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“model building” and “real space” procedures. By these
techniques, the correlation between the amino acid se-
quences and the 2.0 A resolution multiple isomorphous
replacement Fourier map has been optimized. The average
shift of all atoms during real space refinement was 0.62 A. A
list of the refined atomic coordinates for the 440 amino acid
residues in the structure is given. Ramachandran plots
prepared using the refined coordinates show a distribution
of ¢, ¢ angular values which corresponds to the predomi-
nant B-pleated sheet conformation present in the structure.

The structures of the homology subunits Vi, Vi, Cy4l, and
C,, were superimposed by pairs and quantitatively com-
pared. The closest similarities were observed between Vy
and V; and between Cyl and C;. Amino acid sequence
alignments obtained from this structural superposition are
given. The closest sequence homology in Fab New is ob-
served between Cgxl (y heavy chain) and C, (A light chain).
In addition, there is considerable homology between the
variable and constant regions.

The distances of close contacts between the homology
subunits of Fab New have been determined. The closer
contacts, those between atoms at a distance = 1.2 times their
van der Waals radii, are analyzed in relation to the constant,
variable, and hypervariable nature of the immunoglobulin
sequence positions at which they occur. Most of the residues
which determine the closer contacts between Vg and Vi, and
between Cyl and Cy, are structurally homologous and highly
conserved or conservatively replaced in immunoglobulin
sequences.

The relation between idiotypic determinants, antigen
combining site and hypervariable regions, is discussed in
terms of the refined model.

In this paper we present the results of a preliminary
crystallographic refinement and a list of atomic coordinates of
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It is generally accepted (see review in Ref. 1) that electron
density maps calculated by multiple isomorphous replacement
techniques contain significant errors which may lead to impre-
cise determination of structural details such as the location of
amino acid side chain atoms, bond angles, ¢ and  values, cis
or trans character of proline residues, etc. This refinement
project was undertaken with the aim of obtaining more
accurate coordinates which can be applied to structural studies
of other immunoglobulins and Fab-hapten complexes (2). The
starting atomic coordinates were those of the structure previ-
ously described (3, 4) obtained using multiple isomorphous
heavy atom replacements. Since the complete refinement of
the structure of Fab New is a complex undertaking, we
present here initial results obtained after application of two
consecutive refinement techniques. In the first step we have
applied a “model building” procedure (5) in which the mea-
sured atomic coordinates were adjusted to impose standard
bond lengths and bond angles. In a second step a “real space”
procedure (6, 7) was used to optimize the correlation between
the Fab New model and the multiple isomorphous replace-
ment, electron density Fourier map.

The coordinates obtained by these procedures have provided
an improved model which has been used to compare the
tertiary structure of the homology subunits, to calculate
interatomic contacts that define the quaternary structure of
Fab, and to re-examine the conformation of the combining
site.

-
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METHODS

Measurement of Model Coordinates —Atomic coordinates were
measured on the 2 A (nominal) resolution model previously de-
scribed (4). A two-pointer device was used for this purpose: a
horizontal pointer (50 inches long) was brought to touch atom
centers by displacing the device on the base of the model, adjusting
the height of the pointer along a graduated scale (z coordinate)
while a second, parallel, fixed pointer of equal length gave the x, y
coordinates on a grid at the base of the model. The use of a level and
leveling screws at the base of the two-pointer device was essential
for obtaining reproducible coordinates. While these measurements
were made, the image of the model and the atom centers were

! The abbreviations used for immunoglobulins, their polypeptide
chains, and fragments are as recommended in (1964) Bull. W H O
30, 447.
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projected on the corresponding sections of the Fourier map using an
npt)cal comparator (8) to verify that their location and the coordinate
values corresponded with the Fourier map.

Model Building Procedure —The set of measured coordinates for
the 3185 non-hydrogen atoms in the structure provided the starting
point for this procedure. In general, these coordinates are subject to
errors due to measurement uncertainty and to mechanical deforma-
tions of the skeletal brass model. Consequently, the mathematical
model building procedure of Diamond (5) programmed for a digital
computer was used in order to impose standard bond lengths and
bond angles in the model. The measured coordinates were used to
provide a guide point for each (non-hydrogen) atom in the structure.
Some conditions used in this part of the refinement process are given
in Table 1. All the varied angles are dihedral; the 7 (7y_c.c) angle
was allowed to vary since this condition gave a much closer correla-
tion with input coordinates without introducing large distortions in
the idealized, model-built geometry of the molecule. Residues for
which the model-built coordinates differed considerably from the
input coordinates or which had an abnormal 7, value were remeas-
ured and checked for correspondence with the Fourier map. These
discrepancies could always be traced to errors in the measurement
of coordinates or to distortions of the brass model. When necessary
the coordinates were measured again after rebuilding distorted
regions and the remeasured coordinates were submitted to the model
building procedure as guide points. The final average value of
ArlAr, = |1- — 1[]9_3““ for the 440 residues in the maodel-built
structure was 5.43°. Pro 151 in Cy1 was built and refined in the cis
conformation. The root mean square shift from the initial coordi-
nates for all non-hydrogen atoms in the structure was 0.2 A.

Real Space Refinement —The model-built coordinates were used
as a starting set for real space refinement (6). The 2.0 A electron
density map used for the automatic fitting of the atomic coordinates
was calculated using multiple isomorphous replacement phases as
described before (3, 4). The electron density function was calculated
at intervals of 1/160 along x, (a = 111.43 A), 1/80 alongy (b = 56.68
A), and 1/130 along z (¢ = 90.30 A) in sections of constant y. A
computer program incorporating a fast-Fourier transform algorithm
was used for this calculation. Five cycles of real space refinement
were carried out using the conditions defined in Table II. Values of
atomic radii for carbon, nitrogen, oxygen, and sulfur that gave
fastest convergence in trials using a small part of the structure were
adopted and kept constant during refinement. Progress in the
refinement process was followed by inspection of the root mean
square shifts in coordinates, shifts in the coordinates of individual
atoms, and adjustments of amino acid scale factors. Unusually large
shifts in coordinates were checked using the optical comparator and
the Fourier map. All refinement calculations were carried out using
computer programs implemented at the Brookhaven National Lab-
oratories.

RESULTS AND DISCUSSION

The root mean square shifts of atomic coordinates after five
cycles of real space refinement converged to an average value
of 0.09 A. The values after each cycle were: 0.46 A 0.20 A, 0.13
A, 0.10 A, and 0.09 A. The average shift of all atoms during
real space refinement was 0.62 A. In most parts of the
molecule, the coordinates after refinement are in very good
agreement with the features of the electron density map (Fig.

TasLe 1
Conditions of model building refinement®
Parameters varied were: ¢, {1, x, 7(N Ca C). Flexible proline
residues were used. In addition, 7(Ca C8 Cy) was allowed to vary in
Cys, His, Phe, Trp, and Tyr residues. A list of the sources of the
amino acid groups used in model building is given in Table I of
Diamond (7).

Filter constants

Length
Probe [res{l ues) c, C.
1 1 0.1 10
2 2 0.1 104
3 3 0.1 104

¢ See Diamond (5) for definition of terms.
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Taere 11

Conditions of real space refinement®

Zone length: 5

Margin width: ]

Fixed atomic radii: 1.4 A

Relative atomic weights; C:6, 0.7, N:8§, 5:16

Relative softness of angular parameters that were allowed to vary:

¢, P 4.0

x: 3.2
Filter levels:
Lanl Rlllﬂ""kllﬂ!
Scale factor and background 0.0001 0.01
Translational refinement 0.001 0.01
Rotational refinement” 0.001 0.001

Electron density map grid; 111.43/160, 56.68/80, 90.30/130 along cell
edgéb

a SB(. Diamond (6, 7) for deﬁmtlon uf terms.
# Nonlinear constraints were used to preserve chain continuity.

1). Many carbonyl groups of the main polypeptide chain can
be reliably positioned (Fig. 2). In general, coordinates of atoms
in regions of strong, well defined electron density converged
rapidly in the first cycle of refinement and moved very little
in subsequent cycles. Atoms in regions of lower density
converged more slowly. A few residues in poorly defined
regions of low density showed little convergence, although
their total shift from the starting coordinates was small. The
movement of main chain atoms tended to be smaller than
those of side chains, presumably due to their better defined
electron density and to greater constraints on their positions.

The progress of refinement was checked after each cycle by
inspecting the fit of atoms whose shifts were substantially
greater than the average. Some side chain groups which had
been shifted by the Diamond model building procedure were
moved back to their original positions by real space refine-
ment. In the fifth cycle of refinement, an average shift greater
than 1 A occurred for three consecutive amino acid residues
(Gly 166, Val 167, and His 168) in the Cyl region. Inspection
of the position of these atoms showed that they had moved to
a conformation that appears to be in better agreement with
the electron density map than the original model. The coordi-
nates for all atoms of Fab New after refinement, given in the
“Appendix,” are filed with the Protein Data Bank at Brook-
haven National Laboratory. No major features of the map
remain unexplained, although a number of possible solvent
molecules are found on the surface of the molecule. The
conventional R factor,? based on F, obtained with the coordi-
nates in “Appendix” and an overall temperature factor® (B =
18.0), is R = 0.46. This value is reasonable given the refine-
ment approximations outlined in Table 11 and the fact that no
solvent atoms were included in the model. Further refinement
using observed structure factors and calculated phases is
currently underway.

The S—S distances in the five Fab disulfide bonds were
allowed to vary without constraints. At the end of the refine-
ment these distances were found to be: Vi, 2.00 A; V,, 2.46 A;
C,l, 2.30 A; C,, 2.30 A; C,1-C,, 2.43 A,

Ramachandran Plots
The Ramachandran plots of the V, and C, homology sub-

*R = 3|F, — F,.|/%F,, whereF, is observed structure amplitude
and F, is calculated structure amplitude.

3 The isotropic temperature factor (B) used in the expression exp
{—B sin® #/A%).
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Fic. 1 (upper). Stereo view of some main chain and side chain Fic. 2 (lower). Stereo view of some amino acid residues of Fab
groups of Fab New after five cycles of real space refinement super- New superimposed on the corresponding density of the multiple
imposed on the corresponding electron density of the multiple isomorphous replacement map. Carbonyl groups of the main poly-

isomorphous replacement 2 A resolution map. peptide chain are clearly seen.
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Fic. 3. Ramachandran plots of the V, and G, homology subunits of Fab New. The distribution of ¢, ¢ angles indicates the predominant
antiparallel B-pleated sheet structure of the subunits. Glycine residues are indicated by O.

units (see Fig. 3} show a distribution of ¢, v angles which residues are scattered in the plot, frequently appearing in
corresponds with the predominant antiparallel 3-pleated sheet nonallowed regions for L-amino acids. Several other residues
structure present in V,, V,, Cyl, and C,. As observed in which occur outside areas of allowed conformation are found
several other protein structures, the ¢, Jr angles for glycine in bends of the polypeptide chains; it is expected that further
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refinement will improve the angular values observed for these
residues.

Structural Comparison of Homology Subunits

The structural homology of Vy, V,, Cyl, and C; has been
described before (3, 4). A quantitative analysis of this homol-
ogy using the method of Rao and Rossmann (9) is presented
here. A similar analysis has been made by Richardson et al.
(10) comparing the structures of superoxide dismutase and
the murine Fab McPC 603 fragment.

Initial matrices relating the Ca coordinates of the homology
subunits were obtained from a small number of structurally
equivalent amino acids. The number of equivalences was
then extended by an aulomatic search for siretches of poly-
peptide chain for which the distances between putatively
equivalent Cas was smaller than 3.8 A. Based on the extended
equivalences new matrices were calculated and the process
was iterated until no changes in equivalences were observed.
A summary of the results is presented in Table 111 which lists
the number of Cas occurring at distances of less than 1.5 A
and less than 3.0 A, for all the six possible pairings of
subunits which were superimposed and compared by this
process. The average value of the minimum base change
necessary to exchange the codons of the structurally equiva-
lent amino acids is also given in Table 111.

As can be seen in Table 111, there is an even closer structural
homology between V,;, V,, Cyl, and C, in Fab New than that
observed for McPC 603 Fab (10), probably reflecting the
higher resolution of the Fab New model. Presumably the Ca
distances given in Table I1I could become smaller with further
crystallographic refinement. The number of Cas which super-
impose with distances shorter than 1.5 A and 3.0 A is larger
when comparing Vi to V, and Cyl to C.. Also, there is good
(inverse) correlation between the number of Cas that are
structurally equivalent and the average minimum base
change per codon. Furthermore, when a restrictive condition
for structural equivalence is imposed (deo. = 1.5 A) the
average base change per codon becomes smaller, reflecting a
higher degree of conservation of amino acid sequences.

It should be emphasized here that amino acid sequence
information is not used in the gquantitative three-dimensional
alignment procedure described above. However, this proce-
dure leads to amino acid sequence alignments that clearly
reflect the well established homologies between the Vy and
V.., and between the G; and C, regions of immunoglobulins
(see Figs. 4 and 5). The closest sequence similarity in Fab
New occurs between Cy,1(y) and G (A), although, as shown in
Table III, the structural similarity between Vy; and V. is close
to that between Gy 1 and G, (see Figs. 6, 7, and 8). In addition,

TaeLe III

Alignment of a-carbon coordinates of four homology subunits of Fab
(New) using method of Rao and Rossmann (9)

Number of Average Number of Average
C, pairs minimum C, pairs minimum
Subunits equiva- base change equiva- base change
! lenced with per codon for lenced with per codon for
dcu{‘)& =15 dc“_cﬁhs 1.5 d.:“_c,:& = 3.0 dc,_mAE 3.0
V-V 56 0.98 81 0.97
Cyl-Cy 60 0.71 82 0.80
C-Vy, 40 1.03 66 1.23
Cp-Vy 29 1.04 59 1.28
Cyl-Vy, 27 1.04 58 1.24
Cul-Vy 25 1.29 49 1.40

DOCKET

_ ARM

Structural Refinement of Fab New

Table III shows that there is considerable homology between
the V and C regions. These results can be interpreted to
indicate that all the homology regions contain a basic core of
amino acid residues with highly preserved three-dimensional
structure. The chemical nature of these residues is also
preserved as indicated by the correspondingly lower values of
the average base change per codon. As stated before (3) these
findings strongly support the postulate (15) of a gene duplica-
tion mechanism which gave rise to the different homology
regions of immunoglobulins.

The Cas of the homologous sequences, -Phe-Gly-Gly-Gly-
(99 to 102) in V,, and -Trp-Gly-GIn-Gly- (107 to 110) in Vy, can
be closely superimposed as can C« atoms immediabe]y preced-
mg and following those residues. This conserved conformation
gives no evidence supporting the postulate (16) that the
glycine residues could serve as a pivot to allow for optimal
contacts between an antibody and its ligands. An alternative
explanation for these constant, homologous V,; and V, se-
quences has been proposed (4) in terms of intersubunit (Vy to
V.., see below) and intrasubunit contacts.

The limits between the V and C homology regions can be
defined from the model. The sequence -Val-Ser-Ser- (115 to
117, Fig. 4) which is shared byy and x human H chains marks
the COOH terminus of Vy, and following a sharp bend in the
polypeptide chain the sequence -Ala-Ser-Thr (118 to 120)
marks the NH, terminus of C;1. The sequence -Thr-Val-Leu-
(106 to 108) corresponds to the COOH terminus of V;, and the
residues -Gln-Pro-Lys- (110 to 112) constitute the NH, termi-
nus of C.. Thus, in the three-dimensional model Arg 109
(usually assigned to V,)) could be considered either as the end
of V. or as the beginning residue of C,. By the structural
alignment described here however, Arg 109 can be properly
considered as the COOH terminus of V.

In agreement with the Gm(4-) gerological specificity of 1gG
New (17), a lysine residue is placed at position 214 in Cy1.
This residue, corresponding to the Gm(17) allotype provides a
better fit with the Fourier map than an arginine residue
(which correlates with Gm(4)) at that position. This interpre-
tation is reinforced by the Gm(1+) serological specificity of
IgG New (17) which has been verified by amino acid sequence
analysis (12).

Quaternary Structure

Contacts between Homology Subunits —The closer contacts
between the homology subunits of Fab New are diagrammat-
ically represented in Fig. 9 by lines joining Ca atoms sepa-
rated by a distance of 8 A or less. This figure provides a
description of regions of Vy, V,, Cyl, and C in which there
are higher density of contacts. Inspection of Figs. 8 and 9
indicates that the interactions between V,; and V. and be-
tween Cy1 and C,, are more extensive than those between Vi
and Cy,1 and those between V, and C,. The fact that the Vy
and Cy1 subunits (whose major axes make an angle smaller
than 90°) interact more extensively than V, and C. (whose
major axes makes an angle larger than 90°) is also reflected in
Figs. 8 and 9.

Intersubunit contacts between side chain and main chain
atoms$ situated at a distance not larger than 1.2 times their
van der Waals radii are given in Table IV. This table lists
contacting residues and the number of close contacts that
atoms from a given residue make with atoms of other residues.
Evidently, amino acids with larger side chains have a poten-
tial to make more contacts with other amino acids, thus for
example, Vy Trp 107 makes 29 intersubunit contacts, Trp 47
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Fic. 4. Amino acid sequences of the V , C, Vi, and C; 1 homology regions of Fab New aligned by comparison of their three-dimensional
structures. - - - indicate gaps introduced to maximize alignment of the three-dimensional structures. * indicate deletions in the V,
sequence. See Ref. 11 for the V, and C, sequences, Ref. 12 for Vy;, and Ref. 13 for Cy1. Abbreviations for amino acids are as given in Ref. 14.
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F1c. 5. Diagram of hydrogen bond-
ing (broken lines) between main chain
atoms for the V., C,, Vy, and Gyl
homology regions of Fab New. The
hydrogen-bonded clusters correspond
to the two B-sheet structures of each
subunit. Cysteine residues that partic-
ipate in intrachain and interchain di-
sulfide bonds are underlined.

makes 28 contacts and Arg 43 makes 24 contacts. V. contacts will be considered in this discussion: first, the

The contacts between Vi and V| are of particular interest contacts which are at the core of the contacting region, made
in view of the fact that different H and L immunoglobulin by residues which are invariant or semi-invariant in Vy and
chains can form structurally viable pairs. Three types of V- V| sequences; second, the contacts made by invariant or semi-
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