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ABSTRACT : The Fc fragment is a disulfide-linked polymer
with a polypeptide molecular weight of about 270,000 that is
composed of 10 identical polypeptide chains, each containing
251 amino acid residues representing the carboxyl-terminal
portion of the constant region of the u heavy chain of human
immunoglobulin M (IgM). Partial amino acid sequences of the
Fc region of five pathological human IgM proteins and of IgM
from normal pooled human plasma have been determined to
ascertain their structural identity with the Fc sequence pre-
viously established for another pathological IgM (Ou) by a
combination of manual and automatic analysis. Fc fragments
prepared by tryptic cleavage were not distinguishable by im-
munochemical and physicochemical methods and by peptide
mapping. The amino acid composition of many tryptic and
chymotryptic peptides was determined. Automatic amino acid
sequence analysis was done on all the intact Fc proteins and on
CNBr fragments of several Fc proteins. All the peptides ana-
lyzed and all the sequences determined could be placed by
homology in the sequence previously established for the Fc re-
gion of IgM protein Ou. Trypsin at 60° cleaved at the same
site in each IgM protein. Oligosaccharides designated C2-C5

Although the complete covalent structure of one IgM im-
munoglobulin has been reported including the amino acid se-
quence of the « light chain and the x heavy chain and the loca-
tion of all disulfide bonds and oligosaccharides (Putnam et al.,
1973), little information is available about the amino acid se-
quence of other IgM proteins other than partial sequences of
the amino-terminal variable region (Capra, 1971; Wang er al.,
1971). Florent et al. (1974) have described studies on the pri-
mary structure of the V region and the switch point in a series
of pathological human IgM proteins. This paper reports partial
sequence analysis of the Fc region of five pathological IgM
proteins and of normal IgM from pooled human plasma. This
work was undertaken with three objectives: (i) to verify acces-
sible portions of the Fc region of the u chain sequence, (ii) to
search for possible amino acid substitutions indicative of sub-
classes or of allotypes of the u chain, and (iii) to adduce some
concrete evidence for the generally accepted hypothesis that
the C regions of u heavy chains from pathological IgM immu-
noglobulins are identical in amino acid sequence with corre-
sponding portions of the 4 chain from normal IgM.

For this study IgM proteins were prepared from the plasma
of five patients with Waldenstrédm’s macroglobulinemia, and
normal 1gM was prepared from plasma from a large pool of
healthy donors. In each case the Fc fragment was obtained by
limited cleavage with trypsin at 60° and purified by gel filtra-

appear to be attached to asparagine residues at four different
sites in each Fcu chain. For each oligosaccharide the site of at-
tachment in each chain is apparently identical and the carbo-
hydrate composition similar. Almost the entire Fc¢ sequence of
one IgM (Ga) was placed by homology to IgM Ou including
about 100 residues with the sequenator and the rest by peptide
composition. From 70 to 150 residues were determined with
the sequenator in the other pathological Fc proteins and about
50 in the normal Fc, and many others through peptide compo-
sition. Altogether some 700 residues in the five pathological Fc
fragments were tested for variation from the Ou Fc sequence,
and no differences were found. Although we have not found the
Fc fragments to be identical, we have been unable to establish
any differences in serological activity, peptide maps, peptide
composition, carbohydrate location, disulfide bridges, and
amino acid sequence. Hence, we conclude that within the limits
of detection and application of the methods and excluding pos-
sible minor allotypic variations, the Fc sequence is closely simi-
lar if not identical for most and possibly all human pathological
u heavy chains and the g heavy chains of normal human IgM.

tion. The Fc fragments were compared by immunochemical
and physicochemical methods and also by peptide mapping. In
several cases many peptides were eluted from the maps and
were analyzed. All of the intact Fc proteins were subjected to
automatic amino acid sequence analysis, and CNBr fragments
of several of the Fc proteins were also analyzed with the se-
quenator. Although the intact IgM proteins differ in source
and in some physical properties, no evidence was obtained for
any substitutions in amino acid sequence in the extensive seg-
ments of the Fc region that were examined for the pathological
u chains and in the more limited portion studied in the normal
u chain. These results support the hypothesis that the C region
sequence of pathological u chains is a faithful transcription of
the normal C region gene and suggest that the majority of
pathological and normal u chains belong to the same subclass.

Materials and Methods

Purification of IgM Globulins. The proteins studied include
five x type IgM specimens from patients with macroglobuli-
nemia (Ou, Ga, Di, Ba, Dau)! and a preparation of normal
IgM from pooled sera.2 The Ou, Ga, Di, and Dau 1gM globu-
lins were prepared from the plasma according to the euglobulin
precipitation method (Putnam et al., 1967) followed by gel fil-
tration on Sephadex G-200. The Ba IgM was not a euglobulin
so after removal of the fibrinogen, the serum was applied di-
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! Plasma from patients with macroglobulinemia was supplied by co-
operating physicians as follows: Ou, Drs. John L. Fahey and William
D. Terry, Clinical Center, National Cancer Institute; Ga, Dr. Samuel
Murphy, Ohio State School of Medicine, Columbus, Ohio; Di, Dr.
Thomas Newcomb, Veterans Administration, Washington, D. C.; Ba
and Dau, Dr. John G. Harter, formerly of Massachusetts General Hos-
pital, Boston, Mass.
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rectly to the G-200 column. After gel filtration, the macroglob-
ulin preparations were free of all contaminating proteins de-
tectable by immunoelectrophoresis and immunodiffusion. The
normal IgM was obtained as a partially purified preparation
from the American National Red Cross? and was purified fur-
ther on Sepharose.

Preparation of Fc Fragments. Fc fragments were prepared
by limited tryptic cleavage at 60° (Plaut and Tomasi, 1970).3
The IgM globulins were dissolved in 0.1 M Tris buffer-0.15 M
NaCl (pH 8.1) in the presence of 0.0115 M CaCl; at a protein
concentration of about 15 mg/ml. The solution was heated at
60° prior to the addition of Tos-PheCH,Cl-trypsin at an en-
zyme to protein weight ratio of 1:50. The digestion was carried
out for 45 min and stopped by addition of lima bean trypsin in-
hibitor (Worthington). The (Fc)su fragment was isolated by
gel filtration on a Sephadex G-200 column in 0.1 M Tris-0.15
M NaCl (pH 8.1). The first peak which came off the column in
the void volume contained (Fc)su.

Reduction and Alkylation. The (Fc)su preparation was re-
duced with 0.1 M mercaptoethanol for 50 min in a pH 8.1 buff-
er containing 0.1 M Tris-0.15 M NaCl-8 M urea. The alkyla-
tion was performed for 30 min with 0.2 M iodoacetamide. The
samples were dialyzed against water to remove the excess of re-
agent.

Cyanogen Bromide Cleavage. The cyanogen bromide treat-
ment was performed on the intact (Fc)su fragment in 70% for-
mic acid for 4 hr at room temperature at a ratio of 5 g of
CNBr/g of protein. The excess of CNBr was removed by ly-
ophilization. After reduction and alkylation as above, the cy-
anogen bromide fragments were separated by gel filtration on
Sephadex G-100 in 6 M urea-0.05 M formic acid.

Physicochemical and Immunochemical Characterization of
Proteins. Ultracentrifugation was done in the Spinco Model E
analytical ultracentrifuge at 59,780 rpm. Antigenic analysis
was performed by the agar diffusion method and by immunoe-
lectrophoresis. The following rabbit antisera were used in this
study: antisera specific for x chain and for the « light chain
were obtained from Meloy Laboratories,* and antisera to the
Fab and Fc fragments of Ou IgM prepared in our own labora-
tory.

Peptide Maps. Tryptic digestions were performed in 1%
NHHCO; with Tos-PheCH,Cl-trypsin with an enzyme:pro-
tein ratio of 1:50. The two-dimensional mapping of the tryptic
digest was performed at pH 3.7 as described by Putnam and
Easley (1965) with ninhydrin staining on one map and staining
with trinitrobenzenesulfonic acid on another (Shinoda and Sa-
take, 1961). Amino acid analysis of the trinitrobenzenesulfonic
acid peptides was done with the Beckman Model 120 automat-
ic amino acid analyzer after hydrolysis in 5.7 N HCI under vac-
uum at 105° for 20 hr.

Sequence Analysis. The sequencer runs were performed with
the automatic (Beckman Model 890) protein sequencer. Both
for large fragments and peptides, procedures based on Her-
modson et al. (1972) were used. The anilinothiazolinone deriv-

2 Partially purified IgM from pooled donor plasma was supplied by
Drs. Milan Wickerhauser and Yu-Lee Hao, of the American National
Red Cross Blood Research Center, Bethesda, Md. In later studies
human IgM of 98% immunochemical purity prepared from normal
pooled plasma was supplied gratis by Dr. H. G. Schwick of Behring-
werke, Marburg, Germany.

3Dr. Akira Shimizu of Osaka University School of Medicine,
Osaka, Japan, supplied immunochemically pure Fe from IgM Hir that
had been prepared by incubation with trypsin at 25° for 24 hr after
prior denaturation in 5 M urea.

* Dr. W. Frederick Hymes of Meloy Laboratories kindly gave us an-
tisera not commercially available.
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atives were converted into phenylthiohydantoins by incubation
in 1 N HCI at 80° for 10 min. The PTH-amino acid residues
were identified by gas chromatography on a DC-560 column
before and after silylation and by amino acid analysis of hydro-
lysates of PTH-amino acids (Pisano and Bronzent, 1969). The
hydrolysis was carried out under reduced pressure for 20 hr at
130° in 5.7 N HCl containing 1 drop of mercaptoethanol.

Prior to sequenator analysis amino-terminal groups of pep-
tides were determined by the dansyl method and carboxyl-ter-
minal groups by digestion with a mixture of carboxypeptidases
A and B. Some sequences were partially determined by the
manual dansyl-Edman method. For procedural details of the
manual sequence analysis and end group determinations, see
Moore and Putnam (1973) and Titani et al. (1970).

Nomenclature. Substantial evidence (Florent er al., 1974)
shows that p heavy chains are divided into variable or V re-
gions of different sequence and length and into constant or C
regions that are believed to be of identical sequence and length
except for possible allotypic or isotypic variations. The varia-
tion in length of the V region precludes a uniform continuous
numbering system that begins at the amino terminus. For sim-
plicity and ease of cross reference, we use the numbering sys-
tem of the Fc sequence of the Ou p chain (Putnam et al., 1973)
for the Fc fragments of the other u chains described herein.
Similarly, the number of methionine residues in the Vy region
of u chains may vary from two in Di to five in Ou (Florent et
al., 1974), whereas only six can theoretically be derived from
Cp. As illustrated in Figure 1 the theoretical CNBr fragments
are designated F5 to F11 for the Ou u chain. The same desig-
nations will be used here for the CNBr fragments of the Fc re-
gion. Thus, the C region of Fc is expected to yield CNBr frag-
ments F8-F11 and a portion of F7. Other characteristics of the
Fc region, the whole u chain, and IgM are identified in Figure
1, which also shows the location of interchain and intrachain
bridges and of the five oligosaccharides (CI-C5) referred te in
the text. A later figure gives the amino acid sequence of Ou Fc
as a base for comparison of the Fc sequence of the other IgM
proteins. Fc as used in the text will refer to (Fc)su as defined
by Figure 1.

Results

Physical and Immunochemical Characterization of IgM.
All of the IgM preparations including the normal IgM gave the
characteristic physicochemical and immunochemical proper-
ties of human IgM immunoglobulins (Putnam et al., 1967a,b;
Metzger, 1970). In analytical ultracentrifugation the IgM
preparations showed a predominant peak with an s30 ,, of about
19 S, varying proportions of minor components representing
polymers of 22 S, 26 S, and higher, but no detectable 7S com-
ponent. No lower molecular weight components were detected
by acrylamide gel electrophoresis in the absence of reducing
agents, but in the presence of mercaptoethanol or dithiothreitol
all the IgM proteins dissociated into u heavy chains, light
chains, and a triplet of fast-moving bands attributable to J
chain.’

5 Acrylamide gel electrophoresis for the detection of J chain was
performed by Dr. Elizabeth Raff of our laboratory. Antiserum specific
for J chain was kindly supplied by Dr. Jiri Mestecky, University of Al-
abama Medical Center, Birmingham, Ala. J chain was detected in the
following IgM preparations: Ou, Di, Dau, and Ga and in Fc prepara-
tions of Ou and Di, and was isolated from IgM Ou and Di. J chain ap-
pears to have a blocked amino terminus because no reaction was ob-
tained with the sequenator or by the dansyl method. Sequenator analy-
sis of the CNBr reaction products of J chain was also negative. Hence,
it is unlikely that J chain interfered with sequenator analysis of the Fc
fragments or their CNBr cleavage products.
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FIGURE 1: Schematic structure of the u heavy chain and the « light chain of IgM Ou showing: (1) the interchain and intrachain disulfide bridges,
(2) the two homology regions of the light chain (Vi and Cy), and (3) the five homology regions of the u heavy chain (Vi and C,1-C, 4). The figure
for the u chain also shows the location of the five oligosaccharides (CI-C35), the points of cleavage by trypsin with the respective fragments (Fd and
Fc), and the sites of cleavage by CNBr and the respective fragments (F1-F11). The scale indicates the number of amino acid residues in each chain
and fragment. The Fc sequence established for the Ou  chain (Putnam er al., 1972a, 1973) has 251 residues joined in a single polypeptide chain
(see a later figure). Ten such chains are linked through intrachain and intersubunit bridges to form the decameric Fc fragment derived by cleavage
of intact IgM with trypsin at 60° (sometimes designated (Fc)su). The molecular weight of a single Fc chain, calculated from the amino acid compo-
sition and exclusive of the carbohydrate, is 27,600; thus, (Fc)su has a molecular weight of 276,000 (from Putnam er al., 1973; Copyright 1973 by
the American Association for the Advancement of Science; reprinted with permission).

When tested in various combinations, all of the six IgM
preparations (Ou, Ga, Di, Ba, Dau, and normal) gave a reac-
tion of identity in immunodiffusion with antiserum to Ga Fc
and with antiserum to Ou Fc (Figure 2). This apparent immu-
nological identity with antisera to different Fc fragments
suggests either (1) that there are no subclasses of human u
chains at least with respect to the Fc region or (2) that the five
pathological proteins belong to the same subclass and that this
is the predominant subclass in normal IgM.

Preparation of Fc Fragments. The optimum conditions for
preparation of Fc fragments were determined by trial experi-
ments on an analytical scale followed by analytical ultracen-
trifugation, gel filtration, immunoelectrophoresis, and acryl-
amide gel electrophoresis. As shown later by amino acid se-
quence analysis, the primary site of tryptic cleavage at 60° was
identical in the five pathological IgM proteins, but they varied
in susceptibility of the Fab region to further tryptic degrada-

FIGURE 2: Reaction of immunological identity among five pathologi-
cal IgM preparations and normal human IgM as shown by immunodif-
fusion against antisera to Fc fragments. Antiserum of Ga Fc was
placed in the center well of the plate on the left and antiserum to Ou Fe¢
in the center well of the plate on the right. The disposition of the IgM
test preparations is the same on the right and the left. Reading clock-
wise from the top well, IgM preparations were placed in the six exteri-
or wells as follows: Ou, Ga, Di, Ba, normal, and Dau. In all cases a line
of identity is formed. The heavy precipitate around the well of IgM
Dau results from the high concentration used for the test solution and
the lower solubility of IgM Dau in the agar medium.
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tion. After gel filtration on Sephadex G-200 the tryptic digests
of all of the IgM preparations except Ba gave an elution pat-
tern similar to that shown for IgM Ga in Figure 3. The first
peak contains (Fc)su, the second Fab, and the third, which was
present in varying quantities, contained many peptides result-
ing from extensive tryptic degradation. Ultracentrifugation
and immunoelectrophoresis performed on the tryptic digests
prior to gel filtration showed the absence of uncleaved pentam-
eric IgM. This was also indicated by the failure of the first
peak to react with anti-x antiserum. On the other hand, the
Fab fragment of IgM Ba was completely digested to peptides,
and the Dau Fab was also quite susceptible to tryptic degrada-
tion. A kinetic study of the tryptic cleavage of IgM Ba by ul-
tracentrifugal analysis showed that the highest yield of Fab
with this IgM protein was achieved with a very short digestion
time, i.e., from 10 to 15 min. The enhanced susceptibility of the
Ba and Dau IgM preparations to extensive tryptic degradation
is attributed to denaturation occurring during the period of
several years storage of these sera in the frozen state.

However, single amino acid substitution in the primary
structure of these chains cannot be ruled out as the cause of the
enhanced susceptibility. For example, the allotypic interchange
of Met-222C and Thr-222C in rabbit vy chains is associated
with a difference in resistance to papain cleavage owing to the
attachment of oligosaccharide at Thr-222C (Smyth and Utsu-
mi, 1967).

Preparation of CNBr Fragments of Fc. The CNBr frag-
ments prepared from the reduced-alkylated Fc fragments of
the IgM proteins were separated by gel filtration on Sephadex
G-100 in 6 M urea-0.05 M formic acid as shown in Figure 4 for
IgM Ga. Even with use of this dispersing agent some aggregate
is present and emerges as the first peak. The second peak con-
tains the F8 fragment, the third F10, and the shoulder of the
third peak and the broad fourth peak represent a mixture of
the smaller fragments F7, F9, and F11. The lower proportion
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FIGURE 3: Gel filtration of a tryptic digest at 60° of IgM Ga. The gel filtration was done on Sephadex G-200 in the cold with a buffer of 0.1 M
Tris-HCI-0.15 M NaCl (pH 8.1) with a column size of 5 cm and a fraction size of 8.5 ml.
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FIGURE 4: Gel filtration of CNBr fragments of reduced-alkylated Ga Fc on Sephadex G-100 in 6 M urea-0.05 M formic acid, column size 2.5 X
100 cm. The first peak contains aggregate, the second the F8 fragment, the third F10, and the fourth a mixture of F7, F9, and F11. (Nomenclature
of CNBr fragments as for Ou (see Figure 1 and Putnam er al., 1972a, 1973)).

of F8 than F10 results from the fact that most of the aggre-
gated material consists of F8.

The nomenclature of the CNBr fragments corresponds to
that used for IgM Ou (Putnam et al., 1971, 1972a, 1973). Al-
though the number of CNBr fragments expected from the u
chain of a pathological IgM may vary from 8 to 11 depending
on the methionine content of the V region, the number ob-
tained from the Fc region should be constant in the absence of
isotypic or allotypic substitutions of methionine. In support of

BIOCHEMISTRY, VOL.

this hypothesis a similar gel filtration pattern was obtained for
the CNBr fragments of all of the Fc fragments studied in this
work.

Tryptic Peptide Maps. Peptide maps stained with ninhydrin
were prepared for the Fc fragments of the five pathological
proteins. These maps indicated an apparent identity for the five
Fc fragments. To obtain better identification of the peptides
trinitrobenzenesulfonic acid maps were prepared for the Fc
fragments of Ou and Ba and the F8 fragment of Ga, and the
3375
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FIGURE 5: Peptide map of the Ou Fc fragment. The numbered pep-
tides identified in the sequence of Ou Fc are shown in Figure 6. The
same numbers apply to peptides from the Fc fragments of other IgM
proteins. Spots with dash outlines represent faint peptides for which
stoichiometric analyses could not be obtained. The shaded peptides
were also identified in the peptide map of the Ga F8 fragments. The
following peptides from the map of Ba Fc were isolated and analyzed:
6-2, 8, 11, 15, 21, 22, 25, 28, 29, and 31. Paper chromatography was
done in the first direction (1) and electrophoresis in the second (2) at
pH 3.7 (see the text). Glycopeptides are present in the shaded streak at
the origin.

Tnp peptides were eluted and analyzed.® For the tryptic digest
of Ou Fc a commercial lot of trypsin was used in which the
chymotryptic activity was supposed to have been inactivated;
however, in addition to the tryptic peptides many peptides at-
tributable to chymotryptic cleavage were obtained. From their
composition 32 peptides could be identified in the sequence of
the Ou Fc. These are denoted by number in the peptide map of
Figure 5, and their position is indicated in the sequence of Ou
Fc given in Figure 6. Some peptide spots that are denoted by
dashed lines in Figure 5 were too weak to give a good analysis
after elution.

All of the peptides that gave stoichiometric analyses were
identifiable with a specific sequence in Ou Fc. Of course, end
groups and sequence data could not be obtained on the Tnp
peptides, and the fit is based only on the composition and the
assumed specificity of trypsin and chymotrypsin. Of the 32
peptides, 14 were tryptic peptides including two (peptides 24
and 26) that corresponded to an unusual split before proline in
the sequence Gln-Thr-1le-Ser-Arg-Pro-Lys. The expected tryp-

¢ Eight tables of analytical data documenting the results presented
herein have been submitted to the reviewers for examination but are
not published in this article. Copies of these tables will be made avail-
able on request. The tables omitted are: (I) Identification of Tnp pep-
tides in Fc and CNBr fragments; (II) Amino acid composition of the
tryptic and chymotryptic peptide from CNBr fragment Ga F8; (II1)
Amino acid composition of the tryptic peptides of Ba Fc from the
TNBS map; (IV) Sequenator analysis of Fc fragments of pathological
and normal Fc fragments; (V) Sequenator analysis of F8 fragments of
pathological IgM proteins: (VI) Sequenator analysis of insoluble tryp-
tic peptides from IgM Ga F8; (VII) Sequenator analysis of F10 frag-
ments of pathological IgM proteins; (VIII) Amino acid composition of
glycopeptides from Ga F10 and of a tryptic peptide from Ga F8.
3376
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tic peptide containing the Arg-Pro-Lys sequence was also re-
covered (peptide 31). Nineteen peptides corresponding to chy-
motryptic splits in the Ou Fc sequence were identified by the
method. All of these are compatible with the usual specificity
of chymotrypsin. Areas of sequence that were not identified by
the trinitrobenzenesulfonic acid method were generally large
and hydrophobic (for example, the sequence from position 347
through 358), or they contained carbohydrate and consequent-
ly only streaked at the origin of the peptide map. The missing
glycopeptide sequences include the amino-terminal and car-
boxyl-terminal portions of Fc and also the sequence from Thr-
392 through Trp-419, which contains two oligosaccharides.

In the same manner, a trinitrobenzenesulfonic acid map was
prepared of the tryptic digest of the first large CNBr fragment
(F8) of Ga Fc. Again both tryptic and chymotryptic peptides
were obtained.® However, all of the 14 peptides derived from
the Ga F8 region were identifiable with peptides derived from
the Ou F8 region. With the exception of the Cm-cysteine resi-
dues, which were low probably because of oxidative destruc-
tion, the stoichiometry of these peptides was in good agreement
with that expected from the Ou Fe sequence.

A new lot of trypsin was used to prepare the tryptic digest of
the Ba Fc fragment, and 10 Tnp peptides corresponding to the
specificity of trypsin were isolated, i.e., peptides 6-2, 8, 11, 15,
21, 22, 25, 28, 29, and 31 of Figure 5.6 All of these also can be
placed in the sequence of Ou Fc (Figure 6).

Sequenator Analysis of the Fc Region

The automatic sequence analysis of the intact Fc fragments
and of the CNBr fragments and peptides obtained therefrom is
discussed in the order of the sequence beginning at the amino
terminus of Fc, rather than individually for each protein. The
results are illustrated by comparison to the sequence published
for Ou Fc¢ (Putnam et al., 1972a, 1973).

Amino-Terminal Portion of the Fc Fragments of Pathologi-
cal and Normal IgM Proteins. Sequenator analysis using the
protein program was performed on the intact Fc fragments of
the IgM proteins from patients Ou, Ga, Ba, Di, and Dau and
on the Fc from normal pooled IgM. The results® are summa-
rized in Figure 7. A number of runs were made on the Ou Fc;
in the most successful one, the residues were identified for 35
steps. This sequence had been determined independently by the
manual method on a series of peptides as will be described else-
where in the full documentation of the complete sequence of
the Ou u chain. This enabled identification of certain residues,
such as the asparagine at step 7, which were not determined by
the automatic method.

Sequenator analysis of the Fc fragment of IgM Ga likewise
was successful for 35 cycles. The sequence obtained was identi-
cal with that for the Ou Fc except that some of the amino acids
which give a low response in gas chromatography (such as the
dicarboxylic acids, and serine and arginine) were not identi-
fied. Sequenator analysis of Ba Fc for 20 steps and of Di Fc for
30 steps likewise showed no difference from the sequence of the
Ou and Ga Fc fragments. However, sequenator analysis of Dau
Fc and of normal Fc gave a double sequence. Although only
glycine was identified in the first cycle, leucine and valine were
present in the second cyle and two residues not attributable to
overlap were identified at many steps thereafter. The same sets
of residues were present in the double sequence for the Dau Fc¢
and the normal Fc. Comparison with the sequence previously
established for the whole Ou x chain showed that one sequence
was attributable to the amino terminus of Fc and the other to
the sequence beginning at Gly-446 in the Ou u chain. Since
Gly-446 is preceded by a lysine residue, we attributed the sec-
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FIGURE 6: Amino acid sequence of the Fc fragment from IgM Ou (from Putnam et al., 1973). The position in the sequence is indicated by arrows

for peptides denoted by number in the peptide map of Figure 5.

ond sequence to an adventitious tryptic cleavage at the Lys-
Gly bond during the preparation of the Fc fragments by tryptic
digestion at 60°. We have observed such secondary cleavages
on several other occasions. It is uncertain whether this secon-
dary cleavage is a characteristic only of some pathological pro-
teins such as the Dau IgM and of similar molecules in the nor-
mal IgM, or whether this Lys-Gly bond is exposed on the sur-
face of native IgM or denatured IgM. The results for all se-
quencer analyses of Fc fragments are summarized in Figure 7.

Sequenator Analysis of F8 Fragments. Automatic sequence
analysis® was performed for 23 steps on the F8 fragment of Ou
and for 34 steps on the F8 fragment of Ba. Since the sequena-
tor analysis of the Ba F8 went farther than for the Ou F8, the
sequence for the latter is given from step 24 through step 34 as
determined by manual analysis of peptides from Ou F8 and the
whole u chain (Putnam et al., 1972a, 1973). The amino acid
sequence of the first 34 residues of the F8 fragments of these
two IgM proteins is identical in all positions that could be es-
tablished by sequenator analysis. The only positions not veri-
fied are the basic amino acids, Arg-346 and Lys-361. However,
Lys-361 must be present in Ba Fc because a tryptic peptide
(peptide 29), which is Ser-Thr-Lys, was isolated from the Ba
F¢ fragment.

Arg-346 was not identified in the sequenator analysis of the
-amino terminus of any of the Fc fragments, but its presence in
Ga Fc was indicated by isolation of peptide 6-3, which is Ile-
Arg. It should be noted that although sequenator analysis of Ba
Fc stopped at Arg-346, the analysis of Ba F8 overlaps that of
the amino terminus of Ba Fc and extends it to a total of 45 resi-
dues; that is, the combined sequenator analyses of Ba Fc and
Ba F8 extend from the amino terminus of Fc (Gly-326)
through Thr-370 with no evidence for any difference in se-
quence from the Ou u chain over this entire region.
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To extend the comparative sequence data, the F8 fragment
of Ga was digested with trypsin, and some of the tryptic pep-
tides were isolated by preparative paper electrophoresis and
chromatography. Sequencer analysis of one preparation of
poorly soluble material showed it to be an almost equimolar
mixture of two tryptic peptides, one corresponding to positions
365-382 of the Ou u chain, and the other to positions 468-489.
The double sequence obtained® was interpreted as follows: the
first sequence overlaps the sequencer data on the amino termi-
nus of the F8 fragment of Ba for six steps up to position 370
and extends the comparative sequence data up to position 382.
The second sequence initiates at position 468 and continues for
19 steps up to position 486 (Figure 7). Although double se-
quence data of this type can be interpreted by the clear rela-
tionship to the sequence of the Ou u chain, the results are sup-
portive rather than conclusive for the identity of these seg-
ments of the two u chains.

Sequenator Analysis of FI10 Fragments. Sequenator analysis
was successful for 42 cycles on the F10 fragment from Ou and
confirmed manual degradation data on many peptides for this
fragment.5 Single runs in the sequenator on the F10 fragments
of Ga, Ba, and Dau gave results the same as those for Qu for
22, 32, and 20 cycles, respectively (Figure 7).

Miscellaneous Peptides from the Di u chain. In separate ex-
periments designed to purify glycopeptides’ several tryptic pep-
tides corresponding to residues 547-550 and 551-554 were iso-
lated from the Di u chain and also a series of glycopeptides.

7 Isolation and sequence analysis of tryptic and thermolysin glyco-
peptides from the Di u chain were done by Dr. Akira Shimizu. Inciden-
tal to this work a few tryptic peptides that lacked carbohydrate were
obtained and sequenced by manual procedures. We thank Dr. Shimizu
for use of these data.
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FIGURE 7: Sequence analysis of the Fc fragments of IgM Ga, Di, Ba, and Dau and of normal IgM. The sequence given is that of the Fc fragment
of the Ou u chain (Putnam ef'al., 1972a, 1973) and is identical with that of Figure 6. Results obtained by sequenator analysis of fragments and pep-
tides described in the text are indicated by lines (——) under each residue determined for each of the four Fc fragments. The order of the lines
under each residue is: Ga, Di, Ba, Dau. Thus, the N-terminal sequence Gly-Leu-Thr-Phe was determined in all four Fc fragments, but GIn-330
though detected in Di, Ba, and Dau was not detected in Ga—probably owing to the poor response of PTH-glutamine in gas chromatography. The
divided lines above the sequence indicate some of the peptides isolated from one or more of the Fc fragments by the Tnp-peptide method or other

methods (see Figure 6 and text for details).

These were sequenced manually and the data are included in
Figure 7. Partial sequence data were also obtained on the F9
fragment of the Di u chain by Dr. Akira Shimizu and also on
the tryptic peptide of Di corresponding to positions 446-461
(Figure 7). The COOH-terminal CNBr fragment F11 was also
isolated from the Di g chain by Dr. Shimizu.

Glycopeptides

Previous work (Shimizu er al., 1971) had indicated that five
oligosaccharides (designated CI-C5) were located at homolo-
gous sites in the Ou and Di u chains. Three of these (CI-C3)
are of complex carbohydrate composition; these contain fucose,
mannose, galactose, glucosamine, and sialic acid, whereas the
two “simple’ oligosaccharides (C4 and C5) contain only man-
nose and glucosamine. Although Cl is located at Asn-170 in
the Ou u chain and at the identical site in the Di u chain, C2-
C5 are all in the Fc fragment. One objective of this work was
to ascertain whether the same five oligosaccharides are present
at homologous sites in other human u chains.

Analysis of the Fc fragments of Ou, Di, Ga, and Ba by Dr.
John Clamp?® indicated that fucose, mannose, galactose, glu-
cosamine, and sialic acid are present in approximately the

8 Carbohydrate determinations of whole IgM, Fab, and Fc frag-
ments, of CNBr fragments and of various peptides were done by Dr.
John R. Clamp, Department of Medicine, University of Bristol Medi-
cal School, England, by the method of gas chromatography (Bhatti
and Clamp, 1971). These analyses, including a study of the effect of
conditions of preparation on the carbohydrate content of glycopeptides,
will be reported elsewhere.
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same molar ratios for each IgM protein, i.e., in a ratio of about
1:10:3:7:1.5-4. However, the absolute amounts of sugar found
differ, as does the sialic acid content. Hurst er a/. (1973) found
five oligosaccharides analogous to Cl-C5 in the Dau u chain,
and C2-C5 were located in the Dau Fc fragment.

Glycopeptide C2. This glycopeptide is located at the begin-
ning of Fc in the sequence Gly-Leu-Thr-Phe-Gln-Gln-
Asn(CHO)-Ala-Ser-Ser-Met. This is the C-terminal portion of
CNBr fragment F7 in Ou, and this glycopeptide was also iso-
lated by CNBr cleavage of Di Fc by Shimizu et al. (1971) and
of Dau Fc by Hurst ez al. (1973). The same sequence was ob-
served by sequenator analysis in the Fc fragments of the five u
chains we studied, and also for Hir Fc and normal Fc (Figure
7). In all cases the Asn residue was blank in the sequencer
analysis because of the presence of carbohydrate. We conclude
that C2 is present in the same sequence in most or all normal
and pathological human u chains,

Glycopeptide C3. A thermolysin peptide with the sequence
Val-Lys-Thr-His-Thr-Asx(CHO) was isolated from the Fc
fragments of Ou and Di by Shimizu er al. (1971) and was
placed in the sequence Thr-Asx(CHO)-Ile-Ser-Glu-Ser in Ou
(Putnam et al., 1972a, 1973). Hurst et al. (1973) isolated a
similar glycopeptide from Dau. However, they give the se-
quence Thr-Asx(CHO)-Ile-Ser(Glx,Ala), which differs by the
unplaced alanine residue in parentheses. We are attempting to
isolate this peptide from Dau to clarify this possible difference.

Glycopeptide C4. A thermolysin glycopeptide with the se-
quence Ile-Ser-Glx(Ser, His, Pro, Asx, CHO) was isolated
from Ou and Di by Shimizu ef al. (1971) and was placed in the
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sequence Ile-Ser-Glx-Ser-His-Pro-Asn(CHO)-Ala-Thr in the
Ou p chain (Putnam et al., 1972a, 1973). For Dau, Hurst et al.
(1973) report a glycopeptide C4 in a similar sequence Glx-Ser-
Asx(CHO)-Pro-Thr-Ala-His,; however, the three residues itali-
cized are in a different sequence from that which we reported.
We are undertaking further studies on Dau to clarify this dis-
crepancy.

Glycopeptides C3 and C4. No attempt was made to isolate
small thermolysin glycopeptides containing oligosaccharides
C3 and C4 from either Ga or Ba Fc. However, a succinylated
tryptic peptide containing 39 residues and presumably both C3
and C4 was prepared from Ga Fc and Ba Fc. Amino acid anal-
yses were done for two separate preparations of Ga F8. Except
for an unexplained discrepancy in the lysine values, the analy-
ses are in good agreement® with the composition expected for
positions 385-423. A minimum of 2.5 residues of glucosamine
was present by amino acid analysis. All five sugars expected for
C3 and C4 were present by gas chromatographic analysis;
however, the molar ratios relative to the peptide were lower
than expected.®

Glycopeptide C5. An oligosaccharide was present in the F10
fragment of all five x4 chains. Thermolysin glycopeptides con-
taining the simple oligosaccharide C5 and having the sequence
Leu-Tyr-Asn(CHO)- were isolated from Ou and Di Fc (Shim-
izu et al., 1971). Overlapping peptides were obtained that fit-
ted into the overall sequence Leu-Tyr-Asn(CHO)-Val-Ser-
Leu-Val-Met. Subsequently, Hurst et al. (1973) reported isola-
tion from Dau IgM of a glycopeptide corresponding to C5
which had the sequence Leu-Thr-Asx(CHO)-Val-Ser-Leu;
this differs from our glycopeptides by the apparent substitution
of threonine for tyrosine. We are investigating this discrepan-
cy.

Preparations of F10 from Ga and Ba contain carbohy-
drate.®8 Sequencer analysis of F10 from Ga and Ba for 22 and
32 steps, respectively, showed no difference from the sequence
reported for Ou F10 (Putnam et al., 1972a, 1973), but the pos-
sible substitution of tyrosine for threonine at the 56th position
in this 62-residue CNBr fragment was not investigated directly
in Ga and Ba F10. Gas chromatographic analysis of these
CNBr fragments showed the presence of mannose and glucosa-
mine in the ratio of about 3:1 as expected for a simple oligosac-
charide and only trace amounts of fucose and sialic acid. How-
ever, the amount of galactose present in Ga F10 was greater
than expected for a simple oligosaccharide.

In several instances anomalous peaks and low values were
observed in gas chromatography of sugars from oligosacchar-
ides in CNBr fragments. We attribute this to degradation of
the oligosaccharides by the rigorous conditions used for prepa-
ration of the CNBr fragments.® Also, because the peptides con-
taining oligosaccharides are large and difficult to separate one
from another, further study is being made of methods to purify
glycopeptides from the u chain.

Discussion

This work has extended sequence analysis of the human u
heavy chains to the Fc fragments of four more pathological
IgM proteins (Ga, Di, Ba, and Dau) and to IgM from pooled
normal plasma (normal). In the areas of sequence covered no
difference was observed from the complete sequence we earlier
reported for the Fc fragment of IgM Ou (Putnam et al., 1972a,
1973). The segments of sequence covered include: (1) almost
the entire Fc sequence for Ga (about 100 residues in the se-
quenator and all but a few of the remaining residues through
Tnp peptides or other peptides that were placed only by amino
acid composition and homology, (2) more than 100 residues of
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Di Fc of which 62 were determined with the sequencer, (3)
about 150 residues of Ga Fc, divided almost equally into those
determined by the sequencer and those in peptides placed by
amino acid composition and homology, (4) some 70 residues in
Dau Fc determined by the sequencer, and (5) some 50 residues
in normal Fc determined by the sequencer. Altogether some
700 residues in the five Fc fragments were tested for variation
from the Ou Fc sequence, and no differences were found. How-
ever, the qualification must be made that only half of the 700
residues were sequenced, and that these residues are located in
similar accessible regions of the sequence. Furthermore since
quantitative estimation of some residues such as hydroxyamino
and basic amino acids is difficult at later cycles with the se-
quenator, single substitutions cannot be completely excluded.
Nonetheless, these results argue strongly against the existence
of subclasses of the human u chain such as had been proposed
by Franklin and Frangione (1968) on the basis only of peptide
maps. If subclasses exist, major differences in primary struc-
ture must be confined to the Fd rather than the Fc section of
the constant region® 10 or one subclass is predominant.

The hypothesis that most or all human 4 chains have identi-
cal primary structure in the C region is supported by our evi-
dence for the presence of five oligosaccharides (Cl-C5) each of
which is attached to an homologous site in the Ou, Ga, Ba, and
Di u chains. We and Hurst ez al. (1973) have evidence for the
presence of the five oligosaccharides at homologous sites on the
Dau u chain. However, several of the glycopeptides reported by
Hurst et al. differ in the arrangement of the sequence (C1 and
C4) and in one instance (C5) there is a possible single amino
acid substitution. Hurst et a/. give no data on the amino acid
composition or sequence determination of their glycopeptides
and cite no overlapping peptides. We attribute these minor dis-
crepancies to technical difficulties in the sequence determina-
tion of glycopeptides rather than to allotypic or isotypic varia-
tion. However, we are reinvestigating the Dau glycopeptides.

Additional support for the hypothesis that most or all human
4 chains have an identical amino acid sequence in the C region
is given by data of other workers on the sequence of disulfide
bridge peptides. The partial sequences given by Frangione et
al. (1971) for four interchain bridge peptides and eight intra-
chain bridge peptides from the constant region of yet another u
chain can be fitted into our complete sequence of the human u
chain. The same is true for the partial sequences summarized
by Metzger (1970) and obtained by various workers for other u
chains. The correspondence in sequence around the intrasubun-
it disulfide bridge (Cys-414 in Figure 6) of the Ou n chain with
the bridge peptide isolated by Miekka and Deutsch (1970) is
important because this peptide though isolated from another of

9 One J (joining) chain of about 15,000 molecular weight is reported
to be attached to each IgM polymer, whether a pentamer or higher.
The J chain, which may have the function of initiating polymerization,
was once thought to be linked to the intersubunit bridge at Cys-414 in
Figure 6. However, recent work on IgA indicates J chain is joined to
the COOH-terminal half-cystine in the human o heavy chain (Mendez
et al., 1974; Mestecky et al., 1974). Since the COOH-terminal tetra-
peptide sequences of the u and « chains are identical (i.e., Gly-Thr-
Cys-Tyr), this sequence may also be the site of attachment of the J
chain to the u chain. Although J chain was demonstrable in the intact
Fc fragments by use of acrylamide gel electrophoresis or specific anti-
sera,’ it was removed by reduction alkylation and subsequent prepara-
tion of CNBr fragments.

10 We have reported extensive data on the 80 residues of the Fd’ se-
quence of Ga and Di from the beginning of the C region through Met-
204 and have found no variation there from the Ou u chain (Florent et
al., 1974). Nor have we yet found differences in the uncompleted study
of the segment from Met-204 to the beginning of Fc (Gly-326).
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our proteins {Ga) was not sequenced because of the small
amount obtained.

On the other hand, there is no agreement between our find-
ings and those of Razafimahaleo and Bourrillon (1570) who
reported the isolation and amino acid analysis of eight frag-
ments obtained by CNBr cleavage of a human u chain. None
of the CNBr fragments that we sequenced correspond to any of
theirs in amino acid composition. For six of their fragments
they propose a COOH-terminal sequence deduced only from
digestion with carboxypeptidase A, but none of their sequences
correspond to any we have determined for the 11 CNBr frag-
ments of the Ou u chain or any fragments of other  chains.

Tryptic cleavage of undenatured IgM at 60° appears to re-
sult uniformly in cleavage at the Arg-Gly bond at positions
325-326 in the u chain (Figure 7) to yield an Fc fragment be-
ginning with the sequence Gly-Leu-Thr-Phe-Gln-Glx-Asx-
(CHO) ... This is the case for the five pathological IgM pro-
teins we have studied and also for normal IgM. The same site
of cleavage was found by Shimizu er al.!! after tryptic cleavage
at 25° for 2-24 hr after preincubation with 5 M urea. The Fc
obtained from IgM Hir was sequenced by the automatic meth-
od for 28 cycles with results identical with those shown in Fig-
ure 7 (Shimizu et al.''). A similar preparation of Fc from Ga
had N-terminal glycine in the sequenator but further analysis
was unsuccessful because of a technical error.

The specific cleavage to produce Fc probably results from a
slight opening of the pentameric molecule which exposes a
trypsin-sensitive bond. The proximity of oligosaccharide C2,
which must be at the surface, and of an interchain disulfide
bridge probably affect the conformation aiding exposure of the
bond but retarding further degradation of the Fc fragment.
The ten chains in the Fc fragment are tightly held together in
symmetrical array by two interchain disulfide bridges between
each chain in each of the five pairs, and each pair is joined to
two other pairs by an intersubunit bridge. However, occasion-
ally adventitious tryptic cleavage may take place at other sites
in Fc as occurred after Lys-445 in Dau Fc and normal Fc (see
analysis of F8 above). This bond is midway between the Cu4
and Cu5 domains and thus is probably somewhat exposed. All
1gM proteins we have studied are degraded by trypsin at 60° in
the Cu2 region between Fab and Fc. The Fab fragments of
some such as Ba and Dau are also extensively degraded by
trypsin at 60°. At 37° trypsin gives a dimeric (Fabu), (Beale
and Buttress, 1969), which probably extends through Arg-346,
and a dimeric Fcu that appears to begin at Val-347 (Paul et
al., 1971). However, the yield of both fragments is small, and
sequence data are not available.

Although there is much suggestive evidence, there is remark-
ably little direct proof for the now widely accepted dogma that
the C regions of Bence-Jones proteins and of pathological
heavy chains are identical in amino acid sequence with the C
regions of the homologous light and heavy chains of normal
human immunoglobulins. This concept originated in the find-
ing (Putnam, 1962) that many of the peptides identifiable by
peptide maps in Bence-Jones proteins and myeloma globulins
are present in normal human ~ globulin, a result which sug-
gested that portions of the structure are common to normal and
pathological immunoglobulins. Complete sequence determina-
tions of x and A Bence-Jones proteins established the division of
light chains into a variable N-terminal region and a constant
C-terminal region (Putnam et al., 1966, 1967b). Hundreds of

' Shimizu, A., Watanabe, S., Yamamura, Y., and Putnam, F. W,
submitted to Immunochemistry.
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subsequent complete or partial sequence analyses have general-
ized this finding to all light and heavy polypeptide chains of
human and animal immunoglobulins. Majority sequence anal-
ysis of small segments of the V regions of normal light or heavy
chains has been done in a few instances, and the results support
the hypothesis that the V regions of the pathological chains re-
flect the enormous variability in sequence of the normal chains
(Niall and Edman, 1967; Milstein, 1967; Capra et al., 1973).
However, except for identity in the amino acid composition of
the C-terminal tryptic peptides of Bence-Jones proteins and
normal light chains (Milstein, 1966; Putnam et al., 1963),
there is very little direct evidence for the identity in sequence of
the C regions of normal and pathological immunoglobulin
polypeptide chains. The results we report here on the apparent
identity of the N-terminal sequence of the Fc¢ fragments of nor-
mal and pathological IgM proteins are the first data of which
we are aware that show that extensive segments of the se-
quence of normal and pathological heavy chains are identical—
at least within the limits of detection by the automatic sequenc-
ing technique. By techniques similar to those described in this
article we are extending this comparison to other segments of
the C regions of normal and pathological u chains.!?

Wells et al. (1973) have reported the first allotypic marker
on human serum IgM and have designated it Mm1. Because
the marker requires both u chains and light chains in associa-
tion for its full expression, it has not been possible to localize
Mm1 on the u chain. However, it is believed that Mml is locat-
ed in the Fc¢ region of the u chain. Four of our five IgM pro-
teins were tested for this marker by Dr. J. V. Wells of the Uni-
versity of California School of Medicine, San Francisco, Calif.
All four proteins (Ou, Dau, Ga, and Di) were negative for the
Mm| marker. Hence we were unable to correlate the incidence
of this marker with the amino acid sequence of the Fc frag-
ment.

Addendum

After this manuscript was completed, the report of Watan-
abe er al. (1973) on the complete amino acid sequence of the
human u chain Gal appeared. These workers had published no
previous data on u chain sequence. However, their sequence for
the Fc region essentially confirms the sequence we earlier pub-
lished for Fc (Putnam et al.,, 1972b) and essentially confirms
our sequence for the entire constant region (Putnam er al.,
1973). The differences are largely technical and relate to the
order of several amino acids. For example, their sequence omits
the second threonine in the sequence Leu-Thr-Thr-Tyr begin-
ning at position 372. However, our sequence for Ou Fc was
confirmed by sequencer analysis of Ga Fc (see Figure 7). A
second difference is their order of the glutamic acid residues in
the sequence we give as Glu-Glu-Asn-Gly beginning at position
385; again, this sequence was confirmed in Ga (Figure 7).
Minor technical problems also exist about the order of the di-
carboxylic acids at Trp-419 and Trp-488. However, this inde-
pendent study strongly supports our hypothesis about the iden-

2 We have not made extensive studies of the physical properties of
the Fc¢ fragments of pathological and normal IgM proteins; however,
the behavior of the various Fc fragments appears similar in solubility,
gel filtration, and ultracentrifugation despite considerable differences
in the solubility properties of individual IgM proteins which may be-
have as cryoglobulins, pseudoglobulins, or euglobulins. Some of these
differences may be due to variations in carbohydrate content as well as
variation in amino acid sequence. The Fc fragments are soluble in dis-
tilled water and thus are not responsible for the euglobulin properties
of many IgM proteins. We have not yet been able to crystallize the Fc
fragments.



IDENTITY OF FC FROM PATHOLOGICAL AND NORMAL IGM

tity in sequence of the Fc region of normal and pathological
human u chains.
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