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ABSTRACT: The variable region sequence of the heavy chain
from McPC 603, a phosphorylcholine binding myeloma pro-
tein, has been determined primarily by use of the automated
sequencer. The variable region of this protein contains methio-
nine residues at positions 34 and 83. Three cyanogen bromide
fragments were isolated from cleaved heavy chains and pepsin

Mouse myeloma proteins with antigen binding specificity
for a wide variety of antigens such as phosphorylcholine (Pot-
ter and Leon, 1968; Potter and Lieberman, 1970; Sher et al.,
1971), B-(1—=6)-D-galactan (Potter et al., 1972; Jolley et al.,
1973; Rudikoff et al., 1973), a-(1—3)-dextran (Leon et al.,
1970; Weigert et al., 1970), a-(1—6)-dextran, 8-(2—1)-fruc-
tosan (Cisar et al., 1974), and dinitrophenol (Eisen er al.,
1968; Jaffe et al., 1969) have been previously described. These
proteins provide excellent models for studying antibody struc-
ture as well as for exploring structure-function relationships
among proteins binding the same hapten.

We have begun to explore in depth the structural and func-
tional properties of a group of five phosphorylcholine binding
proteins (M603, M167, T15, S107, and H8) all of which origi-
nated in the highly inbred BALB/¢ strain of mice. Many of the
questions relating to the structure of binding sites depend upon
a determination of both three-dimensional and primary struc-
tures. A systematic attempt has been made to crystallize the
pepsin Fab fragments from our collection of phosphorylcholine
binding proteins. Crystals suitable for X-ray diffraction studies
were obtained from the Fab fragment of M603 and have been
previously described (Rudikoff er al., 1972). Padlan et al.
(1973) have extended these initial observations and recently
described the three-dimensional structure of this molecule at
4.5-A resolution,

In the present study we have determined the variable region
sequence from the heavy chain of M603. We propose to use
this sequence in the construction of a three-dimensional model
of the M603 Fab and as a prototype in comparative studies
with the other phosphorylcholine binding proteins described
above.

Materials and Methods

Protein Purification. Plasmacytoma McPC 603 (IgA, «) has
previously been described by Potter and Leon (1968) and Leon
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Fab’s which accounted for this entire sequence. The sequence
of this protein outside the hypervariable regions shows consid-
erable homology to the variable regions of other mouse as well
as human proteins suggesting a conservation of genes coding
for heavy chains.

and Young (1971). The protein (M603) was purified by affini-
ty chromatography on Sepharose-phosphorylcholinecolumns
as described by Chesebro and Metzger (1972).

Heavy Chain Preparation. M603 protein (20-30 mg/ml)
was dialyzed against 0.15 M Tris-HCI-0.15 M NaCl-2 mM
Na;EDTA and was reduced with 10 mM dithiothreitol for 2 hr
at room temperature, followed by alkylation for 15 min with 20
mM iodoacetamide (Bridges and Little, 1971). The partially
reduced and alkylated protein was dialyzed overnight against 6
M urea-1 M acetic acid, and heavy and light chains were sepa-
rated by chromatography on a Sephadex G-100 column (5 X
100 ¢cm) equilibrated in 6 M urea-1 M acetic acid.

Pepsin Fragments. Pepsin Fab’s were prepared as previously
described (Rudikoff et al., 1972). Protein, partially reduced
and alkylated as described above, was dialyzed against 0.1 M
sodium acetate (pH 4.5) and digested with pepsin (Worthing-
ton) at a weight ratio of 1:100 (enzyme:protein) for 6 hr at
37°. The digestion was stopped by adjusting the pH to 8.6 by
the addition of 2 M Tris and the Fab was separated by chroma-
tography on Sephadex G-100 columns equilibrated in borate-
buffered saline (pH 8.0).

Cyanogen Bromide Cleavage. Proteins were dissolved in 70%
formic acid and CNBr was added at a 4:1 weight ratio
(CNBr:protein). The reaction mixture was allowed to stand
overnight at 4° and was then diluted with water and lyophi-
lized. Fragments derived from cleavage of heavy chains will be
denoted as Cn while those derived from cleavage of the pepsin
Fab will be designated Cn’.

Sequence Determination. Amino acid compositions were de-
termined on a Beckman 119 amino acid analyzer equipped
with high sensitivity cuvets and recorder following hydrolysis
of peptides in 6 N HCI for ~18 hr in evacuated and sealed
tubes. Automated sequence determinations were performed on
a Beckman Model 890C sequencer using the standard di-
methylallylamine peptide program. Sequencer fractions ob-
tained after each degradation cycle were converted to phenyl-
thiohydantoin derivatives (Pth)! as previously described (Rudi-

Abbreviation used is: Pth, phenylthiohydantoin.
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Results

Heavy Chain NH, Terminal Sequence. Uncleaved heavy
chains were subjected to 37 cycles of degradation and the se-
quence obtained is given in Table I. This NH; terminal se-
quence as well as that for heavy chains of other phosphoryicho-
line binding myeloma proteins have previously been reported
(Barstad er al., 1974).

Heavy Chain Cyanogen Bromide Fragments. The partially |
reduced and alkylated heavy chain was cleaved with cyanogen
bromide and then chromatographed on a Sephadem G-100 col-
umn (2.5 X 125 cm) in 5 M guanidine-0.2 M NH,HCO; (Fig-
ure 1A). The two major protein peaks were pooled as indicat-
ed, desalted on Sephadex G-10 columns in 0.1 M NH3, and ly-
ophilized.

Cn-1 was dissolved in 5 M guanidine-0.05 M Tris (pH 8.2)
and fully reduced with 10 mM dithiothreitol for 2 hr at 37°,
followed by alkylation with 20 mM ['4Clicdoacetamide for 30
min at 37°, Cn-1 was then applied to the same Sephadex G-
100 column as described above and eluted under the same con-
ditions. The major peaks of absorbance and radioactivity were
pooled as indicated in Figure 1B, desalted, and lyophilized.

Cn-1A was subjected to 23 cycles of degradation and found
to be identical with the large C region fragment found by Fran-
cis et al. (1974) in the MOPC 315 heavy chain and will be de-
scribed in a subsequent communication. Cn-1B gave ambigu-
ous results in a preliminary sequencer experiment and since the
yield in terms of both absorbance and radioactivity was quite
low, it was not analyzed further.

Cn-1D was shown to have a sequence identical with that of

34
Met

30
Gly-Phe-Thr-Phe-Ser -Asx-Phe-Tyr-Met-Glu-Trp-Val

Val -Trp-Gly-Ala-Gly-Thr-Thr-Val-Thr-Val
heavy chain NH, terminus
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the heavy chain amino terminus and was therefore designated . 3 °
as the NH; terminal fragment. Cn-1C in a preliminary sequen- O& Q&
cer experiment was found to be a single fragment and was sub- = =

(OR®; (ON )

sequently subjected to 35 cycles of degradation. The sequence
of this fragment is given in Table I and its position in the chain
can be assigned as extending from residue 84 in the V region to
residue 116 (the first residue in the C region) by homology
with other heavy chain sequences from both mice and humans

¢ Repetitive yields from representative sequencer runs of the heavy chain amino terminus and Cn-1C were 94.2 and 95.2 % respectively.

TABLE I: Amino Acid Sequence and Alignment of CNBr Fragments.
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FIGURE 1: (A) Sephadex G-100 gel filtration of CNBr cleaved M603
heavy chain. Columns (125 X 2.5 cm) were equilibrated and eluted
with 5 M guanidine-HC1-0.2 M NH4HCOa. (B) Gel filtration as in A
of Cn-1 following full reduction and alkylation with ['4Cliodoacetam-
ide.

(Figure 2). From the presence of the methionine at position 34
in the NH> terminal sequence and the location of Cn-1C (resi-
dues 84-116) it was obvious that the fragment from residue 34
to 84 would not be disulfide linked to any other fragment since
the V region intrachain disulfide is between the half-cysteines
at positions 22 and 96. Cn-2 was therefore examined as the
likely location of the missing V region fragment. Cn-2 was
found by sequence analysis to be a complex mixture of approxi-
mately four fragments. It was therefore decided to use pepsin
Fab fragments in an attempt to reduce the complexity of this
mixture.

Pepsin Fab Cyanogen Bromide Fragments. Fab was cleaved
with cyanogen bromide and chromatographed under the same
conditions as described for the heavy chain. An elution profile
of the cleaved Fab is presented in Figure 3. Pools were made as
indicated, desalted, and lyophilized. Cn’-2 from the Fab was
found to be a mixture of two fragments by sequence analysis. It
was fortuitously found that upon suspension in 0.01 M
NH4OAc (pH 5.0) one of the peptides became largely insolu-
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TABLE I1: Amino Acid Composition of Cn’-2sed.

Amino Acid

Asp
Thr
Ser

Glu
Pro
Gly
Ala
Val
Ile

Leu
Tyr
Phe
Lys
Arg
Trp
Hse

Residues/mol® Obsd

w
o
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B V= S SN VRV SR VR
RN LR WWWWLWW LWL WLWW

[y

¢ Values are the average of two separate 20-hr hydrolysates.
® Not determined.

ble. The insoluble peptide was collected by centrifugation after
being allowed to stand overnight at room temperature and dis-
solved in 5% HOAc. The amino acid composition of this frag-
ment (subsequently referred to as Cn’-2sed) is given in Table II
along with the number of residues of each amino acid found in
subsequent sequencing experiments.

Approximately 400 nmol of Cn’-2sed was applied to the se-
quencer and subjected to 48 cycles of degradation. The first 48
residues in this fragment were thus identified by sequencer
analysis. An aliquot was then digested with carboxypeptidase
A and samples were taken as indicated in Figure 4 and applied
to the amino acid analyzer. Amino acids were released in the
order homoserine, glutamine, leucine, and tyrosine. As tyrosine
was identified at position 48 in the sequencer analysis the over-
lap is provided and establishes the sequence of the C-terminal
four positions as Tyr-Leu-Gln-Hse. The complete sequence of
this fragment is given in Table I. The amino terminus of Cn’-
2sed overlaps the C-terminal three residues of the intact heavy
chain sequencer run (Table I) and places this fragment as ex-
tending from position 35 to 83 in the variable region (Figure
2).

Discussion

With the exception of the possible but highly unlikely occur-
rence of an insertion between positions 83 and 84 we have de-
termined the entire V region sequence of the heavy chain from
protein M603. At present the complete variable region se-
quence of only one other mouse heavy chain, M315, has been
reported (Francis et al., 1974), although Bourgois et al. (1972)
have previously described the first 104 positions of the M173
heavy chain. The presence of methionine residues at positions
34 and 83 in the Vy permitted the isolation of the entire vari-
able region in three fragments following CNBr cleavage.

When the heavy chains from mouse and human proteins are
aligned in a manner to maximize homology (Figure 2) it be-
comes apparent that variations in chain lengths may all be at-
tributable to insertions or deletions in the hypervariable regions
(31-35, 50-62, 99-105). The M603 heavy chain has an unusu-
al insertion of two residues following position 58 which is in the
second hypervariable region and a second two-residue insertion

13, No. 19, 1974 4035
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10 20 30
Mouse 603 (o) EVKLVESGGGLVQPGGSLRLSCATSGFTTEFS
Mouse 315 (c,A2) DVQLQESGPGLVKPSQSLSLTCSVTGYSIT
Mouse 173 (y2a,x) EVKLLESGGPLVQLGGSLKLSCAASGFDTFS
Human Nie (v1,x,Varrn ZVQLVQSGGGVVQPGRSLRLSCAASGFTES
Human Ou (u.x, Vi) ZVTLTESGPALVKPKQPLTLTCTFSGFSLS
Human Eu (v1,4,VirD) ZVQLVQSGAEVKKPGSSVKVSCKASGGT FES

40 50
Mouse 603 (awx) BFYME-- WVRQPPGKRLEWI AASRBKGBKY
Mouse 315 (,A\2) SGYFKN- WI RQFPGNKLEWL GFI KYDGS B -
Mouse 173 (y2a,x) RYWMS- - WVKQAPGKGLEWI GEI DPNS S TI
Human Nie (y1,4,Vur1ir) RYTI H- - WVRQAPGKGLEWVY AVMSYB GB BK
Human Ou (uxVirn) TSRMRVSWI RRPPGKALEWL ARI - - BB BDK
Human Ey (v1.6,Vir1) RSAI I -- WVRQAPGQGLEWMGGITI VPMFGTPP
60 70 80
Mouse 603 (a,x) TTZY-SASVKGRFIVSRBTS ZSILYLQMNA
Mouse 315 (a,\2) - --(YGBPSLKNRVSITRDTS ENQFFLKLTDS
Mouse 173 (v2a,x) - - NY-TPSLKDKFITSRNDAKNTLYL QMSK
Human Nie (v1.4,Virran) - - HY- ADS VNGRFTI SRNDS KNTLYL NMNS
Human Ou (ux, Vi) --FYWSTS LRTRLSI SKNDS KNQVVLI MIN
Human Eu (v1,x,Vi1) - - NY- AQK FQERVTI TADESTNTAYMETLSS
90 100
Mouse 603 (a.x) LRAEDTAT YYCARNYYGSTWY- - - - FDVW
Mouse 315 (a,\2) VTI(TZBTATYYCAGDNDHLY - -+ ---- FDYW
Mouse 173 (v2a,x) VRS EDTALYYCARSPYYAM
Human Nie (v1.,Vu1rr) LRP ZBTAVYYCARI RDTAMF-----. FAHW
Human Ou (e, Virn) VNP VDTATYYCARVVNSVMAGYYYYYMDVW
Human Eu (v1,x,Vir) LRSEDTAFYFCAGGYGI YS - ---.-.-. PEEY
110

Mouse 603 (ot k) GAGTTVTV
Mouse 315 (a,A2) GQGTTLTV
Human Nie (v, V11D GQGTLVTV
Human Ou (#,K,VHII) GKGTTVTV
Human Eu (v1,6,Va1) NGG- LVTV

FIGURE 2: Heavy chain variable region sequence from M603 compared with sequences from mouse proteins M315 (Francis et al., 1974), M173
(Bourgois et al., 1972), and human proteins Nie (Ponstingl er al.. 1970), Qu (Shimizu et al., 1971a.b), and Eu (Edelman et al., 1969; Edelman,
1970). Numbering is according to Francis e al. (1974) with gaps introduced to maximize homologies.

following position 104 which is in the third hypervariable re-
gion. A comparison of the available mouse heavy chain se-
quences {Figure 2) reveals that 40 positions in the Vi are in-
variant. If one excludes the hypervariable regions which are
thought to determine antigen binding specificity, these 40 posi-
tions comprise 44% of the remainder of the variable re-
gion. Furthermore, if one considers changes such as Leu-lle-
Val, Gly-Ala, Ser-Thr, or Lys-Arg as those which would not
affect the functional homology at a given position the number
increases to 59%. A similar comparison including the human
heavy chains in Figure 2 reveals 20 invariant positions (22%).
This number increases to 41% if the interchanges described
above (Leu-lle-Val, etc.) are considered as homology positions.
The Vy homology between man and mouse suggests that
genes coding for these sequences have been highly conserved
throughout evolution. This observation is further supported by
data of Capra er al. (1973) who have described unblocked
heavy chain amino-terminal sequences from a number of
species and similarly observed this large degree of homology.
At this time it appears as though there are several basic
questions in immunology to which sequence analyses will pro-
vide essential information. First, primary sequences will be
necessary to construct three-dimensional models of crystallized
immunoglobulin molecules. In this regard, Padlan er a/. (1973)
have previously reported the structure of the M603 Fab at 4.5-
A resolution. A molecular model at 3.1-A resolution is current-
ly being constructed from which it can be seen that a wedge-
shaped cleft is formed at one end of the molecule by loops con-
sisting of the three hypervariable regions of the heavy chain
and two of the hypervariable regions of the light chain. Phos-

4036 BIOCHEMISTRY. VOL. 13. NO. 19,

phorylcholine has been demonstrated to bind in this cleft with
the predominant specific interactions between the hapten and
residues in the hypervariable regions of the heavy chain. The
two residues in nearest proximity to the hapten are Tyr-33 and
Arg-52 both of which are apparently hydrogen bonded to oxy-
gen atoms of the phosphate moiety of the hapten. Lys-54 is also
in close proximity to the phosphate and would therefore help
neutralize the negative charge in this portion of the hapten.
The choline moiety is involved in van der Waals interactions
with Gly-102 and Ser-103 as well as residues in the third hy-
pervariable region of the light chain (Padlan er a/., 1974). This
predominant interaction of hapten with the heavy chain may
explain the high degree of conservation of this amino acid se-
quence in other phosphorylcholine binding proteins in the
mouse (see below).

Second, an exploration of the primary structure of groups of
proteins which bind the same hapten will provide information
as to the types of variation that may occur while still retaining
antigen binding specificity. Of five phosphorylcholine binding
proteins (T15, H8, S107, M167. and M603) studied to date all
have identical heavy chain sequences through the first hyper-
variable region with the exception of a single substitution at
position 4 in the M167 chain. The light chains from three of
the proteins (T15, H8, and S107) have identical sequences
through the first hypervariable region. The two other light
chains (M167 and M603) have greatly different sequences
from each other and the H8-T15 pair (Barstad ez al., 1974). It
therefore seems as though at least three distinct germ line
genes are involved in coding for light chains of phosphorylcho-
line binding proteins. For this antigen binding specificity, then,

1974
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FIGURE 3: Sephadex G-100 gel filtration of Fab following CNBr
cleavage. Conditions are the same as in Figure 1A,

the heavy chain may play a dominant role. This interpretation
is consistent with the X-ray crystallographic studies described
above which have demonstrated the primary specific interac-
tions to be between the hapten and the heavy chain. Weigert et
al. (1970) have described two a-(1—3)-dextran binding mye-
loma proteins which have identical light chain sequences, but
have different heavy chain amino terminal sequences (L.
Hood, personal communication). Thus, for a-(1—3)-dextran
binding this specific light chain appears to be stringently re-
quired for this specificity, although a final conclusion must
await V region determinations on the heavy chains of these
molecules. We have previously described a group of myeloma
proteins which bind B-(1—6)-D-galactan (Rudikoff et al.,
1973). Of six proteins studied to date all have identical light
chains for the first 23 residues. Four of the heavy chains from
these proteins are identical for their first 30 residues and the
other two have only one substitution. For this specificity a par-
ticular light as well as heavy chain gene may be necessary. This
group of proteins should be extremely interesting for an explo-
ration of structure-function relationships in that even though
the light and heavy chain sequences are very similar each pro-
tein possesses a unique idiotype and has different binding char-
acteristics for various galactan haptens (Jolley et al., 1973).
Thus, the predominance of specific interactions between hap-
ten and light chain or heavy chain or a light-heavy combina-
tion may depend greatly on the antigen binding specificity re-
quired and not follow any general rule in regard to importance
of light vs. heavy chain in determining specificity.

Finally, Claflin er al. (1974) have recently reported the oc-
currence of antiphosphorylcholine antibodies in strains of mice
other than BALB/c which appear to be of restricted hetero-
geneity and have patterns of binding specificity for phosphoryl-
choline derivatives similar to antibodies induced in the BALB/
¢ strain. The binding specificity of these induced antibodies is
identical with that of the phosphorylcholine binding myeloma
proteins T15 and H8 described above. Sequence analysis of the
antibodies induced in these various strains may permit an eval-
uation of the variation of a distinct pair of germ line genes
within a given species.

Added in Proof

The electron density map of the M603 heavy chain is consis-

BIOCHEMISTRY, VvOL. 13, NO. 19,
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FIGURE 4: Carboxypeptidase A digestion of Cn’-2sed Digestion was
performed at room temperature in 0.01 M phosphate buffer (pH 8.0).
Amino acids are represented as follows: (@) homoserine; (O) gluta-
mine; (&) leucine; (O) tyrosine.

tent with our supposition that no insertion occurs between posi-
tions 83 and 84.
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Characterization of Concanavalin A Sugar Binding Site by

I9F Nuclear Magnetic Resonance’

Gerald M. Alter and James A. Magnuson*

ABSTRACT: The binding of N-trifluoroacetyl-a- and §-D-glu-
cosamine to dimeric and tetrameric concanavalin A was stud-
ied using '°F nuclear magnetic resonance. Competition of
methyl a-D-mannopyranoside with the trifluoro sugar indicates
that the sugar binds to the carbohydrate binding site of con-
canavalin A. A great deal of rotational freedom of the trifluo-
roacetyl residue was observed for bound N-trifluoroacetyl-D-
glucosamine anomers in complexes with two protein aggrega-
tion states. No chemical shift in the '°F resonance of the probe
sugar was observed upon its binding to concanavalin A. These
results indicate that binding of the trifluoro sugar in the pro-
tein hydrophobic pocket previously identified by X-ray crystal-
lographic analysis (Edelman, G. M., Cunningham, B. A.
Reeke, G. N., Jr., Becker, J. W., Waxdal, M. J., and Wang, J.
L. (1972), Proc. Nat. Acad. Sci. U. S. 69, 2580; Hardman, K.

Concanavalin A (Con A') is a protein isolated from the jack
bean (Canavalia ensiformis) (Sumner and Howell, 1936). It is
one of a class of plant proteins called lectins. Lectins, including
Con A, have the ability to bind to cell surfaces and for that rea-
son have become widely used in exploring the structure and dy-
namics of cell surfaces (Sharon and Lis, 1972; Burger, 1973;
Inbar et al., 1971). Con A agglutinates embryonic tissue cells
(Moscona, 1971) and various neoplastic cells in tissue culture
(Inbar and Sachs, 1969). Adult and normal cells are not agglu-
tinated and generally have a lower binding affinity for Con A.
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ington 99163. Received March 27, 1974. This research was supported
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14496-01. A preliminary account of this work was delivered at the Pa-
cific Slope Biochemical Conference, Vancouver, British Columbia,
Canada, Aug 1973.
! Abbreviations used are: Con A, concanavalin A; NTFAGlen, N-tri-
fluoracetyl-D-glucosamine; NphGlcp, p-nitrophenyl «-D-glucopyra-
noside: «MeMan, methyl a-D-mannopyranoside; Mn-Con A, manga-
nese enriched concanavalin A; Zn-Con A, zinc enriched concanavalin
A: IphGalp, O-iodophenyl 3-D-galactopyranoside; lphGlep, o-iodo-
phenyl 3-D-glucopyranoside.
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D., and Ainsworth, C. F. (1972), Biochemistry 11, 4910) is un-
likely. The !°F resonance is broadened noticeably when the
sugar binds to concanavalin A containing Mn2* in the transi-
tion metal site. This broadening was used to calculate the dis-
tance separating the fluorine nuclei and the Mn2* ion. The
mean distance between the fluorine nuclei of the bound sugar
and the concanavalin A transition metal site was found to be
12 and 14 A for the « and 8 anomer, respectively. This is in
agreement with carbon magnetic resonance results indepen-
dently obtained (Brewer, C. F., Sternlicht, H., Marcus, D. M.,
and Grollman, A. P. (1973), Proc. Nat. Acad. Sci. U. S. 70,
1007; Villafranca, J. J., and Viola, R. E. (1974), Arch. Bio-
chem. Biophys. 160, 465). It strongly implies that the carbohy-
drate binding site in solution is not the hydrophobic pocket
identified by X-ray crystallographic analysis.

Upon binding, Con A often causes a change in the physiologi-
cal functioning of its target cell (Cuatrecasas, 1973; Powell
and Leon, 1970). Burger and Noonan (1970) have demon-
strated that normal growth may be restored to virally trans-
formed cells by treatment with trypsinized Con A.

Association of Con A with cell surfaces occurs primarily by
virtue of its ability to bind certain carbohydrates on the cell
surface (Wray and Waldborg, 1971; Allen et al., 1972). Car-
bohydrates with the minimum structural requirements for
binding to Con A contain residues with the D-arabinopyranos-
ide configuration at the C-3, C-4, and C-6 positions {Goldstein
et al., 1965, 1973). There is one monosaccharide binding site
per 25,500 molecular weight subunit of Con A (Yariv er al/.,
1968).

For monosaccharide binding activity, one transition metal
and one calcium ion must be bound to each Con A subunit
(Kalb and Levitzki, 1968). The transition metal requirement is
satisfied by several metal ions including diamagnetic zinc and
paramagnetic manganese ions. The calcium requirement, how-
ever, is more specific. Only cadmium and strontium substitu-
tion yields an active protein (Shoham er a/., 1973).

Sedimentation equilibrium studies indicate Con A exists as a
110,000 molecular weight tetramer at pH 7.0 and higher and



