
Chapter 3

Protein Sequence and Structure Analysis

of Antibody Variable Domains

Andrew C.R. Martin

3.1 Introduction

The protocols described here provide methods for computational analysis of anti-

body sequence and structure. With the availability of the World Wide Web, many

online analysis tools have been made available, and URLs for these are cited

throughout the text. The author has provided a Web site at http://www.bioinf.org.

uk/abs/labmanual/ containing links to all the tools described here.

3.1.1 Brief Review of Early Work on Sequence Variability
and Antibody Structure

Porter (1959) first proposed the four-chain model for antibodies consisting of two

light chains and two heavy chains, linked by disulphide bonds. The structure of

antibodies has been reviewed in detail by a number of authors (Alzari et al. 1988;

Padlan 1994; Searle et al. 1994), while the structural basis of antibody/antigen

interactions has also been reviewed extensively (Padlan 1977; Mariuzza et al. 1987;

Davies et al. 1990; Wilson and Stanfield 1993). The major points will be covered

here briefly.

Edelman and Gall (1969) analysed sequences of IgG chains and identified

homologous regions, which they proposed to be related to domains of specific

function (Edelman 1970). Wu and Kabat (1970) examined the sequences of

the region proposed to form the variable domain and identified “hypervariable”

segments within that domain which, they proposed, formed the actual antigen
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combining site. These were termed “complementarity determining regions”

(CDRs), and they suggested that CDRs are supported on a framework formed by

the rest of the variable domain.

IgG is the best studied of the immunoglobulin classes, and electron micrographs

revealed the “Y” shape (Valentine and Green 1967). The structure of antibodies is

divided into variable regions able to bind to a virtually infinite range of substrates

and constant regions able to perform a given set of common functions for all

antibodies within a class (IgG, IgM, etc.).

Light chains consist of VL and CL domains, while heavy chains consist of VH,

CH1, CH2 and CH3 domains (IgM and IgE have an additional CH4 domain). Various

fragments are generated artificially or by proteolytic digestion:

The first X-ray crystal structure of a Fab fragment was solved in 1973 (Poljak

et al. 1973), and it showed that the hypervariable regions corresponded approxi-

mately to structural loops. The anti-lysozyme antibody D1.3 was the first antibody

crystal structure to be solved complexed with antigen (Amit et al. 1985), confirming

the role of the CDRs in binding antigen.

Variable and constant domains consist of two twisted antiparallel b-sheets, which
form a b-sandwich. Constant regions have three and four stranded sheets, while

variable regions have a further two short strands forming sheets of four and five

strands. The two sheets are linked by a conserved disulphide bond and are inclined

by approximately 30� to one another (Chothia and Janin 1981), varying by up to 18�

in variable domains and up to 10� in constant domains (Lesk and Chothia 1982).

Packing between the VL/VH domains can vary between antibodies. Recent

analysis of more than 500 antibody structures in the author’s group has shown a

mean packing angle of –45.6� with a standard deviation of 3.36� and an overall

observed range of approximately 30� (Abhinandan and Martin, in preparation).

In addition to variation in VL/VH domain packing, the “elbow angle” describes the

flexibility between the VL/VH and CL/CH1 pseudo-diads. The angle between the

arms of the “Y” is variable as a result of a flexible hinge region (deleted in IgM).

The role of flexibility in antigen binding is reviewed by Huber and Bennett (1987).

3.1.2 Linking Sequence and Structure

Once a structure has been solved for a protein in a homologous family, only one

simple ingredient is needed in order to link the sequences of other homologous family

members to that structure: a standardised numbering scheme. In this way, one always

Fv VH/VL dimer

Fab A single arm of the “Y”, consisting of a VH,CH1/VL,CL dimer (from Papain cleavage)

F(ab0)2 The two Fab arms of the “Y” joined by the disulphide(s) between the heavy chains

(from Pepsin cleavage)

Fc The stem consisting of CH2,CH3/CH2,CH3 (from Papain cleavage)
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knows that, for example, residue number 35 is at the start of a b-strand. Insertions in
the sequence relative to that standard numbering scheme are given numbers such as

27A, while deletions are accommodated by simply skipping numbers.

Ideally, such schemes are designed in the light of both large amounts of

sequence information and multiple structures. Insertion sites (i.e. residue 27A,

etc.) are placed only in loop regions (or form b-bulges) and have structural meaning

such that topologically equivalent residues in these loops get the same label.

3.1.3 The Kabat Numbering Scheme

The Kabat numbering scheme is the most widely adopted standard for numbering

the residues in an antibody in a consistent manner. However, the scheme does have

problems.

The numbering scheme was developed solely from somewhat limited sequence

data. Unfortunately, the position at which insertions are placed in CDR-L1 and

CDR-H1 does not match the structural insertion position. Thus, topologically

equivalent residues in these loops do not get the same number.

The second problem is that the numbering adopts a rigid specification. For

example, in the potentially very long CDR-H3, insertions are numbered between

residue H100 and H101 with letters up to K (i.e. H100, H100A,. . ., H100K, H101).
If there are more residues than that, there is no standard way of numbering them.

Such situations occur at other positions too. The raw Kabat data files in these cases

simply state what the additional insertions are and where they occur, but do not

assign numbers to them.

The numbering throughout the chains is shown in Table 3.1.

3.1.4 The Chothia Numbering Scheme

The Chothia numbering scheme is identical to the Kabat scheme with the exception

of CDR-L1 and CDR-H1, where the insertions are placed at the structurally correct

positions. This means that topologically equivalent residues in these loops do get

the same label.

There are two disadvantages. First, the Kabat scheme is so widely used that some

confusion can arise. Second, Chothia et al. erroneously changed their numbering

scheme in their 1989 Nature paper (Chothia et al. 1989) such that insertions in

CDR-L1 are placed after residue L31 rather than L30. A visual examination of the

conformations of CDR-L1 loops shows that L30 is the correct position. Chothia’s

group returned to using residue L30 as the insertion site in CDR-L1 in their 1997

paper on CDR conformation (Al-Lazikani et al. 1997).

The structurally correct version of the Chothia numbering (as used before 1989

and since 1997) throughout the chains is shown in Table 3.2.
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3.1.5 The Abhinandan (Updated Chothia) Numbering Scheme

The Chothia numbering scheme provides structurally correct numbering in the

CDRs, but does not examine the framework regions. An updated version has

recently been described by Abhinandan and Martin (2008) which provides for

structurally correct insertion/deletion sites in the frameworks as well as the

CDRs. The most significant difference is the insertion site in the third heavy

framework region which appears after residue H72 rather than H82 and the intro-

duction of an insertion/deletion site in CDR-L2 at L52. This scheme is illustrated in

Table 3.3 where standard locations of deleted residues are indicated with parentheses.

3.1.6 Other Numbering Schemes

Two other numbering schemes have also proven popular. The immunogenetics

(IMGT) database (Giudicelli et al. 2006) has introduced a numbering scheme

(Lefranc et al. 2003) which unifies numbering across antibody lambda and kappa

light chains, heavy chains and T-cell receptor chains (see http://imgt.cines.fr/textes/

IMGTScientificChart/Numbering/IMGTnumbering.html). The scheme avoids the

use of insertion codes for all but the least common very long insertions. While the

published version places all insertions at the ends of CDRs (and is therefore not

structurally correct), recent changes in their V-QUEST software have rectified this

(Brochet et al. 2008).

The “Aho” numbering scheme was introduced by Honegger and Plückthun

(2001). This can be considered as a more structurally correct version of the

IMGT scheme. Insertions and deletions, rather than growing uni-directionally, are

placed symmetrically around a key position. Furthermore, length variations in

CDR-1 and CDR-2 are accounted for by a single gap position in all other schemes,

whereas the Aho scheme has two locations at which gaps or insertions may be

introduced.

While these schemes, in particular the Aho scheme, have distinct advantages

over the earlier schemes, it has been hard for them to gain acceptance because the

Kabat and Chothia schemes are so well established.

3.1.7 CDR Definitions

Table 3.4 illustrates the main definitions of the CDRs which are commonly in use:

l The Kabat definition is based on sequence variability and is the most commonly

used.
l The Chothia definition is based on the location of the structural loop regions.
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l The AbM definition is a compromise between Kabat and Chothia definitions

based on that used by Martin et al. (1989) and used by Oxford Molecular’s AbM

antibody modelling software.
l The contact definition was introduced by MacCallum et al. (1996) and is based

on an analysis of available complex crystal structures. This definition is likely to

be the most useful for people wishing to perform mutagenesis to modify the

affinity of an antibody since these are residues which take part in interactions

with antigen.

Note that the end of the Chothia CDR-H1 loop, when numbered using the Kabat

numbering convention, varies between H32 and H34 depending on the length of the

loop as illustrated in Fig. 3.1.

Table 3.4 Different definitions of the CDRs

Loop Kabat AbM Chothia Contact

L1 L24–L34 L24–L34 L24–L34 L30–L36

L2 L50–L56 L50–L56 L50–L56 L46–L55

L3 L89–L97 L89–L97 L89–L97 L89–L96

H1 (Kabat numbering) H31–H35B H26–H35B H26–H32. . .34 H30–H35B

H1 (Chothia numbering) H31–H35 H26–H35 H26–H32 H30–H35

H2 H50–H65 H50–H58 H52–H56 H47–H58

H3 H95–H102 H95–H102 H95–H102 H93–H101

Note that in their 1997 paper, Chothia’s group has used the AbM definition for CDR-H2

Kabat 25 26 27 28 29 30 31 32 33 34 35 35A 35B 36

Chothia 25 26 27 28 29 30 31 31A 31B 32 33 34 35 36

Chothia

Kabat

AbM

Contact

Chothia

Kabat

AbM

Contact

Fig. 3.1 Boundaries of different definitions of CDR-H1 using the Kabat and Chothia numbering

schemes
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3.2 Procedure

The following subprotocols describe a number of aspects of sequence/structure

analysis.

3.2.1 Accessing Kabat Sequence Data

Since the first edition of this book was published, maintenance of the Kabat

sequence data has ceased and EMail query access and web resources are no longer

available from Johnson, Kabat and Wu’s web site. The last publicly available

update of the data was released in April 2000. Updates continued on a for-fee

basis until October 2003 when the datasets were closed. The 2003 dataset together

with analysis tools may be obtained on payment of a licence fee from http://www.

kabatdatabase.com/.

However, the last public release of the data remains a useful resource, primarily

because the data can be downloaded with the standard Kabat numbering applied to

the sequences. Unfortunately recent analysis in the author’s group has shown that

up to 10% of entries have errors or inconsistencies in the numbering (Abhinandan

and Martin 2008).

The data may be accessed in a number of ways described as follows:

3.2.1.1 Download the Raw Data

The raw Kabat sequence data may be downloaded for local analysis from either:

l ftp://ftp.ncbi.nlm.nih.gov/repository/kabat/
l ftp://ftp.ebi.ac.uk/pub/databases/kabat/

The most up-to-date raw data are in the fixlen subdirectory with a 1999 FASTA

format dump in the fasta_format subdirectory, and analysed data from 1996 in

PostScript format.

3.2.1.2 KabatMan

KabatMan (Martin 1996) is a specialised database for the analysis of Kabat

antibody sequence data. It may be queried using a language similar to SQL

(“structured query language” – a standard for querying relational databases) or

via a point and click interface at http://www.bioinf.org.uk/abs/simkab.html.

While the software provided by Johnson, Wu and Kabat (available from http://

www.kabatdatabase.com/ for a license fee) is largely aimed at finding all the

information about a single antibody, KabatMan is more suited to global analysis

of the antibody data. It also provides a more direct link with structural information
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by allowing searches to specify individual amino acids or the contents of one of the

six CDRs. For example, one could find all the antibodies which bind to DNA, but do

not contain arginine in CDR-H3 using the query:

SELECT Name

WHERE Antigen INC ‘dna’

h3 <> ‘’ AND

h3 INC ‘R’ NOT AND

The “SELECT” statement specifies which results are to be returned (in this case

the name of the antibody). The “WHERE” statement first specifies that the antigen

should be DNA, then specifies that the sequence of CDR-H3 should not be blank

(i.e. unknown) and finally specifies that CDR-H3 should not include the letter “R”

(i.e. arginine). More examples are given in the paper that describes KabatMan and

in the on-line help.

When using KabatMan to find details of a specific antibody, it is important not to

overspecify the antibody. For example if you want to find details of the mouse anti-

lysozyme antibody HYHEL-5, then the name, HYHEL-5 uniquely identifies the

antibody – there is no point in specifying the antigen, class or animal source.

3.2.1.3 Abysis

Abysis is a new resource integrating Kabat sequence data with IMGT and PDB data

and is described in Section 3.2.4.

3.2.1.4 SUBIM

Deret et al. (1995) have written a program, SUBIM, for the analysis of Kabat

sequence data. Many of the data access functions of this program are also available

in KabatMan (described earlier). The program must be downloaded and installed

locally, and it has no form of graphical user interface. Since the original download

site is no longer available, the author has made the software available at http://

www.bioinf.org.uk/abs/subim.tar.gz.

3.2.2 Accessing IMGT Sequence Data

IMGT (Giudicelli et al. 1997, 2006) is a databank in which the large quantity of

DNA sequence data for antibodies (and other proteins of the immune system) has

been extracted from the EMBL databank. The data in IMGT are updated on a

regular basis.
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The chief advantage of IMGT is the volume of data it contains and the rate at

which these are updated. The main disadvantage compared with the Kabat data is

that the sequence information cannot currently be downloaded with numbering

applied in a straightforward manner. IMGT is primarily a DNA sequence databank,

and the raw data ftp://ftp.ebi.ac.uk/pub/databases/imgt/ligm/ are stored in an

EMBL-like format with protein sequences present as translations. For some entries,

protein sequences of regions (such as CDRs and frameworks) are provided sepa-

rately together with the IMGT-numbered range they represent.

IMGT provides a number of services via the web:

l http://www.imgt.org/ The main IMGT server
l http://www.ebi.ac.uk/imgt/ European Bioinformatics Institute (EBI) site which

provides access to the main site and to a Sequence Retrieval Service (SRS)

interface.
l http://www.imgt.org/IMGT_vquest/share/textes/ A set of tools for analysis of

antibody and T-cell receptor nucleotide sequences.

The main IMGT server (http://www.imgt.org/) provides a hierarchical interface

to the data allowing one to home in on a particular sequence. This is not suited to

global analysis of the data.

3.2.3 Accessing Antibody Structure Data

Antibody structures are available from the Protein Databank (Berman et al. 2000)

(PDB, http://www.rcsb.org/). The problem, however, is to identify them. Sequence

search methods will also find related sequences such as T-cell receptors, while

keyword searches may lead to missing or spurious entries. The SACS database

(Allcorn and Martin 2002) (http://www.bioinf.org.uk/abs/sacs/) uses a careful set of

keyword and sequence tests followed by a final manual confirmation, to identify

antibody structures in the PDB. It is updated approximately every 6 months.

3.2.4 Abysis: Integrated Access to Sequence and Structure Data

Abysis (http://www.bioinf.org.uk/abysis/) is a new integrated web-accessible data-

base which integrates sequence data obtained from Kabat, IMGT and the PDB with

structural data from the PDB. All sequences are numbered using the Kabat and

Chothia standards and the system is designed to allow easy expansion to other

schemes. Numbering is applied using the author’s automated numbering system

(Abhinandan and Martin 2008) to ensure accuracy and consistency.

The interface allows similar searches to KabatMan, but with a rather more

extensive set of options. Results can be displayed in a table, or as XML, and

sequences may be displayed as FASTA files or in the style of the Kabat book
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(Kabat et al. 1991). Abysis also allows BLAST searches to be performed against the

sequences and enables plots of distributions of residues at given positions and of the

lengths of CDR and framework regions.

3.2.5 Assigning Subgroups

Deret’s SUBIM program (Deret et al. 1995) which may be downloaded from http://

www.bioinf.org.uk/abs/subim.tar.gz allows the assignment of the subgroup of new

human sequences by comparison of the N-terminal 15 residues with consensus

sequences determined by Kabat et al. (1991).

Sophie Deret has kindly made this part of the SUBIM program available to the

author who has made this accessible via a Web page (http://www.bioinf.org.uk/abs/

hsubgroup.html). In addition, the functionality has been incorporated into Kabat-

Man to allow human subgroup assignment for sequences in the Kabat data.

3.2.6 Identifying the CDRs

This protocol describes how to identify the CDRs (Kabat definition) by examining

the sequence. Of course there are always (minor) exceptions to these rules, so the

word “always” should be interpreted with care! For example, CDR-L2 is always

seven residues, but antibody NEW (Protein Databank code: 7FAB, http://www.

rcsb.org/) has a deletion in this region. This also means that the position of the start

of CDR-L3 is no longer 33 residues after the end of CDR-L2.

CDR-L1
l Start approximately residue 24
l Residue before is always C
l Residue after is always W. Typically WYQ, but also, WLQ, WFQ, WYL
l Length 10–17 residues

CDR-L2
l Start always 16 residues after the end of CDR-L1
l Residues before generally IY, but also, VY, IK, IF
l Length always seven residues

CDR-L3
l Start always 33 residues after end of CDR-L2
l Residue before is always C
l Residues after always FGXG
l Length 7–11 residues
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CDR-H1
l Start approximately residue 31 (always 9 after a C) (Chothia/AbM definition

starts 5 residues earlier)
l Residues before always CXXXXXXXX
l Residues after always W. Typically WV, but also WI, WA
l Length 5–7 residues (Kabat definition); 7–9 residues (Chothia definition); 10–12

residues (AbM definition)

CDR-H2
l Start always 15 residues after the end of Kabat/AbM definition of CDR-H1
l Residues before typically LEWIG, but a number of variations
l Residues after K[RL]IVFT[AT]SIA (where residues in square brackets are

alternatives at that position)
l Length Kabat definition 16–19 residues (AbM definition and most recent

Chothia definition ends seven residues earlier; earlier Chothia definition starts

two residues later and ends nine earlier).

CDR-H3
l Start always 33 residues after end of CDR-H2 (always three after a C)
l Residues before always CXX (typically CAR)
l Residues after always WGXG
l Length 4–24 residues.

3.2.7 Screening New Antibody Sequences

Given a new antibody sequence, one is likely to wish to assign families and

subgroups using the tools described earlier. An additional facility is available at

http://www.bioinf.org.uk/abs/seqtest.html to identify unusual features in the

sequence.

It is simply necessary to enter the amino acid sequence of your Fv fragment (one

or both chains). Optionally you may include the whole Fab fragment, but only the

Fv portion will be tested.

The tool aligns the provided sequence with a standard sequence in order to

assign standard Kabat numbering and then uses the KabatMan database to identify

unusual amino acids (i.e. those occurring in less than 1% of the data in the

database). This allows the identification of potential cloning artefacts and sequenc-

ing errors. If unusual features are verified as being correct, then these residues are

likely to be critical to the specificity of the antibody. The method is described in

detail at http://www.bioinf.org.uk/abs/seqmethod.html.
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The results need to be examined carefully. A typical sequence has 1–2 “unusual”

residues. Very unusual sequence features and loops longer than anything observed

in the current Kabat database may cause the alignment stage to fail causing errors in

the Kabat numbering. Errors can also occur at the C-terminus of the chains. These

problems can lead to residues being flagged as “unusual” when they are not.

Thus, if more than two or three unusual residues are seen (especially outside the

CDRs and if insertions/deletions are observed), the first step is to ensure that the

alignment and assignment of Kabat numbering is correct (check the features

described in the section “Identifying the CDRs”). If all is judged correct with the

alignment, the clone should be checked. If it is confirmed that no cloning errors

have occurred, then it is likely that these are key features of the antibody.

3.2.8 Assigning Canonicals

The analysis by Chothia and co-workers introduced the concept of canonical

conformations for the CDRs. It was proposed that these conformations were

influenced by just a small number of residues either in the CDRs or in the

framework regions which pack with them. This allows a direct prediction of

three-dimensional conformation from sequence.

Chothia and co-workers have published around ten papers describing this analy-

sis, but unfortunately do not provide a summary of the required amino acids to

assign canonical classes. Table 3.5 attempts to summarise the data from their

publications together with results from Martin and Thornton (1996). Chothia

numbering of the sequences is used throughout.

3.2.9 Modelling Antibodies

There are various approaches to modelling antibodies, but it is widely accepted that

methods based on Chothia’s analysis of CDR canonical conformations provide the

best results where they can be applied.

Any modelling procedure involves the following steps.

3.2.9.1 Build the Framework

Antibody crystal structures from the Protein Databank (PDB, http://www.rcsb.org/)

are searched to identify the most similar light and heavy chains. These are identified

separately. If the best match for the light chain is La (paired with Ha) and the best

match for the heavy chain is Hb (paired with Lb) then the structure of La is least

squared fitted to Lb and chains La and Hb are retained, deleting Ha and Lb. In this

way, the VL/VH packing angle is inherited from Lb/Hb. To inherit the packing angle
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from La/Ha, the fitting is performed on the heavy chains. The choice is relatively

arbitrary, and it may be worth constructing two models.

Structural fitting is best performed using a program such as ProFit (http://www.

bioinf.org.uk/software/).

The sidechains of the framework are then replaced using automated processes

available in molecular graphics programs, or software such as CONGEN (Bruccoleri

and Karplus 1987). Sidechains are generally built using the “Maximum Overlap

Table 3.5 Key residues which define the Chothia canonical classes

CDR-L1
Class 1 2 3 4 5 6 5l 6l 7l
Length 10 11 17 16 15 12 13 14 14

L2 I I I VIL I N

L25 A A S S A A G G S

L29 VIL VIL VIL L V V

L30 – I I V

L30D G

L33 ML VIL L L L L V V A

L71 YF YF YF F F Y A A A

CDR-L2
Class 1

Length 7

L34 N

CDR-L3
Class 1 2 3 4 5 4l 5l
Length 9 9 8 7 10 9 11

L90 QNH Q Q Q Q

L94 P DNG

L95 P L P

L97 T T – T IV VG

CDR-H1
Class 1 2 3

Length 10 11 12

H24 TAVGS VF VFG

H26 G G G

H29 IFLVS IL VIL

H34 IVMWTL WC WV

H94 RKGSHNTA HR HR

CDR-H2
Class 1 2 3 4

Length 9 10 10 12

H54 SGND KS

H55 GD GS GS Y

H71 RHVI VALT R R

For CDR-H1, Chothia et al. suggest that residue H27 is also a key residue, but Martin and

Thornton did not find this residue influencing the conformation. Similarly, for CDR-H2, Chothia

et al. identify residue H52A as a key residue in determining the conformation of Classes 2 and 3,

but Martin and Thornton found that this residue does not influence the conformation
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Protocol” where the atom positions are inherited from the parent wherever possible,

and where not possible, conformations are taken from a rotamer library.

3.2.9.2 Build the CDRs

The methods described earlier are used to identify canonical classes. This is

generally possible for four or five of the six CDRs. CDR-H3 is too variable to be

classified at present (it may become possible once sufficient structures are available

and a number of authors have begun to suggest limited sets of rules). Antibody

crystal structures from the Protein Databank are then searched to find CDRs of the

correct canonical classes with maximum sequence identity to the sequence to be

modelled. These loops are then attached to the framework either manually using

molecular graphics, or by using a least squares fitting program, such as ProFit, to fit

the three residues on either side of the loop itself (i.e. within the framework region).

CDRs which cannot be built using canonicals may be built by conformational

search using CONGEN, by searching the PDB for loops of the same length and with

similar distance between the attachment points to the framework, or by combined

methods such as CAMAL (Martin et al. 1989). Such loops can never be built with a

high degree of confidence in their accuracy.

Sidechains of the CDRs are then built as described earlier.

3.2.9.3 Refinement and Assessment

Finally, the model may be refined by energy minimisation using a package such as

GROMOS, CHARMM or DISCOVER, and structural quality should be assessed

using a program such as ProCheck (http://www.biochem.ucl.ac.uk/~roman/pro-

check/procheck.html) or WhatCheck (http://swift.cmbi.ru.nl/gv/whatcheck/). Both

programs may be accessed via an online server at http://www.jcsg.org/scripts/prod/

validation1.cgi.

3.2.9.4 Automated Methods

The earlier description details the stages that are necessary in a manual modelling

protocol. As an alternative, a number of automated procedures are available. Two

of these are general automatic modelling programs and may be used to generate

models in a quick and simple manner. However, they do not take advantage of the

special properties of antibodies. The third is a program specially designed for the

automated modelling of antibodies.

l MODELLER is a general purpose automated protein modelling program (http://

www.salilab.org/modeller/). As such, it is able to produce reasonably reliable

models of structures given just a sequence or a sequence aligned to one or more

templates from the Protein Databank. However, since it is not designed
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specifically for antibody modelling, it does not make use of Chothia’s canonical

analysis and will not model the CDRs as accurately. The software must be

downloaded and run locally on a Unix type computer system.
l SwissModel is another general purpose automated protein modelling program

which is accessible over the Web and does not need to be installed and run

locally (http://swissmodel.expasy.org/). The quality of models is generally not

as high as those created by MODELLER, and the same caveats about not being

antibody-specific apply.
l WAM is a web server specifically designed for modelling antibodies (http://

antibody.bath.ac.uk/). The methodology is based on AbM which was a commer-

cial program available from Oxford Molecular. Being antibody-specific, it

automates the manual procedure described earlier taking account of canonical

structures and using the CAMAL modelling method described by Martin et al.

(1989) for modelling those loops that cannot be built using canonicals. Aca-

demics may submit five sequences a month while commercial use requires

payment of a license fee.
l Rosetta Antibody Modelling is another web server specifically designed for

modelling antibodies (http://antibody.graylab.jhu.edu/). The method uses a

CDR grafting technique for the light chain CDRs, CDR-H1 and CDR-H2.

CDR-H3 is then built using a combination of fragment insertion and low-

resolution moves. This is followed by sidechain rebuilding, refinement of VH/VL

packing and minimisation (Sivasubramanian et al. 2009).

3.2.10 Analysis Tools Applied to Humanisation

Sequence/structure analysis programs such as Abysis and KabatMan can be applied

to problems such as humanisation as well as being used for general analysis. For

example, Saldanha et al. (1999) used KabatMan to identify a residue that restored

the binding of a humanised antibody.

In brief, the humanisation protocol was as follows. Mouse CDRs were grafted

onto human frameworks with highest sequence identity. Residues in the framework

were then considered for “back-mutation” to restore full binding. First, key residues

(identified by Chothia’s canonical analysis) were identified in the framework and

back-mutated to those seen in the original mouse antibody. KabatMan was then

used to identify residues in the human framework, which are particularly unusual in

mouse frameworks, even though they may be remote from the combining site. Nine

such positions were identified and these were examined on a computer model.

Seven of these were conservative and one was a surface residue. However, position

9 in the light chain was unique to the human kappa IV subclass and only seen in one

of 1,848 mouse kappa sequences. Back-mutation of this residue to that seen in the

mouse sequence completely restored binding.
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