
l|||||||||||||ll||l||||||||l|||||||||||||||||||||l||||||l|||l||||||||l|||||||||||||||||||| 
US 20050202512A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2005/0202512 A1 

Tomlinson et al. (43) Pub. Date: Sep. 15, 2005 

(54) METHOD TO SCREEN PHAGE DISPLAY (30) Foreign Application Priority Data 
LIBRARIES WITH DIFFERENT LIGANDS 

Oct. 20, 1997 (GB) ....................................... .. 97221311 

(75) Inventors: Ian Tomlinson, Cambridge (GB); 
Gregory Winter, Cambridge (GB) Publication Classi?cation 

Correspondence Address; Int. Cl-7 ......................... .. PALMER & DODGE, LLP (52) US. Cl. ........................................ .. 435/71; 530/3871 

KATHLEEN M. WILLIAMS 
111 HUNTINGTON AVENUE (57) ABSTRACT 
BOSTON, MA 02199 (US) 

The invention provides a method for selecting, from a 
repertoire of polypeptides, a population of functional 
polypeptides Which bind a target ligand in a ?rst binding site 

(73) Assignee: Domantis Limited 

(21) Appl' No" 11/115,682 and a generic ligand in a second binding site, Which generic 
(22) Filed: Apt 27’ 2005 ligand is capable of binding functional members of the 

repertoire regardless of target ligand speci?city, comprising 
Related U_s_ Application Data the steps of: a) contacting the repertoire With the generic 

ligand and selecting functional polypeptides bound thereto; 
(60) Division of application No, 09/968,561, ?led on Oct, and b) contacting the selected functional polypeptides With 

1, 2001, which is a division of application No' 09/511, the target ligand and selecting a population of polypeptides 
939, ?led on Feb, 24, 2000, now Pat, No, 6,846,634, Which bind to the target ligand. The invention accordingly 
which is a continuation of application No_ PCT/ provides a method by Which a polypeptide repertoire is 
GB98/03135, ?led on Oct, 20, 1998, preselected, according to functionality as determined by the 

ability to bind the generic ligand, and the subset of polypep 
(60) Provisional application No. 60/065,248, ?led on Nov. tides obtained as a result of such preselection is then 

13, 1997. Provisional application No. 60/066,729, employed for further selection according to the ability to 



Patent Application Publication Sep. 15, 2005 Sheet 1 0f 8 US 2005/0202512 A1 

v 
C) 
I 

8 / 
N 
O) ,1 

Figure 1 

30 O 
N 

AusJaAgQ eouenbeg senpgsal loeluog 





Patent Application Publication Sep. 15, 2005 Sheet 3 0f 8 US 2005/0202512 A1 

"primary" NNK library before pre-selection 

OD450-660 
0-0.2 

0.2-0.4‘ 0.4-0.6 0.6-0.8 5 

0.8-1.0 

>1.0 

OD45O-65O 

0-0.2 ' 0.2-0.4 

0.4-0.6 : 

0.6-0.8 

0.8-1.0 

Figure 3 









Patent Application Publication Sep. 15, 2005 Sheet 7 0f 8 US 2005/0202512 A1 

Figure 5a 

Unselected DVT iibrary 

Pre-selected DVT library 

Standard - 10ug/ml 

Standard - 20pg/ml 

Standard - 40p.g/ml 

Figure 5b 
100 - 

80 — 

60 — 

40- 0 

Concentration (pg/ml) 
20 

l 

0 500 1000 1500 

Dilution for 1/2 max ELISA signal 



Patent Application Publication Sep. 15, 2005 Sheet 8 0f 8 US 2005/0202512 A1 

Figure 6 

g '5. 
2'5 
0.9). 
2'03 
a‘? 5'9 
30. 

scFv-plll fusion 

‘- 4 pm 



US 2005/0202512 A1 

METHOD TO SCREEN PHAGE DISPLAY 
LIBRARIES WITH DIFFERENT LIGANDS 

[0001] The present invention relates to methods for select 
ing repertoires of polypeptides using generic and target 
ligands. In particular, the invention describes a method for 
selecting repertoires of antibody polypeptides With generic 
ligand to isolate functional subsets thereof. 

INTRODUCTION 

[0002] The antigen binding domain of an antibody com 
prises tWo separate regions: a heavy chain variable domain 
(VH) and a light chain variable domain (VL: Which can be 
either VK or VA). The antigen binding site itself is formed by 
siX polypeptide loops: three from VH domain (H1, H2 and 
H3) and three from VL domain (L1, L2 and L3). A diverse 
primary repertoire of V genes that encode the VH and VL 
domains is produced by the combinatorial rearrangement of 
gene segments. The VH gene is produced by the recombi 
nation of three gene segments, VH, D and JH. In humans, 
there are approximately 51 functional VH segments (Cook 
and Tomlinson (1995) Immunol Today, 16: 237), 25 func 
tional D segments (Corbett et al. (1997) J. Mol. Biol., 268: 
69) and 6 functional J H segments (Ravetch et al. (1981) Cell, 
27: 583), depending on the haplotype. The VH segment 
encodes the region of the polypeptide chain Which forms the 
?rst and second antigen binding loops of the VH domain (H1 
and H2), Whilst the VH, D and JH segments combine to form 
the third antigen binding loop of the VH domain The 
VL gene is produced by the recombination of only tWo gene 
segments, VL and JL. In humans, there are approximately 40 
functional VK segments (Schable and Zachau (1993) Biol. 
Chem. Hoppe-Seyler; 374: 1001), 31 functional VA segments 
(Williams et al. (1996) J. Mol. Biol., 264: 220; Kawasaki et 
al. (1997) Genome Res., 7: 250), 5 functional JK segments 
(Hieter et al. (1982) J. Biol. Chem, 257: 1516) and 4 
functional J,» segments (Vasicek and Leder (1990) J. Exp. 
Med., 172: 609), depending on the haplotype. The VL 
segment encodes the region of the polypeptide chain Which 
forms the ?rst and second antigen binding loops of the VL 
domain (L1 and L2), Whilst the VL and JL segments combine 
to form the third antigen binding loop of the VL domain (L3). 
Antibodies selected from this primary repertoire are 
believed to be suf?ciently diverse to bind almost all antigens 
With at least moderate affinity. High af?nity antibodies are 
produced by “af?nity maturation” of the rearranged genes, in 
Which point mutations are generated and selected by the 
immune system on the basis of improved binding. 

[0003] Analysis of the structures and sequences of anti 
bodies has shoWn that ?ve of the siX antigen binding loops 
(H1, H2, L1, L2, L3) possess a limited number of main 
chain conformations or canonical structures (Chothia and 
Lesk (1987) J. Mol. Biol., 196: 901; Chothia et al. (1989) 
Nature, 342: 877). The main-chain conformations are deter 
mined by the length of the antigen binding loop, and (ii) 
particular residues, or types of residue, at certain key posi 
tion in the antigen binding loop and the antibody frameWork. 
Analysis of the loop lengths and key residues has enabled us 
to the predict the main-chain conformations of H1, H2, L1, 
L2 and L3 encoded by the majority of human antibody 
sequences (Chothia et al. (1992) J. Mol. Biol., 227: 799; 
Tomlinson et al. (1995) EMBO J., 14: 4628; Williams et al. 
(1996) J. Mol. Biol., 264: 220). Although the H3 region is 
much more diverse in terms of sequence, length and struc 
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ture (due to the use of D segments), it also forms a limited 
number of main-chain conformations for short loop lengths 
Which depend on the length and the presence of particular 
residues, or types of residue, at key positions in the loop and 
the antibody frameWork (Martin et al. (1996) J. Mol. Biol., 
263: 800; Shirai et al. (1996) FEBS Letters, 399: 1). 

[0004] A similar analysis of side-chain diversity in human 
antibody sequences has enabled the separation of the pattern 
of sequence diversity in the primary repertoire from that 
created by somatic hypermutation. It Was found that the tWo 
patterns are complementary: diversity in the primary reper 
toire is focused at the centre of the antigen binding Whereas 
somatic hypermutation spreads diversity to regions at the 
periphery that are highly conserved in the primary repertoire 
(Tomlinson et al. (1996) J. Mol. Biol., 256: 813; Ignatovich 
et al. (1997) J. Mol. Biol, 268: 69). This complementarity 
seems to have evolved as an ef?cient strategy for searching 
sequence space, given the limited number B cells available 
for selection at any given time. Thus, antibodies are ?rst 
selected from the primary repertoire based on diversity at the 
centre of the binding site. Somatic hypermutation is then left 
to optimise residues at the periphery Without disrupting 
favourable interactions established during the primary 
response. 

[0005] The recent advent of phage-display technology 
(Smith (1985) Science, 228: 1315; Scott and Smith (1990) 
Science, 249: 386; McCafferty et al. (1990) Nature, 348: 
552) has enabled the in vitro selection of human antibodies 
against a Wide range of target antigens from “single pot” 
libraries. These phage-antibody libraries can be grouped into 
tWo categories: natural libraries Which use rearranged V 
genes harvested from human B cells (Marks et al. (1991) J. 
Mol. Biol., 222: 581; Vaughan et al. (1996) Nature Biotech., 
14: 309) or synthetic libraries Whereby germline V gene 
segments are ‘rearranged’ in vitro (Hoogenboom & Winter 
(1992) J. Mol. Biol., 227: 381; Nissim et al. (1994) EMBO 
J., 13: 692; Grif?ths et al. (1994) EMBO J.., 13: 3245; De 
Kruif et al. (1995) J. Mol. Biol., 248: 97) or Where synthetic 
CDRs are incorporated into a single rearranged V gene 
(Barbas et al. (1992) Proc. Natl. Acad. Sci. USA, 89: 4457). 
Although synthetic libraries help to overcome the inherent 
biases of the natural repertoire Which can limit the effective 
siZe of phage libraries constructed from rearranged V genes, 
they require the use of long degenerate PCR primers Which 
frequently introduce base-pair deletions into the assembled 
V genes. This high degree of randomisation may also lead to 
the creation of antibodies Which are unable to fold correctly 
and are also therefore non-functional. Furthermore, antibod 
ies selected from these libraries may be poorly eXpressed 
and, in many cases, Will contain frameWork mutations that 
may effect the antibodies immunogenicity When used in 
human therapy. 

[0006] Recently, in an extension of the synthetic library 
approach it has been suggested (WO97/08320, Morphosys) 
that human antibody frameWorks can be pre-optimised by 
synthesising a set of ‘master genes’ that have consensus 
frameWork sequences and incorporate amino acid substitu 
tions shoWn to improve folding and expression. Diversity in 
the CDRs is then incorporated using oligonucleotides. Since 
it is desirable to produce arti?cial human antibodies Which 
Will not be recognised as foreign by the human immune 
system, the use of consensus frameWorks Which, in most 
cases, do not correspond to any natural frameWork is a 
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disadvantage of this approach. Furthermore, since it is likely 
that the CDR diversity Will also have an effect on folding 
and/or expression, it is preferable to optimise the folding 
and/or expression (and remove any frame-shifts or stop 
codons) after the V gene has been fully assembled. To this 
end, it Would be desirable to have a selection system Which 
could eliminate non-functional or poorly folded/expressed 
members of the library before selection With the target 
antigen is carried out. 

[0007] A further problem With the libraries of the prior art 
is that, because the main-chain conformation is heteroge 
neous, three-dimensional structural modelling is dif?cult 
because suitable high resolution crystallographic data may 
not be available. This is a particular problem for the H3 
region, Where the vast majority of antibodies derived from 
natural or synthetic antibody libraries have medium length 
or long loops and therefore cannot be modelled. 

SUMMARY OF THE INVENTION 

[0008] According to the ?rst aspect of the present inven 
tion, there is provided a method for selecting, from a 
repertoire of polypeptides, a population of functional 
polypeptides Which bind a target ligand in a ?rst binding site 
and a generic ligand in a second binding site, Which generic 
ligand is capable of binding functional members of the 
repertoire regardless of target ligand speci?city, comprising 
the steps of: 

[0009] a) contacting the repertoire With the generic 
ligand and selecting functional polypeptides bound 
thereto; and 

[0010] b) contacting the selected functional polypep 
tides With the target ligand and selecting a population 
of polypeptides Which bind to the target ligand. 

[0011] The invention accordingly provides a method by 
Which a repertoire of polypeptides is preselected, according 
to functionality as determined by the ability to bind the 
generic ligand, and the subset of polypeptides obtained as a 
result of preselection is then employed for further rounds of 
selection according to the ability to bind the target ligand. 
Although, in a preferred embodiment, the repertoire is ?rst 
selected With the generic ligand, it Will be apparent to one 
skilled in the art that the repertoire may be contacted With 
the ligands in the opposite order, ie With the target ligand 
before the generic ligand. 

[0012] The invention permits the person skilled in the art 
to remove, from a chosen repertoire of polypeptides, those 
polypeptides Which are non-functional, for example as a 
result of the introduction of frame-shift mutations, stop 
codons, folding mutants or expression mutants Which Would 
be or are incapable of binding to substantially any target 
ligand. Such non-functional mutants are generated by the 
normal randomisation and variation procedures employed in 
the construction of polypeptide repertoires. At the same time 
the invention permits the person skilled in the art to enrich 
a chosen repertoire of polypeptides for those polypeptides 
Which are functional, Well folded and highly expressed. 

[0013] Preferably, tWo or more subsets of polypeptides are 
obtained from a repertoire by the method of the invention, 
for example, by prescreening the repertoire With tWo or more 
generic ligands, or by contacting the repertoire With the 
generic ligand(s) under different conditions. Advanta 
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geously, the subsets of polypeptides thus obtained are com 
bined to form a further repertoire of polypeptides, Which 
may be further screened by contacting With target and/or 
generic ligands. 

[0014] Preferably, the library according to the invention 
comprises polypeptides of the immunoglobulin superfamily, 
such as antibody polypeptides or T-cell receptor polypep 
tides. Advantageously, the library may comprise individual 
immunoglobulin domains, such as the VH or VL domains of 
antibodies, or the VI3 or Va domains of T-cell receptors. In 
a preferred embodiment, therefore, repertoires of, for 
example, VH and VL polypeptides may be individually 
prescreened using a generic ligand and then combined to 
produce a functional repertoire comprising both VH and VL 
polypeptides. Such a repertoire can then be screened With a 
target ligand in order to isolate polypeptides comprising 
both VH and VL domains and having the desired binding 
speci?city. 

[0015] In an advantageous embodiment, the generic ligand 
selected for use With immunoglobulin repertoires is a super 
antigen. Superantigens are able to bind to functional immu 
noglobulin molecules, or subsets thereof comprising par 
ticular main-chain conformations, irrespective of target 
ligand speci?city. Alternatively, generic ligands may be 
selected from any ligand capable of binding to the general 
structure of the polypeptides Which make up any given 
repertoire, such as antibodies themselves, metal ion matri 
ces, organic compounds including proteins or peptides, and 
the like. 

[0016] In a second aspect, the invention provides a library 
Wherein the functional members have binding sites for both 
generic and target ligands. Libraries may be speci?cally 
designed for this purpose, for example by constructing 
antibody libraries having a main-chain conformation Which 
is recognised by a given superantigen, or by constructing a 
library in Which substantially all potentially functional mem 
bers possess a structure recognisable by a antibody ligand. 

[0017] In a third aspect, the invention provides a method 
for detecting, immobilising, purifying or immunoprecipitat 
ing one or more members of a repertoire of polypeptides 
previously selected according to the invention, comprising 
binding the members to the generic ligand. 

[0018] In a fourth aspect, the invention provides a library 
comprising a repertoire of polypeptides of the immunoglo 
bulin superfamily, Wherein the members of the repertoire 
have a knoWn main-chain conformation. 

[0019] In a ?fth aspect, the invention provides a method 
for selecting a polypeptide having a desired generic and/or 
target ligand binding site from a repertoire of polypeptides, 
comprising the steps of: 

[0020] a) expressing a library according to the pre 
ceding aspects of the invention; 

[0021] b) contacting the polypeptides With generic 
and/or target ligands and selecting those Which bind 
the generic and/or target ligand; and 

[0022] c) optionally amplifying the selected polypep 
tide(s) Which bind the generic and/or target ligand. 

[0023] d) optionally repeating steps a)-c). 
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[0024] Repertoires of polypeptides are advantageously 
both generated and maintained in the form of a nucleic acid 
library. Therefore, in a sixth aspect, the invention provides 
a nucleic acid library encoding a repertoire of such polypep 
tides. 

BRIEF DESCRIPTION OF THE FIGURES 

[0025] FIG. 1: Bar graph indicating positions in the VH 
and VK regions of the human antibody repertoire Which 
exhibit extensive natural diversity and make antigen con 
tacts (see Tomlinson et al. (1996) J. Mol. Biol, 256: 813). 
The H3 and the end of L3 are not shoWn in this represen 
tation although they are also highly diverse and make 
antigen contacts. Although sequence diversity in the human 
lambda genes has been thoroughly characterised (see Igna 
tovich et al. (1997) J. Mol. Biol, 268: 69) very little data on 
antigen contacts currently exists for three-dimensional 
lambda structures. 

[0026] FIG. 2: Sequence of the scfv that forms the basis 
of a library according to the invention. There are currently 
tWo versions of the library: a “primary” library Wherein 18 
positions are varied and a “somatic” library Wherein 12 
positions are varied. The six loop regions H1, H2, H3, L1, 
L2 and L3 are indicated. CDR regions as de?ned by Kabat 
(Kabat et al. (1991). Sequences of proteins of immunological 
interest, US. Department of Health and Human Services) 
are underlined. 

[0027] FIG. 3: Analysis of functionality in a library 
according to the invention before and after selecting With the 
generic ligands Protein A and Protein L. Here Protein L is 
coated on an ELISA plate, the scFv supernatants are bound 
to it and detection of scFv binding is With Protein A-HRP. 
Therefore, only those scFv capable of binding both Protein 
A and Protein L give an ELISA signal. 

[0028] FIG. 4: Sequences of clones selected from libraries 
according to the invention, after panning With bovine ubiq 
uitin, rat BIP, bovine histone, NIP-BSA, FITC-BSA, human 
leptin, human thyroglobulin, BSA, hen egg lysoZyme, 
mouse IgG and human IgG. Underlines in the sequences 
indicate the positions Which Were varied in the respective 
libraries. 

[0029] FIG. 5: 5a: Comparison of scFv concentration 
produced by the unselected and preselected “primary” DVT 
libraries in host cells. 5b: standard curve of ELISA as 
determined from knoWn standards. 

[0030] FIG. 6: Western blot of phage from preselected and 
unselected DVT “primary” libraries, probed With an anti 
phage pIII antibody in order to determine the percentage of 
phage bearing scFv. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0031] De?nitions 

[0032] Repertoire A repertoire is a population of diverse 
variants, for example nucleic acid variants Which differ in 
nucleotide sequence or polypeptide variants Which differ in 
amino acid sequence. A library according to the invention 
Will encompass a repertoire of polypeptides or nucleic acids. 
According to the present invention, a repertoire of polypep 
tides is designed to possess a binding site for a generic 
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ligand and a binding site for a target ligand. The binding 
sites may overlap, or be located in the same region of the 
molecule, but their speci?cities Will differ. 

[0033] Organism As used herein, the term “organism” 
refers to all cellular life-forms, such as prokaryotes and 
eukaryotes, as Well as non-cellular, nucleic acid-containing 
entities, such as bacteriophage and viruses. 

[0034] Functional As used herein, the term “functional” 
refers to a polypeptide Which possesses either the native 
biological activity of the naturally-produced proteins of its 
type, or any speci?c desired activity, for example as judged 
by its ability to bind to ligand molecules, de?ned beloW. 
Examples of “functional” polypeptides include an antibody 
binding speci?cally to an antigen through its antigen-bind 
ing site, a receptor molecule (eg a T-cell receptor) binding 
its characteristic ligand and an enZyme binding to its sub 
strate. In order for a polypeptide to be classi?ed as func 
tional according to the invention, it folloWs that it ?rst must 
be properly processed and folded so as to retain its overall 
structural integrity, as judged by its ability to bind the 
generic ligand, also de?ned beloW. 

[0035] For the avoidance of doubt, functionality is not 
equivalent to the ability to bind the target ligand. For 
instance, a functional anti-CEA monoclonal antibody Will 
not be able to bind speci?cally to target ligands such as 
bacterial LPS. HoWever, because it is capable of binding a 
target ligand (i.e. it Would be able bind to CEA if CEA Were 
the target ligand) it is classed as a “functional” antibody 
molecule and may be selected by binding to a generic ligand, 
as de?ned beloW. Typically, non-functional antibody mol 
ecules Will be incapable of binding to any target ligand. 

[0036] Generic ligand A generic ligand is a ligand that 
binds a substantial proportion of functional members in a 
given repertoire. Thus, the same generic ligand can bind 
many members of the repertoire regardless of their target 
ligand speci?cities (see beloW). In general, the presence of 
functional generic ligand binding site indicates that the 
repertoire member is expressed and folded correctly. Thus, 
binding of the generic ligand to its binding site provides a 
method for preselecting functional polypeptides from a 
repertoire of polypeptides. 
[0037] Target Ligand The target ligand is a ligand for 
Which a speci?c binding member or members of the reper 
toire is to be identi?ed. Where the members of the repertoire 
are antibody molecules, the target ligand may be an antigen 
and Where the members of the repertoire are enZymes, the 
target ligand may be a substrate. Binding to the target ligand 
is dependent upon both the member of the repertoire being 
functional, as described above under generic ligand, and 
upon the precise speci?city of the binding site for the target 
ligand. 
[0038] Subset The subset is a part of the repertoire. In the 
terms of the present invention, it is often the case that only 
a subset of the repertoire is functional and therefore pos 
sesses a functional generic ligand binding site. Furthermore, 
it is also possible that only a fraction of the functional 
members of a repertoire (yet signi?cantly more than Would 
bind a given target ligand) Will bind the generic ligand. 
These subsets are able to be selected according to the 
invention. 

[0039] Subsets of a library may be combined or pooled to 
produce novel repertoires Which have been preselected 
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according to desired criteria. Combined or pooled reper 
toires may be simple mixtures of the polypeptide members 
preselected by generic ligand binding, or may be manipu 
lated to combine tWo polypeptide subsets. For example, VH 
and VL polypeptides may be individually prescreened, and 
subsequently combined at the genetic level onto single 
vectors such that they are expressed as combined VH-VL 
dimers, such as scFv. 

[0040] Library The term library refers to a mixture of 
heterogeneous polypeptides or nucleic acids. The library is 
composed of members, Which have a single polypeptide or 
nucleic acid sequence. To this extent, library is synonymous 
With repertoire. Sequence differences betWeen library mem 
bers are responsible for the diversity present in the library. 
The library may take the form of a simple mixture of 
polypeptides or nucleic acids, or may be in the form organ 
isms or cells, for example bacteria, viruses, animal or plant 
cells and the like, transformed With a library of nucleic acids. 
Preferably, each individual organism or cell contains only 
one member of the library. Advantageously, the nucleic 
acids are incorporated into expression vectors, in order to 
alloW expression of the polypeptides encoded by the nucleic 
acids. In a preferred aspect, therefore, a library may take the 
form of a population of host organisms, each organism 
containing one or more copies of an expression vector 
containing a single member of the library in nucleic acid 
form Which can be expressed to produce its corresponding 
polypeptide member. Thus, the population of host organisms 
has the potential to encode a large repertoire of genetically 
diverse polypeptide variants. 

[0041] Immunoglobulin superfamily This refers to a fam 
ily of polypeptides Which retain the immunoglobulin fold 
characteristic of immunoglobulin (antibody) molecules, 
Which contains tWo [3 sheets and, usually, a conserved 
disulphide bond. Members of the immunoglobulin super 
family are involved in many aspects of cellular and non 
cellular interactions in vivo, including Widespread roles in 
the immune system (for example, antibodies, T-cell receptor 
molecules and the like), involvement in cell adhesion (for 
example the ICAM molecules) and intracellular signalling 
(for example, receptor molecules, such as the PDGF recep 
tor). The present invention is applicable to all immunoglo 
bulin superfamily molecules, since variation therein is 
achieved in similar Ways. Preferably, the present invention 
relates to immunoglobulins (antibodies). 

[0042] Main-chain conformation The main-chain confor 
mation refers to the CO. backbone trace of a structure in 
three-dimensions. When individual hypervariable loops of 
antibodies or TCR molecules are considered the main-chain 
conformation is synonymous With the canonical structure. 
As set forth in Chothia and Lesk (1987) J. M01. Biol., 196: 
901 and Chothia et al. (1989) Nature, 342: 877, antibodies 
display a limited number of canonical structures for ?ve of 
their six hypervariable loops (H1, H2, L1, L2 and L3), 
despite considerable side-chain diversity in the loops them 
selves. The precise canonical structure exhibited depends on 
the length of the loop and the identity of certain key residues 
involved in its packing. The sixth loop (H3) is much more 
diverse in both length and sequence and therefore only 
exhibits canonical structures for certain short loop lengths 
(Martin et al. (1996) J. M01. Biol., 263: 800; Shirai et al 
(1996) FEBS Letters, 399: 1). In the present invention, all 
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six loops Will preferably have canonical structures and hence 
the main-chain conformation for the entire antibody mol 
ecule Will be knoWn. 

[0043] Antibody polypeptide Antibodies are immunoglo 
bulins that are produced by B cells and form a central part 
of the host immune defence system in vertebrates. An 
antibody polypeptide, as used herein, is a polypeptide Which 
either is an antibody or is a part of an antibody, modi?ed or 
unmodi?ed. Thus, the term antibody polypeptide includes a 
heavy chain, a light chain, a heavy chain-light chain dimer, 
a Fab fragment, a F(ab‘)2 fragment, a Dab fragment, or an 
Fv fragment, including a single chain Fv (scFv). Methods 
for the construction of such antibody molecules are Well 
knoWn in the art. 

[0044] Superantigen Superantigens are antigens, mostly in 
the form of toxins expressed in bacteria, Which interact With 
members of the immunoglobulin superfamily outside the 
conventional ligand binding sites for these molecules. Sta 
phylococcal enterotoxins interact With T-cell receptors and 
have the effect of stimulating CD4+ T-cells. Superantigens 
for antibodies include the molecules Protein G that binds the 
IgG constant region (Bjorck and Kronvall (1984) J. Immu 
nol, 133: 969; Reis et al. (1984) J. ImmunoL, 132: 3091), 
Protein A that binds the the IgG constant region and the VH 
domain (Forsgren and Sjoquist (1966) J. ImmunoL, 97: 822) 
and Protein L that binds the VL domain (Bjorck (1988) J. 
ImmunoL, 140: 1994). 

PREFERRED EMBODIMENTS OF THE 
INVENTION 

[0045] The present invention provides a selection system 
Which eliminates (or signi?cantly reduces the proportion of) 
non-functional or poorly folded/expressed members of a 
polypeptide library Whilst enriching for functional, folded 
and Well expressed members before a selection for speci 
?city against a “target ligand” is carried out. A repertoire of 
polypeptide molecules is contacted With a “generic ligand”, 
a protein that has af?nity for a structural feature common to 
all functional, for example complete and/or correctly folded, 
proteins of the relevant class. Note that the term “ligand” is 
used broadly in reference to molecules of use in the present 
invention. As used herein, the term “ligand” refers to any 
entity that Will bind to or be bound by a member of the 
polypeptide library. 
[0046] A signi?cant number of defective proteins present 
in the initial repertoire fail to bind the generic ligand and are 
thereby eliminated. This selective removal of non-functional 
polypeptides from a library results in a marked reduction in 
its actual siZe, While its functional siZe is maintained, With 
a corresponding increase in its quality. Polypeptides Which 
are retained by virtue of binding the generic ligand consti 
tute a ‘?rst selected pool’ or ‘subset’ of the original reper 
toire. Consequently, this ‘subset’ is enriched for functional, 
Well folded and Well expressed members of the initial 
repertoire. 
[0047] The polypeptides of the ?rst selected pool or subset 
are subsequently contacted With at least one “target ligand”, 
Which binds to polypeptides With a given functional speci 
?city. Such target ligands include, but are not limited to, 
either half of a receptor/ligand pair (eg a hormone or other 
cell-signalling molecule, such as a neurotransmitter, and its 
cognate receptor), either of a binding pair of cell adhesion 
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molecules, a protein substrate that is bound by the active site 
of an enzyme, a protein, peptide or small organic compound 
against Which a particular antibody is to be directed or even 
an antibody itself. Consequently, the use of such a library is 
less labour-intensive and more economical, in terms of both 
time and materials, than is that of a conventional library. In 
addition, since, compared to a repertoire Which has not been 
selected With a generic ligand, the ?rst selected pool Will 
contain a much higher ratio of molecules able to bind the 
target ligand to those that are unable to bind the target 
ligand, there Will be a signi?cant reduction of background 
during selection With the “target ligand”. 

[0048] Combinatorial selection schemes are also contem 
plated according to the invention. Multiple selections of the 
same initial polypeptide repertoire can be performed in 
parallel or in series using different generic and/or target 
ligands. Thus, the repertoire can ?rst be selected With a 
single generic ligand and then subsequently selected in 
parallel using different target ligands. The resulting subsets 
can then be used separately or combined, in Which case the 
combined subset Will have a range of target ligand speci 
?cities but a single generic ligand speci?city. Alternatively, 
the repertoire can ?rst be selected With a single target ligand 
and then subsequently selected in parallel using different 
generic ligands. The resulting subsets can then be used 
separately or combined, in Which case the combined subset 
Will have a range of generic ligand speci?cities but a single 
target ligand speci?city. The use of more elaborate schemes 
are also envisaged. For example, the initial repertoire can be 
subjected to tWo rounds of selection using tWo different 
generic ligands, folloWed by selection With the target ligand. 
This produces a subset in Which all members bind both 
generic ligands and the target ligand. Alternatively, if the 
selection of the initial repertoire With the tWo generic ligands 
is performed in parallel and the resulting subsets combined 
and then selected With the target ligand the resulting subset 
binds at least one of the tWo generic ligands and the target 
ligand. Combined or pooled repertoires may be simple 
mixtures of the subsets or may be manipulated to physically 
link the subsets. For example, VH and VL polypeptides may 
be individually selected in parallel by binding tWo different 
generic ligands, and subsequently combined at the genetic 
level onto single vectors such that they are expressed as 
combined VH-VL. This repertoire can then be selected 
against the target ligand such that the selected members able 
to bind both generic ligands and the target ligand. 

[0049] The invention encompasses libraries of functional 
polypeptides selected or selectable by the methods broadly 
described above, as Well as nucleic acid libraries encoding 
polypeptide molecules Which may be used in a selection 
performed according to these methods (preferably, mol 
ecules Which comprise a ?rst binding site for a target ligand 
and a second binding site for a generic ligand). In addition, 
the invention provides methods for detecting, immobilising, 
purifying or immunoprecipitating one or more members of 
a repertoire of functional polypeptides selected using the 
generic or target ligands according to the invention. 

[0050] The invention is particularly applicable to the 
enrichment of libraries of molecules of the immunoglobulin 
superfamily. This is particularly true as regards the genera 
tion of populations of antibodies and T-cell receptors Which 
are functional and have a desired speci?city, as is required 
for use in diagnostic, therapeutic or prophylactic procedures. 
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To this end, the invention provides antibody and T-cell 
receptor libraries Wherein all the members have both natural 
frameworks and loops of knoWn main-chain conformation, 
as Well as strategies for useful mutagenesis of the starting 
sequence and the subsequent selection of functional variants 
so generated. Such polypeptide libraries may comprise VH 
or VI3 domains or, alternatively, it may comprise VL or VI3 
domains, or even both VH or VI3 and VL or Va domains. 

[0051] There is signi?cant need in the art for improved 
libraries of antibody or T-cell receptor molecules. For 
example, despite progress in the creation of “single pot” 
phage-antibody libraries, several problems still remain. 
Natural libraries (Marks et al. (1991) J. M01. Bi01., 222: 581; 
Vaughan et al. (1996) Nature Bi0tech., 14: 309) Which use 
rearranged V genes harvested from human B cells are highly 
biased due to the positive and negative selection of the B 
cells in vivo. This can limit the effective siZe of phage 
libraries constructed from rearranged V genes. In addition, 
clones derived from natural libraries invariably contain 
frameWork mutations Which may effect the antibodies 
immunogenicity When used in human therapy. Synthetic 
libraries (Hoogenboom & Winter (1992) J. M01. Bi01., 227: 
381; Barbas et al. (1992) Proc. Natl. Acad. Sci. USA, 89: 
4457; Nissim et al. (1994) EMBO J., 13: 692; Grif?ths et al. 
(1994) EMBO J., 13: 3245; De Kruif et al. (1995) J. M01. 
Bi01., 248: 97) can overcome the problem of bias but they 
require the use of long degenerate PCR primers Which 
frequently introduce base-pair deletions into the assembled 
V genes. This high degree of randomisation may also lead to 
the creation of antibodies Which are unable to fold correctly 
and are also therefore non-functional. In many cases it is 
likely that these non-functional members Will outnumber the 
functional members in a library. Even if the frameWorks can 
be pre-optimised for folding and/or expression (WO97/ 
08320, Morphosys) by synthesising a set of ‘master genes’ 
With consensus frameWork sequences and by incorporating 
amino acid substitutions shoWn to improve folding and 
expression, there remains the problem of immunogenicity 
since, in most cases, the consensus sequences do not corre 
spond to any natural frameWork. Furthermore, since it is 
likely that the CDR diversity Will also have an effect of 
folding and/or expression, it is preferable to optimise the 
folding and/or expression (and remove any frame-shifts or 
stop codons) after the V gene has been fully assembled. 

[0052] A further problem With existing libraries is that 
because the main-chain conformation is heterogeneous, 
three-dimensional structural modelling is dif?cult because 
suitable high resolution crystallographic data may not be 
available. This is a particular problem for the H3 region, 
Where the vast majority of antibodies derived from natural or 
synthetic antibody libraries have medium length or long 
loops and therefore cannot be modelled. 

[0053] Another problem With existing libraries is the reli 
ance on epitope tags (such as the myc, FLAG or HIS tags) 
for detection of expressed antibody fragments. As these are 
usually located at the N or C terminal ends of the antibody 
fragment they tend to be prone to proteolytic cleavage. 
Superantigens, such as Protein A and Protein L can be used 
to detect expressed antibody fragments by binding the 
folded domains themselves but since they are VH and VL 
family speci?c, only a relatively small proportion of mem 
bers of any existing antibody library Will bind one of these 
reagents and an even smaller proportion Will bind to both. 
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[0054] To this end, it Would be desirable to have a selec 
tion system Which could eliminate (or at least reduce the 
proportion of) non-functional or poorly folded/expressed 
members of the library before selection against the target 
antigen is carried out Whilst enriching for functional, folded 
and Well expressed members all of Which are able to bind 
generic ligands such as the superantigens Protein A and 
Protein L. In addition, it Would be advantageous to construct 
an antibody library Wherein all the members have natural 
frameWorks and have loops With knoWn main-chain confor 
mations. 

[0055] The invention accordingly provides a method by 
Which a polypeptide repertoire may be selected to remove 
non-functional members. This results in a marked reduction 
in the actual library siZe (and a corresponding increase in the 
quality of the library) Without reducing the functional library 
siZe. The invention also provides a method for creating neW 
polypeptide repertoires Wherein all the functional members 
are able to bind a given generic ligand. The same generic 
ligand can be used for the subsequent detection, immobili 
sation, puri?cation or immunoprecipitation of any one or 
more members of the repertoire. 

[0056] Any ‘na'ive’ or ‘immune’ antibody repertoire can be 
used With the present invention to enrich for functional 
members and/or to enrich for members that bind a given 
generic ligand or ligands. Indeed, since only a small per 
centage of all human germline VH segments bind Protein A 
With high af?nity and only a small percentage of all human 
germline VL segments bind Protein L With high affinity 
preselection With these superantigens is highly advanta 
geous. Alternatively, pre-selection With via the epitope tag 
enables non-functional variants to be removed from syn 
thetic libraries. The libraries that are amenable to preselec 
tion include, but are not limited to, libraries comprised of V 
genes rearranged in vivo of the type described by Marks et 
al. (1991) J. Mol. Biol, 222: 581 and Vaughan et al. (1996) 
Nature Bi0tech., 14: 309, synthetic libraries Whereby germ 
line V gene segments are ‘rearranged’ in vitro (Hoogenboom 
& Winter (1992) J. Mol. Biol, 227: 381; Nissim et al. (1994) 
EMBOJ, 13: 692; Griffiths et al. (1994) EMBOJ, 13: 3245; 
De Kruif et al. (1995) J. Mol. Biol, 248: 97) or Where 
synthetic CDRs are incorporated into a single rearranged V 
gene (Barbas et al. (1992) Proc. Natl. Acad. Sci. USA, 89: 
4457) or into multiple master frameworks (WO97/08320, 
Morphosys). 

[0057] Selection of Polypeptides According to the Inven 
tion 

[0058] Once a diverse pool of polypeptides is generated, 
selection according to the invention is applied. TWo broad 
selection procedures are based upon the order in Which the 
generic and target ligands are applied; combinatorial varia 
tions on these schemes involve the use of multiple generic 
and/or target ligands in a given step of a selection. When a 
combinatorial scheme is used, the pool of polypeptide 
molecules may be contacted With, for example, several 
target ligands at once, or by each singly, in series; in the 
latter case, the resulting selected pools of polypeptides may 
be kept separate or may, themselves, be pooled. These 
selection schemes may be summariZed as folloWs: 
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[0059] a. Selection Procedure 1: 

[0060] Initial Polypeptide Selection Using the Generic 
Ligand 
[0061] In order to remove non-functional members of the 
library, a generic ligand is selected, such that the generic 
ligand is only bound by functional molecules. For example, 
the generic ligand may be a metallic ion, an antibody (in the 
form of a monoclonal antibody or a polyclonal mixture of 
antibodies), half of an enZyme/ligand complex or organic 
material; note that ligands of any of these types are, addi 
tionally or alternatively, of use as target ligands according to 
the invention. Antibody production and metal af?nity chro 
matography are discussed in detail beloW. Ideally, these 
ligands bind a site (eg a peptide tag or superantigen binding 
site) on the members of the library Which is of constant 
structure or sequence, Which structure is liable to be absent 
or altered in non-functional members. In the case of anti 
body libraries, this method is of use to select from a library 
only those functional members Which have a binding site for 
a given superantigen or monoclonal antibody; such an 
approach is useful in selecting functional antibody polypep 
tides from both natural and synthetic pools thereof. 

[0062] The superantigens Protein A and/or Protein L are of 
use in the invention as generic ligands to select antibody 
repertoires, since they bind correctly folded VH and VL 
domains (Which belong to certain VH and VL families), 
respectively, regardless of the sequence and structure of the 
binding site for the target ligand. In addition, Protein A or 
another superantigen Protein G are of use as generic ligands 
to select for folding and/or expression by binding the heavy 
chain constant domains of antibodies. Anti-K and anti-7» 
antibodies are also of use in selecting light chain constant 
domains. Small organic mimetics of antibodies or of other 
binding proteins, such as Protein A (Li et al. (1998) Nature 
Bi0tech., 16: 190), are also of use. 

[0063] When this selection procedure is used, the generic 
ligand, by its very nature, is able to bind all functional 
members of the preselected repertoire; therefore, this 
generic ligand (or some conjugate thereof) may be used to 
detect, immobilise, purify or immunoprecipitate any mem 
ber or population of members from the repertoire (Whether 
selected by binding a given target ligand or not, as discussed 
beloW). Protein detection via immunoassay techniques as 
Well as immunoprecipitation of member polypeptides of a 
repertoire of the invention may be performed by the tech 
niques discussed beloW With regard to the testing of anti 
body selection ligands of use in the invention (see “Anti 
bodies for use as ligands in polypeptide selection”). 
ImmobiliZation may be performed through speci?c binding 
of a polypeptide member of a repertoire to either a generic 
or target ligand according to the invention Which is, itself, 
linked to a solid or semi-solid support, such as a ?lter (eg 
of nitrocellulose or nylon) or a chromatographic support 
(including, but not limited to, a cellulose, polymer, resin or 
silica support); covalent attachment of the member polypep 
tide to the generic or target ligand may be performed using 
any of a number of chemical crosslinking agents knoWn to 
one of skill in the art. ImmobiliZation on a metal affinity 
chromatography support is described beloW (see “Metallic 
ligands as use for the selection of polypeptides”). Puri?ca 
tion may comprise any or a combination of these techniques, 
in particular immunoprecipitation and chromatography by 
methods Well knoWn in the art. 
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[0064] Using this approach, selection With multiple 
generic ligands can be performed either one after another to 
create a repertoire in Which all members bind tWo or more 
generic ligands, separately in parallel, such that the subsets 
can then be combined (in this case, members of the prese 
lected repertoire Will bind at least one of the generic ligands) 
or separately folloWed by incorporation into the same 
polypeptide chain Whereby a large functional library in 
Which all members may be able to bind all the generic 
ligands used during preselection. For example, subsets can 
be selected from one or more libraries using different generic 
ligands Which bind heavy and light chains of antibody 
molecules (see beloW) and then combined to form a heavy/ 
light chain library, in Which the heavy and light chains are 
either non-covalently associated or are covalently linked, for 
example, by using VH and VL domains in a single-chain Fv 
context. 

[0065] Secondary Polypeptide Selection Using the Target 
Ligand 
[0066] FolloWing the selection step With the generic 
ligand, the library is screened in order to identify members 
that bind to the target ligand. Since it is enriched for 
functional polypeptides after selection With the generic 
ligand, there Will be an advantageous reduction in non 
speci?c (“background”) binding during selection With the 
target ligand. Furthermore, since selection With the generic 
ligand produces a the marked reduction in the actual library 
siZe (and a corresponding increase in the quality of the 
library) Without reducing the functional library siZe, a 
smaller repertoire should elicit the same diversity of target 
ligand speci?ties and af?nities as the larger starting reper 
toire (that contained many non-functional and poorly folded/ 
expressed members). 
[0067] One or more target ligands may be used to select 
polypeptides from the ?rst selected polypeptide pool gen 
erated using the generic ligand. In the event that tWo or more 
target ligands are used to generate a number of different 
subsets, tWo or more of these subsets may be combined to 
form a single, more complex subset. Asingle generic ligand 
is able to bind every member of the resulting combined 
subset; hoWever, a given target ligand binds only a subset of 
library members. 

[0068] b. Selection Procedure 2: 

[0069] Initial Selection of Repertoire Members With the 
Target Ligand 

[0070] Here, selection using the target ligand is performed 
prior to selection using the generic ligand. Obviously, the 
same set of polypeptides can result from either scheme, if 
such a result is desired. Using this approach, selection With 
multiple target ligands can be performed in parallel or by 
mixing the target ligands for selection. If performed in 
parallel, the resulting subsets may, if required, be combined. 

[0071] Secondary Polypeptide 
Generic Ligand 

Selection Using the 

[0072] Subsequent selection of the target ligand binding 
subset can then be performed using one or more generic 
ligands. Whilst this is not a selection for function, since 
members of the repertoire that are able to bind to the target 
ligand are by de?nition functional, it does enable subsets 
that bind to different generic ligands to be isolated. Thus, the 
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target ligand selected population can be selected by one 
generic ligand or by tWo or more generic ligands. In this 
case, the generic ligands can be used one after another to 
create a repertoire in Which all members bind the target 
ligand and tWo or more generic ligands or separately in 
parallel, such that different (but possibly overlapping) sub 
sets binding the target ligand and different generic ligands 
are created. These can then be combined (in this case, 
members Will bind at least one of the generic ligands). 

[0073] Selection of Immunoglobulin-Family Polypeptide 
Library Members 

[0074] The members of the repertoires or libraries selected 
in the present invention advantageously belong to the immu 
noglobulin superfamily of molecules, in particular, antibody 
polypeptides or T-cell receptor polypeptides. For antibodies, 
it is envisaged that the method according to this invention 
may be applied to any of the existing antibody libraries 
knoWn in the art (Whether natural or synthetic) or to antibody 
libraries designed speci?cally to be preselected With generic 
ligands (see beloW). 
[0075] Construction of Libraries of the Invention 

[007 6] 
[0077] The members of the immunoglobulin superfamily 
all share a similar fold for their polypeptide chain. For 
example, although antibodies are highly diverse in terms of 
their primary sequence, comparison of sequences and crys 
tallographic structures has revealed that, contrary to expec 
tation, ?ve of the six antigen binding loops of antibodies 
(H1, H2, L1, L2, L3) adopt a limited number of main-chain 
conformations, or canonical structures (Chothia and Lesk 
(1987) supra; Chothia et al (1989) supra). Analysis of loop 
lengths and key residues has therefore enabled prediction of 
the main-chain conformations of H1, H2, L1, L2 and L3 
found in the majority of human antibodies (Chothia et al. 
(1992) supra; Tomlinson et al. (1995) supra; Williams et al. 
(1996) supra). Although the H3 region, is much more 
diverse in terms of sequence, length and structure (due to the 
use of D segments), it also forms a limited number of 
main-chain conformations for short loop lengths Which 
depend on the length and the presence of particular residues, 
or types of residue, at key positions in the loop and the 
antibody frameWork (Martin et al. (1996) supra; Shirai et al. 
(1996) supra). 

a. Selection of the Main-Chain Conformation 

[0078] According to the present invention, libraries of 
antibody polypeptides are designed in Which certain loop 
lengths and key residues have been chosen to ensure that the 
main-chain conformation of the members is knoWn. Advan 
tageously, these are real conformations of immunoglobulin 
superfamily molecules found in nature, to minimiZe the 
chances that they are non-functional, as discussed above. 
Germline V gene segments serve as one suitable basic 
frameWork for constructing antibody or T-cell receptor 
libraries; other sequences are also of use. Variations may 
occur at a loW frequency, such that a small number of 
functional members may possess an altered main-chain 
conformation, Which does not affect its function. 

[0079] Canonical structure theory is also of use in the 
invention to assess the number of different main-chain 
conformations encoded by antibodies, to predict the main 
chain conformation based on antibody sequences and to 
chose residues for diversi?cation Which do not affect the 
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canonical structure. It is now known that, in the human VK 
domain, the L1 loop can adopt one of four canonical 
structures, the L2 loop has a single canonical structure and 
that 90% of human VK domains adopt one of four or ?ve 
canonical structures for the L3 loop (Tomlinson et al. (1995) 
supra); thus, in the VK domain alone, different canonical 
structures can combine to create a range of different main 
chain conformations. Given that the VA domain encodes a 
different range of canonical structures for the L1, L2 and L3 
loops and that VK and VA domains can pair with any VH 
domain which can encode several canonical structures for 
the H1 and H2 loops, the number of canonical structure 
combinations observed for these ?ve loops is very large. 
This implies that the generation of diversity in the main 
chain conformation may be essential for the production of a 
wide range of binding speci?cities. However, by construct 
ing an antibody library based on a single known main-chain 
conformation it was found, contrary to expectation, that 
diversity in the main-chain conformation is not required to 
generate suf?cient diversity to target substantially all anti 
gens. Even more surprisingly, the single main-chain confor 
mation need not be a consensus structure—a single naturally 
occurring conformation can be used as the basis for an entire 
library. Thus, in a preferred aspect, the invention provides a 
library in which the members encode a single known main 
chain conformation. It is to be understood, however, that 
occasional variations may occur such that a small number of 
functional members may possess an alternative main-chain 
conformation, which may be unknown. 

[0080] The single main-chain conformation that is chosen 
is preferably commonplace among molecules of the immu 
noglobulin superfamily type in question. A conformation is 
commonplace when a signi?cant number of naturally occur 
ring molecules are observed to adopt it. Accordingly, in a 
preferred aspect of the invention, the natural occurrence of 
the different main-chain conformations for each binding 
loop of an immunoglobulin superfamily molecule are con 
sidered separately and then a naturally occurring immuno 
globulin superfamily molecule is chosen which possesses 
the desired combination of main-chain conformations for the 
different loops. If none is available, the nearest equivalent 
may be chosen. Since a disadvantage of immunoglobulin 
family polypeptide libraries of the prior art is that many 
members have unnatural frameworks or contain framework 
mutations (see above), in the case of antibodies or T-cell 
receptors, it is preferable that the desired combination of 
main-chain conformations for the different loops is created 
by selecting germline gene segments which encode the 
desired main-chain conformations. It is more preferable, that 
the selected germline gene segments are frequently 
expressed and most preferable that they are the most fre 
quently expressed. 
[0081] In designing antibody libraries, therefore, the inci 
dence of the different main-chain conformations for each of 
the six antigen binding loops may be considered separately. 
For H1, H2, L1, L2 and L3, a given conformation that is 
adopted by between 20% and 100% of the antigen binding 
loops of naturally occurring molecules is chosen. Typically, 
its observed incidence is above 35% (i.e. between 35% and 
100%) and, ideally, above 50% or even above 65%. Since 
the vast majority of H3 loops do not have canonical struc 
tures, it is preferable to select a main-chain conformation 
which is commonplace among those loops which do display 
canonical structures. For each of the loops, the conformation 
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which is observed most often in the natural repertoire is 
therefore selected. In human antibodies, the most popular 
canonical structures (CS) for each loop are as follows: 
H1—CS 1 (79% of the expressed repertoire), H2—CS 3 
(46%), L1—CS 2 of VK (39%), L2—CS 1 (100%), L3—CS 
1 of VK (36%) (calculation assumes a Kz?» ratio of 70:30, 
Hood et al. (1967) Cold Spring Harbor Symp. Quant. Biol, 
48: 133). For H3 loops that have canonical structures, a 
CDR3 length (Kabat et al. (1991) Sequences of proteins of 
immunological interest, US. Department of Health and 
Human Services) of seven residues with a salt-bridge from 
residue 94 to residue 101 appears to be the most common. 
There are at least 16 human antibody sequences in the 
EMBL data library with the required H3 length and key 
residues to form this conformation and at least two crystal 
lographic structures in the protein data bank which can be 
used as a basis for antibody modelling (2cgr and 1tet). The 
most frequently expressed germline gene segments that this 
combination of canonical structures are the VH segment 3-23 
(DP-47), the JH segment JH4b, the VK segment O2/O12 
(DPK9) and the JK segment 1K1. These segments can there 
fore be used in combination as a basis to construct a library 
with the desired single main-chain conformation. 

[0082] Alternatively, instead of choosing the single main 
chain conformation based on the natural occurrence of the 
different main-chain conformations for each of the binding 
loops in isolation, the natural occurrence of combinations of 
main-chain conformations is used as the basis for choosing 
the single main-chain conformation. In the case of antibod 
ies, for example, the natural occurrence of canonical struc 
ture combinations for any two, three, four, ?ve or for all six 
of the antigen binding loops can be determined. Here, it is 
preferable that the chosen conformation is commonplace in 
naturally occurring antibodies and most preferable that it 
observed most frequently in the natural repertoire. Thus, in 
human antibodies, for example, when natural combinations 
of the ?ve antigen binding loops, H1, H2, L1, L2 and L3, are 
considered, the most frequent combination of canonical 
structures is determined and then combined with the most 
popular conformation for the H3 loop, as a basis for choos 
ing the single main-chain conformation. 

[0083] b. Diversi?cation of the Canonical Sequence 

[0084] Having selected several known main-chain confor 
mations or, preferably a single known main-chain confor 
mation, the library of the invention is constructed by varying 
the binding site of the molecule in order to generate a 
repertoire with structural and/or functional diversity. This 
means that variants are generated such that they possess 
suf?cient diversity in their structure and/or in their function 
so that they are capable of providing a range of activities. 
For example, where the polypeptides in question are cell 
surface receptors, they may possess a diversity of target 
ligand binding speci?cities. 
[0085] The desired diversity is typically generated by 
varying the selected molecule at one or more positions. The 
positions to be changed can be chosen at random or are 
preferably selected. The variation can then be achieved 
either by randomiZation, during which the resident amino 
acid is replaced by any amino acid or analogue thereof, 
natural or synthetic, producing a very large number of 
variants or by replacing the resident amino acid with one or 
more of a de?ned subset of amino acids, producing a more 
limited number of variants. 
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[0086] Various methods have been reported for introduc 
ing such diversity. Error-prone PCR (Hawkins et al. (1992) 
J. M01. Biol., 226: 889), chemical mutagenesis (Deng et al. 
(1994) J. Biol. Chem, 269: 9533) or bacterial mutator 
strains (LoW et al. (1996) J. M01. Biol., 260: 359) can be 
used to introduce random mutations into the genes that 
encode the molecule. Methods for mutating selected posi 
tions are also Well knoWn in the art and include the use of 
mismatched oligonucleotides or degenerate oligonucle 
otides, With or Without the use of PCR. 

[0087] For example, several synthetic antibody libraries 
have been created by targeting mutations to the antigen 
binding loops. The H3 region of a human tetanus toxoid 
binding Fab has been randomiZed to create a range of neW 
binding speci?cities (Barbas et al. (1992) supra). Random or 
semi-random H3 and L3 regions have been appended to 
germline V gene segments to produce large libraries With 
unmutated framework regions (Hoogenboom and Winter 
(1992) supra; Nissim et al. (1994) supra; Griffiths et al. 
(1994) supra; De Kruif et al. (1995) supra). Such diversi? 
cation has been extended to include some or all of the other 
antigen binding loops (Crameri et al. (1996) Nature Med, 2: 
100; Riechmann et al. (1995) Bio/Technology, 13: 475; 
Morphosys, WO97/08320, supra). 
[0088] Since loop randomiZation has the potential to cre 
ate approximately more than 1015 structures for H3 alone 
and a similarly large number of variants for the other ?ve 
loops, it is not feasible using current transformation tech 
nology or even by using cell free systems to produce a 
library representing all possible combinations. For example, 
in one of the largest libraries constructed to date, 6><101O 
different antibodies, Which is only a fraction of the potential 
diversity for a library of this design, Were generated (Grif 
?ths et al. (1994) supra). 

[0089] In addition to the removal of non-functional mem 
bers and the use of a single knoWn main-chain conformation, 
the present invention addresses these limitations by diver 
sifying only those residues Which are directly involved in 
creating or modifying the desired function of the molecule. 
For many molecules, the function Will be to bind a target 
ligand and therefore diversity should be concentrated in the 
target ligand binding site, While avoiding changing residues 
Which are crucial to the overall packing of the molecule or 
to maintaining the chosen main-chain conformation; there 
fore, the invention provides a library Wherein the selected 
positions to be varied may be those that constitute the 
binding site for the target ligand. 

[0090] Diversi?cation of the Canonical Sequence as it 
Applies to Antibodies 

[0091] In the case of an antibody library, the binding site 
for the target ligand is most often the antigen binding site. 
Thus, in a highly preferred aspect, the invention provides an 
antibody library in Which only those residues in the antigen 
binding site are varied. These residues are extremely diverse 
in the human antibody repertoire and are knoWn to make 
contacts in high-resolution antibody/antigen complexes. For 
example, in L2 it is knoWn that positions 50 and 53 are 
diverse in naturally occurring antibodies and are observed to 
make contact With the antigen. In contrast, the conventional 
approach Would have been to diversify all the residues in the 
corresponding Complementarity Determining Region 
(CDR1) as de?ned by Kabat et al. (1991, supra), some seven 
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residues compared to the tWo diversi?ed in the library 
according to the invention. This represents a signi?cant 
improvement in terms of the functional diversity required to 
create a range of antigen binding speci?cities. 

[0092] In nature, antibody diversity is the result of tWo 
processes: somatic recombination of germline V, D and J 
gene segments to create a naive primary repertoire (so called 
germline and junctional diversity) and somatic hypermuta 
tion of the resulting rearranged V genes. Analysis of human 
antibody sequences has shoWn that diversity in the primary 
repertoire is focused at the centre of the antigen binding site 
Whereas somatic hypermutation spreads diversity to regions 
at the periphery of the antigen binding site that are highly 
conserved in the primary repertoire (see Tomlinson et al. 
(1996) supra). This complementarity has probably evolved 
as an ef?cient strategy for searching sequence space and, 
although apparently unique to antibodies, it can easily be 
applied to other polypeptide repertoires according to the 
invention. According to the invention, the residues Which are 
varied are a subset of those that form the binding site for the 
target ligand. Different (including overlapping) subsets of 
residues in the target ligand binding site are diversi?ed at 
different stages during selection, if desired. 

[0093] In the case of an antibody repertoire, the tWo-step 
process of the invention is analogous to the maturation of 
antibodies in the human immune system. An initial ‘naive’ 
repertoire is created Where some, but not all, of the residues 
in the antigen binding site are diversi?ed. As used herein in 
this context, the term “naive” refers to antibody molecules 
that have no pre-determined target ligand. These molecules 
resemble those Which are encoded by the immunoglobulin 
genes of an individual Who has not undergone immune 
diversi?cation, as is the case With fetal and neWborn indi 
viduals, Whose immune systems have not yet been chal 
lenged by a Wide variety of antigenic stimuli. This repertoire 
is then selected against a range of antigens. If required, 
further diversity can then be introduced outside the region 
diversi?ed in the initial repertoire. This matured repertoire 
can be selected for modi?ed function, speci?city or affinity. 

[0094] The invention provides tWo different naive reper 
toires of antibodies in Which some or all of the residues in 
the antigen binding site are varied. The “primary” library 
mimics the natural primary repertoire, With diversity 
restricted to residues at the centre of the antigen binding site 
that are diverse in the germline V gene segments (germline 
diversity) or diversi?ed during the recombination process 
(junctional diversity). Those residues Which are diversi?ed 
include, but are not limited to, H50, H52, H52a, H53, H55, 
H56, H58, H95, H96, H97, H98, L50, L53, L91, L92, L93, 
L94 and L96. In the “somatic” library, diversity is restricted 
to residues that are diversi?ed during the recombination 
process (junctional diversity) or are highly somatically 
mutated). Those residues Which are diversi?ed include, but 
are not limited to: H31, H33, H35, H95, H96, H97, H98, 
L30, L31, L32, L34 and L96. All the residues listed above 
as suitable for diversi?cation in these libraries are knoWn to 
make contacts in one or more antibody-antigen complexes. 
Since in both libraries, not all of the residues in the antigen 
binding site are varied, additional diversity is incorporated 
during selection by varying the remaining residues, if it is 
desired to do so. It shall be apparent to one skilled in the art 
that any subset of any of these residues (or additional 
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residues Which comprise the antigen binding site) can be 
used for the initial and/or subsequent diversi?cation of the 
antigen binding site. 

[0095] In the construction of libraries according to the 
invention, diversi?cation of chosen positions is typically 
achieved at the nucleic acid level, by altering the coding 
sequence Which speci?es the sequence of the polypeptide 
such that a number of possible amino acids (all 20 or a subset 
thereof) can be incorporated at that position. Using the 
IUPAC nomenclature, the most versatile codon is NNK, 
Which encodes all amino acids as Well as the TAG stop 
codon. The NNK codon is preferably used in order to 
introduce the required diversity. Other codons Which 
achieve the same ends are also of use, including the NNN 
codon, Which leads to the production of the additional stop 
codons TGA and TAA. 

[0096] A feature of side-chain diversity in the antigen 
binding site of human antibodies is a pronounced bias Which 
favors certain amino acid residues. If the amino acid com 
position of the ten most diverse positions in each of the VH, 
VK and VA regions are summed, more than 76% of the 
side-chain diversity comes from only seven different resi 
dues, these being, serine (24%), tyrosine (14%), asparagine 
(11%), glycine (9%), alanine (7%), aspartate (6%) and 
threonine (6%). This bias toWards hydrophilic residues and 
small residues Which can provide main-chain ?exibility 
probably re?ects the evolution of surfaces Which are pre 
disposed to binding a Wide range of antigens and may help 
to explain the required promiscuity of antibodies in the 
primary repertoire. 

[0097] Since it is preferable to mimic this distribution of 
amino acids, the invention provides a library Wherein the 
distribution of amino acids at the positions to be varied 
mimics that seen in the antigen binding site of antibodies. 
Such bias in the substitution of amino acids that permits 
selection of certain polypeptides (not just antibody polypep 
tides) against a range of target ligands is easily applied to 
any polypeptide repertoire according to the invention. There 
are various methods for biasing the amino acid distribution 
at the position to be varied (including the use of tri 
nucleotide mutagenesis, WO97/08320, Morphosys, supra), 
of Which the preferred method, due to ease of synthesis, is 
the use of conventional degenerate codons. By comparing 
the amino acid pro?le encoded by all combinations of 
degenerate codons (With single, double, triple and quadruple 
degeneracy in equal ratios at each position) With the natural 
amino acid use it is possible to calculate the most represen 
tative codon. The codons (AGT)(AGC)T, (AGT)(AGC)C 
and (AGT)(AGC)(CT)—that is, DVT, DVC and DVY, 
respectively using IUPAC nomenclature—are those closest 
to the desired amino acid pro?le: they encode 22% serine 
and 11% tyrosine, asparagine, glycine, alanine, aspartate, 
threonine and cysteine. Preferably, therefore, libraries are 
constructed using either the DVT, DVC or DVY codon at 
each of the diversi?ed positions. 

[0098] As stated above, polypeptides Which make up 
antibody libraries according to the invention may be Whole 
antibodies or fragments thereof, such as Fab, F(ab‘)2, Fv or 
scFv fragments, or separate VH or VL domains, any of Which 
is either modi?ed or unmodi?ed. Of these, single-chain Fv 
fragments, or scFvs, are of particular use. ScFv fragments, 
as Well as other antibody polypeptides, are reliably gener 
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ated by antibody engineering methods Well knoWn in the art. 
The scFv is formed by connecting the VH and VL genes 
using an oligonucleotide that encodes an appropriately 
designed linker peptide, such as (Gly-Gly-Gly-Gly-Ser)3 or 
equivalent linker peptide(s). The linker bridges the C-ter 
minal end of the ?rst V region and N-terminal end of the 
second V region, ordered as either VH-linker-VL or VL 
linker-VH. In principle, the binding site of the scFv can 
faithfully reproduce the speci?city of the corresponding 
Whole antibody and vice-versa. 

[0099] Similar techniques for the construction of Fv, Fab 
and F(ab‘)2 fragments, as Well as chimeric antibody mol 
ecules are Well knoWn in the art. When expressing Fv 
fragments, precautions should be taken to ensure correct 
chain folding and association. For Fab and F(ab‘)2 frag 
ments, VH and VL polypeptides are combined With constant 
region segments, Which may be isolated from rearranged 
genes, germline C genes or synthesised from antibody 
sequence data as for V region segments. A library according 
to the invention may be a VH or VL library. Thus, separate 
libraries comprising single VH and VL domains may be 
constructed and, optionally, include CH or CL domains, 
respectively, creating Dab molecules. 

[0100] 
tion 

c. Library Vector Systems According to the Inven 

[0101] Libraries according to the invention can be used for 
direct screening using the generic and/or target ligands or 
used in a selection protocol that involves a genetic display 
package. 

[0102] Bacteriophage lambda expression systems may be 
screened directly as bacteriophage plaques or as colonies of 
lysogens, both as previously described (Huse et al. (1989) 
Science, 246: 1275; Caton and KoproWski (1990) Proc. 
Natl. Acad. Sci. U.SA., 87; Mullinax et al. (1990) Proc. Natl. 
Acad. Sci. U.SA., 87: 8095; Persson et al. (1991) Proc. Natl. 
Acad. Sci. USA, 88: 2432) and are of use in the invention. 
Whilst such expression systems can be used to screening up 
to 106 different members of a library, they are not really 
suited to screening of larger numbers (greater than 106 
members). Other screening systems rely, for example, on 
direct chemical synthesis of library members. One early 
method involves the synthesis of peptides on a set of pins or 
rods, such as described in WO84/03564. A similar method 
involving peptide synthesis on beads, Which forms a peptide 
library in Which each bead is an individual library member, 
is described in US. Pat. No. 4,631,211 and a related method 
is described in WO92/00091. A signi?cant improvement of 
the bead-based methods involves tagging each bead With a 
unique identi?er tag, such as an oligonucleotide, so as to 
facilitate identi?cation of the amino acid sequence of each 
library member. These improved bead-based methods are 
described in WO93/06121. 

[0103] Another chemical synthesis method involves the 
synthesis of arrays of peptides (or peptidomimetics) on a 
surface in a manner that places each distinct library member 
(e.g., unique peptide sequence) at a discrete, prede?ned 
location in the array. The identity of each library member is 
determined by its spatial location in the array. The locations 
in the array Where binding interactions betWeen a predeter 
mined molecule (e.g., a receptor) and reactive library mem 
bers occur is determined, thereby identifying the sequences 
of the reactive library members on the basis of spatial 
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location. These methods are described in US. Pat. No. 

5,143,854; WO90/15070 and WO92/10092; Fodor et al. 
(1991) Science, 251: 767; DoWer and Fodor (1991) Ann. 
Rep. Med. Chem, 26: 271. 

[0104] Of particular use in the construction of libraries of 
the invention are selection display systems, Which enable a 
nucleic acid to be linked to the polypeptide it expresses. As 
used herein, a selection display system is a system that 
permits the selection, by suitable display means, of the 
individual members of the library by binding the generic 
and/or target ligands. Any selection display system may be 
used in conjunction With a library according to the invention. 
Selection protocols for isolating desired members of large 
libraries are knoWn in the art, as typi?ed by phage display 
techniques. Such systems, in Which diverse peptide 
sequences are displayed on the surface of ?lamentous bac 
teriophage (Scott and Smith (1990) supra), have proven 
useful for creating libraries of antibody fragments (and the 
nucleotide sequences that encoding them) for the in vitro 
selection and ampli?cation of speci?c antibody fragments 
that bind a target antigen. The nucleotide sequences encod 
ing the VH and VL regions are linked to gene fragments 
Which encode leader signals that direct them to the periplas 
mic space of E. coli and as a result the resultant antibody 
fragments are displayed on the surface of the bacteriophage, 
typically as fusions to bacteriophage coat proteins (e.g., pIII 
or pVIII). Alternatively, antibody fragments are displayed 
externally on lambda phage capsids (phagebodies). An 
advantage of phage-based display systems is that, because 
they are biological systems, selected library members can be 
ampli?ed simply by groWing the phage containing the 
selected library member in bacterial cells. Furthermore, 
since the nucleotide sequence that encode the polypeptide 
library member is contained on a phage or phagemid vector, 
sequencing, expression and subsequent genetic manipula 
tion is relatively straightforWard. 

[0105] Methods for the construction of bacteriophage anti 
body display libraries and lambda phage expression libraries 
are Well knoWn in the art (McCafferty et al. (1990) supra; 
Kang et al. (1991) Proc. Natl. Acad. Sci. USA, 88: 4363; 
Clackson et al. (1991) Nature, 352: 624; LoWman et al. 
(1991) Biochemistry, 30: 10832; Burton et al. (1991) Proc. 
Natl.Acaa'. Sci U.SA., 88: 10134; Hoogenboom et al. (1991) 
Nucleic Acids Res., 19: 4133; Chang et al. (1991) J. Immu 
n0l., 147: 3610; Breitling et al. (1991) Gene, 104: 147; 
Marks et al. (1991) supra; Barbas et al. (1992) supra; 
HaWkins and Winter (1992) J. Immunol, 22: 867; Marks et 
al., 1992, J. Biol. Chem, 267: 16007; Lerner et al. (1992) 
Science, 258: 1313, incorporated herein by reference). 

[0106] One particularly advantageous approach has been 
the use of scFv phage-libraries (Huston et al., 1988, Proc. 
Natl. Acad. Sci USA, 85: 5879-5883; Chaudhary et al. 
(1990) Proc. Natl. Acad. Sci USA, 87: 1066-1070; McCaf 
ferty et al. (1990) supra; Clackson et al. (1991) supra; Marks 
et al. (1991) supra; ChisWell et al. (1992) Trends Bi0tech., 
10: 80; Marks et al. (1992) supra). Various embodiments of 
scFv libraries displayed on bacteriophage coat proteins have 
been described. Re?nements of phage display approaches 
are also knoWn, for example as described in WO96/06213 
and WO92/01047 (Medical Research Council et al.) and 
WO97/08320 (Morphosys, supra), Which are incorporated 
herein by reference. 
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[0107] Other systems for generating libraries of polypep 
tides or nucleotides involve the use of cell-free enZymatic 
machinery for the in vitro synthesis of the library members. 
In one method, RNA molecules are selected by alternate 
rounds of selection against a target ligand and PCR ampli 
?cation (Tuerk and Gold (1990) Science, 249: 505; Ellington 
and SZostak (1990) Nature, 346: 818). A similar technique 
may be used to identify DNA sequences Which bind a 
predetermined human transcription factor (Thiesen and 
Bach (1990) Nucleic Acids Res., 18: 3203; Beaudry and 
Joyce (1992) Science, 257: 635; WO92/05258 and WO92/ 
14843). In a similar Way, in vitro translation can be used to 
synthesise polypeptides as a method for generating large 
libraries. These methods Which generally comprise stabi 
lised polysome complexes, are described further in WO88/ 
08453, WO90/05785, WO90/07003, WO91/02076, WO91/ 
05058, and WO92/02536. Alternative display systems 
Which are not phage-based, such as those disclosed in 
WO95/22625 and WO95/11922 (Affymax) use the poly 
somes to display polypeptides for selection. These and all 
the foregoing documents also are incorporated herein by 
reference. 

[0108] The invention accordingly provides a method for 
selecting a polypeptide having a desired generic and/or 
target ligand binding site from a repertoire of polypeptides, 
comprising the steps of: 

[0109] a) expressing a library according to the pre 
ceding aspects of the invention; 

[0110] b) contacting the polypeptides With the 
generic and/or target ligand and selecting those 
Which bind the generic and/or target ligand; and 

[0111] c) optionally amplifying the selected polypep 
tide(s) Which bind the generic and/or target ligand. 

[0112] d) optionally repeating steps a)-c). 

[0113] Preferably, steps a)-d) are performed using a phage 
display system. 

[0114] Since the invention provides a library of polypep 
tides Which have binding sites for both generic and target 
ligands the above selection method can be applied to a 
selection using either the generic ligand or the target ligand. 
Thus, the initial library can be selected using the generic 
ligand and then the target ligand or using the target ligand 
and then the generic ligand. The invention also provides for 
multiple selections using different generic ligands either in 
parallel or in series before or after selection With the target 
ligand. 

[0115] Preferably, the method according to the invention 
further comprises the steps of subjecting the selected 
polypeptide(s) to additional variation (as described herein) 
and repeating steps a) to d). 

[0116] Since the generic ligand, by its very nature, is able 
to bind all library members selected using the generic ligand, 
the method according to the invention further comprises the 
use of the generic ligand (or some conjugate thereof) to 
detect, immobilise, purify or immunoprecipitate any func 
tional member or population of members from the library 
(Whether selected by binding the target ligand or not). 






































































































































