV, genes must encode the first 44 mouse «
chains examined (almost one gene per protein). This diversity
at the amino terminus of mouse « chains has shown no tend-
ency to saturate, thus suggesting an even greater number of
unique MV, sequences and accordingly a large number of

germ line V, genes. A summary of the nearly complete MV,
sequences of the BALB/c mouse now available is given in
Figure 5.

A crude genealogic comparison of MV, regions M70,M321,
T124, and M63 with human V, regions can be carried out by
determining the ancestoral sequence for the set of four related

TABLE X11: Amino Acid and Nucleotide Substitutions among
V, Regions of the BALB/c Mouse.

Amino Acid Nucleotide
Substitutions Substitutions
Amino mo Nucleo- n
Light Acid H)l/{per.varlela;ble tide Hyger\‘/arlac ble
Chains  Substi- __ 20 Substi- celons
Compared tutions® No. %  tutions® No. %
M321-T124 3 3 100 4 4 100
M321-M63 8 4 50 8 4 50
T124-M63 8 4 50 8 4 50
M321-M70¢ 21 10 48 24 12 50
T124-M70¢ 20 9 45 25 13 52

M63-M70¢ 20 10 50 22 11 50
M41-M70% 45 15 33
M41-M21¢ 44 19 43
M70-M21¢ 42 17 40

¢ Glx and Asx comparisons against the acid or amide were
treated as identities. ° Hypervariable regions constitute about
24.4% of the variable region and are defined in Figure 4.
¢ Minimum nucleotide substitutions. ¢ The sequences for
these proteins were taken from Gray ef al. (1967) [M41 and
M70] and Milstein and Svasti (1971) [M21].
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10 20
MOPC 70 Asp lle Val Leu Thr Gln Ser Pro Ala Ser Leu Ala Val Ser Leu Gly Gln Arg Ala Thr Ile Ser Cys Arg Ala
MOPC 321 Asp Ile Val Leu Thr Gln Ser Pro Ala Ser Leu Ala Val Ser Leu Gly GIn Arg Ala Thr Ile Ser Cys Arg Ala
TEPC 124 Asp Ile Val Leu Thr Gln Ser Pro Ala Ser Leu Ala Val Ser Leu Gly Gln Arg Ala Thr Ile Ser Cys Arg Ala
MOPC 63 Asp Ile Val Leu Thr Gln Ser Pro Ala Ser Leu Ala.Val Ser Leu Gly Gln Arg Ala Thr Ile Ser Cys Arg Ala
MOPC 41 Asp Ile Gln Met Thr Gln Ser Pro Ser Ser Leu Ser Ala Ser Leu Gly Glu Arg Val Ser Leu Thr Cys Arg Ala
MOPC 21 Asn Ile Val Met Thr GIn Ser Pro Lys Ser Met Ser Met Ser Val Gly Glu Arg Val Thr Leu Thr Cys Lys Ala
27 27a 27b 27c 27d 28 30 40
70 Ser GIn Ser Val Asx Asx Ser Gly Ile Ser Phe Met Asn Trp Phe Glx Glx Lys Pro Gly Glx Pro Pro Lys[Leu Leu
321 Ser Lys Ser Val Asn Thr Tyr Gly Asn Ser Phe Met Glx Trp Tyr Glx Glx Lys Pro Gly GIx Pro Pro Lys Leu Leu
124 Ser GIn Ser Val Asx Trp Tyr Gly Asx Ser Phe Met(Glx Trp Tyr)Glx Glx Lys Pro Gly Glx Pro Pro Lys Leu Leu
63 Ser Glx Ser Val Asx Ser Tyr Gly Asx Ser Phe Met(Glx Trp Tyr)Glx Glx Lys Pro Gly GIx Pro Pro Lys Leu Leu
41 Ser Gln(Asx Ile Gly — — — —)Ser Leu Ser Asx Trp Leu Glx GIx(Gly Pro Asx Thr Glx)Ile Lys Arg Leu
21 Ser Glu Asn Val Val — — — — Thr Tyr Val Ser Trp Tyr Gln Gln Lys Pro Glu Gln Ser Pro Lys Leu Leu
50 70
70 Ile Tyr Ala Ala Ser Asn Gln Gly Ser Gly Val Pro Ala Arg Phe Ser Gly Ser Gly Ser Gly Thr Asp Phe Ser Leu
321 Ile Tyr Arg Ala Ser Asn Leu Glx Ser Gly Ile Pro Ala Arg Phe Ser Gly Ser Gly Ser Arg(Thr Asx)Phe Thr Leu
124 Ile Tyr Arg Ala Ser Asn Leu Glx Ser Gly Ile Pro Ala Arg Phe Ser Gly Ser Gly Ser Arg(Thr Asx Phe Thr Leu
63 ? 2 [Leu Ala Ser Asn Leu Glx Ser Gly Val Pro Ala Arg Phe Ser Gly Ser Gly Ser Arg Thr Asx Phe Thr Leu
41 Ile Tyr Ala Thr Ser Ser Leu Asx Ser Gly Val Pro Lys Arg Phe Ser Gly Ser Arg Ser Gly Ser Asp)Tyr Ser Leu
21 Ile Tyr Gly Ala Ser Asn Arg Tyr Thr Gly Val Pro Asp Arg Phe Thr Gly Ser Gly Ser Ala Thr Asp Phe Thr Leu
80 90
70 Asn Ile His Pro Met Glx Glx Asx Asx Thr Ala Met Tyr Phe Cys Glx Glx Ser Lys]Glu Val Pro Trp Thr Phe Gly
321 Thr Ile Asx Pro Val GIx Ala Asx Asx Val Ala Thr Tyr Phe Cys Glx Glx Ser Asx Glx Asx Pro Trp Thr Phe Gly
124 Thr Ile Asx Pro Val GIx Ala Asx Asx Val Ala Thr Tyr]Phe Cys Glx Glx Ser Asx Glx Ala Pro Trp Thr Phe Gly
63 Thr Ile Asx Pro Val Glx Ala Asx Asx Ala Ala Thr Tyr Phe Cys Glx Glx Asx Asx Glx Asx Pro Trp Thr Phe Gly
41 Thr/Ile Ser Ser Leu/Glu Ser Glu Asp Phe Val Asp/Tyr — Cys Leu Gln Tyr Ala Ser Ser Pro Trp Thr Phe Gly
21 Thr Ile Ser Ser Val Gln Ala Glu Asp Leu Ala Asp Tyr His Cys Gly Gln Gly Tyr Ser Tyr Pro Tyr Thr Phe Gly
100

70 Gly Gly Thr Lys Leu Glu Ile Lys

321 Ser Gly Thr Lys Leu Glu Ile Lys

124 Ser Gly Thr Lys Leu Glu Ile Lys

63 Gly Gly Thr Lys Leu Glu Ile Lys

41 Gly Gly Thr Lys Leu Glu Ile Lys

21 Gly Gly Thr Lys Leu Glu Ile Lys

FIGURE 5: The V, regions of six light chains from the BALB/c mouse. M70 and M41 are taken from Gray et al. (1967); M21 from Milstein

and Svasti (1971).

MV, regions and the ancestoral sequences for each of the
three major human V, genealogic branches (V region sub-
groups). The ancestoral sequence in each case can be ap-
proximated by selecting the major residue expressed at each
position. For example, the ancestoral sequence in the M70,
M321, T124, M63 group for residues 27-30 (Figure 5) is

27 27a 27b 27¢c 27d 28 29 30
-Gln-Ser-Val-Asn- ? -Tyr-Gly-Asn-

The residue at position 27d cannot be determined as each of
the four MV, regions differs. The ancestoral sequences for the
three human V, region subgroups are given in Milstein and
Pink (1970). The mouse ancestoral V, sequence differs from
each of the three human ancestoral sequences at 15 or more
positions. If this particular branch of the mouse genealogic
tree is encoded by multiple germ line genes, as seems to be
suggested by considerations discussed above, then one must
explain how multiple MV, genes (even 2) can evolve in paral-
lel such that 10 or more residues distinguish them from most
human V, regions. We feel that the MV, genes must have
diverged from a common ancestor subsequent to the diver-
gence of man and mouse. Thus it would appear that multiple
gene systems such as immunoglobulins can undergo rapid
gene expansion and contraction (for a more complete dis-
cussion of this point, see Hood and Prahl, 1971; Gally and
Edelman, 1970). Such an explanation is consistent with the
suggestion that increased diversity in the mouse « chains
(presumably reflecting an increased number of germ line MV,
genes) may compensate for the apparent loss of mouse Vy
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genes (as reflected in low serum expression and limited num-
bers of myeloma A chains with restricted heterogeneity).

The extent of amino acid sequence diversity found in the
amino-terminal portion of 44 light chains suggests that the
V, immunoglobulin family of the BALB/c mouse is multigenic
in nature. This supposition is reinforced by the observation
that the extent of sequence diversity appears as great in the
second 20 V, regions examined as in the first. The multigene
nature of this immunoglobulin family is also consistent with
our observations on V region sequences from four « chains
with nearly identical amino-terminal sequences. The question
as to whether all of the information for immunoglobulin
diversity is encoded in the germ line or whether somatic
modification increases this diversity in a manner that is useful
to the organism remains unanswered. However, the immuno-
globulins are clearly a fascinating model for the study of
evolutionary mechanisms in multigenic systems.
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Kinetics of the Reaction of Chymotrypsin A, with Peptide

Chloromethyl Ketones in Relation to its Subsite Specificityf

Kotoku Kurachi, James C. Powers,* and Philip E. Wilcox}

ABSTRACT: The kinetics of the reaction of a series of peptide
chloromethyl ketones with chymotrypsin A, were investigated
in order to relate rates of reaction in solution with the number
of interactions which are observed in the crystallographic
model of the inhibited enzyme (Segal, D. M., Powers, J. C.,
Cohen, G. H., Davies, D. R., and Wilcox, P. E. (1971), Bio-
chemistry 10, 3728). The second-order rate constant (kobsd/
[I]) obtained at pH 5.02 and 5.80 in either 9 or 30%; 1,2-di-
methoxyethane varied by a factor of 27 from the slowest
(CHO-PheCH:C)) to the fastest inhibitors (Z-Gly-Leu-Phe-
CH,Cl and Boc-Gly-Leu-PheCH,CI). The variation in the
rates of inhibition with changing inhibitor structure could be
a function of strength of binding of the inhibitor to the en-
zyme, stereoelectronic effects on the bond-forming step be-
tween enzyme and enzyme-bound inhibitor, or both. The
increased reactivity of inhibitors containing a leucyl residue

’1-:16 crystallographic determinations of the binding modes
of peptide chloromethyl ketones to chymotrypsin A. (Segal
et al., 1971a,b) and to subtilisin BPN’ (Kraut et al., 1971;
Robertus er al., 1972) have provided revealing insights into
the interactions of inhibitors with these serine proteases. The
inhibitors used in these studies are related to Tos-PheCH,Cl,
the stereospecific, active site-directed inhibitor of chymo-
trypsin which was designed by Schoellmann and Shaw (1963)
and which is known to react irreversibly with His-57 in the
enzyme (Ong et al., 1964, 1965). For the crystallographic
studies, the tosyl group of Tos-PheCH,Cl was replaced by
peptide chains of varying length so that the inhibitors would
more closely resemble natural peptide substrates and would

t From the Department of Biochemistry, University of Washington,
Seattle, Washington 98105 (K. K. and P, W.), and from the School of
Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332
(J. P.). Received July 13, 1972, This research was supported in part by
grants from the National Institutes of Health (GM 15163 and GM
18292). A National Institutes of Health Special Fellowship (J. P.) is
gratefully acknowledged.

} Dr. Philip E. Wilcox died on Nov 2, 1971, This is a great loss to
those who have known him personally, or followed his work in protein
chemistry.

as the P, residue (Ac-Leu-PheCH,Cl/Ac-Ala-PheCH,Cl
= 2.9, Boc-Gly-Leu-PheCH,Cl/Boc-Ala-Gly-PheCH,Cl =
3.5-3.9) is the result of a hydrophobic interaction between the
Leu residue of the inhibitor and Ile-99 of the enzyme. This
result correlated nicely with the previous observed “secondary
specificity” of chymotrypsin for substrates with bulky ali-
phatic side chains as the P, residue. Inhibitors containing
three amino acid residues reacted faster than Ac-PheCH,Cl
or dipeptide chloromethyl ketones. This again agrees with the
crystallographic model since tripeptide inhibitors could form
a f-sheet structure involving three hydrogen bonds with the
enzyme while the others would form fewer hydrogen bonds.
These results strengthen the view that the solution reactivity
of peptide chloromethyl ketones and substrates can be ex-
plained on the basis of the crystal structures of chloromethyl
ketone inhibited chymotrypsin derivatives.

interact with subsites of the enzyme on the N-terminal side of
the scissile bond of a peptide substrate. It was found that both
enzymes presented an extended binding site composed of at
least three subsites in the case of chymotrypsin and four in
the case of subtilisin. Furthermore, the extended binding sites
in the two proteases were found to be very similar in three-
dimensional structure (Kraut et al., 1971).

Although the crystallographic results are very convincing,
great care must be exercised in extrapolating the structural
features of crystalline enzyme-inhibitor complexes to models
of the intermediates which take part in the dynamic processes
of enzyme catalysis in solution. Relevant data from various
types of physical chemical experiments in solution are re-
quired before conclusions drawn from the crystalline state can
be satisfactorily evaluated.

One direct approach is to examine the crystallographic
model for possible interactions between subsites and various
amino acid residues substituted into the inhibitor chain, pre-
dict how these interactions would affect the binding of anal-
ogous substrates, and test the prediction by kinetic measure-
ments of the hydrolysis rates of the corresponding synthetic
peptide substrates. The results of some studies of this kind
have been reported (Segal er al., 1971b; Segal, 1972) and they
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