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values for O atoms larger than those for N atoms,
were rotated by 180° from their initial orientation
taken from the V;—Fab. The solvent-exposed side-
chain of GIn27 was modelled better this way, indi-
cating a conformational preference, while GIn79 and
GIn89 seem statistically oriented. More significant
differences are the hydrogen bonding carboxamide
groups of (1) GIn37, which hydrogen bonds with its
N*? to the lone pair of O" Tyr86, which in turn
hydrogen bonds to the carbonyl group of Asp82, and
(2) Asn90, which has a stereochemically implausible
conformation in the V;—Fab.

(e) The disulfide bridge

Epp et al. (1975) have described two alternative
conformations of the intramolecular disulfide bond
between Cys23 and Cys88 in the REI V, dimer.
Here, clearly only a single conformation is seen; it
possesses the torsional angles:

170° 121° 79° 167° —58°
23 : N-C*-CP-8"-8"—CF—(C*-C: 88.

Thus it would be considered a right-handed disul-
fide spiral (Richardson, 1981). The disulfide bond
bridges the large C*-C* distance of 6:6 A, typical
for immunoglobulin domains.

(f) The structural water molecules W1 and W2

Two water molecules are found within the V
domains that are not part of the hydration shell,
but are integral parts of the domain architecture.
These are designated W1 and W2. W1 is found in a
cavity between the CDR2 subdomain and the core
of the protein. It makes three hydrogen bonds of
near-ideal geometry with the indole nitrogen atom
of the conserved core residue Trp35, and the back-
bone carbonyl oxygen atoms of Ala51 and Ser65.
This water molecule is found in all k-domain struc-
tures solved at sufficient resolution, REI and J539.
Thus, we postulate that this water molecule is a
universally conserved structural feature of x-V
domains. W2 is found in a cavity between the
p-strands A, B and H, some 5 A from the protein
surface. Again, we find three hydrogen bonds with
near-ideal geometry. They connect the water mole-
cule . with the buried glutamine carboxamide
nitrogen atom, N*2 GIn6, with the carbonyl O atom
of Ser22 and with the buried hydroxyl group of
Thr102. Interestingly, this water molecule is not
found in the structure of REI even though all three
potential ligands are present. The only local struc-
tural difference is a change from methionine (Met21)
to isoleucine at the bottom of the cavity that
contains this water molecule. The water molecule is
present in the structure of J539, despite an iso-
leucine in position 21.

(g) The V, dimer compared to the
McPC603 Fab structure

As has been noted previously, the V; monomer is
seen to associate as a homodimer in the crystal

lattice. The second domain can be generated
through the symmetry operator (X—Y, —Y, —Z)
and a translation vector of (4, 2B, C) in the non-
orthogonal co-ordinate system of the unit cell. This
association is very similar to the V| dimer REI and
places the two V. domains in a relative spatial
arrangement corresponding closely to the structure
of the heterodimeric Fv fragment. A structural
superposition of the V; domains of this study and
the published McPC603 Fab shows only small differ-
ences. The core f-strand region C* atoms of the two
structures can be superimposed with an r.m.s.
deviation of 0-32 A, which is within the limits seen
for other proteins crystallized under non-identical
conditions (Chothia & Lesk, 1986). M603 and REI
have only 749, amino-acid identity in this region
(639, overall). Still, the RMSD of superposition of
these two different proteins is the same as that
between the V;~D and the V —Fab. As the resolu-
tion of the Fab fragment is only 31 A, the signifi-
cance of conformational differences between the
V.-D and the V,—Fab is difficult to judge in some
cases. The more conspicuous differences are: (1) the
side-chain of Leull packs differently in the V,-D;
this allows the main chain to be modelled into more
favorable stereochemistry. (2) The loop between
Serl4 and Glul7 was rebuilt in the V;—D, the orien-
tation of the Serl4-Alal5 peptide plane was
changed by 180° and the rest of the residues moved
accordingly. The V;—D conformation corresponds
more closely to the conformation seen in other high-
resolution V| structures. (3) Pro43 and Pro44 move
back in the V;—Fab, possibly due to different inter-
face packing interactions. (4) The peptide plane
between Gly50 and Ala51 was turned by 180°. (5)
The conformation of the CDR3 is significantly
changed, as discussed in more detail below.

In accordance with the observation that residues
at the interface between the two domains are highly
conserved and their spatial location is preserved
among V; and Vy domains (Chothia et al., 1985), the
structure of the V,—D and the V;,—Fab superimposes
particularly well in this region. There are no major
rotational or translational movements seen. Evolu-
tionary pressure seems to have allowed only very
conservative changes from the time Vg and V_
diverged from a common precursor. It is only in one
place, where TrpH103 of Vy is replaced by Phe # 98
of the V, dimer, that a small cavity would be
created. But the interface region in this three-layer
packing is sufficiently flexible to fill this space
through a slight shift in the side-chain positions of
Phe98 and Tyr36 (Fig. 5). A GIn-Gln hydrogen
bond within the interface, a structural feature found
in all immunoglobulin variable domain dimers, is
also seen in V;—D. GIn38 lies at the 2-fold symmetry
axis of the dimer and forms two hydrogen bonds of
good geometry with GIn#38. We conclude that
crystal packing and domain association play only a
minor role in the generation of this structure.

A comparison of the mode of association of the
V.-D and the Fv fragment shows that the V_
domain loses 309, less of its solvent-accessible
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surface through association in the V dimer than in
the complex with the Fv fragment. The solvent-
accessible surface of the V; domain of 5620 A? is
reduced to 5050 AZ (a difference of 570 A?) in the V.
dimer, but to 4720 A? (a difference of 900 AZ) in the
Fv fragment. Carbon atoms contribute 659%, of the
interface surface. The absence of the extensive inter-
actions that the V; CDR3 makes with V| in the Fab
fragment does not cause significant structural
changes in the V, dimer. But a number of specific
interactions between the V; domains can be
discerned, each of which would be predicted to
cause a decreased association energy of the V dimer
as compared to the Fv fragment. (1) Asp91, which
hydrogen bonds to AsnH95 of the Vy; domain in the
Fab fragment, is close to the 2-fold symmetry axis
in the V, dimer. Here the side-chain of Asp91 is
turned, so that the carboxyl groups of Asp91 and
Asp#91 are 12 A apart. Even so, repulsive inter-
" actions of this paired, negatively charged side-chain,
close to the 2-fold axis of symmetry, might serve to
explain the fact that V crystallizes only at acidic
pH. (2) The carboxyl group of Glu55 is seen to make
a close contact to the hydrophobic ring of Pro# 95
of the CDR3. This might come in conflict with the
hydration shell of the carboxyl group.:In the Fab
fragment, Glub5 is modelled pointing into the
solvent. (3) The hydroxyl group of Tyr94 is hydro-
gen bonded to the carboxyl group of GluH35 in the
Fab fragment. This hydrogen bond is absent from
the V, dimer and a well-defined solvent molecule is
found in place of the carboxyl group. (4) The most
conspicuous difference in the association is the
absence of the long CDR3 of the Vi domain, which
packs against the descending part of the V;, CDRI,
the C strand in the V; domain. Residue PheH100c is
absent from the V; dimer. This residue plugs deeply
into the interface, in the heterodimer. The top of the
interface, which is the bottom of the hydrophobic
hapten-binding pocket of the Fv fragment, is
formed by a hydrogen bond between Asp9l of V
and AsnH95 of Vy. The absence of this bond and
the PheH100c side-chain leave a deep cleft in the
interface that extends the solvent-accessible surface
almost 10 A deep into the interior of the dimer (Fig.
5). Additionally, the hydrogen bond from O" Tyr36
to N PheH100c¢ has no counterpart in the V,-D.

(h) Structure of the CDRs
(i) CDRI

The long, solvent-exposed loop of the M603 CDR1
between Asn3l and Lys3le makes few interactions
with the main body of the domain. It is thus not
surprising that it is found to be partially disordered
or flexible with main chain B-values above 50 A2,
Although the M3 sequence is one residue shorter,
the loop is found to occupy approximately the same
region of space as the M603 loop. The M3 loop is
found similarly disordered, with the weakest elec-
tron density at the first “corner’ of the loop (Ser31la
in M603 and Lys3la in M3).

(i) CDR2

The CDR2 is very well defined and the electron
density permits an unambiguous definition of the

position of all involved atoms (Fig. 6(a)). It is
bridged by four hydrogen bonds. A ‘‘classical”
y-turn (Rose et al., 1985; class 3 y-turn,

Milner-White et al., 1988) is found at the apex of the
two B-strands D and X, and Ala51, bracketed by
this turn, displays the unusual (¢, ¥) combination
of (¢ =66°, Yy = —35°). This region of the (¢, ¥)
map was originally “forbidden” by Ramachandran
et al. (1966) but was found to be favorable in more
refined calculations which allow some flexibility of
atomic bonds (e.g. see Weiner et al., 1984). The
conformation around Gly50 and Alab1 is different
from the one modelled by Segal ef al. (1974) in the
V.—Fab (Fig. 6(b)). But the clearly defined electron
density and more favorable stereochemistry in this
region prompt us to postulate that the conformation
observed here is the correct one. This makes the
conformation of the CDR2 uniformly conserved
among immunoglobulin V; domains.

The main chain continues with two f-turns
(Ser56-Gly57, Asp60-Arg6l) after the CDR2. They
fold the main chain back onto itself to form one of
the most compact subdomains observed so far in
proteins (Zehfus & Rose, 1986). This compact sub-
domain, running from Leu46 to Ser65 wraps around
the side-chain of Ile48 and forms a plug, sitting
against the hydrophobic core of the protein and
closing it off to the side (Fig. 3). Only the N- and C-
terminal segments of this subdomain are anchored
to the main body of the protein with: (1) a peculiar
sequence of double-single-double hydrogen bonds
between f-strands C and D (these are: N Leu47 (28

A) and N Tle48 (3-2 A) with OTrp35; O Ile48 with N
Trp35 (29 A) N Gly50 and N Ala51 with O Leu33
(both 3:0 A)); (2) the hydrogen bond of O Ala51 to
the core tryptophan Trp35 via the internal water
molecule W1; (3) a salt link between Arg6l and
Asp82, two residues that are almost universally
conserved in the V; domains; and (4), regular anti-
parallel B-structure of the strands E and F, begin-
ning at Arg6l (Fig. 2(b)). Thus, the stabilization of
this subdomain largely relies on non-covalent inter-
actions with only three residues, Leu33, Trp35 and
Asp82, besides van der Waals’ interactions.

(iii) CDR3

The CDR3 conformation is significantly different
from the V;—Fab conformation. Again, the electron
density is very well defined and the main chain and
side-chains of this region can be unambiguously
placed (Fig. 7(a)). The main chain is moved approxi-
mately 2 A towards the front and the side-chain of
His92 is tilted in the same direction, so that the C*
His92 is at a distance of 3-0 A from the Vi —Fab
conformation. The imidazole group moves by 6-8 A
(Fig. 7(b)). The RMSD of the 44 atoms from Asn90
to Tyr94 is 276 A (2:05 A for the 19 backbone
atoms). Additionally, the hydrogen bonding topo-
logy of this loop changes: Asn90 is found to make
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Figure 5. Stereoplot of the dimerization interface of the V| dimer and the Fv fragment. (a) The view is from the top
along the 2-fold axis of symmetry, only the front f-sheets and interacting side-chains are shown. One domain of the
VD dimer is drawn with bold lines, the other is drawn with thin lines. Solvent molecules of this region are included.
The hydrogen bonding GIn38 and Gln # 38 are clearly seen at the bottom of the interface. (b) View from the right-hand
side, only the front fi-sheets and interacting side-chains are shown. Both domains of the V,—D dimer are drawn with bold
lines, the Fv fragment is drawn with thin lines. Solvent molecules for V,—D are included. The overall geometry of the
interface, which forms a f-barrel, can be well appreciated. Note that this f-barrel is not closed through secondary
structure. The V,; CDR3 extends over the top of the domains. Note, by comparison, how deep the solvent molecules
penetrate into the dimer interface in the V —D. The side-chains of Phe98 and Trpl03H are clearly seen in the center of

the interface.

two weak hydrogen bonds with N Ser99 (3-06 A)
and O Ser99 (3:06 A), instead of the strong bond to
N His98 (2:54 A) seen in V;—Fab.

(1) Comparison of M603 and M3

The structures of M603 and M3, excluding the
mutated loop from Leu30 to Asn31f, can be super-
imposed with an RMSD of 006 A. They are
virtually identical, down to the B-values of most

solvent molecules. This shows that the conforma-
tion of the mutated loop has no significance for the
remaining domain structure.

4. Discussion and Conclusions

Chothia & Lesk (1987) have put forward the
interesting hypothesis that for the accurate predic-
tion of CDR conformations, knowledge of the
nature of a limited number of key residues and a
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(a)

Gly50

(b)

Gly50

Figure 6. Stereoplot of the CDR2 region of V. (a) The residues from Tyr49 to Ser62 are shown. Ala51 is at the top of
the loop and the view is from the side of the domain. An electron density map is displayed, contoured at a level of 0-4
e/A? (1-250). Density for the carbonyl oxygen atoms is clearly seen. (b) Comparison of the V,—D and V;—Fab CDR2. The
view is from the front as in Figure 3. V,;-D co-ordinates are drawn with bold lines; V,—Fab co-ordinates are drawn with

thin lines.

representative structure might be sufficient. These
key residues would contain the relevant information
to generate a typical “canonical’ fold, regardless of
the rest of the sequence. By this comparative
modelling strategy, it has been possible to predict
the conformation of some CDR loops prior to the
publication of the experimental structure (Chothia
et al., 1989). If the implied causal relationship
between the observed key residues and the three-

dimensional loop structure was of general signifi-
cance, this would provide us with an instance of
being able to localize essential elements of folding
information among the primary structure. Besides,
the knowledge of precisely which residues are neces-
sary and sufficient to generate a certain canonical
fold, would prove extremely helpful in efforts aimed
at predicting antibody structure from sequence data
alone, with a view to elucidating molecular inter-
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Figure 7. Comparison of the V;~D and V;—Fab CDR3. (a) The residues from Asn90 to Ser93 are shown. His92 is at the
top and the view is from the front of the domain. An electron density map is displayed, contoured at a level of 0-4 e/A3
(1-250). (b) The residues from Asn90 to Tyr94 are shown. V;—D co-ordinates are drawn with bold lines; V,—Fab

co-ordinates are drawn with thin lines.

actions with a given hapten or antigen. Indeed, once
an antibody structure is precisely known, a docking
procedure may provide the correct mode of associa-
tion with the antigen in favorable cases (Goodsell &
Olson, 1990).

How well is the canonical structure hypothesis
supported by the findings of this X-ray crystallo-
graphic study?

(1) The CDRI, arching across the top of the
B-barrel, is found to be pinned into the core of the
structure, in a fashion typical for CDR1s previously
observed, by a conserved hydrophobic amino acid
(Leu29 in this case). Leu29 is tightly packed into
the core with low B-values and the CDR1 loop up to
Leu30 is well stabilized. On the other hand, the long
solvent-exposed loop, continuing from Asn3l is
hardly stabilized at all. It had been necessary to
postulate a separate canonical structure for 4-4-20
(Chothia -et al., 1989), which is one amino acid

residue shorter than McPC603 and has a conforma-
tion very different from that of McPC603 (Herron et
al., 1989). M3 has the same length of the CDR1 as 4-
4-20, but the conformation is found again to be
quite different, so that yet another canonical struc-
ture should have to be introduced. It is interesting
to note that the CDR1 B-values of 4-4-20 are much
lower than those observed for either M603 or M3.
Since the 4-4-20 loop does not seem to have signifi-
cantly more stabilizing interactions with the
domain scaffold than M603 or M3, other than the
approach to 3-5 A from an arginine residue of a
symmetry-related domain in the crystal and a
possible participation of His31 in hapten binding,
this argues for an important role for internal
stabilization of the loop itself. Three hydrogen
bonds in 4-4-20 could be important in this context:
the first bonds O GIn3lb to O" Tyr32 (which is
Phe32 in M3). The other two bridge the back of the
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Figure 8. Comparison of the M3 and 4-4-20 V,—Fab CDRI conformations. Residues from 29 to 32 are shown. The view
is from the right-hand side as in Fig. 2. M3 co-ordinates are drawn with bold lines, 4-4-20 co-ordinates are drawn with
thin lines. The RMSD for the 36 backbone atoms from Leu29 to Phe32 is 375 A. The V;—D CDRI1 conformation is drawn
with thin lines for comparison. It closely corresponds to the M3 L1 conformation. Hydrogen bonds that possibly stabilize

the loop conformation of 4-4-20 are also shown.

loop with N°2 Asn3le (which is Lys3le in M3) to O
Ser3la and O°! Asn3le to N Gly31d, in a conforma-
tion reminiscent of the stabilization of some CDR3
loops (Fig. 8). In the face of some residual uncer-
tainty about the accuracy of the 4-4-20 model in
this region and until experimental data on the
relative importance of Tyr32, Asn3le or other
residues within the loop for stabilizing this structure
are available, we would suggest that the structure of
loops inserted between position 30 and 32 should be
considered to be unpredictable.

(2) In the structure of the CDR2, Chothia & Lesk
(1987) had postulated that the variant conforma-
tion observed in McPC603 was linked to the pre-
sence of a glycine residue (Gly50). Our data on the
V.—D structure indicate, however, that the CDR2
conformation is highly conserved among all V
domains, thus unifying the observed canonical
structures, and a glycine residue at position 50 does
not generate an exception.

(3) The canonical structure of this CDR3 has been
postulated to be determined by the conserved cis-
proline Pro95 and two hydrogen bonds from the
carboxamide group of Asn90 to the back of the loop
(Tramontano et al., 1989). We observe a different
topology of hydrogen bonds (which are, in addition,
all longer than 3-:0 A) from Asn90 in this structure.
Thus, we would suggest that the conformational
importance of the hydrogen-bond stabilization of
this solvent-exposed loop is not yet completely
clear. Furthermore, the significant structural differ-
ences between the V;,—D and the V,—Fab CDR3
indicate that the basic premise of the canonical-
structure hypothesis has to be viewed with some
caution. A strong influence of Vy (or the second V)
on the conformation of a CDR (possibly mediated in
this case through electrostatic effects involving

Asp91) would mean that this conformation would
depend both on the precise mode of association
between the two domains in the homo- or hetero-
dimer. This would be especially problematic if a
CDR conformation would depend on the precise
conformation of the Vy; CDR3. Both cannot be ruled
out and both may be impossible to predict with
sufficient accuracy (Stevens ef al., 1988; Colman et
al., 1987).

In conclusion, the potential of the canonical-
structure hypothesis to predict antigen-binding
loops from sequence data alone with sufficient accu-
racy to permit modelling of binding interactions,
must still be viewed with some caution, and it
becomes clear that much further structural work
will be necessary. An attempt to rationalize the
structural differences between the M3 and 4-4-20
CDRI illustrates the difficulty of drawing conclu-
sions from the observation of mere sequence—struc-
ture correlations, as too little is known about true
causal relationships. The conformation of the CDR2
and its lack of correlation with a glycine residue at
position 50 illustrates the limitation of such know-
ledge-based conformational predictions that rest in
the accuracy and reliability of the underlying
experimental structures. Finally, the difference in
CDR3 conformation between the V;—D and the
V,—Fab illustrates the difficulties for conforma-
tional predictions in cases where the local structure
may be significantly influenced by long-range inter-
actions or quarternary structure.

The finding that a CDR mutation such as in M3
can have negligible structural consequences for the
rest of the domain is encouraging for further engi-
neering: experiments to transplant and combine
loops of known structure to generate new binding
properties and efforts to solve the structure of new
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sequences may one day lead to an improved under-
standing of sequence—structure relationships in
immunoglobulin domains.
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