
Structure, Function, and Evolutionary Relationships of 
Fc Domains of Human Immunoglobulins A, G, M, and E 

Abstract. Human immunoglobulins A, G, M, and E have strong homology in amino 
acid sequence (about 30 percent) distributed nonuniformly throughout the Fc region. Im- 
munoglobulins M and A are least alike in thefirst Fc domain and most alike in the sec- 
ond. Individual domains of heavy chains have evolved with different mutation rates but 
with conservation of essential structural features. No relation of primary structure to 
complement binding ability is apparent. 

To ascertain structural, functional, and 
evolutionary relationships among human 
immunoglobulins we have determined al- 
most the entire covalent structure of a hu- 
man IgAl myeloma globulin designated 
Bur, including most of the Fd region, all of 
Fc, which is being reported here, the entire 
A light chain, and partial sequences of sev- 
eral other IgAl and IgA2 proteins (1). Ex- 
tensive but partial sequence data on several 
human a chains, including Bur, have been 
reported by us (2, 3) and by others (4, 5). 
Our methods combine manual and auto- 
matic sequence analysis of some 40 tryptic, 
50 chymotryptic, and 70 thermolytic pep- 
tides of the whole a chain and its CNBr 
fragments. The sequence of the Fc region 
containing 245 amino acid residues was 
verified by analysis of the Fc fragment pre- 
pared by limited cleavage of the whole 
IgAl molecule with IgA protease (6). We 
have confirmed much of the sequence for 
the Fc region of other IgAl myeloma pro- 
teins, and have also determined the chief 
differences from the Fc region of IgA2 
myeloma proteins of Am2(+) and Am2(-) 
allotypes (7). 

The amino acid sequences of the Fc re- 
gion of IgAl, IgM (8), IgGl (9), and IgE 
(10) are shown in Fig. 1. The first domains 
(C2-y and C3,u, respectively) of the Fc 
region of the complement (Clq) binding 
proteins IgG and IgM have no more se- 
quence homology to each other than they 
do to the corresponding domains (C2a and 
C3e, respectively) of IgA and IgE, which 
do not bind Clq. However, the last domain 
of the u chain (C4p) and of the a chain 
(C3a) have much more homology to each 
other (about 50 percent) than any other 
pair of domains in human immunoglobu- 
lins. Thus, although Clq is bound to the Fc 
region, the ability to fix complement is not 
determined by the overall degree of ho- 
mology in the primary structure of the Fc 
regions. 

Although u and a are the most homolo- 
gous pair of chains in the last domain (50 
percent), they are the least homologous in 
the first domain of Fc (19 percent). In con- 
trast, the c and y chains are the most 
homologous in the first domain (30 per- 
cent) and are equally homologous in the 
last domain (32 percent). Thus, the c and y 
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chains are more uniformly alike through- 
out the whole Fc sequence than are the , 
and a chains, so that overall there is little 
difference in the two sets. This suggests 
that individual domains of heavy chains 
evolved with different mutation rates or 
that crossing-over and recombination of 
segments of genes corresponding to do- 
mains may have occurred during evolu- 
tion. 

Rather than being localized in extended 
sequences, the homologous residues are 
distributed nonuniformly throughout all 
four chains, reflecting a framework struc- 
ture conserved throughout evolution. 
There is least identity for all four chains in 
the hinge region at the beginning of Fc and 
in the COOH-terminal sequence at the end 
of Fc. In contrast, there is preservation in 
both Fc domains of the intrachain disulfide 
bonds and of two tryptophan residues; one 
is located 14 to 16 residues after the first 
half-cystine in the loop and the other is lo- 
cated 8 residues before the second half-cys- 
tine in the loop. Except for these, no other 
amino acids in homologous positions are 
identical in both domains of Fc. 

The alignment of Fig. 1 suggests that an 
interchain bond (see Cys-337,) in the 
hinge region of the A/, y, and e chains is 
homologous in the u and a chains to the 
penultimate half-cystine (Cys-570p) which 
links to the J chain or forms an interchain 
disulfide bond (11). Of the 21 half-cystine 
residues aligned at the right side of Fig. 1, 
12 are in a Thr-Cys sequence. The align- 
ment also juxtaposes Cys-414,u and Cys- 
312a. The former is thought to form the in- 
tersubunit disulfide bond in IgM (8); the 
latter probably forms an interchain or in- 
tersubunit disulfide bond in IgA (3, 4). The 
remaining four half-cystines of the Fca 
(positions 242, 243, 300, 302) are unique to 
the a chain. The ones at 243a and 300a are 
joined in an extra intrachain disulfide 
bridge (3, 4); the others are probably in in- 
terchain bridges. In Fig. 1 the chains are 
aligned to show maximum symmetry of 
the domains and maximum homology of 
the sequences, with the implication that 
homologous residues have similar coordi- 
nates in the three-dimensional structure. 
This appears to be true for the highly con- 
served intrachain disulfide bond of each 

domain and the first tryptophan residue 
within the loop: for these three residues 
are close together and have homologous 
coordinates in the crystallographic struc- 
tures of the VH and CH1 domains of Fd 
and the VL and CI domains of the light 
chain (12). 

Carbohydrate groups in Fc appear to be 
in exposed locations and often close to 
disulfide bonds, but only some are in ho- 
mologous positions. The five galactosa- 
mine-containing oligosaccharides unique 
to IgAl are in the al hinge (13). How- 
ever, the glucosamine oligosaccharide 
that is homologous in the u, y, and e chains 
(Asn-402u) is replaced at 300 to 302a by 
the sequence Cys-Gly-Cys. The homol- 
ogous position in the second domain of Fc 
favors a bend or turn in the polypeptide 
chain, that is, it is Pro-Gly in u and a (see 
512,), and has gaps and Gly-Ser in the 
alignment of y and e. Model-building ex- 
periments (14) suggest that in all eight 
cases this portion of the molecule will be 
on the surface, probably forming a crevice, 
and close to the interdomain segment of 
the Fc region. 

Although the differences in biological 
functions of the Fc regions of IgM, IgG, 
IgA, and IgE must lie in their molecular 
structure, the structure-function relation- 
ships are not evident from the amino acid 
sequence. Cytotropic functions have been 
localized to the Fc regions and have been 
assigned to the last domain in IgG (15) and 
IgE (10). This is the most homologous do- 
main for the four classes, but the cytotrop- 
ic properties of IgG and IgE differ greatly. 
The complement binding site has been as- 
signed to the first domain (C-y2) of the Fc 
region of mouse and rabbit IgG (16, 17) 
but has been ascribed (18) to a 24-residue 
sequence in the second (C,t4) domain of 
human IgM (residues 468 to 491u). How- 
ever, in this region the a chain (364 to 
387a), which does not bind Clq, is signifi- 
cantly more homologous to the ,u chain 
than is the y chain, which does bind C q. It 
is difficult to understand how the six- 
stranded structure of Clq, which has a mo- 
lecular weight of 400,000, could bind to 
such a small sequence, the more so when 
physiologically one IgM pentamer or sev- 
eral IgG molecules are required for opti- 
mum fixation of C q. 

On the other hand, the inability of IgA 
or IgE to bind with Clq may be attributed 
to the conformational hindrance of Fab to 
the binding site as in the case of IgG4 (16), 
and not due to the degree of differences in 
the primary structure at this region. 

All of the chains have low homology in 
the CH1 region and least homology in the 
interdomain sequences such as the hinge 
region. Because the C regions of the four 
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Fig. 1. Comparison of the amino acid sequence of the Fc regions of human IgM, IgA 1, IgG 1, and IgE, each denoted by its heavy chain ( , a, y, and E, re- 
spectively). In the upper half the sequence is given for the hinge region and the first domain of Fc (C3 p, C2a, C2y, and C3 r) and in the lower half for the 
second domain (C4 g, C3a, C3y, and C4E). The sequence of each chain is given continuously from left to right moving down the figure, but the chains are 
aligned to show maximum symmetry of the domains and maximum homology of the sequences. Residues identical in two or more chains are boxed and 
are shaded if identical to the a chain. Only intrachain disulfide bridges characteristic of domains are shown. The sequences are aligned to put this disul- 
fide bridge and the two invariant tryptophan residues in register. These tryptophan residues and all half-cystine residues are shown as a negative image. A 
few gaps have been inserted to maximize the homology. CHO indicates carbohydrate. In the text, a position is cited both by the number and the chain; 
for example, the first amino acid shown for the M chain is Arg-321 p. Sources of sequence data are A (8), yl (9), and e (10). The sequence and tentative 
numbering system for the al chain is from the present work. 
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classes of heavy chains differ in length and 
are not uniform in homology from domain 
to domain, phylogenetic trees cannot be 
based on a single small segment such as the 
hinge region or the COOH-terminus (19). 
The individual domains and not the whole 
chains should be compared. The non- 
uniformity in homology of corresponding 
C region domains of human , a, Y, and 
e chains suggests that the four classes 
evolved by recombination of primordial 
tandem genes coding for single domains. 

TERESA L. K. Low 
YU-SHIENG VICTOR LIU 

FRANK W. PUTNAM 

Department of Zoology, 
Indiana University, Bloomington 47401 
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Genetic Characteristics of the HeLa Cell 

Abstract. The genotype of the patient Henrietta Lacks from whose cervical carcinoma 
the HeLa cell was derived was deduced from the phenotypes of her husband and chil- 
dren, and from studies of the HeLa cell. Hemizygous expression of glucose-6-phosphate 
dehydrogenase in HeLa, together with the deduced heterozygosity of Mrs. Lacks, is 
consistent with clonal origin of her neoplasm. 

HeLa, the first established human cell ploid human cell lines. The problem of 
line, originated from a biopsy of a cervical possible contamination of other long-term 
carcinoma of a black patient, Henrietta cultured tumor cell lines (3) with HeLa 
Lacks. The biopsy was taken at the Johns cells not only caused an international em- 
Hopkins Hospital on 8 February 1951 and barrassment, but also raised the concern of 
the cell line was established by G. O. Gey. misattributing a specific property to anoth- 
In 1971 Jones et al. (I) reported that re- er cell line, for example, a virus or a tumor- 
view of the histologic characteristics of the specific marker, which actually belongs to 
original biopsy suggests that Mrs. Lacks' HeLa. 
cancer was an adenoepidermoid tumor, an With the continued and growing use of 
unusual type for the cervical site. This may tissue culture in biochemical research, in- 
account for the unusual gross appearance, tra- and interspecific contamination be- 
particularly malignant clinical course, and comes a significant risk. The determina- 
unusual in vitro characteristics of Mrs. tion of stable genetic markers on cultured 
Lacks' neoplasm. cells is a powerful tool for monitoring such 

Over the past quarter century, the HeLa contamination. Recent experiments in 
cell has made major contributions to cell which cultured cells and innumerable 
biology. Gartler (2) reported that 20 hu- clones of somatic cell hybrids have been 
man heteroploid cell lines had identi- used for genetic analysis have shown that, 
cal glucose-6-phosphate dehydrogenase with the proper use of polymorphic mark- 
(G6PD) and phosphoglucomutase (PGM) ers to characterize the cells, the possibility 
phenotypes: G6PD(A) and PGM(I-l). Al- of undetected cross contamination of cul- 
though G6PD(A) is found mainly in tures is no longer the problem it once may 
blacks, some of the heteroploid cell lines have been (4). Therefore, in an effort to 
were known to have been derived from clarify the characteristics of the HeLa cell 
whites. By examining the G6PD and PGM and establish its probable genotype for bet- 
phenotypes in a variety of transformed cell ter-known polymorphisms, we studied 
lines, Gartler found that in no case were HLA and other markers in the surviving 
the phenotypes of G6PD and PGM differ- husband and children of Henrietta Lacks. 
ent or modified from the normal tissue, The pedigree of the Lacks family is giv- 
which suggests that the phenotypes found en in Fig. 1. The genetic markers are 
were not an artifact of establishment in shown in Table 1. Henrietta Lacks' ABO 
culture per se. He concluded that con- and Rh types were known from her medi- 
tamination with HeLa cells was the most cal records-type 0, Rh positive. Most of 
likely explanation for G6PD(A) and her other red cell antigens were deduced 
PGM(l-l) phenotypes found in all hetero- from the genotyping of her children and 
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from data published by Kelus et al. (5), 
who used the method of mixed agglutina- 

H. Lacks tion to demonstrate the M, N, S, s, and 
Tja antigens on HeLa cells. 

2~ In Table 1, the genetic markers indi- 
cated by a section symbol (?) could not be 
deduced for Mrs. Lacks with certainty. 
These included the red cell antigens sys- 
tems, Jk", Fya, Fyb,Pi, Lea,Leb,and Se, 
and the serum protein, haptoglobin. There 
is no doubt that she possessed Gm(1,5), but 

ks family. whether she also possessed GM(3,4), 
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