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The structure of an intact monoclonal antibody for phenobarbital,
subclass IgG1, has been determined to 3.2 AÊ resolution by X-ray crystal-
lography. The molecule was visualized in a monoclinic unit cell having
an entire immunoglobulin as the asymmetric unit. The two Fab segments,
both with elbow angles of 155�, were related by a rotation of 179.7� plus
a translation along the approximate dyad of 9 AÊ . This is the ®rst obser-
vation of such an Fab translation in a structurally de®ned antibody. The
approximate 2-fold of the Fc was independent of that relating Fabs,
making an angle of 107� with the Fab dyad. The angle between long axes
of the Fabs was 115�, the most acute angle yet observed, yielding a
distorted Y shaped molecule. This is in contrast to the distorted T shape
of the only other intact IgG (2a) whose complete structure is known.
Primary lattice interactions arise through formation of VH antiparallel b
ribbons whose strands are contributed by pseudo dyad related H2, and
by L3 hypervariable loops from neighboring molecules. While one CH2
domain was mobile, Fabs and three domains of the Fc were well de®ned,
as were hinge polypeptides connecting Fabs to the Fc, and the covalently
attached oligosaccharides. Direct interactions are observed between hinge
polypeptides, the glycosylated loop of one CH2 domain, and the oligo-
saccharide. Lattice interactions clearly in¯uence, perhaps even determine
the overall conformation of the antibody observed in this crystal.
Comparison of this IgG1 with previously determined intact antibody
structures extends the conformational range arising from segmental
¯exibility.

# 1998 Academic Press Limited

Keywords: intact antibody; X-ray diffraction; IgG1; anti-phenobarbital;
immunoglobulin
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Introduction

Two intact IgG molecules with genetic hinge del-
etions have been analyzed by X-ray diffraction.
Both of these myeloma proteins, Dob (Silverton
et al., 1977; Sarma & Laudin, 1982) and Mcg
(Guddat et al., 1993), were conformationally con-
strained as a consequence of missing hinge poly-
peptides. The structure of another, Kol, was a
normal immunoglobulin with an intact hinge, but
on for the entire
Atomic coordinates
Protein Data Bank

.
oglobulin G;
omplementarity
tallographic

971508
the Fc was crystallographically disordered and
could not be visualized (Marquart et al., 1980). In
all cases the antibodies exhibited global 2-fold sym-
metry for the visible components. Recently, the
structure of an intact IgG2a was determined which
had no overall symmetry (Harris et al., 1992, 1997).
That anti-canine lymphoma Mab contained two
independent, local dyads, one relating Fab constant
domains and the second relating heavy chains in
the Fc. The two dyads were obliquely oriented and
non-intersecting.

The intact murine IgG1K (Mab 61.1.3), described
here, is speci®c for the anti-epileptic drug pheno-
barbital. The crystals were monoclinic space group
P21 with one entire molecule as the asymmetric
unit (Harris et al., 1995). No crystallographic obli-
gation existed for the Mab to possess exact global
symmetry, suggesting that the IgG1 might exhibit
a considerable degree of segmental ¯exibility, as
# 1998 Academic Press Limited



862 Structure of an Intact IgG1 Monoclonal Antibody
for the IgG2a. Based on ¯uorescent depolarization
studies, IgG1 is known, however, to be the most
rigid of the four mouse subclasses (Dangl et al.,
1988).

Results and Discussion

The crystal structure was solved at 3.2 AÊ resol-
ution (see Materials and Methods) by application
Figure 1. Structure of an intact IgG1K speci®c for phenoba
light chain2 in yellow, and heavy chain2 in orange. In (a) th
axis relating Fab segments. The 2-fold rotation is near exa
another along the rotation axis. In (b) the IgG1 is viewed
chains of the Fc segment. The angle between the Fab and Fc
and roughly at a right angle to the plane of the Fabs. Hing
ment of the IgG1 lies in the crystallographic xz plane, with it
of molecular replacement techniques (BruÈ nger,
1990, 1993). Like the IgG2a, the IgG1 structure
demonstrates no overall symmetry, but has strictly
local dyads relating segments of the antibody
(Figure 1(a), (b)). Hinge angles, elbow angles, and
the angle between Fabs are quite different; thus,
the conformation is unique and provides another
snapshot image of an otherwise ¯exible IgG.
Electron density for the molecule was good in
rbital. Light chain1 is in pink, heavy chain1 in magenta,
e IgG1 is viewed perpendicular to the approximate dyad
ct, but Fabs are translated by 9 AÊ with respect to one
perpendicular to the pseudo 2-fold axis relating heavy
dyads is 107�, thus the long axis of the Fc is dislocated

e angle differences are evident here as well. The Fc seg-
s dyad approximately along the face diagonal.



Figure 2. (a) Electron density of a Powell minimized Fo ÿ Fc omit map, contoured at 1.25s, with the corresponding
hinge polypeptides Val226 to Val250 of each heavy chain (see Hinge region section). Heavy chain1 is shown in
magenta and chain2 in orange. The three inter-heavy chain disul®de linkages of the hinge core are colored yellow.
The side-chains of the two cysteine residues in the upper hinge region, Cys235 of chains 1 and 2, are indicated in
white. These cysteine residues form disul®de bonds with light chain termini (not shown). (b) Electron density of a
Powell minimized Fo ÿ Fc omit map, contoured at 2.5s, with corresponding oligosaccharide chain2. The oligosacchar-
ide shown here is that attached to the better ordered of the two CH2 domains in this structure, that from heavy
chain2.
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general, with side-chains readily identi®ed. Differ-
ence electron density maps clearly revealed hinge
polypeptides and carbohydrate components, none
of which were present in the initial molecular
replacement model (Figure 2(a), (b)).

Domain dispositions

The anti-phenobarbital antibody has a distorted
Y shape, with an angle between Fabs of 115�, and
an Fc obliquely oriented at 107� with respect to the
plane of the Fabs. The hinge angle between the Fc
and Fab1 is 78�, and between the Fc and Fab2 it is
123�. Antigen binding sites of the two Fabs are sep-
arated by a distance of 118 AÊ (measured from
equivalent H3 loops). The distances between the
farthest point on the Fc and the hypervariable
regions for Fab1 and Fab2 are 108 AÊ and 126 AÊ ,
respectively (Figure 1).

Fab segments are related to one another by a
near exact, local 2-fold rotation of 179.7�, but the
Fabs are translated 9 AÊ with respect to each



Table 1. Local pseudo 2-fold symmetry within intact IgG1

Dyad Rotation (�) Translation (AÊ ) Rmsd (AÊ )

Relating Fab1 and Fab2 179.7 9.0 0.32
Fc heavy chains 178.7 0.7 0.76

CH2:CH2 Symmetry CH3:CH3 Symmetry
Rotation (�) Translat. (AÊ ) Rotation (�) Translat. (AÊ )

Fc 174.6 2.1 179.9 0.2

VL:VH Symmetry CL:CH1 Symmetry
Rotation (�) Translat. (AÊ ) Rotation (�) Translat. (AÊ ) Elbow (�)

Fab1 173.6 0.6 169.6 ÿ1.6 155
Fab2 174.2 0.6 170.1 ÿ1.6 155

Structurally equivalent Cas were superimposed to determine the rotation angles and translations. Superposition was implemented
with both the Lsq options in O (Jones & Kjeldgaard, 1994) and the Fit option in X-PLOR (BruÈ nger, 1992).
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other along the rotation axis (Figure 1(a), Table1).
This translation was a marginally signi®cant
0.9 AÊ for the canine lymphoma IgG2a and absent
for Dob, Mcg, and Kol. Fab translation along the
dyad relating Fabs represents its ®rst occurrence
in a crystallographically de®ned structure. It con-
®rms yet another degree of freedom available to
the molecule in interacting with antigen and
effectors. Fabs of the IgG1 have identical elbow
angles of 155�; consequently, entire Fab segments
are related by rotation. This is in contrast to the
IgG2a where only Fab constant domains were
2-fold related.

The pseudo dyad relating Fabs within the IgG1
does not pertain to the Fc. A second, independent,
local dyad axis relates heavy chains of the Fc seg-
ment. The approximate 2-fold axis of the Fc forms
an angle of 107� with that of the Fab dyad, yet
intersects it exactly (Figure 1(b)). The Fc dyad is
near exact for the CH3 domains, which appear to
be fairly stable in the crystal, but deteriorates
appreciably in the upper Fc so that the rotation
relating CH2 domains is about 175� (Table 1). The
two CH2 domains differ signi®cantly in their mobi-
lity. One is relatively well ®xed in the crystal with
moderate thermal factors (heavy chain2 CH2),
while the other has a high temperature factor
(heavy chain1 CH2). Though IgG1 is considered the
least ¯exible of murine IgGs, clearly rigidity is rela-
tive, and this subclass nonetheless exhibits a sub-
stantial degree of segmental ¯exibility.

Hinge region

Difference Fourier maps revealed the hinge poly-
peptides (Figure 2(a)) quite early in the re®nement
process. This was somewhat unexpected based on
experience with the canine lymphoma antibody
(Harris et al., 1997). The IgG1 subclass, aside from
speci®c sequence differences, has shorter hinge
polypeptides, by six amino acids in each heavy
chain, than the murine IgG2a. Of the four mouse
IgG subclasses, IgG1 has the shortest hinge. The
hinge sequence for the anti-phenobarbital anti-
body, with residue numbering according to the
convention of Kabat et al. (1991), is

Upper Core Lower
226 250

VPRDCG CKPCICT VPEV
jÐ±genetic hingeÐ± j
jÐ±±structural hingeÐ±± j

Cys235 in the upper hinge engages in a disul®de
bond with the light chain terminus at Cys214. The
three cysteine residues in the hinge core (Cys237,
Cys240, Cys242) form inter-heavy chain disul®de
bonds (Figure 3(a)).

The ®rst two residues of the hinge maintain, to a
good approximation, the dyad of the Fabs. The
2-fold relationship becomes imprecise at Arg228
with a notable difference occurring at Asp229
where a 4.4 AÊ rmsd exists between corresponding
Cas of the two heavy chains (calculated after super-
position of the Fabs). Thus, at least Asp229, and
perhaps Arg228 to some degree, endows ¯exibility
to the upper hinge just prior to the heavy-light
chain disul®de. The single glycine following the
heavy-light chain disul®de, and preceding the ®rst
inter-heavy chain disul®de of the hinge core, pro-
vides the point of critical ¯exibility between the
upper hinge and core. Gly236 is a swivel point,
apparently analogous to Thr231-Lys235 in the
IgG2a. Because a 9 AÊ translation exists between the
two Fabs within the intact IgG1, the hinge poly-
peptides are drawn rather tightly through this
region in order to allow the ®rst inter-heavy chain
disul®de in the hinge core. The upper hinge poly-
peptides, and including the ®rst core disul®de
(Val226-Cys237), are in a sense, immobilized in the
crystal structure by the speci®c disposition of Fab
segments.

The hinge core is further immobilized by another
feature of this particular IgG1 conformation. Resi-
dues Cys240 to Thr243 make an intramolecular
contact with the CH2 polypeptide loop which con-
tains the N-link to the oligosaccharide (residues
313 to 318 of heavy chain2, Figure 3(b)). The hinge
contacts both the loop and sugar residues, and this
serves to provide additional stability. This likely



Figure 3. (a) The structure of the IgG1 hinge region viewed with all ®ve disul®de bridges including the three inter-
heavy chain linkages in the core and the two light-heavy chain linkages in the upper hinge. Cysteine side-chains are
colored yellow and disul®de bonds green. The terminus of each light chain (Arg211 to Cys214) and the hinge poly-
peptide (Val226 to Val250) of each heavy chain are shown following the same color scheme as for Figure 1. All of the
residues shown here were modeled according to the electron density (see Figure 2(a)), except for the four lower hinge
residues of heavy chain1, which were modeled stereochemically. Illustrated in (b) is the intramolecular interaction of
the hinge core region (Cys237 to Thr243) with a CH2 loop (Glu311 to Phe319 of heavy chain2) and its N-linked oligo-
saccharide (Nag1, Fuc2, and Nag3 only are shown).
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explains why the electron density for the core of
disul®des was readily identi®ed. The lower hinge
residues of the two heavy chains differ signi®-
cantly in their interpretability in electron density
maps. The lower hinge of heavy chain2, which
extends from the more immobile CH2 domain, is
very clear. That which extends from the mobile
CH2 is not. The overall hinge conformation
observed in this crystal structure is undoubtedly a
product of the distribution of Fabs and Fc, but is
directly stabilized by intramolecular contacts and
in¯uenced by intermolecular interactions (see Inter-
molecular interaction section).

Carbohydrate component

Two biantennary, complex carbohydrates are N-
linked to the heavy chains of the Fc through
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Asn314 of each CH2 domain. The oligosaccharides
occupy the central cavity of the Fc, speci®cally
between the two CH2 domains, as seen in
Figure 1(a) and 1(b). The electron density for carbo-
hydrate chain2 is shown in Figure 2(b), with eight
of the nine residues visible. This particular oligo-
saccharide, attached to heavy chain2, is that which
Figure 4. (a) Fab1 of one IgG1 molecule (yellow and red)
red) are viewed along a non-crystallographic dyad axis tha
pseudo dyad relating Fabs (Figure 1(a)), the intermolecular
dominant lattice contact clearly in¯uences, and likely dict
translation between Fabs within an IgG1 is probably an adju
lographic related VH domains of crystallographically related
body (white) is shown with its heavy chain2 inserted betwe
lattice contact. These lattice interactions stabilize an otherwis
structure, and all four domains were visualized, it is a ``we
temperature factors of the Fc (see Materials and Methods).
formed intramolecular interactions with the hinge
core (see Hinge region section and Figure 3(b)).
This contact may possibly be responsible, at least
in part, for the disposition of Nag1, and particu-
larly for that of the fucose residue.

Comparison of the IgG1 oligosaccharide with
that of the canine lymphoma antibody (IgG2a),
and Fab2 from another molecule in the lattice (orange and
t relates the two Fabs. In contrast to the intramolecular
Fab dyad does not have a translation component. This

ates, the overall conformation of the molecule. The 9 AÊ

stment to allow these b strand contacts with non-crystal-
IgG molecules. (b) The Fc segment of a third intact anti-

en the VL CDRs (red) of the two Fabs involved in the VH

e mobile Fc. While the Fc was immobilized in this crystal
ak'' immobilization as indicated by the moderate-to-high



Figure 5. (a) Stereo diagram of the packing in the monoclinic unit cell. Interactions described in Figure 4 are observed
here, as well, with the three intact antibodies colored yellow, orange, and white. Seen here, in addition, is the disposi-
tion of the CH3:CH3 domain pair of one antibody (cyan) in the branch of the Y formed by the Fabs of a screw axis
related IgG (white). (b) View of the packing of molecules in the yz plane. Each intact IgG1 is a different color, and
two entire molecules make up the unit cell. The intramolecular Fab pseudo dyad and the intermolecular Fab dyad
are exactly parallel, and both lie at an angle of 9� with respect to crystallographic y. Although the two non-crystallo-
graphic symmetry axes are distinct, they do have the same direction. Thus, the self rotation signal (Table 2) was
ampli®ed by the presence of the two local dyads having the same polar coordinates.

Structure of an Intact IgG1 Monoclonal Antibody 867



868 Structure of an Intact IgG1 Monoclonal Antibody
and that of the human Fc (Deisenhofer, 1981),
shows that the fucose is in a different orientation
in each case. This is in addition to other branch ter-
mini differences. Man4, which is the central core
sugar, has the least deviation upon optimal super-
imposition of CH2 domains. Although no direct
evidence exists to indicate that the carbohydrate
participates in the formation of any effector bind-
ing site, it is plausible that the core oligosaccharide
serves to establish a stable framework from which
¯exible terminal residues could be free to interact
with effectors.

Intermolecular interactions

A non-crystallographic, yet near exact dyad axis
exists between Fab1 and Fab2 of crystallographi-
cally related IgG molecules, applying particularly
to their CDRs. In contrast to the disposition of
Fabs within an intact IgG1 molecule, there is no
translational component along the intermolecular
Fab dyad (Figures 4 and 5). Intermolecular b rib-
bons are formed by hydrogen bonding between
the strand following hypervariable loop H2 of
Fab1 (VH residues 55 to 59) with the pseudo dyad
related strand of Fab2 (Figure 4(a)). At the same
time, the switch peptide joining CH2 and CH3
domains of a heavy chain from a third antibody is
inserted between variable light CDRs of the Fabs
involved in VH lattice contacts (Figure 4(b)).
Figure 6. An IgG2a antibody speci®c for an antigen on can
on the IgG1 speci®c for phenobarbital (white). Fab1 CL:CH1
for reference. The detailed structures are of course unique,
asymmetric conformation with local dyads within or betw
angles, the angle between Fabs, and the angle between Fab
172� (Fabs are horizontal in this view), in contrast to the IgG
posed in an oblique and independent manner with respect to
tinct hinge angles. The IgG1 Fabs are drawn in nearer to o
than for IgG2a.
CH3:CH3 occupies the branch of the Y created by
Fabs from an IgG related by the 21 axis, but this
contact is tenuous in comparison (Figure 5(a)).
These interactions maintain the crystal lattice and
are responsible for the observed orientations of the
Fabs and Fc (Figure 5(b)).

The angle of 115� formed by the long axes of the
Fabs is the most acute angle yet observed in any
structurally de®ned antibody. That for Kol, for
example, was 132�. The acute angle and 9 AÊ trans-
lation between Fabs probably results, in turn, from
the necessity of making the lattice interactions
involving variable domain b ribbons and CDRs of
neighboring molecules (Figure 4(a)). These likely
re¯ect adjustments made between Fabs to optimize
contacts with non-crystallographically related vari-
able heavy domains. The 9 AÊ adjustment has
important consequences for the hinge conformation
(see Hinge region section).

Conclusions

The instructive value of this structure is realized
in comparing it to the previously determined
immunoglobulins, and particularly to the IgG2a
molecule. The latter is shown superimposed on the
IgG1 in Figure 6. The two hinge-deleted immuno-
globulins and the IgG2a were roughly T shaped
molecules with the long axes of their Fabs parallel
and nearly colinear. The IgG1 and Kol, however,
ine lymphoma cells (lime green) is shown superimposed
of the IgG2a is superimposed onto one of the IgG1 Fabs
yet some essential features are shared: particularly the
een segments. Differences include hinge angles, elbow
and Fc dyads. The angle between Fabs of the IgG2a is
1 angle of 115�. The Fc segment of the two IgGs is dis-
Fabs, but the dispositions are different and result in dis-

ne another and the Fc is also closer to its Fab segments



Structure of an Intact IgG1 Monoclonal Antibody 869
are essentially Y shaped. In both the IgG2a and the
IgG1, the Fc is obliquely disposed with respect to
the Fabs, with its dyad only approximate and com-
pletely independent of the local dyad relating
Fabs. The structures possess no overall symmetry.
The IgG2a is best described as a ``distorted'' T, and
the IgG1 a distorted Y. The hinge-deleted anti-
bodies and Kol, on the other hand, have global
2-fold symmetry and exhibit ``symmetric'' T and Y
conformations, respectively.

While the two elbow angles in the IgG2a differ
by 16�, those in the IgG1 and the other intact anti-
bodies are the same. One of the elbow angles
found in the IgG2a, 159�, is close to those in the
IgG1 (Figure 6). A noteworthy feature maintained
by all ®ve of the intact immunoglobulin molecules
is a perfect, or near perfect 2-fold rotation relating
constant domain pairs of the Fabs.

As illustrated in Figure 6, angles between the
two dyads in the IgG1 and those in the IgG2a are
quite different, 107� and intersecting in the former,
and 128� and non-intersecting by 26 AÊ in the latter.
Hinge angles also differ substantially, 78� and 123�
for the IgG1, 66� and 113� for the IgG2a. Thus,
overall molecular conformations are very different.
In addition, because of the shortened IgG1 hinge,
the Fabs are closer to one another and the Fc is
drawn up much nearer to the Fabs, thereby yield-
ing a more compact molecule. On the other hand,
one of the CH2 domains in the IgG1 shows greater
mobility than either CH2 in the IgG2a structure.

In this IgG1 the complement activating, C1q
binding site of one CH2 (the better de®ned) is
accessible, while that of the other (the most mobile)
is occluded by the Fabs. This was not the case for
the IgG2a where both sites were fully accessible.
IgG1 activates complement least effectively of the
four murine subclasses (see Burton, 1990). The
necessity to assume an Fc orientation that sacri®ces
one C1q site to free the second may be partly
responsible for the reduction in complement acti-
vation. The angle of 107� between the Fc and the
plane of the Fabs is consistent with hypotheses for
complement activation requiring dislocation and
aggregation of Fc segments on the surface of an
antigen bearing target. For that mechanism the
angle is proposed to be about 90� (for a review, see
Burton & Woof, 1992).

As was true for the crystal structure of the
IgG2a, that reported here for the IgG1 presents a
single conformation from what must, almost assu-
redly, be a broad range in solution. It provides
another example of the segmental ¯exibility
inherent to the IgG molecule, in this case extending
that feature to the most constrained of all the mur-
ine subclasses, IgG1.

Materials and Methods

Diffraction data

Mab 61.1.3 crystallizes from 12% (w/v) polyethylene
glycol 3350 (pH 4.5 to 5.0), as previously described
(Harris et al., 1995). After 24 hours equilibration, drops
were micro-seeded to yield crystals of size
�0.6 mm � 0.3 mm � 0.3 mm. Data were collected at
beamline X12C (l � 1.15 AÊ ) at the Brookhaven National
Synchrotron Laboratory on a 300 mm MAR Research
image plate, 18�C. Data from ®ve crystals were reduced
with DENZO/SCALEPACK (Otwinowski, 1993). The
merging R for all data was 14.5% with a completeness of
96% from 3.2 to 20 AÊ . If only data for which F > 3s are
considered, completeness is 75%.

Structure solution and refinement

The antibody structure was solved by molecular repla-
cement as implemented in X-PLOR 3.1 (BruÈ nger, 1992)
and outlined in Table 2. Cross-rotations were performed
with Fab probes having elbow angles ranging from 120�
to 180�. The orientation and translation for one of the
IgG1 Fabs (Fab1) was determined immediately (top sol-
utions), but an orientation for a second Fab was not
apparent in ®ltered lists. A dyad axis had been indicated
by the self rotation function and was suspected to relate
the two Fab segments. Fab2 was generated by rotating
Fab1 by the indicated polar angles. The translation sol-
ution for Fab2 yielded a similar value (T � 0.16) as had
been obtained for Fab1. The translation function was
used again to ®x relative positions along y of the two
Fabs. The value of T � 0.42 obtained in this search con-
®rmed the correctness of the solutions. Cross-rotation
searches using an entire Fc, or individual domain pairs,
yielded ambiguous results. The Fab segments were
re®ned in X-PLOR 3.1 and 3.8 by rigid body adjustment
of individual domains, Powell minimization, grouped
temperature factor re®nement, and simulated annealing.
Non-crystallographic symmetry (NCS) restraints were
imposed on all atoms of equivalent domains. Difference
electron density maps, Fo ÿ Fc, 2Fo ÿ Fc, and 5Fo ÿ 4Fc,
were calculated which revealed the location of the Fc
segment (in every map). 5Fo ÿ 4Fc maps, in particular,
enhanced detail so that domains were distinguished.
Given the approximate disposition of the Fc, the molecu-
lar replacement results were re-examined. The correct
orientation for CH3:CH3 was the maximum only when
the pair was PC-re®ned as a unit. PC-re®nement of indi-
vidual domains yielded other orientations of higher Pat-
terson correlation coef®cients. This appears to be a
common problem with molecular replacement analyses
of structures having many similar domains like IgG, as
certain segments tend to dominate the function, in this
case the Fabs. CH3:CH3 was translated in an x, y, z
restricted search, encompassing the approximate known
position, against ®xed Fabs. Re®nement of the ten IgG
domains yielded 5Fo ÿ 4Fc maps where CH2:CH2 could
be readily ®tted into the density, including the core
carbohydrate on one CH2 domain. The other CH2 was
mobile with strong density only at the CH2-CH3 inter-
face. Preliminary X-PLOR re®nement including all 12
IgG domains was carried out from 3.5 to 8 AÊ resolution
(Table 2).

Re®nement of the antibody domains proceeded with
data to 3.2 AÊ , using the corrected amino acid sequence,
and continued application of NCS-restraints. After two
passes of simulated annealing, positional, and grouped
B-factor re®nement at 3.2 to 8 AÊ , the model had a
conventional R factor of 21.8%, Rfree of 35.1 %, CC of
0.86, and CCfree of 0.61. The hinge polypeptides were, at
this point, not included in the model. A bulk solvent
mask was employed upon inclusion of low resolution
data to 20 AÊ , and subsequent cycles of re®nement and



Table 2. Structure determination

Space group P21; a � 66.65 AÊ , b � 190.66 AÊ , c � 73.10 AÊ , b � 109.66�; Z � 1
Resolution (AÊ )

Self rotation
f� c� k�

Local dyad (related the two Fabs) 32.5 7.5 180 RF � 7.07 4-8

Fab1

Orientation - cross rotation y�1 y�2 y�3
Intact Fab constructed from VL:VH 26.3 62.5 357.1 PC � 0.12 4-15
of 1McPC603a and CL:CH1of
HYHEL-5b; elbow angle 155�

Translation - x, z position Translation vector
PC-refined Fab1 (0.306 0.0 0.472) T � 0.16 4-15

Fab2

Orientation f� c� k�
Fab2 oriented by rotating Fab1 with 32.5 7.5 180 PC � 0.12 4-15
polar angles indicated in self rotation

Translation - x, z position Translation vector
PC-refined Fab2 (0.194 0.0 0.222) T � 0.16 4-15

Translation - relative position along y
Fab2 translated against fixed Fab1; y � ÿ 0.032 T � 0.42 4-15
search that used x, z � 0.5 gave solution

Refinementd

Both Fabs: 8 domains R � 29.8% RF � 36.9% CC � 0.75 CCF � 0.60 3.5-8
5Fo ÿ 4Fc maps revealed Fc location

Fc

Orientation - cross rotation y�1 y�2 y�3
CH3:CH3 domain pair of Mab231c 197.0 62.5 163.0 PC � 0.05 4-8

Translation - x, y, z confined search Translation vector
CH3:CH3 translated against fixed, (0.620 0.125 0.390) T � 0.59 4-8
refined Fabs

Refinementd

Fabs and CH3s: 10 domains R � 24.7% RF � 34.9% CC � 0.83 CCF � 0.64 3.5-8
CH2:CH2 fitted into 5Fo ÿ 4Fc maps
Fabs and Fc: 12 domains R � 22.1% RF � 34.3% CC � 0.86 CCF � 0.64 3.5-8

Molecular replacement results from X-PLOR (BruÈ nger, 1992); RF, rotation function value; PC, Patterson correlation coef®cient; T,
translation function value; R, crystallographic R-value; RF, free R-value; CC, correlation coef®cient; CCF, free correlation coef®cient;
self rotation expressed in spherical polar angles; cross-rotation expressed in Euler angles; translation vector in fractional coordinates;
maximum vector of 45 for self and cross rotation functions.

a Fab fragment 1McPC603 (Satow et al., 1986).
b Fab fragment HYHEL-5 (Sheriff et al., 1987).
c Intact IgG2a Mab231 (Harris et al., 1997).
d Re®nement includes rigid body adjustment of individual domains, positional, grouped B-factor re®nement, and simulated

annealing.
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manual model rebuilding reduced Rfree by 2%. With cor-
responding improved phases, virtually the entire hinge
appeared in a difference Fourier map. Both Fo ÿ Fc

and 5Fo ÿ 4Fc syntheses were used to ®t the hinge resi-
dues. Fo ÿ Fc omit maps, calculated after omitting a
speci®ed region and performing 40 cycles of Powell
minimization to reduce bias, were used for rebuilding
the hinge, as well as the rest of the molecule.

Re®nement of the entire IgG1, including hinge and
carbohydrate, from 3.2 to 20 AÊ resolution, F > 3s,
yielded a ®nal model with an R of 21.1%, Rfree of 32.7%,
CC of 0.87, and CCfree of 0.69 (Table 3). 30 of 34 hinge
residues are included in the model, lacking only the four
lower hinge residues of the mobile CH2 domain. 15
sugar residues are also included. Rms deviations from
ideal geometry are 0.009 AÊ for bonds and 1.6� for angles.
According to PROCHECK, for a structure at 3.2 AÊ resol-
ution, eight of ten stereochemical parameters are ``BET-
TER'', the other two are classi®ed as ``better''
(Ramachandran plot and Zeta angle standard deviation).
The average B-factor for protein atoms is 56 AÊ 2; oligosac-
charide chain1 is 100 AÊ 2, and oligosaccharide chain2 is
85 AÊ 2. As was observed for the IgG2a, temperature fac-
tors vary substantially by domain, or segment, of the
IgG1 depending on crystal packing. VH domains,
involved in b ribbon lattice interactions (Figure 4(a)),
have the minimum average B-factor of 36 AÊ 2. Other
domains of the Fabs are about 49 AÊ 2. The Fc of the mol-
ecule experiences the fewest lattice contacts. Average B-
factors for three of the Fc domains are about 70 AÊ 2,
while one domain, the more mobile CH2, has an average
of 95 AÊ 2. The hinge region has an average B-factor of
77 AÊ 2. B-factor re®nement was performed with the back-
bone and side-chain of each residue as groups. NCS-
restraints, for all atoms of corresponding domains, were
used throughout the re®nement process, in every pos-



Table 3. Data and re®nement statistics

Space group P21

Unit cell a � 66.65 AÊ , b � 190.66 AÊ , c � 73.10 AÊ , b � 109.66�

Data completeness
21,145 unique reflections (F > 3s) from 3.2 - 20 AÊ

Resolution range (AÊ ) % Completeness % Accumulative (F > 3s)
5.06±20.00 95 95
4.43±5.06 90 93
4.03±4.43 85 91
3.74±4.03 75 88
3.52±3.74 65 84
3.34±3.52 54 80
3.20±3.34 41 75

Refinement statisticsa

Resolution limits (AÊ ) 3.2 - 20
R-value (%) 21.1
Correlation coefficient 0.87
No. of unique reflections in working set (F > 3s) 19,081
Free R-value (%) 32.7
Free correlation coefficient 0.69
No. of unique reflections in test set (F > 3s) 2064
No. of molecules in asymmetric unit 1
No. of total non-hydrogen atoms in final model 10,184
No. of solvent molecules None included
Average protein B-value (AÊ 2) 56
Average carbohydrate B-value for chain1 and 2 (AÊ 2) 100 & 85
Rmsd in protein bond lengths (AÊ ) 0.009
Rmsd in protein bond angles (�) 1.6
Rmsd in carbohydrate bond lengths (AÊ ) 0.009
Rmsd in carbohydrate bond angles (�) 1.4

a Non-crystallographic symmetry restraints were used for equivalent domains of the antibody (all
atoms) during X-PLOR re®nement (BruÈ nger, 1992). R-value � �hkl (||Fobshkl| ÿ |Fcalchkl||)/�hkl

|Fobshkl|, where |Fobshkl| and |Fcalchkl| are the observed and calculated structure factor
amplitudes.
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itional and simulated annealing cycle to reduce over®t-
ting of data. Figures presented here were generated with
the program SETOR (Evans, 1993).
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