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Abstract 

So far the difficulty to predict the structure of the third hypervariable loop of the heavy chain of antibodies has 
represented the main limitation in modelling the complete antigen binding site. We carefully analysed all available structures 
of immunoglobulins searching for rules relating the loop conformation to its amino acid sequence. Here, we analyse the 
conformation of this loop and show that we are able to predict the conformation of the ten residues proximal to the 
framework. The conformation of the remaining residues of loops longer than 10 residues can also be predicted in many 
cases. This, combined with the previously defined canonical structures for the other five hypervariable loops, is an important 
step toward the prediction of the complete immunoglobulin antigen-binding site. We exemplify our prediction protocol using 
three known immunoglobulin structures as test cases. 0 1997 Elsevier Science B.V. 
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1. Introduction 

Immunoglobulins are multidomain proteins whose 
basic domain is formed by two P-sheets packed face 
to face, pinned together by a disulphide bridge. Two 
of the domains, the variable domains of a light and a 
heavy chain (VL and VH), are packed together to 
create a scaffolding of relatively conserved structure, 
on which the antigen-binding site is formed by six 
loops, named complementarity-determining regions 
or CDRs. The three CDRs from the light chain are 
called Ll, L2 and L3 in order of appearance in the 

* Corresponding author. 

sequence, and the three CDRs from the heavy chain 
are called correspondingly Hl, H2 and H3. 

It has been previously shown that, in spite of their 
high sequence variability, five of these six loops, the 
three of Vk chains, and the first two of VH chains, 
can assume just a small number of main-chain con- 
formations, called canonical structures and that these 
are determined by the loop length and by the pres- 
ence of a few key residues in the loop and/or in the 
framework [l-3]. The main chain conformation of 
these loops can therefore be predicted from the 
antibody sequence, leading to successful predictions 
of antibody structures in ‘blind’ tests [2]. 

We took advantage of our understanding of the 
conformation of immunoglobulin antigen binding 
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loops to design a molecule de novo, called Mini- 
body. We used a portion of the heavy chain variable 
domain of an immunoglobulin as a template, obtain- 
ing a molecule with a P-sheet scaffold of novel fold 
and two regions corresponding to the hypervariable 
loops HI and H2. The design was successful and the 
molecule was used as a scaffold for displaying ran- 
dom sequences from which ligands with specific 
activities could be selected [4-61. 

The third CDR of VH chains (H3), is much more 
variable in length, sequence and structure than the 
other antigen-binding loops. The lack of a method to 
predict the structure of H3, which is located at the 
centre of the antigen binding site and therefore plays 
a central role in the antigen recognition process (Fig. 
I>, has impaired the prediction of the complete im- 
munoglobulin binding site. 

Here, we analyse the conformation of the H3 
loops and demonstrate that recurring structures also 
exist for this loop: We also show that we are able to 
predict the conformation of the ten residues proximal 
to the framework. The conformation of the remain- 

ing residues of loops longer than 10 residues can 
also be predicted in many cases. We illustrate our 
prediction protocol using three examples. 

2. Methods 

Structural analysis was performed using Insight 
[7] and Pinq [8]. Energy minimisation was carried 
out using Discover (MSI) with default parameters. 

The GCG package [9] was used for all sequence 
analyses. 

Kabat numbering [lo] is used throughout the 
manuscript. 

3. Results and discussion 

3.1. The torso and the head of the H3 loops 

Resi,dues Cys 92 and Gly 104, strictly conserved 
in immunoglobulin sequences, were used here to 
define the boundaries of the H3 loop. 

Fig. I Ribbon representation of the Dl.3 immunoglobulin variable domain showing the position of the H3 loop in the middle of the 
bindir ~g site. The light and heavy chain frameworks are shown in green and cyan respectively. The light and heavy chain antigen 

loops are in yellow and orange respectively. 

antigen 
binding 
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We selected from Rel. 72 of the Brookhaven Data 
Bank [l 11 a set of well refined immunoglobulin 
structures (Table 11, with non-redundant H3 loop 
conformations: when different structures of the same 
antibody are available, with the same conformation 
of the H3 loop (rms deviation of the backbone atoms 
lower than 1.0 A>, we only kept the structure with 

could be separated into a torso region, defined as the 
first 4 and the last 6 residues of the loop, and the 
apex of the loop, which we call the head. Indeed, 
two major classes of H3 torsos can easily be identi- 
fied, one showing a regular pattern of P-sheet hydro- 
gen bonds, the other characterised by the presence of 
a P-bulge at residue 101 (Fig. 2). 

the better resolution. We found that the H3 region 

Table 1 

We visually inspected the interactions within each 

List of analvsed immunoalobulin structures 

k PDB codea Resolution (A) Length of H3 Sequence 

Cha255 
NQlO/l2.5 
50.1 
50. I 
4-4-20 
JEL103 
HyHEL-5 
TE33 
NC6.8 
D1.3 
Yst9.1 
8F5 
D11.15 
5539 
NEW 
SE1554 
JE142 
R6.5 
l7-Ia 
26-10 
BV04-01 
BV04-01 
DB3 
B1312 
4D5 
4D5 
4D5 
McPC603 
NC41 
26/9 
17/9 
17/9 
POT 
HIL 
HIL 
36-71 
HC19 
R19.9 
KOL 
3D6 
R4545 11 

1 ind 2.2 10 
NQlO 2.8 10 
lggi_ml 2.8 10 

lggb 2.8 10 
lflr 1.85 12 
lmrd 2.3 12 
lbql 2.6 12 
1 tet 2.3 12 
2cgr 2.2 12 
lvfa 1.8 13 
lmam 2.45 13 
lbbd 2.8 14 
ljhl 2.4 14 
2tbj 1.95 14 
7fab 2.0 14 
1 mfa 1.7 14 
ljel 2.8 14 
lrmf 2.8 15 
1 for 2.75 15 
l&j-ml 2.5 15 
lnbv 2.0 15 
lcbv 2.66 15 
ldbb 2.7 15 
ligf_ml 2.8 15 
lfvc_ml 2.2 16 
1 fvd_m 1 2.5 16 
1 fvd_m2 2.5 16 
lmcp 2.7 16 
1 nca 2.5 16 

lfrg 2.8 16 
lilh 2.8 16 
1 hil_ml 2.0 16 
ligm 2.3 17 
8fab_m 1 1.8 17 
8fab_m2 1.8 17 
6fab 1.9 17 
l gig 2.3 19 
1 fai 2.7 20 
2Ib4 I .9 22 
ldfb 2.7 22 
1 ikf 2.5 22 

CASHR______------FVHWG 

CARDA_____-----__GAYWG 

CVQEG_____------_YIYWG 

CVQEG_____--_--__YIYWG 

CTGSY----------YGMDYWG 
CANLR- - - GYFDYWG 
CLHGN----------YDFDGWG 
CARRS----------WYFDVWG 
CTRGY----------SSMDYWG 
CARER---------DYRLDYWG 
CTRDP---------YGPAAYWG 
CDGYYS- - - - - - YYDMDYWG 
CTRDDN- - - - - - - - YGAMDYWG 
CARLHY--------YGYNAYWG 
CARNLI- - - - AGGIDVWG 
CTRGGH- - - GYYGDYWG 
CARVMG- - - - - EQYFDVWG 
CARGGWL- - - LLSFDYWG 
CARSGNY-- - - - - PYAMDYWG 
CAGSSGN- - - - - - KWAMDYWG 
CVRDQTG- - - - - - - TAWFAYWG 
CVRDQTG- - TAWFAYWG 
CTRGDYV- NWYFDVWG 
CTRYSSD- - - - PFYFDYWG 
CSRWGGD- - - - - - GFYAMDYWG 
CSRWGGD-- - - - - GFYAMDVWG 
CSRWGGD- - - - GFYAMDVWG 
CARNYYG- - STWYFDVWG 
CARGEDN- - - - - FGSLSDYWG 
CARRERY- - - - - - DEKGFAYWG 
CARRERY- - - - - DENGFAYWG 
CARRERY-- - - - DENGFAYWG 
CAKHRVS- - - - - YVLTGFDSWG 
CARDPDI- - - - LTAFSFDY WG 
CARDPDI- - - LTAFSFDYWG 
CARSEYY- GGSYKFDYWG 
CARDFYDYD-- - VFYYAMDYWG 
CARSFYGGS-- DLAVYYFDSWG 
CARDGGHGFCSSASCFGPDYWG 
CVKGRDYYDSGGYFTVAFDIWG 
CTRHTLYDTLYGNYPVWFADWG 

a The suffixes ml and m2 indicate different antibody molecules in the same unit cell. 
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Fig. 2. Canonical structures of the H3 loop. Typical bulged (a, b) and non-bulged (c-f) conformations. (b, d, f) Packing of the H3 loops with 
the conserved aromatic residues of HI (cyan). When H3 has a bulged conformation (b), the Hl loop packs with the hydrophobic portion of 
an Arg or Lys in position 94 of H3. When H3 has a non-bulged conformation, the Hl loop packs with an aromatic residue of H3 either in 
position 96 (d) or in position 99 (f). Antibodies shown: DI .3 (a. b). 4-4-20 (c, d), JEL103 (e, f). 
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of these two classes and noticed that the bulged 
structure is always present when a positively charged 
residue is present in position 94. This conformation 
is stabilised by the packing of the hydrophobic por- 
tion of the basic residue with the Hl loop and by a 
hydrogen bond between the conserved Trp 103 and 
the carbonyl oxygen of the residue preceding posi- 
tion 101. Moreover, when a negatively charged 
residue is present in position 101, this always forms 
a salt bridge with the basic residue 94 (Fig. 2a-b). 
On the other hand, when a negatively charged residue 
is present in position 101 but no positively charged 
residue is present in position 94, the H3 torso as- 
sumes a non-bulged conformation with the acidic 
side chain that, deprived of the salt-bridge partner, 
forms a hydrogen bond with the side chain of the 
conserved Trp 103 (Fig. 2c-e). 

For non-bulged H3 loops another relevant interac- 
tion is the packing of an aromatic residue of H3 
against residues H27 and H32 (in the Hl loop). The 
position in the loop of the aromatic residue, which is 
observed in either position 96 or 99, determines two 
different non-bulged main chain conformations (Fig. 
2d-f). 

These observations are summarised in Table 2. 
There are other relevant interactions of the torso 

of the H3 loop both within itself and with other 
residues but their description goes beyond the scope 
of this analysis and will be discussed elsewhere [ 121. 

Table 2 
Possible conformations for the torso regions of H3 loops and their 
diagnostic sequence patterns 

Main chain Key residues 
conformation 
of the H3 
torso 

94 101 96 99 

Bulged Arg/Lys Asp 
Bulged Arg/Lys non-Asp 
Non-bulged non-Arg/ Asp Aromatic Non-aromatic 

LYS 
type 1 
Non-bulged non-Arg/ Asp Non-aromatic Aromatic 

LYS 
type II 

For the purpose of this discussion, it is instead 
relevant to address the point of whether the confor- 
mation of the head of the loop can be predicted using 
known rules relating sequence and structure in hair- 
pin loops [1,13-171. 

All non-bulged known structures have quite short 
H3 loops, so that the problem of predicting the 
structure of this loop is reduced to that of predicting 
the structure of the torso (which depends upon the 
sequence pattern of the torso itself) and that of a 
short hairpin. In all the structures in our data base, 
the head of non-bulged H3 loops does indeed follow 
the rules relating sequence and structure in short 
hairpins. 

A more complicated pattern arises for bulged 
loops. In these cases, the conformation of the head 
does not conform to the aforementioned rules, most 
likely because of the distortion in the beta sheet 
introduced by the presence of the bulge. 

We attempted to predict these regions by using 
data base search techniques, often described and 
used as loop modelling tools [l&20]. 

We use the backbone of the residues flanking the 
head (two residues before and the three after, in 
order to take into account the particular hydrogen 
bond pattern of the P-bulge) to search the data base 
of known protein structures for loops having similar 
flanking regions and the appropriate number of 
residues between them. When it exists, we select as 
template a loop having an rms deviation between the 
backbone atoms of the flanking regions lower than 
0.6 A and a similar pattern of glycines and prolines 
as the target loop. Our weighting scheme for the data 
base search is such that the residue immediately 
preceding the loop and the subsequent residue have 
weight 1 .O, and the weight of each successive residue 
is decreased by a factor of 0.8. 

We used this protocol on all analysed H3 loops up 
to 16 residue long and can conclude that: 

(1) In 16 out of 32 cases a loop with the desired 
characteristics is found (fit of the backbone of the 
stems with rms lower than 0.6 A and similar location 
in the sequence of glycines and/or prolines). 

(2) In all these cases, the fit of the loop obtained 
with the data base search is similar within 1.0 A to 
the immunoglobulin loop. 

(3) In no case we select a loop with the incorrect 
conformation. 
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These results are quite encouraging especially 
because they strongly suggest that there are rules 
underlying the conformation of the heads of these 
loops and that the continuous growth of the data base 
of known structures will improve our ability to pre- 
dict them. 

3.2. Prediction protocol 

To model an immunoglobulin of unknown struc- 
ture [2,21], we select parent domains from among the 
corresponding domains of known structure. These 
are in general the VL and VH domains sharing the 
highest sequence identity with the corresponding tar- 
get domain unless another known structure that has 
been solved to significantly higher resolution, has 
only moderately lower sequence identity (not more 
than 5% less than the most similar one). 

If the templates for the two domains are not from 
the same immunoglobulin, we pack the parent VL 

Table 3 
Summary of the prediction protocol used 

Example 4-4-20 DB3 NC4 I 

VL framework template 1 mrd 1 igj I iai 
(% identity) (97.3) (9 1.9) (83.9) 
Ll template lnbv ligi liai” 

Canonical structure 4 4 2 
L2 template lnbv I igj 1 iai” 

Canonical structure I 1 1 
L3 template I nbv ligj liai” 

Canonical structure 1 I 1 
VH framework template lifh 1 tet 1 iai” 
(% identity) (62.5) (83.5) (87.1) 
H 1 template lifh 1 tet liai” 

Canonical structure 1 1 1 
H2 template lnbv 1 tet liai” 

Canonical structure 4 2 2 
H3 torso 1 bbd lvfa liai” 

Canonical structure of the torso Non-bulged Bulged Bulged 
H3 head Standard 

Data base search hit 1 Ian None 

Canonical structure numbers refer to the definitions of Chothia et 
al. [2] and of Lesk and Tramontano [21]. 
a There are two antibody molecules in the PDB entry, here we 
used molecules 1 (light chain) and h (heavy chain). 
a The head of this loop was modelled by using the standard angles 
of hairpin loops with the sequence pattern XXGX. 

Table 4 
Comparison between the predicted and experimental structures for 
the three selected immunoglobulins” 

4-4-20 DB3 NC41 

VL framework 0.615 0.636 0.684 
VH framework 0.624 0.65 1 0.646 
VL, VH framework 1.133 0.687 0.952 
Ll 0.161 0.49 1 0.594 
L2 0.069 0.214 0.177 
L3 0.199 0.308 0.523 
Hl 0.257 0.325 0.501 
H2 0.380 0.428 0.186 
H3 0.869 0.779 0.414 
Ll, L2, L3 0.268 0.502 0.787 
HI, H2, H3 1.276 0.839 0.567 
Ll, L2, L3, Hl, H2, H3 1.981 0.916 1.088 
VL 0.617 0.63 1 0.750 
VH 0.892 0.742 0.693 
VL, VH 1.393 0.755 0.989 

a The values represent the rms deviations of the backbone atoms 
excluding the carboxyl oxygen. 

and VH domains together by a least-squares fit of 
the main chain atoms of residues conserved in the 
VL-VH interface [22]. 

If the rms deviation between the corresponding 
sets of atoms is above 1.0 A, we delete from the set 
the atoms that are farthest apart, recalculate the rms 
deviation and superpose the interface, repeating the 
procedure if necessary until the rms deviation is 
below 1.0 A. 

The canonical structures of the torso of the H3 
loops and of each of the other loops is identified by 
checking the antibody sequence for the particular 
sets of residues that form the signature of each 
canonical structure and, if the canonical structure 
identified for a loop is different from that of the 
parent structure, a loop from another known 
immunoglobulin structure having the same canonical 
structure is grafted into the model. 

The residues adjacent to the loop in the model and 
in the structure with the selected canonical structure 
are superposed by a weighted least-squares fit [ 191 
and the loop is transferred to the model. We use the 
four residues before the N-terminus of the loop and 
the four residues after its C-terminus to superpose 
the structures; the residue immediately preceding the 
loop and the subsequent residue have weight 1 .O, and 
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the weight of each successive residue is decreased by 
a factor of 0.8. 

The conformations of the side chains are then 
modelled by retaining the conformation of the parent 
structures at positions where the parent structure and 
the model have the same residue. If the side chain is 
different, its conformation is taken from an immuno- 
globulin having the same residue in the correspond- 
ing position whenever possible [21]. If the residue is 
part of a hypervariable loop, then the side chain 
conformation is taken only from a loop’ with the 
same canonical structure. In the remaining cases the 
conformation of the side chains in the parent struc- 
ture is retained as far as the relative length of the 
side chains permits. 

The model is subjected to 100 cycles of energy 
refinement to tidy up the stereochemistry. 

3.3. Examples of predictions 

We will illustrate the ability of our protocol to 
predict immunoglobulin variable domain structures 
by using three examples: 4-4-20 (PDB code lflr), 
DB3 (PDB code ldbb) and NC41 (PDB code Inca). , 

They were selected because they are representative 
for three possible scenarios: the case of a non-bulged 
H3 torso (4-4-20), and two of a bulged torso with 
(DB3) and without (NC41) hits in the data base 
search. 

Table 3 summarises the details of the prediction 
protocols used while the results of the rms fit be- 
tween the resulting predictions and the known struc- 
ture are shown in Table 4. We show the separate 
contribution of each loop and of the framework to 
the final value of rms. The average accuracy of the 
predictions for the whole immunoglobulin and for 
H3 is quite satisfactory. In all cases the rms devia- 
tion between the predicted and experimental struc- 
ture of each loop is below 0.9 A, and the final rms 
deviation value for:he complete variable domains is 
always below 0.9 A (Fig. 3). The somewhat higher 
value for the complete structure compared with the 
values for each individual domain suggests that more 
effort should be devoted to the improvement of the 
protocol we use to pack the domains and we are 
addressing this problem. 

In our test cases, we did not make any use of the 
knowledge of the three-dimensional structures of the 

Fig. 3. Comparison between experimental and modelled H3 loop for antibodies 4-4-20 (a), DB3 (b) and NC41 (c). Modelled structures are 
shown in yellow. crystal structures in green. 
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three immunoglobulins, however strictly speaking, 
the predictions cannot be described as blind tests and 
should be considered as examples of our protocol. 
Nevertheless, the immunoglobulin structures released 
after our analysis was concluded conform to the 
rules described here with very few exceptions. 
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