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An IgGZ,-Producing Variant of an IgG2b-Producing Mouse Myeloma 
Cell Line. Structural Studies on the Fc Region of Parent and 
Variant Heavy Chains? 

Tova Francus’ and Barbara K. Birshtein*,s 

ABSTRACT: The IgGzb-producing MPC 1 I mouse myeloma 
cell line has yielded a number of variants which synthesize 
heavy chains characteristic of a different immunoglobulin 
subclass, IgGz,, as previously shown by serology, peptide maps, 
and assembly profiles. W e  have studied the Fc regions of the 
lgGza protein synthesized by one variant, ICR 9.9.2. I ,  and of 
the IgGzb protein synthesized by MPC 11  and compared them 
to MOPC 173, an lgGza protein of known sequence. We ana- 
lyzed the Fc regions of the three immunoglobulins by several 
analytical techniques, such as immunoelectrophoresis of papain 
digests, NaDodS04-polyacrylamide gel electrophoresis 
analyses of Fc CNBr fragments, and comparative ion-ex- 

w e  have isolated a number of variants from the IgG2b- 
producing MPC 1 1 mouse myeloma cell line which synthesize 
immunoglobulins of the IgGz, subclass. Some variants were 
isolated from the parent cell line either directly (Francus et al., 
1978) or after mutagenesis with either ICR-19 1 or Melphalan 
(primary variants) (Preud’homme et al., 1975), while others 
arose spontaneously from primary variants (secondary vari- 
ants) (Koskimies and Birshtein, 1976). Our isolation of a 
number of these variants undoubtedly reflects the high insta- 
bility of immunoglobulin gene expression in mouse myeloma 
cells (Coffin0 and Scharff, 197 I ;  Milstein et al., 1974). 

The loss of y2b  serological markers and the expression of 
the y2a gene product were originally detected by serology using 
subclass-specific antisera (Preud’homme et al., 1975). Peptide 
maps comparing two variant proteins with LPC 1 (IgCl,, K )  

showed the presence of y2a-specific peptides (Preud’homme 
et al., 1975), and immunoglobulin assembly profiles of the 
variants showed relatively low amounts of HL, a characteristic 
feature of y2a-producing tumors (Preud’homme et al., 1975; 
Francus et al., 1978). We have recently found that these var- 
iant proteins retain the original idiotype of the parent but differ 
from each other in charge, peptide maps, and assembly kinetics 
(Francus et al., 1978). 

Because this group of y2a-producing variants expresses a 
gene originally silent in the parent, we decided to examine the 
relationships of the variant proteins to each other, to MOPC 
173 [an lgGza immunoglobulin of known sequence (Fougereau 
et al., 1976)], and to the parent y2b  MPC 1 1  heavy chain by 
a comparison of primary structures. Since only limited data 
were available on a y2b heavy chain (dePrCval et al., 1970), 
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change chromatography of radiolabeled tryptic and chymo- 
tryptic Fc peptides. I n  addition, Fc CNBr fragments of the 
variant y2a and MPC 1 1  y2b molecules were isolated and 
subjected to amino acid analysis and partial sequence deter- 
mination. From these data, we concluded that the Fc fragment 
of ICR 9.9.2.1 is most probably identical to that of MOPC 173 
and different from the parental 72b  Fc fragment. A number 
of residue positions which discriminate between y2b  and y2a 
sequences are described. In two of three segments sequenced, 
y2b  and y2a molecules share more identical residues than ei- 
ther shares with another mouse subclass, y I .  

we have isolated and characterized the CNBr fragments of the 
parent y2b  heavy chain, focusing initially on the Fc region. 
which comprises two-thirds of the constant region. 

W e  have also examined in detail the Fc region of a 55 000 
molecular weight y2a heavy chain synthesized by ICR 9.9.2.1. 
a secondary variant. This variant is of particular interest, since 
it was derived by recloning ICR 9, a primary variant synthe- 
sizing a y2a heavy chain of 75 000 molecular weight (Koski- 
mies and Birshtein, 1976). While especially interesting because 
of its extra length, the primary variant protein is difficult to 
study, since it is not secreted from the cell and thus it cannot 
be obtained from the sera or ascites of tumor-bearing mice. I n  
contrast, the secondary variant molecule, ICR 9.9.2. I ,  is se- 
creted and can be isolated in quantities suitable for primary 
structural analysis. This variant has also served as a model in  
developing analytical techniques with which we can examine 
other interesting variant molecules, such as ICR 9. that arc 
available only in radiolabeled quantities. 

Materials and Methods 
Cell Lines and Tumors. The cell line 45.6.2.4 was derived 

from the BALB/c mouse myeloma tumor, MPC 1 1 ,  which 
synthesizes an IgGzb, K immunoglobulin (Laskov and Scharff, 
1970). ICR 9.9.2.1, an IgCla, K-producing secondary variant 
of MPC 1 I ,  was derived on recloning of the primary variant 
which synthesizes a y2a immunoglobulin having a heavy chain 
of 75 000 molecular weight (Koskimies and Birshtein, 1976). 
Both MPC 1 1  and ICR 9.9.2.1 synthesize heavy chains of 
55 000 molecular weight. Cell lines were maintained in sus- 
pension culture in Dulbecco’s modified Eagle’s medium, sup- 
plemented with 20% heat-inactivated horse serum, nonessential 
amino acids, L-glutamine, penicillin, and streptomycin sulfate, 
all purchased from Grand Island Biological Co. MOPC I73 
(IgGZ,, K ) ,  a gift from Dr. Melvin J. Bosma, and LPC I (IgGz.,. 
K ) ,  a gift from Dr. Michael Potter, were carried in BALB/c 
mice. 

Purification of Immunoglobulin. Myeloma cells were in- 
jected intraperitoneally into pristane (2,6, I O ,  14-tetrameth- 
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ylpentadecane, Aldrich Chemical CO., Milwaukee, Wis.) 
primed BALB/c mice (Potter et al., 1972). The ascites from 
the tumor-bearing mice were collected, centrifuged to remove 
cells and debris, treated at  56 OC for 30 min, and stored frozen. 
The presence of paraprotein was verified by microzone elec- 
trophoresis (Beckman Microzone Electrophoresis System, 
Bulletin 7086). 

The myeloma protein was precipitated with 50% saturated 
ammonium sulfate as described (Potter, 1967). Further pu- 
rification was carried out using ion-exchange chromatography 
on a column of DEAE-cellulose (Whatman DE-52). The 
buffers used for the linear gradient were a modification of 
Potter's system (1967). The starting buffer was 0.005 M 
Tris-phosphate, pH 8.6, and the final buffer was a 3:l mixture 
of 0.005 M Tris-phosphate, pH 8.6, and 0.5 M Tris-phos- 
phate, pH 5.1, The purified protein was dialyzed against dis- 
tilled water and freeze-dried. A typical preparation used 150 
mL of ascites obtained from 20 mice and yielded -1 g of pu- 
rified protein. 

Papain Cleavage and Isolation of  Fab and Fc Fragments. 
The method of Guyer et  al. (1976) for papain digestion was 
followed with some modifications. The activity of mercuri- 
papain was taken to be that specified by the manufacturer 
(Worthington Biochemical Corp., Freehold, N.J.). Before each 
preparation, we did a pilot experiment to test the enzyme's 
efficacy and to ascertain the appropriate time of digestion. 
Cleavage of immunoglobulin was followed by polyacry!amide 
gel electrophoresis with sodium dodecyl sulfate (Maizel, 197 1) 
and by immunoelectrophoresis. For most preparations, the 
optimum time of cleavage was 10 min. Any uncleaved immu- 
noglobulin was separated and Fab and Fc fragments were 
isolated as described (Guyer et al., 1976). Radiolabeled im- 
munoglobulin was treated identically, except that the Sephadex 
gel-filtration step (Guyer et al., 1976) was omitted. 

Separation of Heacy and Light Chains. Mildly reduced and 
radioalkylated IgG was filtered through a column (2.2 X 180 
cm) of Sephadex (3-100, equilibrated in 4.5 M urea-I M 
propionic acid (Spring and Nisonoff, 1974). 

Preparation of  Radiolabeled Secreted Immunoglobulin. 
Logarithmically growing cells were washed twice in Spinner 
medium (Eagle, 1959) containing '/40 the normal amounts of 
valine, threonine, and leucine, and supplemented with 10% 
heat-inactivated horse serum. The cells were resuspended in 
the same medium at a final concentration of 5 X IO5  cells/mL, 
and 5 mL was placed in a Petri dish. Radiolabeled L-valine, 
L-threonine, and L-leucine were added at  15  FCi of 14C each 
or at  25 pCi of 3H each. The dishes were incubated at  37 "C 
in 5% COz for 48 h, a t  which time the cells were removed by 
centrifugation. Radiolabeled immunoglobulin was precipitated 
from the supernatant with 50% (NH4)2S04 and dissolved in 
and dialyzed against 0.01 M potassium phosphate, pH 8, prior 
to papain digestion. 

Ion-Exchange Chromatography of Peptides. A mixture of 
3H- and 'dCC-labeled Fc fragments was subjected to digestion 
by sequential additions of trypsin and chymotrypsin (Birshtein 
et al., 1974). The freeze-dried enzymatic digest was dissolved 
in 1.5 mL of 0.3 M pyridine hydrochloride, pH 1.7, and the pH 
was adjusted to <pH 2 with glacial acetic acid. The peptides 
were applied to a heated (56 "C), water-jacketed column (0.9 
X 23 cm), packed with a Dowex-50 sulfonated polystyrene 
resin (SPHERIX, type XX907, Phoenix Precision Instrument 
Co., Philadelphia, Pa.) (Laskov and Scharff, 1970), which was 
equilibrated with 0.05 M pyridine-acetic acid, pH 3.13. The 
peptides were eluted with a gradient generated in a varigrad 
(Virtis Instrument Co.), using 110 mL each of the following 
pyridine-acetic acid buffers: (a) 0.05 M, pH 3.13; (b) 0.10 M, 

pH 3.54; (c) 0.20 M, pH 4.02; (d) 0.5 M, pH 4.5; and (e) 2.0 
M, pH 5.0 (Brown et al., 1974). Two hundred fractions of 2.5 
mL each were collected into glass scintillation vials, the pH was 
recorded, the buffer was evaporated in an oven, and 0.5 mL of 
H 2 0  and I O  mL of Aquasol (New England Nuclear Corp., 
Boston, Mass.) were added to each vial. The samples were 
counted in a Beckman scintillation counter (Model LS-230 or 
LS-233, Beckman Instruments, Inc., Palo Alto, Cali[.), with 
the isosets adjusted so that the spill from the 3H to the I4C 
channel was <O.OOI%, and the spill from the 14C to the 3H 
channel was 7 f 1%. The data were corrected for background 
and spill. 

Amino Acid Analysis and Sequence Determination. Puri- 
fied samples of peptides were hydrolyzed in distilled HCI (6 
N )  a t  I I O  O C  for 22 h. The amino acid compositions were de- 
termined either with a Beckman 121 analyzer or Durrum D500 
analyzer. Automatic sequence analysis (Edman and Begg, 
1967) was carried out on a Beckman 890C sequencer, using 
a DMAA double-cleavage program (10/29/74) and giving a 
repetitive yield of 90-94%. The amino acid phenylthiohy- 
dantoins were identified either by gas chromatography 
(Beckman GC-65) (Pisano and Bronzert, 1969) or by thin- 
layer chromatography (Kulbe, 1974; Summer et al., 1973), 
where solvent I contained tolueneln-pentanelacetic acid 
[60:30:22 (v/v)] plus 27 mg of BBOT (5-bis[2-(5-tert-butyl- 
benzoxazolyl)]thiophene/lOO mL (Dr. J. D. Capra, personal 
communication). I n  some cases, we identified the amino acid 
on the amino acid analyzer after regeneration of the amino acid 
by hydrolysis of the phenylthiohydantoin with HI (Smithies 
et al., 1971). In our hands, we could identify serine only by its 
conversion to alanine after HI  hydrolysis. In certain cases, 
manual Edman degradation of peptides was done (Turner and 
Cebra, 197 I ) .  Residues were identified by at  least two methods 
or sequencer runs. 

Other Methods. The following procedures were used as 
described (Birshtein et al., 1970): mild and complete reduction 
and radioalkylation of disulfide bonds, cyanogen bromide 
cleavage of the proteins, deionizing of urea, and removal of 
thiol groups from dialysis tubing. Homoserine lactone was 
converted to homoserine by the method of Ambler (1965). 
Trypsin and thermolysin were used as described (Turner and 
Cebra, 1971). 

Nomenclature. Cyanogen bromide fragments of the Fc of 
the variant ICR 9.9.2.1 receive the number of the corre- 
sponding fragment from MOPC 173 (Bourgois and Fouger- 
eau, 1970), except that an asterisk is added to show its origin, 
The residue positions of MPC 1 1 and ICR 9.9.2. I are num- 
bered according to MOPC 173 (Fougereau et al., 1976). 

Results 

Comparison of Papain Digests f r o m  MPC 11. ICR 9.9.2.1, 
and MOPC I73 

Immunoelectrophoretic Analysis of Papain Digests. Papain 
digests of the three immunoglobulins were compared by im- 
munoelectrophoresis. The digest of ICR 9.9.2.1 (Figure 1 c,d) 
showed two arcs. Using specific antisera, we identified the arc 
near the origin as the Fab-fragment and the arc with an anodal 
mobility as the Fc fragment (data not shown). The Fc of ICR 
9.9.2.1 has a similar mobility to that of MOPC 173 (Figure 
le,f) while both differ from MPC I 1  (Figure la,b). The mo- 
bilities of the Fab and Fc fragments of MPC 1 l are similar, 
though distinguishable. 

NaDodSOd-Polyacrylamide Gel Electrophoresis of 
CNBr-Treated Fc Fragments. Purified Fc fragments from 
ICR 9.9.2.1, MOPC 173, and MPC 1 I were subjected to 
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FIGURE I :  lmmunuclcctrophoresis of papain digcsts of MPC I I, ICR 
9.9.2.1,and MOPC 173. Rabbit anti-MPC I I was not madespecific for 
the y2b  heavy chain. I t  reacts well with bith 72b  and y2a chains. 

FIGURE 2 NaDodSO4~polyacrylamide gel electrophoresis (7.5%) of 
CNBr FragmentsaftheFcof MPC II (areducedand bunreduced),ICR 
9.9.2.1 (c unreduced and d reduced), and MOPC 173 (e reduced and f 
unreduced). 

0 >o 40 00 I O  IW 120 lrn #no 2m 
'RAC,lON N"*&II 

FIGURE 3: Tryptic-chymotryptic peptide maps of Fc fragments of (a) 
ICR 9.9.2.1 YS. MOPC 173 and (b) ICR 9.9.2.1 vs. 45.6.2.4 (MPC I I). 
Details of the procedure are under Materials and Methods. 

CNBr cleavage and examined by NaDcdS04-polyacrylamide 
gel electrophoresis before and after complete reduction. Figure 
2 shows that ICR 9.9.2.1 (Figure 2c.d) and MOPC 173 (Fig- 
ure 2e.f) had identical fragment patterns which differed from 

ELUTION VOLUME [ml) 

FIGURE 4: CNBr fragments of MPC I I immunoglobulin. (a) Na- 
DodSO~~polyacrylamidegel electrophoresis (5%) ol. (A) HzL2: (0) CNBr 
digestion of H2L2: ( C )  pool I from Figure 4b: (D) pwI I 1  from Figure 4b: 
(E) molecular weight markers. 14 300.28 600.42 900.57 200. arc shown. 
Markers were purchased from BDH through Gallard-Schlessinger, 
Cirlc-Place. N.Y.. and consist of a series of oligomers produced by 
cross-linking a monomeric 14 300 molecular weight protein. (b) Elution 
profileofCNBr fragmcntsof MPC I I immunoglobulinon acalumn (3.6 
X 180 cm) ofSephadex G-100, equilibrated i n  8 M urea. 0.1 M formic 
acid. Fraction volume was 5 mL. 

MPC 1 I (Figure 2a,b). 
Comparatiue Peptide Maps OJFC Fragments. Radiolabeled 

immunoglobulins from ICR 9.9.2.1, MOPC 173, and MPC 
I 1  were digested with papain and their Fc fragments were 
purified. Comparative peptide maps showed that the elution 
profiles of the Fc fragments of ICR 9.9.2.1 and MOPC 173 
were very similar (Figure 3a) and differed from that of 
45.6.2.4, the MPC I I parent cell line (Figure 3b). 

These results suggested that the Fc of ICR 9.9.2.1 was 
identical to the Fc of MOPC I73 and differed from MPC I 1 ,  
To confirm these observations, we undertook primary sequence 
analysis of the Fc regions. 

Primary Sequence ofthe Fr from MPC I /  and ICR 9.9.2.1 
Isolation oJCNBr Fragmenrs oJMPC / / .  The IgC?b(K) 

immunoglobulin was subjected to CNBr cleavage. The 
cleavage products by NaDodSO~-polyacrylamide gel elec- 
trophoresis showed three major bands-a doublet (I) having 
a molecular weight of -100000 and a single band (11) of 
-29 000 molecular weight (Figure 4a, panel B). These frag- 
ments, I and I I ,  were separated by gel filtration on a column 
of Sephadex G-100, equilibrated in 8 M urea. 0.1 M formic 
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TABLE I: Amino Acid Compositions of Fragments and Peptides of the Fc of MPC I I .E 
1 1 . 1  + 11.2 

11.1 11.2 11.3 T2 T3 T4 Th2 Th3 Th4 + 11.3 pool I l d  

SCM 1.6' 0.83' 0.41(1)* 
ASP 10.9 8.2 3.0 (3) 
Thr 4.8 6.4 2.8 13) 

0.82 
1.2 I .3 

0.88 0.92 

2.8 + e  
22.1 22.3 
14.0 13.6 

Ser 8.8 5.1 4.1 ( 5 )  0.96 1.0 0.98 1.0 18.0 14.8 
Hse 0.98 0.86 1.8 I .9/ 
GI" 7.9 8.4 2.2 (2) I .02 0.94 1 .o 18.5 21.1 
Pro 8.6 3.6 I.O(l) 0.92 13.2 12.2 
GlY 5.8 0.91 2.2 (2) 1.05 1.12 1.1 8.9 9.2 
Ala 3.0 1.4 4.4 6.4 
Val 7.1 9.5 0.70(1)  I .O 17.3 18.4 
Ile 5.3 4.6 0.89 ( I )  10.8 9.8 
Le" 7.1 2.1 1.9 (2) 0.94 12.3 13.8 
T Y ~  3.1 1.1 1.6 (2) 6.4 6.6 
Phe 2.8 1.0 0.85 ( I )  4 .6  6.1 
His 0.98 2.8 1.2 (I) 0.84 I .O 5.0 4.7 
LYS 8.8 1.6 5.6 (6) 0.98 1.1 0.94 16.0 15.6 
A %  3.1 2.1 1.9(2) 0.91 7.1 7.4 
Trp + c  ( 1 )  

This is a single representative amino acid analysis. The compositions of II. I and 11.2 were normalized lo 92 and 62 residues, respectively. 
The numbers in parentheses are the actual numbers of amino acid residues from the primary sequence. The presence of tryptophan was 

Detected as cystine. I Measured as methionine. confirmed by automated sequential degradation. 
E Abbreviations used: T, tryptic peptides from 11.3; Th. thermolytic peptides from 11.3. 

This is the average of two analyses. 

acid (Figures 4b and 4a, panels C and D). Subsequent studies 
have shown that pool I contains the N-terminal half ("Fab") 
of the molecule. In this paper, we describe our studies of pool 
11, which we show contains fragments comprising almost a 
complete papain-generated Fc fragment. 

After complete reduction and alkylation, both pool I I  and 
CNBr-treated Fc gave the same three major fragment bands 
on NaDcdSO~-polyacrylamide gel electrophoresis. The gel 
pattern for the Fc fragment is shown in Figure Sa, panel B. The 
three fragments-11.1, 11.2, and 11.3-were separated from 
pool I 1  by filtration on a column of Sephadex G-75, equili- 
brated in 8 M urea, 0.1 M formic acid (Figures Sb and Sa, 
panels C, D, and E). The observation that pool I I  gave rise to 
three smaller fragments, all of which were radiolabeled after 
reduction and alkylation with iod~[ '~C]ace t ic  acid (Figure 5b), 
indicated that the fragments were originally joined by intra- 
chain disulfide bridges. From the general structure of the im- 
munoglobulin molecule, one would expect the middle fragment 
to contain two half-cystine residues. The higher specific ra- 
dioactivity of fragment 11.1 is consistent with its being this 
middle fragment. The presence of two half cystines in 11.1 was 
confirmed by the isolation of two distinct radioalkylated tryptic 
peptides (data not shown). 

Aminoacid compositionsofpool I I ,  11.1, 11.2, and 11.3 are 
shown in Table 1. Fragment 11.3 lacks homoserine and there- 
fore is the C-terminal fragment of the y2b  heavy chain. 

Sequence Studies of Intact Fc and CNBr Fragments of 
MPC / I .  The papain-generated Fc of MPC 1 I was subjected 
to 26 cycles of automated sequential degradation. The se- 
quence of this Yegment is shown in Figure 6. The three Fc 
CNBr fragments were also subjected to automated sequential 
degradation. Figure 6 shows the results and includes additional 
sequence information on 11.3, obtained from tryptic and 
thermolytic digestions. Amino acid analyses of peptides are 
shown in Table 1. As shown in Figure 6, residues 20-26 of the 
Fc (following the methionine at  position 19) correspond to the 
first seven residues of 11.2 and establish it as the N-terminal 
CNBr fragment ofpool II. With 11.3 placed as the C-terminal 
fragment by its lack of homoserine, the CNBr fragments iso- 
lated from pool I I  werealigned: N-11.2, 11.1. 11.3-C. 

ELUTION VOLUME I m l l  

FIGURE 5:  CNBr fragments of MPC I I pool II. (a)  NaDodS04-poly- 
acrylamide gel electrophoresis (7.5%) ol: ( A )  Fc after CNBr cleavage; 
(E) Fc after CNBrclcavapandcomplete rcductian: (C) 1 1 . 1  rrom Figure 
5b: (D) 11.2 rrom Figure 5b: (E) 11.3 from Figure 5b. (b) Elution profiles 
ofCNBr fragmentsof MPC I I pool II after complete reduction and ra- 
dioalkylationonacolumn (2.8 X lBOcm)ofSephadexG-75,equilibrated 
in 8 M urea. 0. I M roormic acid. Fraction volume was 5 mL. 

Figure 7 gives the comparison of the partial sequence of the 
Fc of MPC I 1  (y2b) with published sequences of MOPC I73 
(72a) (Fougereau etal . ,  1976) and MOPC 21 (y l )  (Milstein 
et al.. 1974). The MPC I I sequences have been placed by 
homology. Of 102 positively identified positions, we have found 
27 residue positions which discriminate between y2b and y2a 
sequences. 
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i . I c ; u K t ~  7:  Comparison of partial primary sequencc of MPC I I (72b)  \+ith published sequenceh 01' CIOPC' 173  (??a )  [ I-ougereau c t  ;\I.. 1976) dild 

MOPC 21 ( 2  I )  (Milstein et al., 1974). Identical residues have becn enclosed. Footnotes used: ( a )  Re,idue\ 136 261 are l'rom intact F-c. Rc\iduer 1 5 5  
to 28 I are from 11.2. (b )  We subjected the intact Fc fragment of MOPC I73  to automated scyuential degradation. ,ind our  dctcrii1iniiIiorl 01' \ -?J7 
and U-2.52 in  MOPC 173 as Pro and Val. respectively (instead of h -247  Va l  and % ; - 2 5 2  Pro), war confirmed by Dr. .J. Kocca-Serra (psrson,il coininu- 
nication). See Figure 10. (c) The serine at  this position wa5 detected by a \ingle back-h>drolysi\. ( d )  This rchidue pwtion i b  countcd ii\ diffcrcnt :ilthuugh 
we were unable to confirm the presence of the amide in our automated sequential degradation of intact Fc Irom LIOPC 173 .  Sce Figure I O .  ( c )  Thi\ 
rcridue position is counted a s  different although automated sequential degradation o I * H - I O  from ICK 9.9 2 I f:iiled to \hou the pre\ence 0 1  Ihc Iitilidc. 
See Figure I O .  (1) The residue a t  this position could not be identified. 

t.ic;uKE 8: Fc CNBr fragmentation patterns of MPC 1 I ,  based on our 
data. and MOPC 173 (Fougereau et al., 1976). 

Primary Sequence of' the Fc Fragment of ICR 9.9.2.1 
C'ompared with MOPC 173 and MPC I I .  With the knowledge 
of these discriminating residues, we asked which sequence ICR 
9.9.2. I followed. CNBr  fragments were isolated by gel filtra- 
tion both from the Fc fragment and the heavy chain (Figure 
9) of ICR 9.9.2.1. The elution profile of the Fc CNBr  frag- 
ments (data not shown) was identical to that found by Bourgois 
and Fougereau (1970) for MOPC 173. Fragments *H-5, 
*H-6-7, *t1-9, and *H-IO (see Figure 8) were isolated by 
subsequent recycling of pools on columns of Sephadex (3-50 

or (3-75, equilibrated in 0.05 M formic acid (data not 
shown). 

The bulk of our sequence studies. however. has been done 
on CNBr fragments isolated from intact heavy chain. IC[< 
9.9.2.  I wasmildlyrcducedand radioalkylatedwith iodo[ 'HI -  
acetic acid to label half-cystine residues involved in interchain 
disulfide bridges. Heavy chains were then isolated and cleaved 
with CNBr.  The C N B r  digest was completcly reduced a n d  
radioalkylated w i t h  iodo[14C]acetic acid to label the hx l f -  
cystine residues involved in intrachain disulfide bridgca. The 
digest was then filtered o n  a column of Sephadex G-75% equi- 
librated with 4.5 M urea. 1 M propionic acid (Figurc 9) .  I'ools 
1 and 11 contained uncleaved heavy chain and aggregates and 
were not purified further. Pool I l l  had the bulk of the  tritium 
label and therefore contained the mouse Fd CNBr fragnicnt(s) 
which has interchain disulfide bridges. However, automated 
sequential degradation of this pool gave a single sequence 
identical to H-5 of the MOPC 173 heavy chain (Figure I O ) .  
We concluded that Fd fragment(s) in  this pool were inac- 
cessible to automated sequential degradation. 

Pools V - V I 1  were each recycled on a column of Sephadex 
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T A B L E  1 1 :  Fc C N B r  Fragments of ICR 9.9.2.1. 

*H-5  *H-6-7 *H-9 *H-IO 

S C M  1 . 4 ( 1 ) "  I.O(2)O 1.2 ( l ) a  

Ser  4.4 (6) 3.1 (3 )  2.2 (2) 3.5 (7) 

Pro 4.0 (3)  5.5 (7 )  2.0 (2) 1.0 (1)  

ASP 8.2 (9)  5.3 (3) 6.3 (7) '  3.2 (3)  
T h r  4.2 (5)  4.0 (4)  2.8 (3) 2.6 (2)  

Hse 0.84 ( I )  0.93 (2 )  0.82 ( 1 )  
Glu 7.4 (8 )  6.4 (6 )  4.2 (4)  3.8 (3)  

GlY 1.9 (0) 2.0 (2) 2.3 (2) 1 .6  (2) 
Ala 2.5 (2)  1.9 (2 )  0 23 (0) 0.70 (0) 
Val 8.8 ( I  I )  6 . 3  (5 )  1.9 ( 2 )  4.8 (5)  
Ile 3.6 (4) 2.1 (2)  0.86 (1) 0.61 (0) 
Leu 3.8 (3 )  2.9 (3 )  2.2 (2) 2.7 (2 )  

Phe 1.5 ( I )  1 . 1  (1) 0.76 (1 )  0.98 ( 1 )  

Lys 2.2 (0) 5.6 (8 )  2.2 (2)  3.8 (4)  

Tyr  1.2 ( I )  1.3 ( 1 )  2.6 (3)  2.2 (2) 

His 2.2 (3 )  I .2 (0) 3.4 (3)  

Arg 2.1 (2) 2.1 (2)  1.4 (3)  
T rP  ( 2 ) h  ( I ) b  

(' The numbers in parentheses are the actual number of amino acids 
as determined by Fougereau et al .  (1976).  Compositions were nor- 
malized according to the lengths of the corresponding fragments of 
M O P C  173. Detected by N-terminal sequence analysis (Figure 
I O ) .  

(3-50, equilibrated in 0.05 M formic acid, and yielded frag- 
ments which, based o n  their amino acid compositions (Table 
I I ) ,  were identified as H-6--7, H-10, and H-9, respectively, of 
MOPC 173 (Figure 8). The sequence data obtained by auto- 
mated sequential degradation of intact Fc, *H-S, *H-6-7, 
*H-9, and *H-10 are shown in Figure I O  with the corre- 
sponding sequence data from MOPC 173, LPC 1, and MPC 
I 1 .  At each of the 106 positively identified positions, which 
include 16 of the 27 which distinguish y2b  from y2a, the var- 
iant follows the y2a sequence. I n  vitro deamidation could ac- 
count for observed differences a t  residues N-251, -396, and 
-431. 

Discussion 
We embarked on our structural studies of y2a variant pro- 

teins with two goals i n  mind: (a) the determination of the pri- 
mary structure of one variant IgGz,, protein and of the parental 
lgGzb molecule to enable us to examine their relationships to 
each other and to MOPC 173, an IgCIJ of known sequence 
(Fougereau et al., 1976); (b) the development of analytical 
techniques to screen the numerous variants with relative 
ease. 

Papain digestion has been an exceedingly useful tool in our 
structural studies, since we have found that the enzyme cleaves 
both IgGl,, and 1gGzb a t  the same position (at N235/236), 
giving rise to comparable Fc fragments. The Fc fragments 
from different variants can therefore be directly compared by 
immunoelectrophoresis, by the pattern of their CNBr frag- 
ments on NaDodS04-polyacrylamide gel electrophoresis, and 
by peptide maps. These analytical techniques initially showed 
that the Fc fragments of ICR 9.9.2.1 and MOPC 173 were 
identical and differed from the Fc fragment of MPC 1 I .  
Subsequently, our sequence data have confirmed these ob- 
servations. 

Automated sequential degradation of intact Fc showed that 
ICR 9.9.2.1 followed the y2a sequence. This method is a good 
initial step to examine a variant, since three of the residues 
distinguishing y2a and y2b sequences lie within the N-terminal 
I3 residues. By examining CNBr fragments as well, we have 
analyzed 127 of the 21 2 amino acid residues of the Fc of IRC 
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F I G U R E  9: Elution profile of CNBr fragments of the heavy chain of ICR 
9.9.2.1 after complete reduction and radioalkylation on a column (2.2 X 
180 cm) of Sephadex (3-75, equilibrated in 4.5 M urea, 1 M propionic acid. 
Fraction volume was 3 mL. 

9.9.2.1 and have positively identified 106 of them. All 106 
residues, which include 16 which discriminate between y2b 
and y2a sequences, are identical to MOPC 173, except for 
three which might reflect in vitro deamidation. 

Using the analytical techniques of immunoelectrophoresis, 
peptide mapping, and NaDodS04-polyacrylamide gel elec- 
trophoresis of CNBr fragments, we have found that another 
y2a variant protein, ICR 1 1.19.3, differed in its Fc from ICR 
9.9.2.1 (Greenberg et al., 1978). Our ability to distinguish the 
Fc CNBr fragments of MPC 1 1  by NaDodSO4-polyacryl- 
amide gel electrophoresis should enable us to focus on relevant 
segments in order to define the molecular structure. These 
same methods should allow us to analyze radiolabeled im- 
munoglobulin from the cytoplasm of nonsecreting variants like 
ICR 9, the primary variant synthesizing a heavy chain of 
75 000 molecular weight, which gave rise to the secondary 
variant, ICR 9.9.2.1, studied in this paper (Koskimies and 
Birshtein, 1976). 

We have isolated and aligned three CNBr fragments from 
the C-terminal half of the MPC 1 I IgG?b protein. Although 
we cannot rule out the possibility of additional small CNBr 
fragments until we isolate methionine-containing overlapping 
peptides, we can account for most, i f  not all, of the Fc region. 
This conclusion is based on the size of the pool I I  fragment 
(Figure 4a), the amino acid composition of the three CNBr 
fragments comprising pool 11. and NaDodSOj-polyacrylamide 
gel electrophoresis analysis of these fragments and of the Fc 
before and after CNBr treatment. 

The MPC 1 1 partial sequence is compared to MOPC 173 
(IgGz,) (Fougereau et al., 1976) and MOPC 21 (IgC,) 
(Milstein et al., 1974) in Figure 7. In  two of the three stretches 
sequenced, y2b  and y2a share more identical residues than 
either of them shares with y l ,  an observation that might be 
related to the ease with which we isolate y2a-producing vari- 
ants from MPC 1 I .  In position N-236-28 1, y2a and y2b differ 
in 7 of 44 ( I  6%) confirmed positions. In  this segment, y 1 differs 
from y2a in I7 of 46 (37%) and from y2b in 17 of 44 (39%) 
confirmed positions. From position N-3 17-345, y2a and y2b 
differ in 2 of 22 (9%) confirmed positions, while y 1 differs from 
y2a in I O  of 29 (34%) residues and from y2b in 9 of 24 (38%) 
confirmed positions. 

The C-terminal fragment of MPC 1 1, which extends from 
N-4 14-447, shows extensive differences in all three sequences. 
In this segment, y2a and y2b differ i n  20 of 34 (59%) con- 
firmed positions. y 1 differs from y2a in I6 of 34 (47%) and 
from y2b  in 18 of 34 (53%) positions. Perhaps most serologi- 
cally defined y2a and y2b subclass-specific determinants will 
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Y - t e r r i n a l  o f  Fc+ H j  

XOPL 1 7 3  (2a 
(H-4+H-5) 
I C R  ?.9.2.1‘,2a 

I.?C 1 I 2a 
!Fc I 

“ P C  11 2b 
i F c  tI?. 2 ’ 

“IOPC 1 7 3  

1CII 9.9.2.1 

LEC 1 

‘(PC 11 

H-6-7  
CiOPC 173 -.2a 
(H-6) 
TCR 9 . 4 . 7 . 1  1 2 a  

X P C  11 f 2b 
(11.1) 

8- 9 

MOPC 173  ‘2a 

ICR 9.9.2.1 ’-?a 

H- 10 

NOPC 173 ~ 2 a  

ICR 9.9.2.1 )2a 

v c  1 1  Y 2 h 
(11.3) 

(H-10) 

MOEC 173 
(H-10) 
ICR 9.9.2.1 

2 3 6  240 250 260 

Leu-Leu-Glv-Gly-Pro-Ser-Val-?he-I le-?he-Pro-Prod-Lvs-I 1 e-Lys-Absn-Va~-Leu-Met-I l e -  Se t -Leu-  Ser-Pro-I IE-  

i - : -  A s ?  -- 

-~ ASP - 

-GI 11 I e”-- --AS”----- c\Sp Tnr---‘-vq- 

2 7 0 m 
Val -Thr -Cys -Va l -Va l -Va l -Asp-Va l -Se~-~ lu -As~-Asp-P~o-Asp-~‘a l -Gln - I l e -Se r -Tr~-Phe-Va l  

Asx- - - ’ ~ - . __ 

31- 3 2 0  330 

~ e r - C l v - L ~ s - ~ l ~ - ? h e - L y s - ~ ~ s - L y s - V a l - ~ s ~ - . ~ s n - L ~ s - . 4 s p - L e u - P r ~ - ~ l a - P r o - ~ l ~  

Ile I12 
Leu L X  

375 380 190 400 

Ero-Gl  u -Asp-Ile-T~r-Val-Glu-Trp-Thr-.4sn-: s n - i l y - L y s - T h r - G I  u-Leu-Asn-Tyr-Lvs-Asn-Thr- Gln-Pro-Val-Leu-Asp-S, ?Asp 

Glu - 

A20 4 3 0  408 liio 

T v r -  S e ~ L y s - L e u - A r g - V a l - G l u - L y s - L y s - A s n - T T p - V a l - G l , ~ - A ~ ~ - A s n -  s e y T v r - s e r  -Cys-Ser-Val-Val-His- Gln-Gly-Leu-His-Asn 

-t ____ 1. t - __ - ~ - -GIL,------ - 

\ l e t - L y s - T h r - S e r - L y s - G l u - L y s - T i h r - A s p - P h e - - ~ s n - A r ~ - G l u ~ L y s -  

4 4 0  

His-&’al,Ser) - ‘Thr-Lys-Ser -?he  

: . -  
L -  I _  ___ - 

Tyr-Tyr-Leu-Lvs-Thr- I le  

F I G L K E  IO: Partial primary sequence of ICR 9.9.2.1 obtained by automated sequential degradation of intact Fc and Fc CNBr fragments compared to 
MOPC 173 (Fougereau et al., 1976). LPC I ,  and MPC 11. Footnotes used: (a) We subjected the intact Fc fragments of MOPC 173 and LPC I to au- 
tomated sequential degradation. Our determination of N-247 and N-252 in MOPC 173 as Pro and Val, respectively (instead of N-247 Val and N-252 
Pro). was confirmed by Dr. J .  Rocca-Serra (personal communication). (b) In  our hands, N-251 of MOPC 173 was shown to be Asp. (c) Residues 236-261 
are from intact Fc. Residues 255-281 are from *H-5. (1) The residue at  this position could not be identified. 

be shown to reside in this C-terminal fragment. 
The structural information we have thus far obtained per- 

mits us to explore the genetic basis of these variants. One hy- 
pothesis for the generation of variants is translocation (Gally 
and Edelman, 1970) of the parental heavy-chain variable- 
region gene from the y2b to the y2a constant-region gene. If 
such  ;I mechanism were operative. all y2a variants should be 
identical. In  fact, the variable regions of the variants are clearly 
related to the parent MPC 1 1 since they are idiotypically in- 
distinguishable (Francus et al.. 1978). In addition, we have 
isolated from MPC 1 1  a variable-region CNBr fragment that 
begins at  position N-21 and should encompass two hypervar- 
iable regions ( R .  K .  Birshtein. unpublished observation), and 
;I similar fragment has been isolated from several variants (B. 
K .  Birshtein, M.  L. Greenberg, and S. L. Morrison, unpub- 
lished data; Francus. 1978). bonetheless, we have shown that 
many of these variants differ from each other (Francus et al., 
1978), and in one variant we have found y2b-specific residues 

in the Fc region (Greenberg et al., 1978). Consequently, we 
can rule out translocation as the sole mechanism for generating 
all y2a-producing variants. For any one variant, such as ICR 
9.9.2. I ,  this mechanism could still apply. 

The generation of all our variants could be explained by a 
single mechanism, that of recombination between y2b and 7221 
genes at different sites. Differences i n  the variants would then 
reflect varying ratios of y2b and y2a sequences expressed. 
Such hybrid molecules have been reported for immunoglob- 
ulins of mice (Warner et al., 1966) and man (Kunkel et al.. 
1969; Natvig and Kunkel, 1974; Werner and Steinberg, 1974) 
and for hemoglobins (Baglioni, 1962). I f  ICR 9.9.2.1 resulted 
from such a recombination event, the cross-over must have 
occurred in C H I  or the hinge region, since the Fc fragment 
contained no detectable y 2 b  sequence. 

Recent evidence [reviewed for a number of systems by 
Robertson (1977) and Williamson (1977)] has shown inser- 
tions of untranslated DNA segments within structural genes. 
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Of particular interest to us are studies on immunoglobulins 
where an insertion within the variable-region gene has been 
described [unpublished data of 0. Bernard, W. Gilbert, A.  
Maxam, and S. Tonegawa, as quoted by Brack and Tonegawa 
( 1977)l. Should constant-region genes have similar insertions, 
our variants might have arisen by improper splicing and joining 
of y2b and y2a segments. Structural analysis of variant pro- 
teins combined with studies at the nucleic acid level should help 
us discriminate among these possible mechanisms. 
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