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ABSTRACT We have determined the amino acid sequence of
the Fv [variable heavy (VH) and variable light (VL)] region of a
human monoclonal 1gM-K with antibody activity against 3,4-py-
ruvylated galactose, isolated from the plasma of patient WEA with
Waldenstrom macroglobulinemia. The VH region has 114 resi-
dues, belongs to subgroup III, and has a very short third com-
plementarity-determining region (CDR3), probably due to a small
D segment/or an unusual D-J rearrangement (D, diversity; J,
joining). The VL region has 108 residues and belongs to subgroup
Vd. Compared to other members of the human VHm and VKI fam-
ilies, WEA Fv does not appear to have significant differences within
the framework residues but has unique CDRs that might be re-
sponsible for the particular antibody activity. Another IgM-K (GAL),
which has an as-yet-undetermined antibody activity, shares a
striking homology in VK with WEA, including an identical CDR1.

It is known by immunochemical (1) and x-ray-crystallographic
(2, 3) studies that the Fv region of the immunoglobulins [the
variable region of the heavy chain (VH) and the variable region
of the light chain (VL)] is responsible for the antibody activity
and that the specificity resides in the molecular complemen-
tarity between structural determinants of the antigen molecule
and amino acid residues in the active site.

Although several human monoclonal immunoglobulins have
been found to have antibody activity (4-7), the sequences of
only a few of them have been determined for the entire Fv re-
gion (5, 8). This lack of information is due to the difficulty in
finding and obtaining human monoclonal immunoglobulins with
antibody activity in sufficient amounts for detailed structural
studies and the obstacles associated with screening a wide range
of antigens.

The VL region is encoded by two separate gene segments: V
(variable) and J (joining) (9-11). The VH region, in addition to
its V and J gene segments, is encoded by a third gene segment
called D (diversity) (12-18), which in mice (12, 13) was found
to encode a portion of the third complementarity-determining
region (CDR3). In humans and rabbits, its DNA sequence (18)
was also shown to have a striking homology to a portion of the
CDR2 (19, 20). Evidence for such minigenes was obtained by
independent assortment (21). The multiplicity of these ele-
ments in the germ-line or unrearranged DNA allows diversity
by recombination, gene conversion, and variations in the join-
ing sites (13-18, 22-25).

In mice it was demonstrated that for a particular antigen a
VH DNA subset or segment is preferentially selected and joined
to a particular D minigene, which can be recombined to any of
theJH minigenes (13, 23). For L chains, the selection is of one

VL DNA segment that can be joined to any JL (26).
The availability, in sufficient quantities, of a human mono-

clonal IgM-K (WEA) with antibody activity specific for 3,4-py-
ruvylated galactose present in certain Klebsiella polysaccha-
rides (6) encouraged us to determine the primary structure of
its Fv region. We now report the complete amino acid se-
quence of the V regions of H and L chains from protein WEA.

MATERIALS AND METHODS
Isolation of WEA-IgM. IgM-K WEA, isolated as euglobulin

from the plasma of a patient with Waldenstrdm macroglobu-
linemia, was chromatographed on a Sephadex G-200 (Phar-
macia) column equilibrated with 0.1 M sodium phosphate/0. 15
M NaCI, pH 7.00, and reprecipitated as euglobulin. Purity was
assessed by Ouchterlony double diffusion in agarose, using
antisera to li, y, a, K, and A chains and by sodium dodecyl sul-
fate/polyacrylamide gel electrophoresis. Presence of J chain
was determined by Ouchterlony analysis with anti-J chain
(courtesy of J. Mestecky).

Complete Reduction and Alkylation. Protein WEA was com-
pletely reduced in 6 M guanidine/0.6 M Tris HCl/0.001 M
EDTA/20 mM dithiothreitol, pH 8.2, for 1 hr at 37°C and al-
kylated by the addition of iodo['4C]acetic acid (0.7 mCi/mmol,
New England Nuclear; 1 Ci = 3.7 x 101' Bq) to a final con-
centration of 40 mM for 1 hr at 37°C. H and L chains were sep-
arated on a Sephadex G-100 column equilibrated in 1 M acetic
acid/5 M guanidine.
Fv Fragment. This fragment was prepared as described by

Lin and Putnam (27). IgM-K was dissolved at 10 mg/ml in 0.02
M sodium acetate/0. 15 M NaCl pH 4.00 buffer. Pepsin was
added (1:50 enzyme-to-protein weight ratio) and the protein
was digested for 24 hr at 4°C, then a new aliquot (1:100) of pep-
sin was added and digestion was continued for an additional 24
hr. The solution was slowly titrated to neutrality with 1 M NaOH,
dialyzed against 0.1 M Tris.HCl/0. 15 M NaCl, pH 8.00, and
chromatographed on a Sephadex G-100 column equilibrated in
the same buffer. The Fv fraction was identified on 12.5% poly-
acrylamide gels containing 0.1% sodium dodecyl sulfate (28).
VH and VL regions were separated by HPLC using a linear gra-
dient with a starting buffer of 0.05% trifluoroacetic acid and a
final buffer of 0.05% trifluoroacetic acid/acetonitrile, 1:2 (vol/
vol).
Fab Fragment. IgM-K WEA was dissolved at 15 mg/ml in

0.05 M Tris.HCl/11.5 mM CaC12 pH 8.1 buffer and digested
with trypsin (1:100 enzyme-to-protein weight ratio) at 600C for
45 min (29). Fcp5 and Fab fragments were separated on a

Abbreviations: H, heavy; L, light; V, variable; C, constant; J, joining; D,
diversity; CDR, complementarity-determining region; FR, framework
region.
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Sephadex G-200 column and analyzed on 12.5% polyacryl-
amide gels containing 0.1% sodium dodecyl sulfate.

Cyanogen Bromide (CNBr) Cleavage. WEA Fab fragment
was dissolved at 30-40 mg/ml in 70% trifluoroacetic acid, a 5-
fold excess (wt/wt) of CNBr (Pierce) was added, and the re-

action was allowed to proceed for- 16-20 hr at room tempera-
ture. CNBr fragments were separated on a Sephadex G-75 col-

umn equilibrated with 5% HCOOH/5 M guanidine.
Carboxypeptidase A Digestion. Fragments were dissolved at

0.5% in 0.1 M ammoniun acetate, pH 8.00, and incubated at
37°C with carboxypeptidase A (Sigma) (1:300 enzyme-to-frag-
ment weight ratio) (30). Samples were collected at 2, 5, 10, 30,
and 60 min and overnight, and the amino acid(s) released were
determined on a Durrum 500 amino, acid analyzer. Glutamine,
asparagine, and tryptophan were run as standards.

Other Digestions. Tryptic, chymotryptic, and Pronase di-
gestions were performed as described (31) with various times
and protein-to-enzyme ratios, depending upon the fragment to
be digested. Separation of peptides was accomplished by HPLC
(Waters Associates) using a reverse-phase support medium
(,uBondapak C18). The peptides were eluted at a flow rate of 1
ml/min with a gradient generated by mixing 0.05% trifluoro-
acetic acid with 0.05% trifluoroacetic acid/acetonitrile, 1:2 (vol/
vol). All runs were performed at room temperature. Effluents
were monitored by absorbance at 210 nm, and radioactivity was
determined by scintillation counting (Beckman LS-250) where
appropriate (32). Pronase peptides were subjected to high-volt-
age electrophoresis at pH 6.5 and stained with 0.1% ninhydrin
and chlorine to reveal the presence of pyrrolidone carboxylic
acid (33). Presence of tryptophan was- determined by specific
staining on paper (34).
Amino Acid Analysis and Sequence. Amino acid analysis of

peptides hydrolyzed with 6 M HCI/0. 1% phenol (31) was per-
formed on a Durrum 500 analyzer. Manual sequencing was ac-

complished as described (35), and automated Edman degra-
dation was achieved by using a Beckman 890C sequencer and
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FIG. 1. Profiles from-a SePhadex G-75 column (90 x 3 cm) equil-
ibrated in 5% (wt/wt) HCOOH/5 M guanidine. (A) Cyanogen bromide
digest ofWEA Fab. (B) Peak I fromA after complete reducti-on and -4C-
alkylation.

a 0.1 M Quadrol program. Polybrene was used when needed
(36). Phenylthiohydantoin derivatives were identified by HPLC
with a ,uBondapak C18 column and by amino acid analysis after
back-hydrolysis- of the derivatives (32).

RESULTS
Amino Acid Sequence of WEA VH. Attempts to remove pyr-

rolidone carboxylic acid from the amino terminus of WEA H
chains were unsuccessful due to the insolubility of the H chain
in the deblocking buffer (37). Fab produced by trypsin diges-
tion at 60°C was subsequently cleaved with CNBr and two frac-

Table 1. Amino acid compositions of WEA Fd (VH-CJ1) fragments* (residues per, mol)

Amino CNBr CNBr CNBr Ic-CH1 CNBr Ic CNBr II
acid Ic II lb CH1 PR1 PR1A PR1B PR2 T1 T2 T3 T1 T2 T3

Cyst 0.59 - 1.52 - - - - - - 0.55 - - --
Asp 3.27 4.95 9.16 1.02 - - - 1.04 1.03 - 1.87 1.92 1.04 -
Thr 0.96 1.82 7.54 - - - - 0.99 - -

Ser 5.40 6.41 16.86 1.70 - - - 1.74 1.57 2.50 1.05 1.02 0.87 -
Glu 2.93 3.13 5.19 3.16 2.10 2.00 0.99 1.13 3.08 - - - - 1.20
Pro 1.26 1.05 5.92 1.02 - - - 0.99 0.93 -- - -
Gly 6.29 6.25 7.67 5.02 - - - 5.05 5.30 1.11 - - - -
Ala 2.01 2.27 8.40 - - - - - - 1.10 1.10
Val 3.04 2.02 8.04 3.00 0.94 1.00 1.01 1.97 2.99 - -

ile - 2.64 1.86 - - - - - - - - -

Leu 4.01 4.16 9.99 3.09 0.96 - 1.86 2.98 1.03 - 1.02 0.94
Tyr - 2.74 3.56 - - - - - - 1.06 -

Phe 1.95 1.96 3.66 - - - - - 0.95 1.00 - - -
Lys - 2.71 3.66 - - - - - - - 1.10 -
Arg 1.10 3.28 3.52 - - - - - 1.09 - -

Hse (+) (+) (+) - - - - - - - (+) - - 0.86
Trpt - 2.00 .2 - - - - - -

NH2 terminus (-) Asn Ser (-) (-) (-) (-) Val (-) Leu Thr Asn Asn Leu

Residues 1-34 35-83 84-204 1-18 1-4 1-3 1-2 5-18 1-19 20-27 28-34 73-76 77-80 81-83

T, tryptic; CH, chymotryptic; PR, Pronase; Hse, homoserine; (+), present; (-), nonreactive.
*See Fig. 1.
t Detected as carboxymethylcysteine.
tDetermined by amino acid sequence.
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FIG. 2. Amino acid sequence ofWEA VH and amino-terminal positions of the CA1 domain of the , chain constant region. -, Positions at which
the sequence was determined; -, positions at which the residue was identified by carboxypeptidase digestion and amino acid analysis; -*, pyr-
rolidone carboxylic acid determined by specific stain on paper. Amino acids are identified by the single-letter code: A, Ala; B, Asp or Asn; C, Cys;
D, Asp; E, Glu; F, Phe; G, Gly; I, Ile; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr; and PCA, pyrrolidone
carboxylic acid.

tions, CNBr I and CNBr II, were obtained after chromatog-
raphy on a Sephadex G-75 column (Fig. IA). The CNBr I
fragment was reduced, alkylated, and chromatographed on the
same Sephadex G-75 column (Fig. 1B). Three peaks were ob-
tained. One of them, CNBr Ia, was subjected to automated amino
acid sequence analysis and proved to be the L chain, starting
at position 5. The amino acid analyses of CNBr fragments Ib
and Ic (Fig. 1B) and CNBr II (Fig. 1A) are shown in Table 1.
CNBr Ic, which yielded no products in the first step of the

Edman degradation, was digested with trypsin and the result-
ant peptides were purified by HPLC. Three peptides were ob-
tained: CNBr Ic-TI, -T2, and -T3. Their amino acid composi-
tions are shown in Table 1. CNBr Ic was also digested with
chymotrypsin and the peptides were purified by HPLC. Pep-
tide CNBr Ic-CH1 had a nonreactive amino terminus and its
composition (Table 1) is identical to that of CNBr Ic-Ti (minus
an arginine residue).

Peptide CHI was further digested with Pronase and four
peptideswere obtained: PR1, PRiA, PR1B, and PR2; their amino
acid compositions are shown in Table 1. Amino-terminal and
carboxyl-terminal analysis of peptide PR1 and the amino acid
sequence of peptide PR2 established the sequence of residues
1-18 (Fig. 2). Peptides CNBr Ic-T2 and -T3, products of chy-
motryptic activity during trypsin digestion, yielded by auto-

mated sequence analysis positions 20-27 and 28-34, respec-
tively (Fig. 2). The presence of arginine at position 19 was
inferred from the amino acid compositional difference between
CNBr Ic-Ti and CNBr Ic-CHi (Table 1).

Automated amino acid analysis of CNBr II yielded 38 resi-
dues that accounted for positions 35-72 (Fig. 2). CNBr II was
further digested with trypsin and three peptides were obtained:
CNBr II-T1, -T2, and -T3. Their amino acid compositions are
listed in Table 1 and their sequences were determined by man-
ual and automated Edman degradation and placed by homology
at positions 73-76, 77-80, and 81-83, respectively (Fig. 2). The
split between positions 80 and 81 is also due to chymotryptic
activity.
CNBr lb subjected to automated amino acid sequence gave

unambiguous results for 40 steps and accounted for positions
84-123 (Fig. 2).
Amino Acid Sequence of WEA VL. The completely reduced

and '4C-alkylated light chain was subjected to automated amino
acid analysis and yielded the first 66 residues (Fig. 3); they are
characteristic of a VKI (8).

The L chain was then digested with trypsin and peptides were
purified on an HPLC system. The sequence of T II (Fig. 3) was
determined and gave 29 residues, accounting for positions 62-
90. Peptide T II was further digested with chymotrypsin and

CDR 1
10 20 30 40

D I Q MTQ S P S SL SAS V GDRVT I TC RASQ G I R N DL TWY QQ K P GT
- -7 ---7 -777 7 -7 -7 -777-7 -7 -7 -77-7 -7 -7 -7 -7 -7 -7 7

[5OCDR 2 7-1 60 70 80
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-77-7-7-7 -7 -7-7-7" 7-77 Vk Ck

FIG. 3. Amino acid sequence ofWEA VL. -, Positions at which the sequence was determined. The identities of residues 1-66 were obtained
by automated amino-acid sequence from the isolated, completely reduced, and 14C-alkylated L chain. Amino acids are identified by the single-letter
code as in Fig. 2.
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Table 2. Amino acid compositions of WEA L chain and its fragments (residues per mol)
Amino TII- TII- TII-
acid L VL T I T II T III T I CH1 CH2 CH3

CY8* 4.10 1.05 - 0.62 - - 0.53 - -
Asp 16.60 5.86 - 2.33 - 1.05 - - -
Thr 18.78 11.63 0.97 5.65 - 1.01 - 2.07
Ser 28.37 14.98 2.56 5.82 - 1.90 - 1.87 -

Glu 25.21 12.82 1.18 5.22 1.10 1.82 1.05 - 1.05
Pro 11.17 6.40 0.96 2.23 - 2.67 - 1.00 -
Gly 15.03 10.70 2.01 5.03 - - -- - 1.98
Ala 13.10 6.73 1.16 1.23 - 2.24 - -
Val 15.36 6.64 1.02 - 1.74 2.14
Met 1.07 0.86 - - - - - -
Ile 6.47 4.58 0.92 1.10 - 0.92 - - -
Leu 16.22 6.36 1.91 3.18 - 1.05 0.99 - -
Tyr 8.94 5.08 1.06 2.99 - - 0.96 - -
Phe 8.94 5.51 - 4.81 - 1.86 - 1.12 0.98
His 1.85 - - - - - - - -
Lys 12.60 4.66 - 1.17 1.15 1.23 - - 0.92
Arg 9.10 5.65 1.26 - - - - - -
Trpt ND ND - (+) - - - (+) -

The VL fragment was obtained by cold pepsin digestion (see text); it accounts for positions 1-116.
* Detected as cysteic acid in the intact molecule and as carboxymethylcysteine in the fragments.
t ND, not determined; (+), determined by stain on paper (34) and amino acid sequence.

the peptides were purified by HPLC. The sequences of pep-
tides T II-CHL, -CH2, and -CH3 (amino acid compositions shown
in Table 2) were determined and gave positions 88-91, 92-96,
and 97-103, respectively. The tryptophan content of peptide T
II-CH2 was determined by specific staining on paper (34). The
sequences of T III and T IV were determined and by homology
gave positions 104-107 (end of JK segment) and 109-119 (be-
ginning of CK), respectively. The amino acid composition of VL
(Table 2) indicated the presence of six arginine residues. After
trypsin digestion of the VL fragment, free arginine was ob-
tained and because of the homology with other light chains of
the same subgroup, it was placed at position 108.

DISCUSSION
Analysis of VL. WEA VL is composed of 108 amino acid res-

idues. The L chain was shown to be K, both immunologically
and by amino acid sequence (Fig. 3); it belongs to the VKI
subgroup (positions 1-95) (8). From positions 96 to 108 it ap-
pears to be JKI (11) with one substitution at position 106 (valine
for isoleucine). An identical substitution is also present in three
other proteins previously reported [BJ48, LAY, and EU (8)],
perhaps representing polymorphism in the J gene (11).

Compared to the human VKI family, WEA VL exhibits within
the framework residues a homology of 95%, having two unusual
substitutions at positions 42 and 46 (Fig. 4A). The three CDRs
are unique for protein WEA L chain, (although CDR1 is shared
by another protein GAL as discussed below), with identity to
the rest of VKI ranging between 44% and 58%. This low ho-
mology is mainly due to what appears to be very rare substi-
tutions at positions 28, 30, 32, 34, 50, 52, 55, 89, 92, 94, and
96. Tryptophan at position 96 is the first amino acid of the JKI
segment as deduced from the DNA sequence (11), and, al-
though it is located at the recombination point between VKI and
JI, it is rarely expressed.

Analysis of VH. WEA VH consists of 114 residues and by its
amino acid sequence belongs to the VHIII subgroup. When
compared to Kabat numbering (8), it has one amino acid in-
serted at position 52, three at position 82, and three deleted
between 98 and 102. At positions 104-114, the sequence in-
dicates that it can belong to JH1, JH4, or JHS (17).
WEA VH region has an amino terminus blocked by pyrrol-

idone carboxylic acid, and within the framework regions (FRs)
has 90% identity with the human VHIII family (Fig. 4B), having
three unusual substitutions at positions 13, 23, and 82A unique
for this protein and three additional substitutions at positions

A 1-CDR1 [CDR 21 CDR 3
10 20 13 40 50 160 70 80INI 100 108

1 1 1 1~~~1 1 1ii
WEA VKc1 DIQMTQSPSSLSASVGDRVT'ITCRASQGIRNDLTWYQQKPGTAPKRLIYYATSLQSGbVPSFSGSGSGbbtEFTLTINSLQPEDFATYYCLQYSSFPWiTFQGTKVtVKR

L-D-S-E D S Q-B-L-Y I-Human VK1
GAL VicI

gDR 11 DR 2 -DR 3-
B 10 20 3d 40 0a 80 90 1100 110

I 70~~Ia I abcII
WEA VHI ZVQLVDSGGGLVEPGGSLRLSCSASGFTF NDMVRQPGKGLEWLSFI_____IYYADSVK_TI RNBSKNSLYLQMSSLRAEDTAVYYCAR_L --- NWGQGTLVTVSS
Human VHIII E-E Q A TYA-S V-W-YEN-DKH S-T N XXXXFYDY

GAL VHIII E- E--D-Q-R A-( )-T VAN-KZB-ZZB-V DNA N-V--L GGG-DY T

FIG. 4. (A) Comparison of the amino acid sequence of V, WEA, GAL (38), and human VKI. For human VKI the most common residues for each
position in the VKI subgroup are indicated (8). A line indicates identity. (B) Comparison of the VH region sequences of WEA, GAL (39), and human
VHmI. For human VHm the most common residues for each position in the VHIII subgroup are indicated (8). ( ), No sequence available; -, residue
missing; X, no typical amino acid in the position. Numbering is according to Kabat et al. (8).
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6, 48, and 77 present in less than 2% of the known human VHIII
subgroup sequences.
The three VH CDRs are unique for this protein because the

first two are only 50% identical to the rest of the known VHIII
CDRs and the CDR3 is unusually short, extending from po-
sition 99 to position 103 (Fig. 2). Compared to the VHIII family,
it lacks positions 99, 100, and 101 (Fig. 4B) (8). Whether this
is due to a short D segment or an unusual recombination to the
JH segment cannot be determined. CDR3 starts after arginine
at position 98 (Fig. 2), which represents the 3' end of the VH
DNA segment, as was shown on a cloned human VH gene (16).
The D segment appears to code for positions 99-102, and po-
sition 103 can be created by recombination with JH1, JH4, or
JHS (17). The three J segments have the same amino acid se-
quence for positions 104-114, although JH1 or JH4 appears to
be more suitable because a recombination inside the sixth or
fourth codons (TAC and CAC), respectively, will use the last
two bases A-C before the TGG triplet (tryptophan-104) (17) to
build by a joining event an AAC coding triplet for asparagine
at position 103. Whether or not this is a normal human VDJ
rearrangement selected against 3,4-pyruvylated galactose can-
not be answered until more information is available from other
human immunoglobulins with the same specificity.

Comparison to Protein GAL. Protein GAL is an IgM-K (38,
39) that, like protein WEA, belongs to VHIII and VKI subgroups
and shares the Km[3] allotype in the C, region (40). Antibody
activity against 3,4-pyruvylated galactose or agar* was not de-
tected in protein GAL.

The striking homology between the two VI regions of nearly
90% identity (Fig. 4A) is more evident in the first 40 residues,
including CDR1, where there is only one difference at position
22. To date there are no other V,,1 regions known to have a sim-
ilar CDR1. Up to position 95, there are six differences in the
CDRs and five in the FRs, of which three (42, 46, and 52) are
unique forWEA and three (22, 67, and 91) are unique for GAL.
WEA and GAL VL regions appear to come from the same or
very closely related genes, rarely expressed, with some of the
differences accounted for by somatic mutation. This assump-
tion is based on the finding that the human V,, repertoire is re-
stricted to only 15-20 coding genes that were hypothesized to
undergo extensive somatic mutation after selection (41) and that
the two proteins are similar to each other while different from
the rest of the reported V,,1 proteins. However, the possibility
of gene conversion in the CDR1 zone cannot be excluded (25).
Comparison of the amino acid sequence of the VH regions of
proteins WEA and GAL (Fig. 4B) indicates striking differences
in the CDRs as well as the FRs. However, as with WEA, the
CDR3 of protein GAL starts with the sequence Gly-Trp and
has a deletion at position 100.

Comparison to other monoclonal proteins with similar or
identical specificity should provide new insights into the nature
of the active sites.

* Assays by J. Liao and E. A. Kabat (personal communication). There
was no precipitation band with Klebsiella capsular polysaccharide K33
or with a 200C extract of agar (6).
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