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ABSTRACT The structure of the Fab' fragment of a
human myeloma immunoglobulin was determined by
x-ray crystallographic analysis at 2.8-A resolution. The
Fourier map of the electron density was correlated with
the aminoacid sequence to obtain a three-dimensional
model. Four globular subunits, which correspond to the
homology regions of the light and heavy chains, are ar-
ranged in a tetrahedral configuration. These subunits
closely resemble each other, sharing a basic pattern of
polypeptide chain folding. In each subunit, long sequences
of tightly packed, hydrogen bonded polypeptide chain run
parallel to the major axis of the subunit. No helical con-
formation can be seen. Different patterns of interchain
disulfide linkage and unusual intrachain disulfide bonds
that have been observed in other immunoglobulins can
be explained with this model. The regions of hypervariable
sequences in the light and heavy chains occur at one end
of the molecule, in close spatial proximity.

The Fab' fragment of immunoglobulins (molecular weight
about 50,000), obtained by enzymatic cleavage of a whole
immunoglobulin molecule, consists of a complete light (L)
chain and the N-terminal half (Fd') of a heavy (H) chain.
This fragment retains the antibody activity and specificity
of the parent immunoglobulin molecule. The L and Fd'
chains can each be subdivided into a C-terminal half of con-
stant aminoacid sequence (CL and CHI, respectively) and an
N-terminal half of variable sequence (VL and VH, respec-
tively). The CL, CHi, VL, and VH regions, with about 110
residues each, have homologous aminoacid sequences and are
referred to as homology regions. Both the VH and VL homol-
ogy regions contain positions of hypervariable aminoacid
sequence. These hypervariable positions are believed to pro-
vide the conformation and specificity of the antigen-binding
site and to confer antigenic individuality (idiotype) to im-
munoglobulins synthesized by a monoclonal cell population.
X-ray crystallographic studies of Fab' New at 6-A resolu-

tion (1, 2) have shown that the molecule consists of two
globular domains. One of these domains, V, consists of the
VL and VH homology regions. The other domain, C, consists
of the CL and CHi homology regions. This paper presents a
high-resolutioin model of the Fab' structure.

Abbreviations: Nomenclature of immunoglobulins, their chains
and fragments, is as recommended in Bull. W.H.O. 30, 447 (1964).
* Present address: Tasmanian College of Advanced Education,
Box 1415P, Hobart, Australia 7001.

METHODS

IgG1 New and Fab' New were prepared and purified as de-
scribed (3). The preparation and characterization of heavy-
atom derivatives, measurement of diffracted x-ray intensities,
and phase-determination procedures have been given (1, 2).
The following six heavy-atom compounds were used to obtain
isomorphous replacements and phase information to a resolu-
tion of 3.5 A: phenylmercuric acetate, diacetoxymercury
dipropylene dioxide, mersalyl 1,4-diacetoxymercuri-2,3-
dimetoxybutane, uranyl nitrate, and p-acetoxymercuriani-
line. The first four were used to extend the phase determina-
tion to a resolution of 2.8 A. The average figure of merit ob-
tained was 0.78. The 2.8-A Fourier map was calculated from
about 10,000 reflections which had significant intensity out
of the 13,200 that were measured. From the map a model was
constructed with an optical comparator (4) and Kendrew
skeletal models.

Partially and fully reduced and alkylated H and L chains
were separated by gel filtration on Sephadex G-100 columns.
Aminoacid sequence of the tryptic and chymotryptic peptides
of L (X) chain New was determined by the subtractive Edman
and dansyl-Edman (5) procedures. The peptides were aligned
by sequence overlaps, homology with other X-chain sequences
(6, 7), and information derived from the Fourier map.

RESULTS AND DISCUSSION

The 2.8-A Fourier map of Fab' New clearly indicates the
molecular boundaries and the arrangement of subunits de-
scribed in the 6-A resolution study (2) (Figs. 1 and 2). 'Much
of the path of the polypeptide chains can be followed in the
electron-density map without using any aminoacid sequence
information. There are no breaks in the continuity of the
chains, although in some regions of the map it is difficult to
distinguish between main chain and closely-packed side
chains without using sequence data. The characteristic side
chains of tryptophan, tyrosine, phenylalanine, histidine, argi-
nine, lysine, cysteine, and methionine are clearly defined in
most cases. Many other side chains can be recognized in the
map, including the pyrrolidone carboxylic acid N-termini
of the L and H chains. As expected, the inner regions of the
molecule consist of packed hydrophobic side chains. In addi-
tion, the phenolic oxygens of several tyrosines appear hydro-
gen bonded to aspartic acid side chains. No a-helical con-
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1 10 20 27 27a 27b 27c
(Pca, Ser, Val) Leu-Thr-Gln-Pro-Pro-Ser-Val-Ser-Gly-Ala-Pro-Gly-Gln-Arg-Val-Thr-Ile-Ser-Cys-Thr-Gly-Ser-Ser-Ser-Asn-I le-Gly-

28 AlaGly-Asn-His-Val-Lys-TrpTyrGlnGln-Leu-Pro{Gly-Thr-Ala-Pro-Lys-Leu-Leu-Ile-Phe-His-Asn-Asn-Ala-Arg-

58 -Phe-Ser-Val-Ser-Lys-Ser-Gly-Ser-Ser-Ala-Thr-Leu-Ala-Ile-Thr-Gly-Leu-Gln-Ala-Glu-Asp-Glu-Ala-Asp-Tyr-Tyr-Cys

88 Gln-Ser-Tyr-Asp-Arg-Ser-Leu-Arg-_ -Val-Phe-Gly-Gly-G ly-Thr-Lys-Leu-Thr-Val-Leu-Arg-

FIG. 3. Sequence of the VL region of X chain New. Residues in parentheses are given positions deduced from the composition of peptides
and sequence homology with other human X chains. Numbers 27a, b, and c, and gaps extending from positions 57-63 and 96-97 are intro-
duced to maximize homology with other human X chains. Pca, pyrrolidone carboxylic acid. In the CL region, positions 154 and 191 are
occupied by Ser and Lys, respectively, which correspond to the serological markers Kern- (Ser) and Oz + (Lys).

formation can be seen in the structure. Extended, and tightly
packed polypeptide chains, mostly parallel to the longer axis
of each subunit (VL, VH, CL, and CH1), run parallel or anti-
parallel to one another for the length of several residues and
give the appearance of a rigid structural framework (Figs. 1
and 2). Hydrogen bonds between these chains presumably
stabilize the structure. In a few cases, in particular near the
C-termini of the L and of the Fd' chains, short sequences of
antilparallel pleated sheet conformations can be seen. These
observations confirm the results of circular dichroism experi-
ments (8). The first 26 residues in the N-terminal sequence
of the L chain occur in an extended polypeptide chain that
bends back over itself at residue position 14 (Pro). The pres-
ence of this 30-A long, antiparallel N-terminal loop is in agree-
ment with the in vitro formation of "amyloid" fibrils by pro-
teolytic release of an N-terminal piece from human L (X)
chains (9).
The overall dimensions of the Fab' molecule are 80 X 50 X

40 A. Each of the four homology subunits can be enclosed in
a parallelepiped of 40 X 25 X 25 A. A centrally located cleft
(Fig. 1) divides the molecule into two structural domains,
V and C. The structural subunits CL and CH1 in the C domain
interact over a wider area and are more tightly packed than
the VL and VH subunits in the V domain.
The constant or nearly constant sequences of the CH1

(-yl) and CL (X) regions are known (6). In addition, the se-
quence of the CL region of IgG New was verified by sequence
analysis. We determined the aminoacid sequence of the VL
region by chemical analysis (Fig. 3). (All L-chain positional
numbers used in this discussion refer to those of Fig. 3.) No
sequence information obtained by conventional techniques
is available for the VH region, except that it has a blocked
N-terminus, presumably pyrrolidone carboxylic acid. (Unless

indicated, the ordering numbers of ref. 7 will be used for VH
sequences throughout this paper.)
Four features of high density in the Fourier map were

readily recognized as disulfide bonds. A tryptophan side chain
is characteristically close to the intrachain S-S bond in the
core of each of the four homology subunits. These tryptophan
residues, which occur 14-16 positions after the first cysteine
of the intrachain disulfide bonds, are a constant feature of
immunoglobulin sequences. Two extended chains were readily
recognized as the narrow links ("switch" regions) between
the V and C domains (Fig. 1). Starting at these points the
chains could be traced; the electron density correlated with
the known aminoacid sequences of the CL, CH1, and VL
regions. From the compiled sequences of human H chains
(6, 7) the polypeptide chain in the VH region could be easily
traced and a tentative sequence could be obtained from the
Fourier map.
The CL, CHI, VL, and VH subunits are strikingly similar in

their three-dimensional folding, as expected from the homol-
ogy of their aminoacid sequences and in agreement with the
proposal of gene duplication as a mechanism of origin of
immunoglobulin genes (10). However, although the VL and
VH subunits share the basic "immunoglobulin-fold" of the CL
and CH1 subunits, they include an additional length of poly-
peptide chain in the form of a loop not present in CL and
CH1 (Fig. 4). The deletion of seven amino acids in the VL
subunit (positions 54-60, Fig. 3) results in a shortening of this
additional loop of polypeptide chain, thus making the VL
structure of Fab' New more similar to that of the CL and
CH1 subunits than is the VH. The deleted aminoacid residues
could readily be placed in the structural model of VL by
comparison with the folding of the VH subunit.

In the CL subunit, serine 154 and lysine 191, which correlate

FIG. 1. View of the 2.8-A resolution model of Fab' New. The backbones of the L and Fd' (H) polypeptide chains are shown in green
and red, respectively. The V (left) and C (right) domains are separated by a central cleft. Labels show the "switch region" at the mid-
point of both chains. The approximate local 2-fold axes of symmetry are indicated by two yellow rods. The four intrachain disulfide bonds
and the interchain disulfide bond are marked by white spheres. Yellow tapes connect the a-carbon positions of residues that form disulfide
bonds in other immunoglobulin molecules. The numbered labels at the left end of the model indicate the "hypervariable positions". Blue
tags mark the homologous tryptophan residues near the intrachain disulfide bonds in each subunit. Arrows at the right end of the model
point to Ser 154 and Lys 191 (Kern and Oz serological markers, respectively). This view of the molecule closely corresponds to the "top"
view of the low-resolution (6 A) model (2).

FIG. 2. Stereo pair drawing of the a-carbon backbone of the Fab' structure oriented as shown in Fig. 1. The blue and red traces cor-
respond to the L and H chains, respectively. The intrachain and interchain disulfide bonds are drawn in black.
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FIG. 4. Diagram of the basic "immunoglobulin fold". Solid
trace shows the folding of the polypeptide chain in the constant
subunits (CL and Cui). Numbers designate L (X)-chain residues,
beginning at "NH3+" which corresponds to residue 110 for the
L chain. Broken lines indicate the additional loop of polypeptide
chain characteristic of the VL and VH subunits.

with the serologic nonallelic human X-chain markers Kern-
and Oz+, respectively, appear at the outside of the molecule
in close spatial proximity, about 8 A from each other.
The angle between the major axes of the CL and VL homol-

ogy subunits is greater than 900 (100-110°), whereas the
corresponding angle between the CH1 and VH subunits is
less than 900 (80(85°) (Figs. 1 and 2). The relative arrange-
ment of the four subunits in the frequently observed L-chain
dimers may, therefore, be slightly different from the one
reported here for Fab'. This angular relationship places the
two Fd' chain subunits closer to each other than the two L-
chain subunits. Consequently, the "switch" region connect-
in1g VL and CL appears to be more exposed to the solvent and
to attack by proteolytic enzymes than the "switch" region
connecting VH and CH11. An approximate local 2-fold axis of
symmetry relates CL to CH1 and another approximate local
2-fold axis relates VL to VH (Fig. 1).
The electron density of the polypeptide chain near the inter-

chain disulfide bond appears much lower than in the rest of
the molecule. No significant electron density can be found in
the map to extend the Fd' chain beyond the interchain disul-
fide bond towards its C terminus, 14 residues away from this
point. This observation exxplains the fact that no differences
can be detected between the x-ray diffraction patterns of
Fab New and Fab' New (1) despite the fact that the Fd'
chain of Fab' is 10 aminoacid residues longer at the C termi-
nus than the corresponding Fd chain of Fab (1, 4).

In all classes of immunoglobulins the cysteine residue that
participates in the normal interchain disulfide link is always
at the C terminus of the L chains. In human yl chains the
cysteine residue that completes the interchain S-S bond is at
about position 214, near the C terminus of Fd'. However,
in human y2, y3, oy4 (11), and g chains (12), and in rabbit y

FIG. 5. View of the Fab' model showing the spatial relation-
ship of the hypervariable positions. Numbers in round and rec-
tangular tags correspond to Lchain and H-chain hypervariable
positions, respectively. The longer axis of the VH subunit (bot-
tom) is horizontal and nearly parallel to the plane of the figure.

(13), mouse y2a and y2b (11), and guinea pig y2a (14) chains,
the corresponding cysteinyl residue occurs at about position
131. In the three-dimensional model of Fab' New these three
positions (one in the L, two in the H chain) are sufficiently
close (about 6 A) to allow for the alternative 131 (H) - 214
(L) disulfide bond without altering the folding of the polypep-
tide chain. The additional intra-H chain disulfide link ob-
served in rabbit IgG [positions 131-221, (13)] is also com-
patible with the close proximity of the homologous residues
ill the structure of Fab' New. An unusual disulfide bond re-
ported (15) in the VH region of the human yl chain Daw, link-
ing residues 35-101, can also be explained by the close prox-
imity (about 6 A) of these residues in the three-dimensional
structure. Another unusual disulfide bond observed in the
(K) L chain from the specific antipolysaccharide rabbit anti-
body 3315 (16) links the VL to the CL region of the molecule
at positions 80 (VL) and 171 (CL) (Strosberg, A. D. & Haber,
E., personal communication). A comparison of the sequences
of rabbit K chains and human X chains suggests that Cys 80
in rabbit K chain 3315 corresponds to Ala 79 in X New (Fig. 3)
and Cys 171 could correspond to either Asn 172 or Lys 173
in the X New sequence. In the Fab' New model the side chains
of Ala 79 and Asn 172 face each other and the separation of
the polypeptide chain at these points is about 5.5 A, com-

patible with the spatial requirements of a possible disulfide
bond at this point. Thus, it appears that the Fab' model
presented here provides an adequate structural framework
for the various patterns of interchain and intrachain disulfide
links that have been established by chemical analyses (11-
16). These observations, together with the similarity of the
folding l)attern of the homology regions of Fab' (Fig. 4), lead
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to the postulate that K and X L chains have the same overall
three-dimensional structure, and that the VH and CH regions
of different classes of H chains (a, y, p, etc.) also have the
same overall pattern of polypeptide-chain folding.
The regions of hypervariable sequences (17) of both L and

H chains occur at one end of the molecule and are fully ex-
posed to the solvent (Fig. 5). The overall structural design
can be described as one in which the exposed hypervariable
positions occur at adjacent bends of tightly packed, linear
polypeptide chains. Different immunoglobulin molecules will
thus present a unique pattern of aminoacid side chains which
are fixed to the rigidly constructed, constant structural frame
of the VL and VH subunits. The hypervariable positions are
related by a vague symmetry, with an approximate 2-fold
axis running between the L and H chains, perpendicular to the
surface of the molecule. There is no cavity in this region, only
a shallow groove (15 X 6 A, with a depth of 6 A) which is
shared by both chains. With the exception of this feature, the
site could be described as being relatively flat but with pro-
truding side chains that include several tyrosines. Heavy-
chain residues 55-65 and 30-33 delineate the "lower" end of
this site, and L-chain residues 27a-30 and those around posi-
tion 50, the "upper" limit. The "sides" are made of L-chain
residues around 90-95 to the "left" and H-chain residues
102-107 to the "right." This area is about 25 X 20 A. Evi-
dently, the geometry of the "active" site can be modified by
substitution and by deletion (or addition) of aminoacid resi-
dues. For example, in human X chains a subgroup-related
"deletion" of three amino acids occurs at positions 27a, 27b,
and 27c. In the three-dimensional model of Fab' New these
three aminoacid residues appear in a nearly helical loop such
that their deletion could be easily accommodated without a
major change in the path of the polypeptide chain. However,
contacts with antigens should be appreciably modified by this
relatively small structural change. Similar considerations
apply to positions 96 and 97, which are also considered to be
subgroup-related deletions in human X chains (18), and to
deletions (or additions) observed in H-chain sequences. Posi-
tions 86-91, which are hypervariable in human subgroup
III H-chain sequences (19), are not close to the hypervariable
sequences mentioned above and are not in contact with L-
chain residues, although they occur at an outside region of
the molecule (Fig. 5). The cavity that was found at one end
of the molecule in the 6-A resolution study (2) is clearly de-
fined in the 2.8-A resolution map. It is located at the C-termini
of both chains, divided into two parts by the interchain disul-
fide bond.

Affinity labeling studies of specific antibodies and myeloma
proteins (20-25) have tagged residues of the VL and VH
sequences that coincide with, or are adjacent to, the hyper-
variable positions. Although many of the positions that were
labeled in these studies (20-25) seem (by homology with the
sequence of Fab' New) openly accessible to solvent, tyro-
sines 85 and 86 and cysteine 87 in the L chain and the homol-
ogous tyrosines 94 and 95 and cysteine 96 in the H chain are
at the core of their respective subunits, and are not accessible
from the hypervariable region described above. However,
L-chain Tyr 31 (replaced by His in X New) is openly accessible
and Tyr 90 (often replaced by Trp in human X sequences) is
slightly buried inside the "active" region, at the bottom of the
6-A deep groove but possibly accessible to affinity labeling
reagents.

The location of the isotypic markers (Kern, Oz) on the L
chain, the position of the interchain disulfide bond, and the
general shape and arrangement of the subunits can be used to
generate a plausible model for F(ab)2' or whole IgG in which
some regions of Fab' are inaccessible from the outside of the
molecule, and possibly for this reason are poor antigenic
determinants. However, the region of the hypervariable se-
quences occurs on the outside of the molecule and projects
several side chains into the solvent. These side chains, e.g.,
at positions 29, 51, and 92, 93 in the L chain, are at least as
prominent as surface determinant groups as the Kern (gly-
cine/serine) and Oz (lysine/arginine) markers in the CL
subunit. On the basis of the structural model presented here,
aminoacid sequence changes in the hypervariable region,
affecting VL or VH or both, could easily be recognized by a
molecule of complementary structure (anti-idiotypic anti-
body) by a "face-to-face" interaction. In addition, the binding
of a specific hapten that cannot be deeply buried in the shallow
reactive area should in general block recognition of the im-
munodeterminant groups of the reactive area by an anti-
idiotypic antibody (26, 27).

Finally, although the structurally related L and H chains
are clearly complementary, it appears that the H chain ex-
poses a larger area at the "active" site or immediately ad-
jacent to it (Figs. 1 and 5). This observation, however, cannot
take into account the specific antigen-antibody interactions
in each particular immune reaction.
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