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METHOD OF SCREENING COMPLEX
PROTEIN LIBRARIES TO IDENTIFY
ALTERED PROPERTIES

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This application claims the priority under 35 U.S.C.
§119(e) of U.S. provisional application No. 61/016,333, filed
Dec. 21, 2007, the content of which is incorporated herein by
reference in its entirety.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

[0002] Not applicable.
BACKGROUND OF THE INVENTION
[0003] Current methods for creating mutant proteins in a

library format include methods for generating random librar-
ies such as error-prone polymerase chain reaction (PCR)
(primer or polymerase based), error prone cell lines, combi-
natorial libraries or libraries limited to a smaller number of
positions or a subset of amino acids.

[0004] Random mutagenesis involves randomly distribut-
ing mutations throughout the length of the parental sequence.
The most commonly used random mutagenesis method is
error-prone PCR, which introduces random mutations during
PCR by reducing the fidelity of DNA polymerase. Though
random mutagenesis methods are relatively inexpensive and
easy to set up in the laboratory, only sequence diversity adja-
cent to the parental sequences is identified by random meth-
ods. For example, amino acids changes which require 2 or 3
base pair changes occur less frequently in the population than
those requiring a single change, resulting in incomplete cov-
erage or else requiring much larger libraries to get complete
coverage of all possible changes. Further, due to redundan-
cies in the codon representation (i.e., 64 codons for 20 amino
acids), amino acids with larger codon sets mutate less often,
resulting in biased mutational frequencies when this method
is used.

[0005] Combinatorial libraries involve the synthesis and
display of alarge number of molecules (see, e.g., Rajpaletal.,
Proc. Nat’l Acad. Sci USA 102:8466-8471 (2005); see also
U.S. Pat. No. 5,798,208 and US 2006/0024308). Such a
library can consist of thousands to millions of compounds or
proteins. For example, for a small 50 residue protein, 20°°
different designs are possible. Thus, combinatorial libraries
can be difficult to construct and screen for proteins with the
desired characteristics.

[0006] Other commonly used methods are limited to muta-
tions at a small number of positions or to a subset of amino
acids. However, desirable mutations can be overlooked when
such methods are applied.

[0007] The goal of a simple, non labor intensive method for
determining the effect of all possible amino acid substitutions
for each amino acid in a region or domain of a protein is well
appreciated in the field, but only limited progress has been
made to date. The most significant effort so far is that of Pal et
al. (J. Biol. Chem. 281:22378-22388 (2006)), called “Quan-
titative Saturation Scanning Mutagenesis. This method uses
multiple, very large combinatorial bacteriophage displayed
libraries to completely scan a protein/protein interface. The
design and construction of the libraries requires some prior
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knowledge of the interface, as well as molecular biology
skills beyond the state of the art in most labs.

[0008] The compositions and methods provided herein
address these and other needs by providing methods to
design, construct, and screen protein libraries of a manage-
able size such that the effect of every possible mutation in the
library is determined. A single library can be used to examine
the effect of substitution of all twenty amino acids at each
position in a domain or region of a protein, or even the entire
protein. The library is small, easy to assemble and requires no
prior knowledge of the protein/protein interface.

BRIEF SUMMARY OF THE INVENTION

[0009] Inone aspect, a method of making a library of pro-
teins, the method comprising the steps of: (a) constructing a
library of nucleic acid molecules, each encoding a protein or
portion thereof, the protein or portion thereof containing a
single point mutation in a selected region as compared to a
reference protein, wherein the point mutation is selected from
the group of all twenty naturally occurring amino acids; and
(b) sequencing the nucleic acid molecules encoding the pro-
teins; thereby identifying the single point mutation in each
nucleic acid molecule.

[0010] Inanotheraspect, alibrary ofnucleic acid molecules
encoding proteins or portions thereof, each with a single point
mutation in a selected region, wherein the point mutation is
selected from the group of all twenty naturally occurring
amino acids and wherein the library has less than 10,000
members.

[0011] In another aspect, a library of proteins or portions
thereof, each with a single point mutation in a selected region,
wherein the point mutation is selected from the group of all
twenty naturally occurring amino acids and wherein the
library has less than 10,000 members.

[0012] Inanotheraspect, acell population displaying on the
cell surface a library of proteins or portions thereof, each with
a single point mutation in a selected region, wherein the point
mutation is selected from the group of all twenty naturally
occurring amino acids, and wherein the library has less than
10,000 members.

[0013] In another aspect, an information storage medium
comprising a listing of the amino acid position and frequency
of occurrence of the point mutations generated using the
methods herein.

[0014] Inanother aspect, a method for determining in par-
allel the effect of a large number of single amino acid substi-
tutions in a polypeptide, the method comprising the steps of
(a) constructing a library of nucleic acid molecules encoding
polypeptide variants the differ by only a single amino acid
substitution; (b) transforming a host cell with the library, such
that each cell expresses and displays only a single type of
variant on its surface; (c) contacting the transformed cells
with a target molecule and sorting the cells into subpopula-
tions based on the interaction with the target molecule, such
that the proportion of each variant is either enriched, depleted,
or unaltered in the subpopulation depending on whether the
interaction with the target molecule is enhanced, diminished,
or unaltered in that variant; (d) sequencing the sorted sub-
populations to determine if the frequency of each variant is
enriched, depleted, or unaltered in the subpopulation as com-
pared to the starting population or a different subpopulation;
and (e) analyzing the extent of the depletion or enrichment to
determine the magnitude of the altered interaction with the
target molecule.
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[0015] In another aspect, a method of making a library of
antibody variable domains each with a single point mutation,
the method comprising the steps of: (a) constructing a library
of'less than 10,000 nucleic acid molecules, each encoding an
antibody variable domain, the variable domain containing a
single point mutation in a selected region as compared to a
reference variable domain, wherein the point mutation is
selected from the group of all twenty naturally occurring
amino acids, and wherein NNK codons are used to construct
the point mutations; (b) subcloning the nucleic acid mol-
ecules into vectors comprising an Epstein-Barr virus replica-
tion origin and nuclear antigen, and expressing each nucleic
acid molecule in a mammalian cell, wherein the variable
domain encoded by the nucleic acid is displayed as part of a
full length IgG-transmembrane anchor fusion protein on the
surface of the cell; (c) sorting the cells displaying the fusion
protein using a fluorescently labeled antigen and a fluores-
cently labeled anti-IgG antibody; and (d) sequencing the
nucleic acid molecules encoding the variable domains using
parallel array-based pyrosequencing; thereby identifying the
single point mutation in each nucleic acid molecule.

[0016] In one embodiment, the protein is an antibody. In
another embodiment, the antibody is selected from the group
consisting of IgA, 1gG, and IgM. In another embodiment, the
selected region is selected from the group consisting of a
heavy chain complementarity determining region (CDR), a
light chain CDR, a heavy chain framework (FR) region, a
light chain FR, heavy chain constant region, and light chain
constant region. In another embodiment, the heavy chain
CDR is selected from the group consisting of CDR1, CDR2,
and CDR3. In another embodiment, the light chain CDR is
selected from the group consisting of CDR1, CDR2, and
CDR3. In another embodiment, the heavy chain FR is
selected from the group consisting of FR1, FR2, FR3, and
FR4. In another embodiment, the light chain FR is selected
from the group consisting of FR1, FR2, FR3, and FR4.

[0017] Inoneembodiment, the nucleic acid molecules con-
taining a single point mutation are constructed using NNK
codons. In another embodiment, the protein is displayed on
the surface of the cell. In another embodiment, the cell is a
bacteria cell, a yeast cell, or a mammalian cell. In another
embodiment, the protein is displayed on the surface of the cell
as a transmembrane domain anchor fusion protein. In another
embodiment, the transmembrane domain is from the B7 or
the PDGF protein. In another embodiment, the cells are
sorted using a single selection step. In another embodiment,
the cells are sorted using FACS. In another embodiment, the
cells are sorted using FACS and a fluorescently labeled anti-
gen and a fluorescently labeled anti-IgG antibody. In another
embodiment, the nucleic acid molecule is sequenced using
capillary gel electrophoresis or parallel array-based pyrose-
quencing.

[0018] In one embodiment, the binding affinity of at least
one member of the library is altered as compared to a refer-
ence protein. In another embodiment, said member’s binding
affinity is increased as compared to the reference protein. In
another embodiment, said member’s binding affinity is
decreased as compared to the reference protein. In another
embodiment, said member’s binding affinity is similar when
compared to the reference protein. In another embodiment,
the expression level of at one member of the library is altered
as compared to the reference protein.

[0019] In one embodiment, the library has up to 10,000
members that are screened and sequenced at the same time. In
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another embodiment, the library has up to 5000 members that
are screened and sequence at the same time. In another
embodiment, the library has up to 1000 members that are
screened and sequenced at the same time. In another embodi-
ment, the library has up to 100 members that are screened and
sequenced at the same time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1A illustrates an exemplary embodiment of a
mammalian display vector. FIG. 1B illustrates the mamma-
lian display vector, pYA104, used to

[0021] FIG. 2. Sequences of synthetic genes for D1.3 VH
(A) (SEQ ID NOS 3-4, respectively in order of appearance)
and VL (B) (SEQ ID NOS 5-6, respectively in order of
appearance). Flanking restriction sites NgoMIV and Sacl for
VH; Notl and Xhol for VL) are in italics and underlined.
Translated amino acid sequences are shown in one letter code
below the DNA sequences; the Complementarity Determin-
ing Sequences (CDRs) are underlined in the translated amino
acid sequences.

[0022] FIG. 3. Plasmid map of pYA206-D1.3 for mamma-
lian cell surface display of chimeric D1.3 variable domains
with human C kappa and IgG1 constant domains.

[0023] FIG. 4. FACS ftitration assay of surface displayed
D1.3 and M3 binding to HEL. Fraction bound (% maximum
signal observed for labeled HEL binding to cells) is plotted
vs. concentration HEL used to stain cells. Solid line is wild-
type D1.3, dotted line is mutant M3.

[0024] FIG. 5. FACS sorting of D1.3 VL. and VL point
mutation libraries. The x-axis shows staining with PE-anti-
IgG; the y-axis shows staining with 647-HEL. (A) cells dis-
playing wildtype D1.3, (B-C) cells displaying the D1.3 VH
point mutation library, (D-E) cells displaying the D1.3 VL
point mutation library. Panels C and E show the “expression
gates” used to collect the “expressed population”; panels B
and D show the “sorting gates” used to collect the “sorted
populations™.

[0025] FIG. 6: FACS titration assay of point mutations with
enhanced binding to HEL,

[0026] FIG.7: FACS titration assay of point mutations with
decreased binding to HEL

DETAILED DESCRIPTION OF THE INVENTION

1. GENERAL OVERVIEW

[0027] The invention provides methods of making, design-
ing, constructing, and screening protein (e.g., antibody)
libraries that contain every possible single amino acid substi-
tution at every possible position in a desired region or domain
of the protein. The method is particularly suitable for identi-
fying the effect (good, bad or neutral) of a mutation on an
activity of the protein, e.g, binding affinity, expression levels,
etc. The invention combines the powerful techniques of pro-
tein engineering and massively parallel sequencing to simul-
taneously identify the effect of every possible mutation at
every position of a protein/protein interface, and create a
database of mutations for a given protein.

[0028] Advantages associated with the compositions and
methods of the present invention described herein include,
but are not limited to, the following: (1) the method can be
used for any protein including antibodies; (2) the library is
designed and constructed; (3) the library is of a manageable
size; (4) the display system can use mammalian cells as well



US 2013/0338038 Al

as yeast or bacterial cells; (5) a single round of sorting can be
used; (6) the method identifies all mutations such as better,
worse, or neutral mutations (e.g., binding affinity or expres-
sion level); (7) the method enables the use of massively par-
allel sequencing techniques; (8) provides a quantitative esti-
mate of the magnitude of the effect on binding (estimate of
binding affinity); (9) and the method enables screening and
sequencing of a large number of mutants (50-10,000) at the
same time.

[0029] In one embodiment, the invention can be used to
determine the effect of every possible point mutation within a
selected region of an antibody, such as the CDR. By assessing
the effects of mutating each residue to each of the remaining
nineteen amino acids, it will be possible to select antibody
variants that possess a number of features that are desirable
for improving the antibody’s therapeutic or manufacturing
potential, e.g., improved affinity, improved expression,
altered cross reactivity, or improved stability. In another
example, effect of mutation on antibody constant regions and
interaction with Fc receptor can be examined. A data base is
created showing the effect (good, bad, neutral) of each amino
acid at each position in the selected region of the antibody for
a particular antibody trait. For example, neutral mutations
that do not affect binding can be used to remove potentially
immunogenic sequences or sequences that are problematic
for manufacture. In another example, bad mutations, e.g.,
those that reduce antigen binding, are important in providing
information on areas of the antibody that should not be
altered. By providing information on the impact of all pos-
sible variants of a region such as the antibody recognition site,
it is possible to combine mutations to generate an antibody
with preferred and enhanced therapeutic capabilities.

[0030] In another example, the generation of antibodies to
a therapeutic antibody candidate can adversely impact the
effectiveness of the therapeutic by neutralizing its activity or
by leading to a faster clearance of the therapeutic antibody.
Anti-drug antibodies can be an issue, even with the less
immunogenic humanized antibodies or fully human antibod-
ies. Most of the neutralizing antibodies that occur are gener-
ated against regions closely associated with the antigen com-
bining site. It can be detrimental to alter any immunogenic
epitope identified in these regions because of the high likeli-
hood of negatively impacting the binding of the therapeutic
antibody to its antigen. Data generated using the invention
will readily allow for the identification of those residues that
can be altered without impacting binding to antigen and will
provide information as to which amino acids can be suitably
substituted. By examining a number of possible replacements
it is likely that a less immunogenic sequence can replace the
original with no loss of binding to antigen but with improve-
ment to the therapeutic antibody (as measured by lower
immunogenic potential).

[0031] A number of other favorable changes could be
envisaged on an antibody by antibody basis. Occasionally
residues within an antibody can impact the manufacturing
process, for example, if the sequence is prone to enzymatic
cleavage or some other post-translational modification. Again
the complete data provided by the invention will allow for
selection of variants that retain similar binding properties to
the parent antibody but with specific changes that remove
“problem” residues.

[0032] The invention provides a system that will allow
researchers to understand the contribution of each and every
amino acid with the area of a protein that they wish to exam-
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ine. While certain embodiments herein have focused on the
antibody combining site the method could be applied to any
region of a protein of interest including the Fc region of an
antibody that interacts with Fc receptors and with proteins of
the complement cascade, and non-antibody protein therapies
such as Fc-fusion proteins.

II. DEFINITIONS

[0033] Itisto be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only and are not restrictive of the com-
positions and methods described herein. In this application,
the use of the singular includes the plural unless specifically
stated otherwise. Also, the use of “or”” means “and/or” unless
stated otherwise. Similarly, “comprise,” “comprises,” “com-
prising,” “include,” “includes,” “including” are not intended
to be limiting.

[0034] As used herein, the following terms and phrases are
intended to have the following meanings:

[0035] The term “gene” is used broadly to refer to any
segment of DNA associated with a biological function. Thus,
genes include coding sequences and/or the regulatory
sequences required for their expression. Genes also include
non-expressed DNA segments that, for example, form recog-
nition sequences for other proteins.

[0036] The term “polynucleotide” or “nucleic acid” as used
interchangeably herein refer to a polymeric molecule having
a backbone that supports bases capable of hydrogen bonding
to typical polynucleotides, where the polymer backbone pre-
sents the bases in a manner to permit such hydrogen bonding
in a sequence specific fashion between the polymeric mol-
ecule and a typical polynucleotide. Such bases are typically
inosine, adenosine, guanosine, cytosine, uracil and thymi-
dine. Polymeric molecules include double and single
stranded RNA and DNA, and backbone modifications
thereof. The term nucleic acid is used interchangeably with
gene, cDNA, and mRNA encoded by a gene.

[0037] The terms “polypeptide,” “peptide,” and “protein”
are used interchangeably herein to refer to a polymer of amino
acid residues. The terms apply to amino acid polymers in
which one or more amino acid residue is an artificial chemical
analogue of a corresponding naturally occurring amino acid,
as well as to naturally occurring amino acid polymers.
[0038] Amino acids may be referred to herein by either
their commonly known three letter symbols or by the one-
letter symbols recommended by the IUPAC-IUB Biochemi-
cal Nomenclature Commission. Nucleotides, likewise, may
be referred to by their commonly accepted single-letter codes.
[0039] Theterm “antibody” or “immunoglobulin” refers to
a protein consisting of one or more polypeptides substantially
encoded by immunoglobulin genes. Antibodies are generally
described in, for example, Harlow & Lane, Antibodies: A
Laboratory Manual (Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, N.Y., 1988).

[0040] The term “complementarity determining region,”
“CDR,” or “hypervariable region” refers to a short amino acid
sequence found in the variable regions of an antibody that
complements an antigen and therefore provides the antibody
with its specificity for that particular antigen. CDRs typically
show dramatic changes in amino acid sequence when anti-
bodies of different specificity are compared. Generally, the
variable region of each light chain contains three CDRs (i.e.,
light chain CDR1, CDR2, and CDR3). Similarly, the variable
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region of each heavy chain contains three CDRs (i.e., heavy
chain CDR1, CDR2, and CDR3).

[0041] The term “framework region” or “FR” refers to a
short amino acid sequence found in the variable regions of an
antibody that separate the CDRs from one another. The FRs
typically have a fairly conserved amino acid sequence and
form a beta-sheet structure which serves as a scaffold to hold
the CDRs in position to contact the antigen. Generally, the
variable region of each light chain contains four FRs (i.e.,
light chain FR1, FR2, FR3, and FR4). Similarly, the variable
region of each heavy chain contains four FRs (i.e., heavy
chain FR1, FR2, FR3, and FR4).

[0042] An “antigen” is an entity to which an antibody spe-
cifically binds.
[0043] The term “binding affinity” refers to the strength of

the binding of a single antigen-combining site with an anti-
genic determinant. Binding affinity depends on the closeness
of stereochemical fit between antibody combining sites and
antigen determinants, on the size of the area of contact
between them, on the distribution of charged and hydropho-
bic groups, etc.

[0044] The term “library” refers to a mixture of heteroge-
neous polypeptides or nucleic acids. The library is composed
of members, which have a single polypeptide or nucleic acid
sequence. Sequence differences between library members 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 organisms or cells, for
example, bacteria, viruses, animal or plant cells and the like,
transformed with a library of nucleic acids. Preferably, each
member of the library contains only a single point mutation at
each position, wherein the point mutation can correspond to
up to 20 different amino acids at that position. Preferably,
each individual organism or cell contains only one member of
the library. Advantageously, the nucleic acids are incorpo-
rated 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.

[0045] The term “screening” refers to the process in which
one or more properties of one or more proteins is determined.
For example, typical screening processes include those in
which one or more properties of one or more members of one
or more libraries is/are determined.

[0046] Generally, the nomenclature used herein and the
laboratory procedures in molecular biology, cell culture, and
nucleic acid chemistry described below are those well known
and commonly employed in the art. Practitioners are directed
to Sambrook et al., Molecular Cloning: A Laboratory Manual
(Cold Spring Harbor Press, Plainview, N.Y., 2nd ed. 1989)
and Current Protocols in Molecular Biology, Vols. 1-3 (Vir-
ginia Benson Chanda ed., John Wiley & Sons, 1994-1998) for
definitions, terms of art, and standard methods known in the
art of biochemistry and molecular biology. It is understood
that this invention is not limited to the particular methodol-
ogy, protocols, and reagents described, as these may be varied
to produce the same result.
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III. PROTEINS AND PROTEIN ENGINEERING
METHODS

[0047] A. Proteins

[0048] The invention encompasses designed and con-
structed libraries of proteins as well as nucleic acid libraries
encoding such protein molecules. Proteins suitable for use in
accordance with the present compositions and methods can
be full length proteins or fragments thereof (e.g., such as
regions and domains). In general, proteins or polypeptides for
the invention can be of any length, e.g., greater than about 10
amino acids, greater than about 20 amino acids, greater than
about 50 amino acids, greater than about 100 amino acids,
greater than about 200 amino acids, greater than about 300
amino acids, and up to about 500 or 1000 or more amino
acids.

[0049] The proteins of the invention can be made up of
naturally occurring amino acids and peptide bonds, or syn-
thetic structures. Thus, “amino acid” or “peptide residue” as
used herein can mean both naturally occurring and synthetic
amino acids. Typically, naturally occurring amino acids are
used. Proteins can also be expressed endogenously or recom-
binantly. Preferably, the protein is expressed recombinantly.

[0050] Classified by the source, the proteins of the inven-
tion can originate from any organism such as, for example,
bacteria, viruses, protozoa, fungi, plants, and animals. The
proteins can also be derived from any tissue, cell, or organelle
of any organism. In addition, by way of example, and not
limiting, the proteins of the invention can be membrane
bound, secreted, intracellular, extracellular, cytoplasmic, or
nuclear proteins.

[0051] Classified by biological function, the proteins of the
invention include, but are not limited to: (1) enzymes, which
are responsible for catalyzing the thousands of chemical reac-
tions of the living cell; (2) structural or support proteins such
as keratin, elastin, and collagen; (3) hemoglobin and other gas
transport proteins; (4) ovalbumin, casein, and other nutrient
molecules; (5) protein hormones, which regulate metabo-
lism; (6) proteins that perform mechanical work such as actin,
myosin, and other contractile muscle proteins; (7) proteins
involved in replication such as polymerase and helicase; (8)
protein receptors and ligands; and (9) antibodies, which are
molecules of the immune system that defend the body against
foreign agents such as, e.g., bacteria, fungi, and viruses.

[0052] In general, suitable genes to be mutated include
cytokines, lymphokines, growth factors, mitogenic factors,
chemotactic factors, onco-active factors, receptors, potas-
sium channels, G-proteins, and signal transduction mol-
ecules. Specific genes include EPO, GATA, interleukin fam-
ily proteins, GM-CSF, MyoD, -eutrophin, and fetal
hemoglobins gamma and delta VEGF, CCRS5, ERa, Her2/
Neu, Tat, Rev, HBV C, S, X, and P, LDL-R, PEPCK, CYP7,
Fibrinogen, ApoB, Apo E, Apo(a), renin, NF-kB, I-«B, TNF-
a, FAS ligand, amyloid precursor protein, atrial naturetic
factor, ob-leptin, ucp-1, IL-1, IL.-2, IL.-3, IL-4, IL-5, IL-6,
IL-12, G-CSF, GM-CSF, Epo, PDGF, PAF, p53, Rb, fetal
hemoglobin, dystrophin, eutrophin, GDNF, NGF, 1GF-1,
VEGF receptors fit and flk, topoisomerase, telomerase, bcl-2,
cyclins, angiostatin, IGF, ICAM-1, STATS, c-myc, c-myb,
TH, PTI-1, polygalacturonase, EPSP synthase, FAD2-1,
delta-12 desaturase, delta-9 desaturase, delta-15 desaturase,
acetyl-CoA carboxylase, acyl-ACP-thioesterase, ADP-glu-
cose pyrophosphorylase, starch synthase, cellulose synthase,
sucrose synthase, senescence-associated genes, heavy metal



US 2013/0338038 Al

chelators, fatty acid hydroperoxide lyase, viral genes, proto-
zoal genes, fungal genes, and bacterial genes.

[0053] B. Protein Engineering Methods

[0054] The invention encompasses methods of designing
and engineering proteins. Protein design is a rational design
technique used in protein engineering and can be (1) the
design of new protein molecules from scratch, or (2) the
deliberate design of a new molecule by making calculated
variations based on detailed knowledge of the sequence,
structure or function of the protein. A second technique used
in protein engineering is “directed evolution™ such as in vitro
protein evolution. Typically, direct evolution involves ran-
dom mutagenesis of a protein and a selection regime for
selecting variants that have the desired qualities. Further
rounds of mutation and selection can be applied. Rational
design and directed evolution techniques are not mutually
exclusive. Preferably, both techniques are applied, in which
targeted mutagenesis or calculated variations on a protein is
made and a selection scheme is applied. An additional tech-
nique used in protein engineering can be “DNA shuffling.”
This technique mixes and matches pieces of successful vari-
ants to produce variants that have the desired qualities. The
DNA shuffling technique mimics recombination that occurs
naturally during sexual reproduction. Likewise, this tech-
nique can be applied in conjunction with either or both of the
rational design technique or the directed evolution technique.
[0055] The library display formats and methodologies use-
ful in screening, identifying, and isolating engineered pro-
teins are discussed in detail in Section VI.

[0056] The invention provides that any amino acid residue
at any position or all positions of the protein can be mutated
into any of the amino acid residues different from the original.
In an embodiment, specific amino acid residues in a protein
sequence that are predicted to impact a desired biological
activity can be mutated. For example, any amino acid sus-
pected to be involved in protein/protein interactions can be
mutated.

IV. ANTIBODIES

[0057] The invention comprises designed and constructed
antibody libraries. Antibody refers to a polypeptide ligand
substantially encoded by an immunoglobulin gene or immu-
noglobulin genes, or fragments thereof, which specifically
bind and recognize an epitope (e.g., an antigen). Different
classes of antibodies include, e.g., IgG, IgM, and IgA. Anti-
bodies are structurally defined by the interaction of two forms
of polypeptide, one termed a “light chain” and the other
termed a “heavy chain”. The amino-terminal portion of each
chain includes a variable region of about 100 to 110 or more
amino acids primarily responsible for antigen recognition.
The carboxyl-terminal portion of each chain defines a con-
stant region primarily responsible for effector function.
Within light and heavy chains, the variable and constant
regions are joined by a “J” region of about 12 or more amino
acids, with the heavy chain also including a “D” region of
about 10 more amino acids. See, e.g., Fundamental Immu-
nology, Ch. 7 (Paul, W., ed., 2nd ed., Raven Press, N.Y.,
1989).

[0058] The variable regions of each light’/heavy chain pair
form the antibody binding site. Thus, an intact antibody has
two binding sites. Except in bifunctional or bispecific anti-
bodies, the two binding sites are the same. The chains all
exhibit the same general structure of relatively conserved
framework regions (FR) joined by three hypervariable
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regions, also called complementarity determining regions
(CDRs). The CDRs from the two chains of each pair are
aligned by the framework regions, enabling binding to a
specific epitope. From N-terminal to C-terminal, both light
and heavy chains comprise the domains FR1, CDR1, FR2,
CDR2,FR3, CDR3, and FR4. The assignment of amino acids
to each domain is in accordance with the definitions of Kabat,
Sequences of Proteins of Immunological Interest (National
Institutes of Health, Bethesda, Md., 1987 and 1991); Chothia
& Lesk, 1987, J. Mol. Biol., 196:901-917; and Chothia et al.,
1989, Nature, 342:878-883.

[0059] As defined herein, an “intact” antibody comprises
the “basic structural unit” of an antibody, which is a tetramer
and consists of two identical pairs of immunoglobulin chains,
each pair having one light and one heavy chain. The term
“antibody,” as used herein, also includes antibodies modified
using recombinant DNA methodologies, polyclonal antibod-
ies, monoclonal antibodies, chimeric antibodies, humanized
antibodies, or single chain antibodies.

[0060] Generally, each light chain and each heavy chain is
encoded in a separate transcriptional unit, or gene. The rec-
ognized immunoglobulin genes include the kappa and
lambda light chain constant region genes, the alpha, gamma
(IgG1, IgG2, 1gG3, I1gG4), delta, epsilon, and mu heavy chain
constant region genes, and the myriad immunoglobulin vari-
able region genes. The polynucleotides used in the mamma-
lian display vectors can encode any of the recognized immu-
noglobulin genes, as well as the myriad immunoglobulin
variable V region genes.

[0061] Examples of suitable sources for immunoglobulin
genes include, but are not limited to, humans, primates,
rodents (e.g., rat, mouse, hamster, guinea pig, etc.), non-
rodents such as sheep, donkey, goat, horse, cow, pig, chicken,
llama, camel, dog, cat, rabbit, fish, and birds. In addition to
immunoglobulins obtained from various organisms, variant
forms of known antibodies can be used, including humanized,
chimeric, and monoclonal antibodies. Further, the immuno-
globulin molecules or antibodies of the invention can be of
any type (e.g., IgG, IgE, IgM, IgD, IgA, and IgY), class (e.g.,
1gG1, 1gG2, 1gG3, 1gG4, IgAl, and IgA2), or subclass of
immunoglobulin molecule.

[0062] Antibodies suitable for use in accordance with the
present compositions and methods can be intact antibodies or
antibody fragments. Typically, the antibodies of the invention
are intact antibodies of any antigen binding specificity. Pref-
erably, antibodies of the invention are specific to antigens that
are biologically important polypeptides. More preferably, the
antibodies of the invention are useful for therapy or diagnosis
of diseases or disorders in a mammal. The antibodies or
antibody fragments obtained according to the present inven-
tion are particularly useful as therapeutic agents such as
blocking antibodies, antibody agonists, or antibody conju-
gates.

[0063] The invention provides that any amino acid residue
at any or all positions of an antibody can be mutated into an
amino acid that is different from the original amino acid
located at that position, e.g., as compared to a reference
protein. For example, any amino acid residue at any or all
positions of one or more of the complementarity determining
regions (CDRs) or framework regions (FR) can be mutated.
As a further example, any amino acid residue of the constant
regions within the Fc portion of the antibody can be mutated.
Thus, the invention provides a method to alter or retain the
binding affinity or expression level of antibodies comprising
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replacing amino acids of the variable domain heavy and/or
light chain. In some embodiments, the amino acid substitu-
tions are in a CDR of the heavy chain. In other embodiments,
the amino acid substitutions are in a CDR of the light chain. In
other embodiments, the amino acid substitutions areina CDR
of' both the heavy and light chain. In some embodiments, the
amino acid substitutions are in a FR of the heavy chain. In
other embodiments, the amino acid substitutions are in a FR
of'the light chain. In some other embodiments, the amino acid
substitutions are in a FR of both the heavy and light chain. In
some embodiments, the amino acid substitutions are in a
constant region of the heavy chain. In other embodiments, the
amino acid substitutions are in a constant region of the light
chain. In certain other embodiments, the amino acid substi-
tutions are in a constant region of both the heavy and light
chain.

V. LIBRARY DESIGN AND CONSTRUCTION

[0064] Library design can be targeted or random or a com-
bination of both. In the targeted method (also known as ratio-
nal design), specific amino acid residues or groups of amino
acid residues are identified based on the prior knowledge of
the protein. In the random method, no prior knowledge of the
protein is required. Amino acids are randomly mutated at
each position. In the method that combines both the targeted
and random methods, a specific region within the protein is
identified as the target and within that region, some or all of
the amino acid residues are randomly mutated.

[0065] For methods that include targeted design, the prior
identification of the amino acid or DNA sequence encoding
the protein or a fragment thereof is preferable. A set of syn-
thetic DNA fragments can be designed and constructed,
which encode the wild type parental protein and all possible
single amino acid variants. As a non-limiting example, “ran-
domized NNK codons” can be used as described herein to
generate the single amino acid variants, where “N” refers to
any base (e.g., A, C, G, or T) and “K” refers to either G or T.
The NNK randomization scheme can encode 32 different
codons covering all 20 naturally occurring amino acids.
Amino acid residues at each position of the protein can be
mutated to any one of the 20 amino acids that is different than
the wild type amino acid at the same position, resulting in
single amino acid point mutation along the protein. The end
result is a protein variant library encompassing groups of
multiple proteins having one residue that varies from member
to member in the library. The overall complexity of the library
can be between about 50-10,000 members (e.g., 50, 100, 500,
1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500, 5000, 5500,
6000, 6500, 7000, 7500, 8000, 8500, 9000, 9500, or 10,000
members), between about 1000-5000 members, or about
1000 members, based on the number of amino acids targeted
for mutation. Irrespective of the size and complexity of the
library, the methods described herein allow simultaneous
screening and simultaneous sequencing of all the members of
the library.

[0066] In the case of designing antibody libraries, the
sequence of the antibody can be first identified by methods
known in the art. Some embodiments include identification of
the sequence of the entire intact antibody. Other embodiments
include identification of only the sequence of the heavy or
light chain. Based on the particular purpose of the library,
some embodiments can include only the constant region
while other embodiments can include identification of only
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the sequence of the antibody variable heavy (V) and variable
light (V) domains or other regions of the antibody.

[0067] As anon-limiting example, to identify specific anti-
body variants with altered (i.e., increased or decreased) or
similar binding affinity compared to the wild type parental or
reference antibody, the amino acid residues in the comple-
mentarity determining regions (CDRs) are potential targets
for mutation since they are known to be responsible for anti-
gen binding and affinity. Typically, about 50 to 60 CDR amino
acid positions can be considered and identified for mutation.
A set of synthetic DNA fragments can be designed and con-
structed, which encode for wild type parental V; or V; and all
possible single amino acid antibody variants. The random-
ized NNK codons described above can be used to generate the
single amino acid antibody variants. Thus, amino acid resi-
dues at each position within the CDR can be mutated, result-
ing in single amino acid point mutations along the selected
CDR region. The end result is antibody variant libraries that
are groups of multiple antibodies having one residue that
varies from member to member in the library. In this example,
the library has 1000 members, where each of the 50 to 60
CDR amino acid positions in the selected region is substituted
with one of the 20 naturally occurring amino acids (i.e.,
50x20=1000).

[0068] As another example, to identify specific antibody
variants with altered (i.e., increased or decreased) or similar
expression level compared to the wild type parental or refer-
ence antibody, a similar method using the NNK codons
described above can be applied to mutate amino acid residues
in other regions of the antibody including, but not limited to,
the framework regions (FR), the constant regions, the hinge
regions, and combinations thereof.

[0069] Methods to construct the synthetic DNA fragments
include, without limitation, the use of PCR splice reactions or
any method performed by commercial gene synthesis com-
panies. The synthetic DNA fragments can also be constructed
using PCR stitching (i.e., fusion-PCR) as described in, e.g.,
Cassata et al., 1998, Gene, 212:127-135; and Hobert, 2002,
Biotechniques, 32:728-730. In some embodiments, the syn-
thetic DNA fragments can be constructed by a commercial
gene synthesis company.

[0070] The generated synthetic DNA fragments can be sub-
cloned (and pooled before or after subcloning) into an appro-
priate vector for display and sorting by methods known in the
art.

VI. LIBRARY DISPLAY FORMATS AND
METHODOLOGIES

[0071] The invention provides library display formats and
methodologies useful in screening, identifying, and isolating
engineered proteins (e.g., engineered antibodies) for molecu-
lar recognition applications. Library display formats and
methodologies include, but are not limited to, nRNA display,
ribosome or polysome display, phage display, eukaryotic
virus display, bacterial display, yeast display, and mammalian
display. See, e.g., Mattheakis et al., 1994, Proc. Natl. Acad.
Sci. USA, 91(19): 9022-9026; Scott et al., (1990) Science,
249(4967):386-390; Lowman et al., (1991) Biochem.,
30(45):10832-10838; Wilson et al., (2001) Proc. Natl. Acad.
Sci. US4, 98(7):3750-3755; Shusta et al., 1999, Curr. Opin.
Biotech., 10(2):117-122; Boder et al., 1997, Nature Biotech.,
15(6):553-557. The display technologies also encompass cell
surface displays in the aforementioned systems. In one
embodiment, the display system and vector are described in
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U.S. Ser. No. 60/984,650 and PCT US2007/083350, each
herein incorporated by reference in their entirety.

[0072] Inoneembodiment, mRNA display and ribosome or
polysome display can be used. Typically, these techniques are
used to perform in vitro protein evolution to create protein
molecules that can bind to a desired ligand. The process
results in translated proteins that are associated with their
mRNA progenitor via a puromycin linkage, and can be used
as a complex to bind to an immobilized ligand in a selection
step such as affinity chromatography. The mRNA-protein
fusions that bind well are then reverse transcribed to cDNA
and their sequence amplified via polymerase chain reaction
(PCR). The end result is a nucleotide sequence that encodes
proteins which tightly bind molecules of interest (see, e.g.,
Keefe et al., 2001, Nature, 410:715-718; Shen et al., 2005,
Proc. Natl. Acad. Sci. US4, 102:5969-5974; Lipovsek et al.,
2004, J. Imm. Methods, 290:51-67).

[0073] Inanother embodiment, phage display can be used.
Phage display is atechnique, similar to the two hybrid system,
to screen for protein interactions by integrating multiple
genes from a gene bank into phage (see, e.g., Sidhu et al.,
2000, Methods Enzymol., 328:333-363). Bacterial display or
bacterial surface display is a protein engineering technique
used for in vitro protein evolution by displaying libraries of
polypeptides on the surface of bacteria and screened using
techniques such as flow cytometry as discussed herein.
[0074] In yet another embodiment, yeast display library,
which is a technique to isolate ligands against receptors
through directed evolution, can be used. In brief, a protein of
interest is displayed as a fusion to the Aga2p protein on the
surface of yeast. The Aga2p protein is naturally used by yeast
to mediate cell-cell contacts during yeast cell mating. As
such, display of a protein via Aga2p projects the protein away
from the cell surface, minimizing potential interactions with
other molecules on the yeast cell wall. (See, e.g., Boderet al.,
2000, Proc. Natl. Acad. Sci. USA, 97(20):10701-10705.)
[0075] Ina preferred embodiment, mammalian cell surface
display is used. Such display is designed so that the entire
process is conducted in mammalian cells, thereby ensuring
proper folding and posttranslational modification of the
expressed proteins. In one embodiment, the methods and
vectors described in PCT/US2007/083350, herein incorpo-
rated by reference in its entirety, can be used.

[0076] The mammalian cell surface display system
includes self-replicating vectors and mammalian cells. Self-
replicating mammalian vectors typically comprise: (1) a self-
replicating origin of replication; (2) at least one eukaryotic
promoter; (3) aremovable transmembrane domain; (4) a light
chain constant region; (5) a heavy chain constant region; (6)
restriction sites for the insertion of light and heavy chain
variable regions; (7) an internal ribosome entry site (IRES);
and (8) at least one selectable marker. In addition, the vectors
can comprise a prokaryotic origin of replication, a transcrip-
tional terminator, a polyadenylation signal and/or leader
sequences, as well as other sequences necessary for expres-
sion in eukaryotic host cells.

[0077] The self-replicating mammalian display vectors can
be linear or circular, single or double-stranded. The vectors
are generally within the size range of about 1-100 kb, but
typically are between 1-10 kb, 10-20 kb, 20-30 kb, 30-40 kb,
40-50kb, 50-60kb, 60-70 kb, 70-80 kb, 80-90 kb, and 90-100
kb.

[0078] The mammalian display vectors for use in the com-
positions and methods described herein typically comprise a
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portion of a virus genomic DNA or cDNA that encodes an
origin of replication (ori) required for the vectors to be self-
replicating. In addition, the vectors can contain one or more
genes encoding viral proteins that are required for replication,
i.e., replication factors. Alternatively, the replication factors
can be expressed in trans on another vector in the cell or from
the genomic DNA of the host cell.

[0079] Insomeembodiments, the viral origin of replication
is the oriP of Epstein-Barr virus (EBV) and the replication
protein factor is the trans-acting EBNA-1 protein or a variant
thereof. EBNA-1 can be expressed on the episomal display
vector carrying oriP, on another vector present in the cell, or
from an EBNA-1 gene in the genomic DNA of the host cell.
The oriP from EBV is described, e.g., in Yates et al., 1985,
Nature, 313:812-815; Sugden et al., 1985, Mol. Cell Biol.,
5:410-413; Margolskee et al., 1988, Mol. Cell Biol., 8:2837-
2847; and Chittenden et al., 1989, J. Virol, 63:3016-3025.
FIG. 1A illustrates an exemplary EBV-based episomal vector
suitable for use in the compositions and methods described
herein comprising the OriP region of EBV and the EBNA-1
gene of EBV.

[0080] Inother embodiments, the mammalian display vec-
tors comprise the replication functions of the papilloma fam-
ily of virus including, but not limited to, bovine papilloma
virus (BPV) and human papilloma virus (HPV). BPV and
HPV can persist as stably maintained plasmids in mammalian
cells. Two trans-acting factors encoded by BPV and HPV,
namely El and E2, or variants thereof are sufficient for sup-
porting replication in many mammalian cells (see, e.g., Ustav
etal,, 1991, EMBO J,, 10:449-457; Ustav et al., 1991, EMBO
J., 10:4231-4329; Ustav et al., 1993, Proc. Natl. Acad. Sci.
USA4, 90:898-902; Piirsoo etal., 1996, EMBO J., 15:1-11;and
PCT Publication No. WO 94/12629).

[0081] In further embodiments, the mammalian display
vectors can be derived from a human papovavirus BK
genomic DNA molecule. For example, the BK viral genome
can be digested with restriction endonucleases EcoRI and
BamHI to produce a fragment that contains the BK viral
origin of replication sequences that can confer stable main-
tenance on vectors (see, e.g., De Benedetti et al., 1991,
Nucleic Acids Res., 19:1925-1931), as can a 3.2 kb fragment
of the BK virus (see, e.g., Cooper et al., 1993, Human Gene
Therapy, 4:557-566).

[0082] Typically, the mammalian display vectors include
one or more promoters and/or enhancers capable of directing
the expression of the polynucleotide sequences in the various
cell types used in the compositions and methods described
herein. The promoters can be constitutive, tissue-specific,
inducible, and/or useful under the appropriate conditions to
direct expression of the introduced polynucleotide sequence
(s). The promoters can be heterologous or endogenous. Pro-
moters suitable for use in the compositions and methods
described herein include, but are not limited to, the cytome-
galovirus (CMV) promoter, the simian virus 40 (SV40) early
or late promoters, the mouse mammary tumor virus (MMTV)
promoter, the human immunodeficiency virus (EV) long ter-
minal repeat (LTR) promoter, the Maloney virus promoter,
the avian leukemia virus promoter, the Epstein-Barr virus
immediate early promoter, the Rous sarcoma virus promoter,
the actin promoter, the myosin promoter, the hemoglobin
promoter, the EF-1 alpha promoter, and/or the muscle creat-
ine promoter.

[0083] FIG. 1A illustrates an exemplary embodiment in
which two promoters, SV40 and CMYV, are included in the
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mammalian display vector. In the embodiment illustrated in
FIG. 1A, the SV40 promoter is used to direct the expression
of a polynucleotide sequence encoding the puromycin drug
resistance gene. The CMV promoter is used to direct the
expression of genes such as those encoding immunoglobulin
light and heavy chains.

[0084] In certain embodiments, the transmembrane
domains used to tether and display tetrameric immunoglobu-
lin molecules on the cell surface can be any transmembrane
domain capable of removal via enzymatic, chemical, or pho-
tolytic cleavage. In some embodiments, the transmembrane
domain is flanked by cleavage sites that are recognized and
cleaved by a cleaving enzyme. For example, the cleaving
enzyme can be a lipase, an esterase, a phosphatase, a glycosi-
dase, or a carboxypeptidase. In some embodiments, the trans-
membrane domain comprises an oligonucleotide or oligo-
nucleotide analog having a sequence that is recognized and
cleaved by a nuclease such as a ribonuclease (RNase) or a
deoxyribonuclease (DNase). In some embodiments, the
transmembrane domain comprises a peptide or peptide ana-
log that is recognized and cleaved by a protease.

[0085] Insome embodiments, mRNA splicing can be used
to produce immunoglobulins with or without the transmem-
brane domain (see, e.g., U.S. Ser. No. 60/984,650, herein
incorporated by reference in its entirety).

[0086] In other embodiments, the transmembrane domain
is flanked by recombinase recognition sites that are recog-
nized by a recombinase. As used herein, the term “recombi-
nase” refers to enzymes that catalyze a site-specific recombi-
nation event between two nucleic acid sequences. These
enzymes include recombinases, transposases, and integrases.
The site where this recombination event occurs is termed a
“recombinase recognition site” and is comprised of inverted
palindromes separated by an asymmetric sequence.
Examples of recombinase recognition sites include, but are
not limited to, lox sites, att sites, dif sites and frt sites. For
reviews of recombinases, see, e.g., Sauer, 1994, Curr. Opin.
Biotech., 5:521-527; Landy, 1993, Curr Opin. Biotech.,
3:699-707; Sadowski, 1993, FASEB, 7:760-767; and U.S.
Patent Publication No. 20040115814.

[0087] FIG. 1A illustrates an exemplary embodiment in
which the transmembrane domain is designed to be remov-
able by digestion with Clal and BstBI for efficient conversion
between membrane-bound and soluble immunoglobulin
molecules. Fusion of the transmembrane domain to the 3'
terminus of the heavy chain constant region allows the immu-
noglobulins to be anchored and displayed on the cell surface
without loss of their antigen-binding characteristics. The abil-
ity to remove the transmembrane domain allows the conver-
sion of the membrane-bound immunoglobulin fusion protein
to a soluble form, enabling the use of affinity binding assays
and biological assays to characterize the functional properties
of the isolated immunoglobulins. The cleaving and removal
of the membrane tether in the vector can be done on isolated
plasmids in vitro or by introducing restriction endonucleases
into the cells)

[0088] Although the vector in FIG. 1A uses Clal and BstBI,
one of skill in the art will appreciate that other restriction
endonucleases can be used, provided that the restriction endo-
nucleases produce compatible ends. Examples of pairs of
enzymes that can be used to produce compatible ends include,
but are not limited to, BamHI/BglIl, Xhol/Sall, NgoMIV/
PinAl/BspEI and Nhel/Spel/Xbal.
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[0089] Accordingly, transmembrane domains for use in the
compositions and methods described herein can be derived
from type I, type 11, and type IIl membrane proteins (see, e.g.,
Chesnut et al., 1996, J. Imm. Methods, 193:17-27; Wahlberg
etal., 1997, J. Cell Biol., 137:555-562; Liao, 2001, Biotech.
and Bioeng., 73:315-323; and U.S. Pat. Nos. 5,264,357 and
6,686,168). The transmembrane domains described herein
can be used to produce immunoglobulin-transmembrane
domain fusion proteins comprising full length antibodies
(e.g., IgG) or fragments thereof which are tethered to and
displayed on the surface of cells expressing the fusion pro-
teins.

[0090] Transmembrane domains that are particularly use-
ful in the compositions and methods described herein include,
but are not limited to, a platelet derived growth factor receptor
(PDGF-R) transmembrane domain (see, e.g., Chesnut et al.,
1996, J. Imm. Methods, 193:17-27), a B7-1 transmembrane
domain (see, e.g., Chou et al., 1999, Biotech. & Bioeng.,
65(2):160-169), and an asialoglycoprotein receptor (AS-
GPR) transmembrane domain (see, e.g., Liao, 2001, Biotech.
& Bioeng., 73:313-323). In some embodiments, the cell sur-
face tether domain refers to a GPI signal sequence which
directs anchoring of the immunoglobulin to the cell-surface
via a glycosidylphosphatidylinositol (GPI) linker (see, e.g.,
Medof et al., 1987, Proc. Natl. Acad. Sci. USA, 84:2007-
2011; and U.S. Pat. Nos. 5,109,133 and 5,264,357). In certain
instances, the GPI signal sequence is from human decay-
accelerating factor (DAF). In other embodiments, the cell
surface transmembrane domain anchor is from an immuno-
globulin protein.

[0091] The mammalian display vectors described herein
can be used to display any kind of protein. In a preferred
embodiment, the vectors can be used to display intact anti-
bodies, although antibody fragments such as, e.g., Fc, Fab',
F(ab)',, and single chain Fv, can also be displayed.

[0092] In the case of antibodies, the cloning sites for the
heavy and light chain constant and variable regions can be
flanked by symmetrical or non-symmetrical restriction endo-
nuclease recognition sequences. By “symmetrical” herein is
meant that the restriction endonuclease cleaves within a pal-
indromic DNA sequence. Accordingly, in some embodi-
ments, the heavy and light chain constant and variable regions
are flanked by symmetrical restriction endonuclease recogni-
tion sequences. Typically, the cloning sites on either side of
the heavy and light chain constant and variable regions com-
prise two different restriction endonuclease recognition
sequences. Examples of suitable pairs of restriction endonu-
cleases for use in the compositions and methods described
herein include, but are not limited to, NgoMIV/Notl, Notl/
Xhol, and NgoMIV/Sacl.

[0093] Insome embodiments, non-symmetrical restriction
endonuclease recognition sites are used for the insertion of
heavy and light chain constant and variable regions. “Non-
symmetrical  restriction  endonuclease  recognition
sequences” are sequences that are not identical to each other,
but that can be cleaved by the same restriction endonuclease,
such that the single-stranded ends formed by cleaving both
restriction endonuclease recognition sequences with the same
restriction endonuclease are neither complementary to each
other nor self-complementary. Examples of non-symmetrical
restriction endonuclease recognition sequences that can be
used in the compositions and methods described herein
include BstX1 and Sfil (see, e.g., U.S. Pat. No. 5,595,895).
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[0094] In the exemplary embodiment illustrated in FIG.
1B, the vector comprises symmetrical and non-symmetrical
restriction endonuclease sites for the cloning of light and
heavy chain variable regions. As illustrated in FIG. 1B, the
light chain variable region is flanked by non-symmetrical
restriction endonuclease sites for the restriction endonuclease
Sfil, while the heavy chain variable region is flanked by
symmetrical restriction endonuclease sites for NgoMIV and
Notl.

[0095] Insomeembodiments, polylinkers or multiple clon-
ing sites can be used to provide different endonuclease
restriction sites. Polylinkers are typically used to insert a
coding sequence such as an immunoglobulin sequence and do
not encode a protein product, but rather are short lengths of
DNA that contain numerous different endonuclease restric-
tions sites located in close proximity to one another. In some
embodiments, the use of a polylinker allows various immu-
noglobulin genes to be easily inserted and removed, thus
simplifying the process of making antibody display vectors
and libraries.

[0096] As illustrated in FIG. 1A, both heavy and light
chains are encoded as a single transcript by virtue of the use
of'aninternal ribosome entry site (IRES) element, which joins
the polynucleotide sequence encoding the variable and con-
stant light chains to the polynucleotide encoding the variable
and constant heavy chains. Typically, IRES elements are used
to create multigene or polycistronic, messages (see, e.g., U.S.
Pat. No. 4,937,190). IRES elements are able to bypass the
ribosome scanning model of 5'-methylated cap-dependent
translation and begin translation at internal sites (see, e.g.,
Pelletier et al., 1988, Nature, 334(6180):320-325). IRES ele-
ments from two members of the picornavirus family (e.g.,
pohovirus and encephalomyocarditis virus) have been
described (see, e.g., Pelletier et al., supra; and U.S. Pat. No.
4,937,190), as well as an IRES from a mammalian message
(Macejak et al., 1991, Nature, 353(6339):90-94). IRES ele-
ments can be linked to heterologous open reading frames.
Multiple open reading frames can be transcribed together;
each separated by an IRES, creating polycistronic messages.
By virtue of the IRES element, each open reading frame is
accessible to ribosomes for efficient translation. Multiple
nucleic acid sequences, as well as partial nucleic acid
sequences, can be efficiently expressed using a single pro-
moter/enhancer to transcribe a single message (see, e.g., U.S.
Pat. Nos. 5,925,565, 5,935,819, and 6,500,641).

[0097] The inclusion of one or more polynucleotides
encoding selectable markers aids in the identification of
transformants. Typical selection genes encode proteins that
(a) confer resistance to antibiotics or other toxins, (b) comple-
ment auxotrophic deficiencies, or (¢) supply critical nutrients
not available from complex media, e.g., the gene encoding
D-alanine racemase from Bacilli.

[0098] Exemplary selection systems include, but are not
limited to, the herpes simplex virus thymidine kinase gene
(see, e.g., Wigler et al.,, 1977, Cell, 11:223), the hypoxan-
thine-guanine phosphoribosyltransferase gene (see, e.g.,
Szybalska a et. al, 1962, Proc. Natl. Acad. Sci. USA,
48:2026), and the adenine phosphoribosyltransferase gene
(Lowy et al., 1980, Cell, 22:817), which can be employed in
cells deficient in the enzyme being used as the selectable
marker. Also, antimetabolite resistance can be used as the
basis of selection for the following markers: dhfr, which
confers resistance to methotrexate (see, e.g., Wigler et al.,
1980, Proc. Natl. Acad. Sci. USA, 77:3567; and O’Hare et al.,
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1981, Proc. Natl. Acad. Sci. US4, 78:1527); gpt, which con-
fers resistance to mycophenolic acid (see, e.g., Mulligan et
al., 1981, Proc. Natl. Acad. Sci. USA, 78:2072); neo, which
confers resistance to the aminoglycoside G-418 (see, e.g.,
Colberre-Garapin et al., 1981, J. Mol. Biol., 150:1); hygro,
which confers resistance to hygromycin genes (see, e.g., San-
terre et al., 1984, Gene, 30:147); hypoxanthine phosphoribo-
syltransferase (hprt); puromycin (pac); dihydro-orotase
glutamine synthetase (gs); carbamyl phosphate synthase
(cad); multidrug resistance 1 (mdrl); aspartate transcarbamy-
lase (atc); adenosine deaminase (ada); and blast, which con-
fers resistance to the antibiotic blasticidin.

[0099] Additional selectable genes that can be used in the
compositions and methods described herein include, but are
not limited to, trpB, which allows cells to utilize indole in
place of tryptophan; hisD, which allows cells to utilize histi-
nol in place of histidine (see, e.g., Hartman et al., 1988, Proc.
Natl. Acad. Sci. USA, 85:8047); and ornithine decarboxylase
(odc), which confers resistance to the ornithine decarboxy-
lase inhibitor 2-(difluoromethyl)-DL-ornithine (DFMO)
(see, e.g., McConlogue, 1987, In: Current Communications
in Molecular Biology, Cold Spring Harbor Laboratory). The
use of visible reporters has gained popularity with such
reporters as anthocyanins, -glucuronidase and its substrate
GUS, and luciferase and its substrate luciferin. Green fluo-
rescent proteins (GFP) (Clontech, Palo Alto, Calif.) can be
used as both selectable reporters (see, e.g., Chalfie et al.,
1994, Science, 263:802-805) and homeostatic scorable
reporters (see, e.g., Rhodes et al., 1995, Methods Mol. Biol.,
55:121-131).

[0100] In some embodiments, genes that confer resistance
to puromycin, neomycin, hygromycin, mycophenolic acid
(i.e., the xanthine-guanine phosphoribosyltransferase gene
(gpt)), zeocin, and blasticidin are used to identify transformed
eukaryotic cells. In other embodiments, genes that confer
resistance to ampicillin (B-lactamase or bla), kanamycin, tet-
racycline, cefotaxime, carbenicillin, actinomycin D, and
streptomycin are used to identify transformed prokaryotic
cells.

[0101] Inother embodiments, the vectors can comprise one
or more genes conferring resistance to both eukaryotic and
prokaryotic cells. For example, zeocin resistance can be used
to select both eukaryotic and prokaryotic cells. FIG. 1A illus-
trates an exemplary vector which includes the puromycin
resistance gene to identify transformed eukaryotic cells and
the ampicillin (bla) resistance gene to identify transformed
prokaryotic cells.

[0102] For use in prokaryotic host cells, the vectors also
include a prokaryotic origin of replication. Prokaryotic ori-
gins of replication suitable for use in the compositions and
methods described herein include, but are not limited to,
pUC, Col El, p15A, Ori S, lambda, and/or P1.

[0103] An exemplary mammalian display vector is illus-
trated in FIG. 1B. To facilitate the isolation of antibodies with
desired binding characteristics and biological activities, the
mammalian surface display vector depicted in FIG. 1B com-
prises a removable GPI anchor fused to the C-terminus of the
heavy chain constant region. When present, the GPI anchor
enables immunoglobulin molecules to be displayed on the
surface of the mammalian host cell. Both light and heavy
chains are produced as a single transcript with the aid of the
IRES under the control ofthe CMV promoter. Removal of the
GPI anchor by digestion with Clal and BstBI allows conver-
sion from membrane-bound to soluble immunoglobulin mol-
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ecules. The vector contains the EBV replication origin (oriP)
and nuclear antigen-1 (EBNA-1) gene to support plasmid
replication in mammalian cells. The immunoglobulin display
vector also includes polynucleotide sequences encoding a
bacterial replication origin (pUC ori), transcription termina-
tor (tt), polyadenylation signal (p(A)), and signal peptides for
light and heavy chain constant region (represented as thick
lines). Although the mammalian surface display vector
pYA104 includes the immunoglobulin gene encoding the
human heavy chain constant region of IgG, the vector can
readily be used to express different isotypes, classes, or spe-
cies of antibodies.

[0104] The host cells can be derived from any eukaryotic
species including, but not limited to, mammalian cells (e.g.,
rat, mouse, bovine, porcine, sheep, goat, monkey, and
human), avian cells, fish cells, amphibian cells, reptilian cells,
plant cells, and yeast cells. The cells can be maintained
according to standard methods well known to those of skill in
the art (see, e.g., Freshney, 1994, Culture of Animal Cells, A
Manual of Basic Technique, (3d ed.) Wiley-Liss, New York;
Kuchler et al., 1977, Biochemical Methods in Cell Culture
and Virology, Dowden, Hutchinson and Ross, Inc.; and the
references cited therein).

[0105] Examples of suitable mammalian host cells include,
but are not limited to, HelLa cells (Hela S3 cells, ATCC
CCL2.2), Jurkat cells, Raji cells, Daudi cells, human embry-
onic kidney cells (293-HEK; ATCC 293c18, ATCC CRL
1573), African green monkey kidney cells (CV-1; Vero;
ATCC CRL 1587), SV40-transformed monkey kidney cells
(COS-1; ATCC CRL 1650), canine kidney cells (MDCK;
ATCC CCL 34), baby hamster kidney cells (BHK-21, BHK-
570; ATCC CRL 8544, ATCC CRL 10314), Chinese hamster
ovary cells (CHO-K1; ATCC CCL61; CHO DG44 (Chasin et
al., 1986, Som Cell Molec Genet, 12, 555)), and other rodent
cell lines such as NSO, SP2/0, GH1 (ATCC CCL82), H-4-
II-E (ATCC CRL 1548), and NTH-3T3 (ATCC CRL 1658).

[0106] Other suitable host cells for cloning or expressing
the vectors described herein include prokaryotic, yeast, or
fungal cells. Prokaryotes include gram negative or gram posi-
tive organisms, for example E. coli, bacilli, pseudomonas
species, or Serratia marcesans.

[0107] Eukaryotic or prokaryotic host cells can be trans-
formed with the mammalian immunoglobulin display vectors
using suitable means and cultured in conventional nutrient
media modified as is appropriate for inducing promoters,
selecting transformants, or detecting expression. Representa-
tive examples of such methods include transformation using
calcium phosphate precipitation (see, e.g., Dubensky et al.,
1984, Proc. Natl. Acad. Sci. US4, 81:7529-7533), lipid medi-
ated transfection (e.g., Lipofectamine 2000, Invitrogen),
direct microinjection of such nucleic acid molecules into
intact target cells (see, e.g., Acsadi et al., 1991, Nature, 352:
815-818), and electroporation (see, e.g., U.S. Patent Publica-
tion No. 20040115814 for additional methods for introducing
vectors into host cells).

[0108] Suitable culture conditions for host cells, such as
temperature and pH, are well known in the art. In some
embodiments, a titration step can be used to dilute the con-
centration of plasmid used for cellular transfection to reduce
the likelihood of expression in the same cell of multiple
vectors encoding different immunoglobulins. Freshney, (Cul-
ture of Animal Cells, A Manual of Basic Technique, (3d ed.)
Wiley-Liss, New York, 1994) and the references cited therein
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provide a general guide to the culture of cells. In other
embodiments, the titration step can be omitted.

[0109] Once transformed, the host cells are incubated
under conditions that allow expression of the immunoglobu-
lins. The resulting plasmids can be readily recovered from
cells as described (see, e.g., Hirt, 1967, J. Mol. Biol., 26,
365-369).

VII. LIBRARY SORTING METHODS

[0110] Host cells displaying expressed proteins such as
antibodies can be screened using affinity-based enrichment
assays. Examples of assays suitable for use in the methods
described herein include, but are not limited to, fluorescence-
activated cell sorting (FACS), magnetic bead sorting, the
CellSpot™ antibody screening technology from Trellis Bio-
science, Inc. (South San Francisco, Calif.), and/or the Clone-
Pix FL. mammalian cell clone screening apparatus from
Genetix Ltd. (Hampshire, United Kingdom). One of skill in
the art will know of additional techniques that can be used to
enrich for antibodies capable of binding a target antigen. The
invention can be screened with only a single round of sorting,
or with multiple rounds of sorting.

[0111] In some embodiments, FACS can be used to enrich
for immunoglobulins capable of binding a target antigen.
Flow cytometry is a technique for counting, examining, and
sorting microscopic particles suspended in a stream of fluid.
It allows simultaneous multiparametric analysis of the physi-
cal and/or chemical characteristics of single cells flowing
through an optical and/or electronic detection apparatus.
FACS is a specialized type of flow cytometry that provides a
method for sorting a heterogeneous mixture of biological
cells into two or more containers, one cell at a time, based
upon the specific light scattering and fluorescent characteris-
tics of each cell. Methods for conducting studies using FACS
techniques may be found in, e.g., Shapiro, 2002, Practical
Flow Cytometry, 4th ed., Wiley & Sons; McCarthy and
MacEy, 2002, Cytometric Analysis of Cell Phenotype and
Function, Cambridge Univ. Press; Givan, 2001, Flow Cytom-
etry: First Principles, 2d ed., Wiley-Liss: Radbruch, 2000,
Flow Cytometry and Cell Sorting, 2d. ed., Springer Lab
Manual, Springer-Verlag; and Ormerod, 2000, Flow Cytom-
etry: A Practical Approach, 3d. ed., American Chemical
Society. FACS is suitable for sorting the display libraries of
the invention because the protein (e.g., antibody) is anchored
at the cell surface.

[0112] In certain instances, cells expressing the immuno-
globulin of interest, e.g., a full length IgG tethered to the cell
surface via a transmembrane domain anchor, can be sorted
using fluorescence-activated cell sorting (FACS) in combina-
tion with a fluorescently labeled antigen and a fluorescently
labeled antibody against the immunoglobulin (e.g., anti-IgG
antibody). The antigen and antibody against the immunoglo-
bulin are typically labeled with fluorophores having different
excitation and/or emission spectra, thereby providing a two-
color detection system. Non-limiting examples of fluorescent
labels suitable for use in the compositions and methods of the
invention include fluorescein, FITC, rhodamine, Texas Red,
TRITC, Cy3, Cy5, Cy5.5, Cy7, phycoerythrin, fluorescent
proteins (e.g., GFP, RFP, YFP, BFP, etc.), and derivatives
thereof. The data generated by FACS can be plotted in a single
dimension, to produce a histogram, or in two-dimensional dot
plots or even in three-dimensions. The regions on these plots
can be sequentially separated, based on fluorescence inten-
sity, by creating a series of subset extractions, termed “gates”.
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The plots are often made on logarithmic scales. Two gates are
typically used when the libraries of the invention are sorted
with a two-color FACS detection system.

[0113] Insomeembodiments, magnetic bead sorting can be
used to remove antibodies that non-specifically interact with
the target antigen of interest. For example, magnetic bead-
conjugated antibodies can be added to buffer containing the
transfected cells displaying immunoglobulins. Cells with
non-specific binding activity can be removed directly or indi-
rectly by applying a magnet to the solution. The magnet
isolates the magnetic bead-conjugated antibodies and any-
thing bound to them.

[0114] In some embodiments, magnetic bead sorting and
FACS can be used in combination to enrich for immunoglo-
bulins capable of specifically binding a target antigen.
[0115] In other embodiments, the CellSpot™ antibody
screening assay can be used to enrich for immunoglobulins
capable of binding a target antigen. CellSpot™ can isolate
antibodies by directly screening for 10 different parameters
simultaneously such as specificity, affinity, and cross-reactiv-
ity with other antigens. This combination of selection criteria
leads to a low frequency of candidate antibodies that meet all
the criteria. Because of the assay’s ability to screen up to
1,000,000 cells in several days, 3 to 4 orders of magnitude
greater than other methods, it is possible to find the best
antibodies that would have otherwise escaped detection. The
qualitative increase in throughput enables discovery of anti-
bodies with the result that safer, non-immunogenic antibodies
can be identified. See, e.g., U.S. Pat. Nos. 6,057,092, 6,444,
992, 6,492,125, 6,642,062, 6,867,007, 6,936,427, 7,060,447,
and 7,238,490 for a description of the CellSpot™ technology
and related embodiments.

[0116] In further embodiments, the ClonePix FL. mamma-
lian cell clone screening assay can be used to enrich for
immunoglobulins capable of binding a target antigen. Briefly,
cells are immobilized in semi-solid medium growing and
dividing freely to form discrete clonal colonies. Secreted
protein is trapped in the vicinity of the colony by a fluorescent
probe and the fluorescence that accumulates is proportional to
the amount of the secreted protein of interest. For example, a
series of high resolution fluorescent and white light digital
images are captured to generate a two-dimensional map of all
the cell clones and their secretion levels. In contrast to FACS,
the cells are imaged in situ in the semi-solid medium, tracking
secretion of the protein of interest as the colonies grow. The
on-board detection visualizes the cells in white light and with
fluorescence to assess colony volume and the fluorescence
precipitate around the expressing cells. Software is then used
to determine the highest producing colonies, which are
picked in order of preference into 96-well destination plates.
See, e.g., U.S. Pat. Nos. 6,597,500, 6,752,182, 6,759,012,
6,943,035, 7,105,129, and 7,208,124 and U.S. Patent Publi-
cation Nos. 20040096984, 20050026221, 20060164644,
20060177878, 20070037220, and 20070212778 for a
description of the ClonePix FL technology and related
embodiments.

[0117] Enzyme-linked immunosorbent assays (ELISA)
can be used to determine the binding affinity of an isolated
immunoglobulin toward a target antigen, e.g., with soluble
antibodies or antibodies displayed on a cell membrane. See,
e.g., Harlow & Lane, 1988, Antibodies, A Laboratory
Manual, for a description of immunoassay formats and con-
ditions that can be used to determine specific immunoreac-
tivity.
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[0118] In some embodiments, the functional and/or bio-
physical properties of antibody library members are screened
in an in vitro assay. Properties of library members that can be
identified via various in vitro screening assays include, but are
not limited to, expression, stability, solubility, affinity for
antigen, antibody-dependent cellular cytotoxicity, comple-
ment-dependent cytotoxicity, agonist or antagonistic proper-
ties, induction or inhibition of apoptosis, angiogenesis, pro-
liferation, activation or inhibition of signaling pathways.
Multiple properties may be screened simultaneously or indi-
vidually. Proteins may be purified or unpurified, depending
on the requirements of the assay.

VIII. LIBRARY DNA SEQUENCING METHODS
AND STATISTICAL ANALYSIS OF THE
SEQUENCES

[0119] Typically, mutant antibody variants subjected to any
of the sorting methods described above are separated into
three categories: those with increased, decreased, or equiva-
lent biological activity or characteristics compared to the
reference antibody. In some embodiments, mutant antibody
variants showing increased, decreased, or similar affinity for
antigen, or increased, decreased, or similar level of expres-
sion can be sequenced and compared to the sequence of the
wild-type parental or reference antibody. Accordingly, the
invention encompasses sequencing all three categories of
protein variants to determine the frequency of each amino
acid variant in each category. Sequencing can also be per-
formed on a large number of clones, both before and after the
sorting process to determine the specific mutations that have
been enriched or depleted from the category.

[0120] Specific mutations of the antibody variants can be
detected or confirmed by analyzing for alterations in the
genotype of the host cells, for example by examining the
sequence of proteins or DNA as described herein. Mutations
can also be detected by screening for the production of anti-
body titers. A mutated polypeptide variant can be detected by
identifying alterations in electrophoretic mobility, spectro-
scopic properties, or other physical or structural characteris-
tics.

[0121] Traditional DNA sequencing methods herein
include, but are not limited to, Sanger chain-termination
method, Maxam and Gilbert chemical cleavage method, etc.
The products of the sequencing reactions can be separated by
size. Any method of separation may be used that sufficiently
resolves the sequencing fragments and permits collection of
the fragments in a state compatible with subsequent analysis.
Representative methods include polyacrylamide gel electro-
phoresis, capillary electrophoresis, chromatography, etc.
These methods are well known in the art and are described in,
e.g., Ausubel et al., 1997, Current Protocols in Molecular
Biology, John Wiley, New York; Landers, 1996, Handbook of
Capillary Electrophoresis, CRC Press, Boca Raton, Fla.; and
Thayer et al., 1996 Methods Enzymol, 271:147-174.

[0122] A preferred DNA sequencing method of the inven-
tion is the “massively parallel sequencing” or “massively
parallel pyrosequencing” which relies on a sequencing-by-
synthesis approach. The method allows sequencing of a
single-stranded DNA by synthesizing the complementary
strand along it. Each time a nucleotide (e.g., A, C, G, or T) is
incorporated into the growing chain, a cascade of enzymatic
reactions is triggered which causes a light signal (see, e.g.,
Ronaghi et al., 1996, Anral Biochem 242:84-89). The tech-
nique has been commercialized and further developed by 454
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Life Sciences Corp. (Branford, Conn.)to an array-based mas-
sively parallel pyrosequencing method (see, e.g., U.S. Pat.
Nos. 6,956,114 and 7,211,390.) The new method has
emerged as a rapid platform for large-scale DNA sequencing.
For example, it can run at 20 megabases per 4.5-hour run,
allowing large amounts of DNA to be sequenced at a lower
cost compared to Sanger chain-termination and Maxam and
Gilbert chemical cleavage methods. The ability to rapidly and
inexpensively sequence DNA accelerates the identification of
specific protein variant with the desired activity or character-
istics.

[0123] Another preferred DNA sequencing method is the
Solexa Sequencing technology commercially available from
Illumina Inc. (San Diego, Calif.), which is based on massively
parallel sequencing of millions of fragments using clonal
single molecule array technology and novel reversible termi-
nator-based sequencing chemistry. This approach relies on
attachment of randomly fragmented genomic DNA to a pla-
nar, optically transparent surface and solid phase amplifica-
tion to create an ultra-high density sequencing flow cell with
>10 million clusters, each containing approximately 1000
copies of template per sq. cm. These templates are sequenced
using arobust four-color DNA sequencing-by-synthesis tech-
nology that employs reversible terminators with removable
fluorescence. This approach ensures high accuracy and avoid-
ance of artifacts with homopolymeric repeats. High sensitiv-
ity fluorescence detection is achieved using laser excitation
and total internal reflection optics. Short sequence reads are
aligned against a reference genome and genetic differences
are called using a specially developed data pipeline. Alterna-
tive sample preparation methods allow the same system to be
used for a range of other genetic analysis applications, includ-
ing gene expression. See, e.g., U.S. Pat. Nos. 6,787,308,
6,833,246, 6,897,023, 7,057,026, 7,115,400, and 7,232,656
and U.S. Patent Publication Nos. 20030022207,
20030064398, 20040106110, and 20060188901 for a
description of the Solexa Sequencing technology and related
embodiments.

[0124] Subsequent to sequencing, statistical analysis of the
sequences can be performed to identify desired variants. Such
analysis can include computer analysis of the raw DNA
sequences. The raw DNA sequences can be translated into
protein sequence, aligned and compared with the reference
protein sequence to identify the mutations. The frequency of
each amino acid observed at each position can be tabulated
for the three categories (increase, decrease, or neutral) and
compared with the reference protein. Variants with the
desired activity, such as, e.g., those which increase the bind-
ing affinity, will be enriched in the selected population, while
variants with undesired activities will be depleted in the
selected population. The extent to which a given substitution
increases or decreases its binding will be reflected in the
extent to which that variant is enriched or depleted in the
population.

IX. APPLICATIONS

[0125] The methods of the invention provide information
onthe effect of every possible point mutation within a protein.
Additionally, the invention is useful in generating a complete
database of the consequences of every possible mutation in
any protein or protein fragments. Such data are useful to
generate proteins with preferred and enhanced diagnostic or
therapeutic capabilities by selecting mutations or combina-
tions thereof.
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[0126] Inthe case of antibodies, for example, the method of
the invention determines the effect of every possible point
mutation within an antibody’s antigen combining site on the
antibody binding to its antigen. Specifically, the method iden-
tifies residues that (1) enhance binding (for affinity matura-
tion), (2) do not impact binding (i.e., binding neutral) but
where it can be of use to alter the residues in order to remove
potentially immunogenic sequences or sequences that are
problematic during manufacturing, or (3) reduce binding
(generally to be avoided but can be useful in providing infor-
mation on areas of the antibody that should not be altered).
Further, the invention provides a platform for simultaneously
humanizing and optimizing antibody variable domains. The
invention provides a technology that overcomes any affinity
losses from humanization while minimizing mouse frame-
work residues. Additionally, it generates a complete database
of the consequences of every possible mutation in the anti-
body combining site. The data enable researchers in de-im-
munizing or removing problematic residues that affect pro-
cess development. Further, the data enable the researchers to
manipulate cross-reactivity for animal testing. By assessing
the effects of mutating each residue of the antibody binding
site, the invention allows researchers to select antibody vari-
ants that possess features that are desirable for improving the
antibody’s diagnostic or therapeutic potential.

X.ANTIBODY METHODS

[0127] Inoneembodiment, the method can be broken down
into five steps: 1. Library construction. 2. Library display. 3.
Library sorting. 4. Library sequencing. 5. Statistical analysis
of sequences.

[0128] The method is based on creating a library or pool
comprising every possible variant to be considered. This
library of single point mutations is then expressed on the
surface of mammalian cells. The library of cell-bound anti-
body variants is subjected to a sorting process that buckets
variants into 3 pools: those with 1) enhanced, 2) reduced or 3)
equivalent binding to antigen compared to the wild-type/
parental antibody. For all 3 buckets the frequency of each
variant in the pool can be determined by DNA sequencing. By
sequencing a very large number of clones, both before and
after the sorting process, it is possible to determine which
mutations have been enriched or depleted in the pool. Statis-
tical analysis of the variants in each bucket allows for deter-
mining which amino acid substitutions at every residue in the
binding site impacts antibody:antigen interactions. The
method allows ~1,000 different variants to be tested at once
(since both the sorting and the DNA sequencing are done on
all variants in parallel), a huge saving in effort over testing
each variant separately.

[0129]

[0130] Library design requires only the sequence of the
antibody variable heavy (VH) and variable light (VL)
domains. Within the VH and VL. domains the Complementa-
rity Determining Residues (CDRs), which are responsible for
antigen binding and affinity, are identified for randomization.
[0131] Typically there are ~50 CDR positions to consider.
A set of synthetic DNA fragments are constructed that encode
for the wild-type VH or VL and all possible single amino acid
variants using randomized NNK codons (where N=any base
and K=G or T) at each position to be varied. The NNK
randomization scheme encodes for 32 different codons cov-
ering all 20 amino acids.

A. Library Construction.
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[0132] The actual construction is done using PCR splice
reactions, or alternately can be outsourced to commercial
gene synthesis companies. The DNA fragments are pooled
for subcloning into an appropriate vector for display and
sorting.

[0133] The overall complexity of the library is ~50 posi-
tionsx20 amino acids=~1,000 variants. (This differs from a
combinatorial library approach which would require 20°°
different sequences).

[0134] B. Library Display.

[0135] The second step is to express the library of antibody
variants for sorting. This can be done on surface of 293¢18
cells using a plasmid containing the Epstein-Barr virus rep-
lication origin and nuclear antigen (EBNA-1).

[0136] The heavy chain constant region of the antibody in
the plasmid is fused to a transmembrane domain derived, e.g.,
from Platelet Derived Growth Factor (PDGF), so that the
expressed antibody is anchored on the cell surface and not
secreted. The library is transfected into 293¢18 cells under
conditions such that on average each 293¢18 cell takes up at
least one plasmid. Full length IgGs for characterization can
readily be isolated by simply removing (via restriction diges-
tion) the PDGF transmembrane anchor from the vector. This
system differs from more typical phage display or yeast dis-
play systems in that an intact antibody is displayed, not a Fab
or scFv antibody fragment. In addition this intact antibody is
expressed on the surface of a mammalian cell rather than a
yeast or bacterium.

[0137] C. Library Sorting.

[0138] The displayed library is sorted using Fluorescent
Activated Cell Sorting (FACS). This is possible because the
antibody is anchored at the cell surface and this sorting
method proves to be a very valuable step in isolating variants
with higher, equivalent or lower binding affinities compared
to wild-type

[0139] Cells are incubated with fluorescently labeled anti-
gen at a concentration close to the dissociation constant (KD)
for the wild-type affinity, for maximal discrimination
between wild type and variants with similar affinities. Since
the total amount of fluorescent antigen bound is related to
both the antibody affinity and the total amount of antibody
displayed, and the amount of antibody displayed can vary
from clone to clone, a second staining is done to normalize for
amount of IgG displayed. This is done with an anti-IgG anti-
body with a second fluorophore.

[0140] Double stained cells are sorted and two populations
collected: first a population above a certain threshold for
antibody display normalization, and second a population
double sorted for antibody display as well as high levels of
antigen binding (see, e.g., Van Antwerp and Wittrup, Biotech-
nol. Prog. (2000) 16:31-37).

[0141] D. Sequencing Sorted Library.

[0142] Inorderto determine how the library population has
changed by sorting, several hundred thousand clones from the
two sorted populations (expression alone and expression plus
antigen binding) are sequenced by the 454 Life Sciences
massively parallel pyrosequencing system.

[0143] Cell populations from the selections are lysed and
their plasmids purified. The 454 sequencer is limited to
sequencing read lengths of ~250 base pairs, smaller than the
size of an entire VH or VL domain (~400 bp). Therefore small
(~250 bp) fragments of the VH and VL are amplified, which
contain all the CDR positions that have been randomized. The
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VH and VL amplicons are sequenced from both ends so that
multiple (104-105) reads of all VH and VL CDRs are
obtained.

[0144] E. Statistically Analyze Sorted Sequences to Iden-
tify Desired Variants.

[0145] Computer analysis of the raw DNA sequences is
done. The raw sequences are translated onto protein
sequence, aligned, and the CDR regions are examined to
presence of mutations. The frequency of each amino acid
observed at each position is tabulated for the two populations
and the compared. Variants with enhanced binding will be
enriched in the selected population while variants with dimin-
ished binding will be depleted in the selected population.

XI. EXAMPLES
Example 1

Vectors for Expression and Cell-Surface Display of
Anti-HEL Antibody D1.3

[0146] D1.3, a monoclonal antibody against hen egg white
lysozyme (HEL) was used as a model system (Harper et al.,
1987). The interaction of D1.3 with HEL has been extensively
studied both structurally by x-ray crystallography and func-
tionally by mutagenesis studies (Amit et al. 1986; Fischmann
etal. 1991; Hawkins et al. 1993; England etal. 1997; England
et al. 1999; Dall’ Acqua et al. 1998).

[0147] Synthetic variable light (VL) and variable heavy
(VH) domains for D1.3 were constructed by a commercial
gene synthesis supplier (DNA 2.0 Inc., Menlo Park, Calif.).
FIG. 2 shows the DNA sequences, translated amino acid
sequences, flanking restriction sites, and CDRs of the syn-
thetic D1.3 VH and VL fragments. The synthetic D1.3 VH
and VL were cloned into vector pYA206, an Epstein-Barr
virus derived episomal vector for expression and display of
antibodies on the surface of mammalian cells. pYA206 is a
derivative of plasmid pYA104 (Akamatsu et al. 2007) with the
following modifications: 1) the human C lambda constant
domain has been replaced with the human C kappa constant
domain, 2) the glycosidylphosphatidylinositol linkage signal
(GPI anchor) has been replaced with the transmembrane
domain of the Platelet Derived Growth Factor receptor
(PDGF-R), 3) unique Notl and Xhol sites are upstream of the
C kappa domain for cloning VL domains in frame with C
kappa, and 4) unique NgoMIV and Sacl sites are upstream of
1gG1 for cloning VH domains in frame with the IgG1 constant
regions.

[0148] The D1.3 VH fragment was digested with NgoMIV
and Sacl, the D1.3 VL fragment was digested with NotI and
Xhol, and both fragments were cloned into plasmid pYA206
to create plasmid pYA206-D1.3. FIG. 3 shows the structure of
pYA206-D1.3. This plasmid contains the EBNA-1 gene and
oriP from Epstein Barr virus which allows replication in
mammalian cells as an episome. The pUC origin of replica-
tion and ampicillin resistance gene allow the plasmid to be
propagated in E. coli. Mammalian cell transformants are
selected for with the puromycin resistance gene under control
of'the SV40 promoter. The CMV promoter and internal ribo-
some entry site (IRES) allow for expression of the displayed
antibody heavy and light chains. The expressed antibody is
tethered to the cell membrane via the PDGF-R transmem-
brane domain fused to the end of the IgGG1 constant domain.
[0149] A variant of D1.3, M3, with several fold improved
binding affinity has been isolated by random mutagenesis
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followed by bacteriophage display (Hawkins et al. 1993). M3
contains a total of 6 amino acid differences from D1.3. A
variant form of D1.3 VH and VL containing the six M3
mutations was similarly constructed and cloned into vector
pYA206 to create plasmid pYA206-D1.3-M3 for the surface
display of chimeric D1.3 M3 variant on the surface of mam-
malian cells. This higher affinity variant was used as a posi-
tive control in FACS experiments to identify and characterize
higher affinity D1.3 point mutations in the following
examples.

Example 2

Surface Display and FACS Titration Assay of D1.3
and Mutant M# Affinity

[0150] 293c18 cells, which express the EBNA-1 protein
(American Type Culture Collection, Manassas, Va.) were
transformed with pYA206-D1.3 and pYA206-D1.3-M3.
293c18 cells were cultured in DMEM media supplemented
with 10% Fetal Bovine Serum (FBS) and 0.25 mg/ml G418.
0.125 ug pYA206-D1.3 or pYA206-D1.3-M3 plasmid was
mixed 1:200 with 25 ug pACYC184 (Chang and Cohen 1978)
as a carrier plasmid plus 60 ul lipofectamine (Invitrogen,
Calif.) and added to 2x107 293¢18 cells. The 200 fold excess
carrier plasmid was to ensure that each cell was transformed
by at most a single member of the point mutation library. After
48 hours, transformed cells were selected by addition of
puromycin, and then cultured for an additional 18 days before
FACS analysis.

[0151] HEL (Sigma, St. Louis, Mo.) was labeled with
Alexa Fluor 647 (Invitrogen, Calif.). 2 mgs HEL was reacted
with 0.16 mg Alexa Flour 647 reagent for 30 minutes at room
temperature, and then purified from unreacted reagent using a
gel filtration column. 293¢18 cells transfected with pYA206-
D1.3 and pYA206-D1.3-M3 were doubly stained with PE-
labeled anti-human IgG (Southern Biotech) at 1/200 dilution
and various concentrations of Alexa Fluor 647-HEL onice for
one hour, washed with FACS buffer (phosphate buffered
saline (PBS) plus 0.5% Bovine Serum Albumin (BSA)) and
analyzed on a Cyan Fluorescent Activated Cell Sorter (Dako
Cytomation). A titration curve was performed with concen-
trations of Alexa Fluor 647-HEL ranging from 200 nM to
0.03 nM. Data for Alexa Fluor 647 staining for each cell type
was normalized to percent of maximum signal observed and
plotted against Alexa Fluor 647-HEL concentration to gen-
erate a binding curve. The midpoint of each curve, at which
half maximal binding occurs, defined the dissociation con-
stant (Kd) for the antibody/antigen complex. Results for D1.3
wild type and M3 mutant are shown in FIG. 4. Surface dis-
played D1.3 binds to HEL with a Kd of ~2.5 nM in this assay,
while mutant M3 binds with slightly higher affinity (1.5 vs.
2.5 nM, ~1.7xbetter affinity).

Example 3

Construction of Libraries of D1.3 Single Amino Acid
Mutants

[0152] Each D1.3 CDR amino acid position (underlined in
FIG. 2)—a total of 29 VH positions and 27 VL positions—
were targeted for NNK randomization. The NNK coding
scheme was used (in which N=A, C, G, or T and K=G or T)
because 1) only 32 codons are required to encode all 20
naturally occurring amino acids, 2) only a single stop codon
(TAG) is included in the 32, and 3) the maximum degeneracy
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(number of different codons encoding a single amino acid) is
3, rather than the maximum 6-fold degeneracy that occurs in
the complete 64 codon genetic code.

[0153] 56 different DNA fragments, each with NNK degen-
eracy at a different CDR position, were synthesized by a
commercial supplier of synthetic genes (DNA 2.0, Menlo
Park, Calif.). These fragments were PCR amplified with
primers D1.3reampl (5'-CTCATAACACCC CTTGCAGTG-
3'(SEQIDNO 1)) and D1.3reamp?2 (5'-CAGAAGGCCCCT-
GACGGATGG-3' (SEQ ID NO 2)) to generate additional
material; the PCR fragments were purified and equal amounts
of each fragment were pooled to create 6 separate pools, one
for each of the 6 D1.3 CDRs. The pools were digested with
NgoMIV and Sacl (for the three VH CDR pools) or Notl and
Xhol (for the three VL. CDR pools) and subcloned into plas-
mid pYA206-D1.3 carrying the opposite wild-type variable
region fragment. Ligations were transformed into E. co/i Top
10 cells (Invitrogen, Calif.) such that at least 10 times more .
coli transformants were obtained than the total number of
possible codons in that sub-library. The three resulting sub-
libraries for VH and VL. were pooled to create two final
libraries—a D1.3 VH library comprising 29 positions and
928 different codons, and a D1.3 VL library comprising 27
positions and 864 total different codons.

Example 4

FACS Sorting of D1.3 VH and VL Point Mutant
Libraries

[0154] D1.3 VH and VL libraries were transfected into
293c¢18 cells with 0.5 ug library plasmid, 100 ug pACYC184
carrier plasmid and 250 ul lipofectamine; selected with 0.8
ug/ml puromycin after 2 days, and cultured for an additional
18 days prior to FACS sorting. Cells were stained with 5.0
nanomolar Alexa Fluor 647-HEL and 1:200 PE-labeled anti-
IgG (Southern Biotech) and sorted on a MoFlo FACS
machine (Dako North America inc., Carpinteria, Calif).
FACS sorting profiles for wild-type D1.3 and the VH and VL.
point mutation libraries are shown in FIG. 5. Panel A shows
the FACS profile for cells transformed with wild-type D1.3
expression plasmid pYA206-D1.3; the x-axis shows staining
with PE-anti-IgG and the y-axis shows staining with Alexa
Fluor 647-HEL. Because antibody expression is heteroge-
neous in the cell population, the FACS profile shows indi-
vidual data points roughly arranged along a diagonal line
pointing toward the upper right quadrant. FACS profiles for
the D1.3 VH and VL point mutation libraries are shown in
panels B through E. In order to collect a reference cell popu-
lation for each library that contains all the expressed point
mutations in their correct frequencies in the library, gates
were drawn with the left edge parallel to the y-axis (panels C
and E); sorting with these gates collects all cells expressing
IgG beyond a certain level, regardless of how well the dis-
played antibodies bind to HEL. These were designated the
“expression gates” and “expressed populations”. Other sort-
ings were done with the bottom of the gate drawn roughly
parallel to and dipping slightly into the main diagonal of the
wild-type population (panels B and D); these gates were
designed to collect cells who expressed antibodies with the
highest affinity for HEL, regardless of their overall level of
IgG expression. These gates and populations were referred to
as the “sort gates” and “sorted populations”. Approximately
200,000 cells were collected in the sorted populations, rep-
resenting the top ~5% brightest cells stained with 647-HEL.
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Example 5

Massively Parallel Sequencing of the “Expressed”
and “Sorted” Populations

[0155] After several more days of culturing, plasmids were
recovered from the “expressed” and “sorted” cell populations
and PCR amplification performed to prepare short amplicons
suitable for massively parallel sequencing. PCR primers were
used which anneal immediately outside of the CDR1 and
CDR3 regions of the D1.3 VH and VL. domain. Thus each
amplicon contained complete CDR 1, CDR2, and CDR3
regions for locating and tabulating all point mutations, but
omitted much of frameworks 1 and 4. D1.3 VH and VL library
“sorted” and “expressed” amplicons were then sequenced
using the Genome Sequencer FLX as directed by manufac-

turer. (454 Life Sciences, Branford, Conn.). Approximately
70,000 individual sequences were determined for the pooled
VH and VL “expressed” amplicons, and another approxi-
mately 70,000 individual sequences determined for the VH
and VL pooled “sorted” amplicons.

[0156] A computer program was used to examine the
sequences and tabulate the number of times each point muta-
tion was found in the “expressed” and “sorted” populations.
Tables 1 thru 12 show the tabulated occurrence of each amino
acid at each position in the “expressed” and ‘sorted” popula-
tions, respectively, as well as the total number of times each
position was sequenced. For example Table 1 shows that
Kabat position 31 of heavy chain CDR1 was read a total of
28,541 times and an alanine mutation was found 68 times at
that position.

TABLE 1

Heavy Chain CDR1 Expressed Mutational Summary

Wt
Res A C D E F G H I K L M N P Q R S T V W Y Total
G31 68 39 49 66 15 wt 6 19 122 44 56 4 31 16 190 67 64 11 72 6 28541
Y32 42 23 39 94 4 47 20 6 11 46 23 41 8 30 82 53 18 70 63 wt 28510
G33 30 9 36 52 4 wt 10 25 69 53 29 25 29 31 157 64 30 53 77 46 28537
V34 103 28 22 42 5 115 3 8 38 68 17 5 17 26 70 47 21 wt 53 14 28526
N33 28 12 33 84 70 44 5 52 18 24 wt 1 35 96 73 49 47 35 15 28529
TABLE 2
Heavy Chain CDR2 Expressed Mutational Summary
Wt
Res A C D E F G H I K L M N P Q R S T v W Y  Total
M50 61 51 22 33 9 125 3 65 3 89 wt 15 7 40 53 9 73 52 12 30243
151 89 23 21 37 17 72 2 wt 33 25 51 3 7 14 85 53 41 38 37 9 30225
w52 83 40 14 21 14 116 6 23 2 77 42 9 15 10 107 49 24 52wt 9 30206
G53 59 57 1 24 52wt 3 5 81 6 5 1 27 79 56 11 57 29 19 30236
D54 58 13 wt 4 2 38 18 27 2 13 20 12 14 25 31 55 4 11 30188
G535 61 52 39 33 21 wt 17 30 17 49 32 14 6 18 126 65 26 38 46 30 30251
N56 97 97 40 71 69 422 19 44 55 135 81 wt 47 35 161 175 76 173 182 35 30151
T57 85 45 8 20 15 117 20 48 3 16 4 29 32 3 84 38 wt 76 33 11 30220
D58 299 37 wt 31 20 110 13 17 22 71 17 53 16 8 64 35 61 49 32 27 30251
Y59 46 24 59 55 20 142 7 64 26 61 38 29 17 8 154 51 57 68 38  wt 30171
N60 86 26 46 107 1 233 30 14 37 79 33 wt 15 37 173 80 47 106 62 24 30239
S61 56 60 3 20 15 115 9 29 24 205 7 2 7211 111 wt 8 92 123 18 30230
A62 wt 33 25 17 64 186 8 31 43 123 21 10 58 16 119 111 50 91 158 31 30229
L63 81 46 49 29 33 168 12 1 11 wt 38 32 133 39 112 126 19 62 33 27 30238
K64 34 33 34 15 30 124 12 12 wt 137 36 14 43 11 66 57 60 82 39 29 30236
S65 41 26 25 37 43 61 9 41 16 69 29 22 36 15 57  wt 20 86 30 59 30229
TABLE 3
Heavy Chain CDR3 Expressed Mutational Summary
Wt
Res A C D E F G H I K L M N P Q R S T V W Y Total
E95 6 2 3 wt 17 44 1 1 3 1 1 4 12 6 18 6 4 6825
R96 4 1 2 4 42 4 5 5 2 1 wt 2 10 6 6830
D97 5 3 wt 7 8 68 30 15 1 7 4 8 4 3 20 9 1 6822
Y98 1 1 2 2 5 1 3 4 6 2 1 3 2 7 36 4 2 wt 6829
R99 4 8 1 1 2 26 4 5 5 18 8 2 3 2 wt 5 5 13 11 1 6816
L100 83 356 42 4 28 130 12 3 4 wt 5 6 4 2 78 38 65 70 39 15 6825
D101 17 16 wt 69 62 118 29 77 26 100 38 2 1 15 77 99 19 77 36 43 6764
Y102 19 3 20 33 13 3 26 51 34 77 42 3 12 23 34 79 64 33 wt 6790
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TABLE 4
Light Chain CDR1 Expressed Mutational Summary
Wt
Res A C D E F G H I K L M N
R24 282 316 103 279 51 662 774 57 118 1188 191 81
A25 wt 23 27 60 9 199 8 33 59 81 49 10
S26 88 162 155 127 197 538 86 113 75 500 129 42
G27 71 315 214 53 279wt 121 158 76 456 156 35
N28 288 126 214 298 74 488 107 83 63 317 67 wt
129 26 65 7 26 28 147 49wt 16 45 21 25
H30 108 56 20 49 26 324wt 55 34 97 14 29
N31 223 84 22 50 85 310 9 51 70 167 88 wt
Y32 28 27 70 74 21 76 21 37 41 26 52 22
133 40 54 67 49 18 179 22 17 43wt 44 31
A34 wt 158 19 17 14 277 16 21 38 53 62 12
Wt
Res P Q R S T \' w Y Total
R24 61 111  wt 1509 32 418 316 62 66511
A25 49 42 118 99 241 74 55 35 66691
S26 94 50 440wt 127 514 291 88 66532
G27 135 76 276 507 78 557 211 95 66611
N28 122 232 548 191 224 255 177 167 66612
129 18 16 66 116 55 144 57 9 66691
H30 23 15 192 65 18 212 107 24 66684
N31 32 19 249 112 78 131 15 62 66626
Y32 21 23 193 56 56 162 31wt 66661
133 59 51 244 77 3% 125 119 11 66708
A34 15 30 191 227 116 196 121 29 66690
TABLE 5
Light Chain CDR2 Expressed Mutational Summary
Wt
Res A cC D E F G H I K L M N
Y50 195 152 75 77 80 255 30 34 77 270 90 28
T51 141 99 66 38 118 287 80 107 25 396 101 39
T52 186 91 352 131 45 455 23 78 116 190 151 45
T53 117 119 19 171 51 483 31 106 83 140 42 26
L34 184 96 49 91 80 487 29 51 67  wt 86 42
AS55 wt 180 90 132 114 425 40 34 98 142 54 20
D36 172 63 wt 220 120 230 61 16 96 152 82 119
Wt
Res P Q R S T \' W Y Total
Y50 43 15 257 230 28 235 131 wt 74051
T51 82 39 285 198  wt 230 192 80 74061
T52 48 106 349 248 wt 284 96 70 74065
T53 66 31 349 151  wt 312 136 56 73941
L34 121 83 530 258 25 276 136 82 74018
A55 45 114 406 220 151 883 122 72 74050
D36 26 82 314 214 138 198 196 96 74058

TABLE 6
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Light Chain CDR1 Expressed Mutational Summary

Wt

Res A C D E F G H I K L M N P Q R S T \ W Y Total
Q89 28 89 52 79 28 108 32 70 92 18 106 15 27 wt 136 135 125 121 47 11 60861
Ho0 114 111 41 61 40 163 wt 15 6 146 52 24 14 48 90 56 27 271 43 46 60914
Fo1 51 109 6 23 wt 141 24 57 10 159 31 30 12 38 106 54 20 173 109 26 60890
w92 104 90 8 50 8 236 50 17 54 233 31 15 60 51 188 43 14 161 wt 39 60863
S93 137 44 59 73 31 298 11 12 65 91 30 15 10 128 wt 28 114 119 37 60825
T94 99 29 18 54 20 209 0 37 21 169 25 48 42 29 190 92 wt 59 110 4 60886
Pos 36 118 28 42 56 177 16 8 13 163 50 43 wt 30 131 78 53 126 64 45 60905
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TABLE 6-continued
Light Chain CDR1 Expressed Mutational Summary
Wt
Res A C D E F G H I K L M N P Q R S T v W Y  Total
R96 87 77 52 33 55 259 43 31 59 115 14 23 20 1 wt 72 37 185 49 27 60884
T97 41 11 23 46 32 60 17 18 82 38 19 36 29 65 wt 53 46 39 60885
TABLE 7
Heavy Chain CDR1 Sorted Mutational Summary
Wt
Res A C D E F G H I XK L M N P Q R S T V w Y Total
G31 30 2 160 24 wt 33 2 16 21 2 1 1 44 136 24 9 2 254 58 24510
Y32 3 7 6 1 4 1 20 6 1 33wt 24487
G33 36 5 1 11 wt 2 6 1 3 63 10 8 15 5 154 23 2 24498
V34 44 30 71 49 94 1 12 74 45 13 14 1 28 127 16 17 wt 33 24516
N33 5 38 11 6 2 1 36 4wt 69 7 17 7 5 24497
TABLE 8
Heavy Chain CDR2 Sorted Mutational Summary
Wt
Res A C D E F G H I K L M N P Q R S T V w Y Total
M50 1 17 1 21 30 33wt 15 4 1 1 9 11 5 1 25395
151 4 37 12 2 68 2wt 30 10 29 14 10 45 8 54 60 16 18 25374
w52 4 1 21 3 3 1 1 3 1 8  wt 25362
G53 7 19 2wt 2 2 1 4 13 5 1 25393
D54 5 1 wt 1 11 3 4 2 19 6 7 21 6 25355
G535 77 26 40 6 138  wt 14 22 40 18 3 23 4 344 9% 5 27 161 109 25386
N56 27 6 2 16 51 64 327 49 23 7wt 70 8 52 84 7 4 48 39 25329
T57 23 18 19 36 7 38 33 76 36 49 25 19 18 18 469 13 wt 87 21 15 25388
D58 525 35 wt 7 51 293 123 27 171 62 156 235 25 57 543 39 17 51 427 131 25405
Y59 29 0 4 17 14 66 6 36 12 18 11 4 1 152 26 27 12 14wt 25349
N60 130 40 17 26 231 31 6 22wt 24 58 155 57 23 33 7 1 25389
S61 38 125 7 32 102 38 34 61 253 49 19 120 20 853 wt 38 90 195 33 25379
A62 wt 207 2 30 67 224 23 36 103 195 52 17 37 38 708 56 36 194 174 58 25395
L63 49 41 67 26 2 188 7 1 30wt 19 4 62 22 222 163 10 56 54 32 25398
K64 17 23 8 5 12 37 11 8 wt 43 34 4 34 14 145 46 13 40 120 60 25377
S65 34 65 46 34 121 53 33 38 103 70 24 46 20 8 335  wt 25 61 197 120 25350
TABLE 9
Heavy Chain CDR3 Sorted Mutational Summary
Wt
Res A C D E F G H I K L M N P Q R S T V W Y Total
E95 2 3 0wt 2 5 1 15 1 5 1 4943
R96 1 16 1 4 1 1wt 1 4950
D97 4wt 1 1 4 1 1 2 5 2 1 4946
Y98 2 1 2 3 1 2 1 3 13 1 wt 4949
R99 21 1 1 1 3 1 1 1 2 6 wt 2 1 9 4936
L1100 6 6 13 10 36 30 5wt 47 3 4 31 2 2 37 1 4949
D101 9 wt 14 3 18 3 45 1 8 4 21 12 9 18 9 2 4915
Y102 15 5 3 16 12 1 31 15 59 20 18 6 83 48 13 12 1 wt 4888
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TABLE 10
Light Chain CDR1 Sorted Mutational Summary

Wt
Res A C D E F G H I K L M N
R24 67 109 36 52 43 248 329 14 207 464 84 10
A25 wt 61 32 4 450 6 27 10 100 98 35
S26 53 164 31 101 291 1045 179 97 412 548 273 79
G27 90 111 91 10 309 wt 257 31 415 252 130 53
N28 181 83 74 55 9 457 142 36 196 90 37wt
129 53 72 4 18 6 33 7wt 114 31 10
H30 7 16 12 21 16 46wt 6 8 5 19
N31 29 13 13 34 11 42 24 17 99 63 45wt
Y32 12 7 4 10 2 50 2 9 8 11
133 29 20 10 16 3 58 60 20 15wt 37 49
A34 wt 447 46 14 2 233 9 8 26 8 13

Wt

Res P Q R S T \' w Y Total

R24 35 40wt 366 22 102 224 19 66711

A25 129 39 99 207 315 112 11 66775

S26 64 127 1987 wt 239 378 657 166 66534

G27 74 47 2358 672 39 108 519 158 66711

N28 56 243 2140 275 85 119 92 93 66725

129 59 8 35 20 132 208 12 1 66772

H30 10 60 22 7 17 49 25 66772

N31 1 5 268 72 39 50 5 5 66740

Y32 17 26 1 28 6 wt 66776

133 24 44 67 27 3 75 16 6 66762

A34 3 15 68 64 179 310 34 66764

TABLE 11
Light Chain CDR2 Sorted Mutational Summary

Wt
Res A C D E F G H I K L M N
Y50 76 96 19 18 9 123 29 14 12 150 29 13
T51 97 72 14 22 44 107 17 24 88 138 24 5
T52 516 57 123 76 46 1058 47 59 146 189 150 140
T53 358 30 19 39 9 471 7 27 19 32 12 24
L34 166 133 28 28 13 351 22 21 71wt 66 77
AS55 wt 232 41 35 306 549 82 90 219 558 156 26
D36 371 88 wt 147 85 466 88 37 703 343 97 177

Wt

Res P Q R S T \' w Y Total

Y50 33 10 137 70 18 102 63 wt 70115

T51 55 6 537 216 wt 81 70 15 70091

T52 40 107 1381 296 wt 170 119 116 70116

T53 9 20 94 338 wt 37 59 16 70122

154 69 119 853 155 139 361 196 12 70084

A55 118 122 629 162 226 811 370 101 70054

D36 49 146 1411 662 179 324 776 252 70095

TABLE 12
Light Chain CDR3 Sorted Mutational Summary

Wt
Res A C D E F G H I K L M N P Q R S T V W Y Total
Q89 4 5 194 1 18 5 8 3 33 35 23 8 wt 17 1 1 17 11 58513
H90 4 15 2 1 6 wt 8 1 10 16 1 10 24 3 10 7 7 4 58531
Fo1 94 32 12 wt 32 2 14 97 11 3 13 14 30 1 58510
w92 316 7 3 2 1 2 12 1 wt 58478
593 289 6 14 8 94 510 14 1 56 5 88 10 389wt 20 5 445 92 58512
T94 169 2 14 15 10 189 6 213 16 5 30 2 32 966 154 wt 74 85 57 58516
P95 12 1 1 1 24 9 5 10 wt 12 219 10 8 38 9 5 58512
R96 0 3 1 8 28 1 9 14 7 4wt 8 & 23 4 58527
T97 84 10 34 63 37 198 1 9 40 67 44 10 40 140 92 wt 174 75 77 58505
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Example 6 [0160] Fischmann, T. O., Bentley, G. A., Bhat, T. N., Bou-
lot, G., Mariuzza, R. A., Phillips, S. E. V., Tello, D., and
Identification of Point Mutants With Altered Binding Poljak, R.J (]99]) Crysta]]ographjc refinement of the
to HEL three-dimensional structure of the Fab D1.3-lysozyme
[0157] Table 13 shows the complete data for a selected complex at 2.5 angstrom resolution. J. Biol. Chem. 266:
group of mutations demonstrating the identification of muta- 12915-12920.
tions with better binding, slightly impaired binding, and [0161] Hawkins,R. E.,Russell,S. J., Baier, M., and Winter,
great]y decreased binding to HEL. To ana]yze the data, the G. (1993). The contribution of contact and non-contact
number of times a mutation is found at a given position is residues of antibody in the affinity of binding to antigen.
normalized for the number of times that position was The interaction of mutant D1.3 antibodies with lysozyme.
sequenced and expressed as a frequency per 1000 sequences. J. Mol. Biol. 234:958-64.
Then the frequency of the mutation in the sorted population is [0162] England, P., Bregegere, F., and Bedouelle, H. (1997)
divided by the freque.ncy in the e{(Preéseﬁi population to give Energetic and kinetic contributions of contact residues of
the Enrichment Ratio (ER) which indicated whether the antibody D1.3 in the interaction with lysozyme. (1997).
mutation has l()ieen erlllnched or deg)leted 1n Fhe sortzd popullla- Biochemistry 36:164-172.
tion compared to the expresse opulation, and to what
extent. Mlljltations that arepenriche(f irfj the sorted population [0163] England, P, Nageotte, R., Renard, M, Page, A"L"
will have enhanced binding to HEL, while mutations that are and Bedo?e“e’ Hd 999,)' Functional che}ractenzatl.on of
depleted will have decreased binding to HEL. For example the somatic hype.:rmutgtlon process lead.lng to antibody
mutation T94H at the 6” position of CDR3 of the light chain D1.3, a high affinity antibody directed against lysozyme. J.
was found 0/60,886 times in the expressed population and Immunol. 162:2129-2136.
189/58,516 times in the sorted population. These correspond [0164] Dall’Acqua, W., Goldman, E. R., Lin, W., Teng, C.,
to frequencies of less than 0.016 times per thousand and 3.23 Tsuchiya, D., Li, H.,, Ysern, X., Braden, B. C., Li, Y.,
times per thousand in the expressed and sorted populations, Smith-Gill, S.J., and Mariuzza, R. A. (1998). A mutational
respectively. The Enrichment Ratio for this mutation is analysis of binding interactions in an antigen-antibody pro-
greater than 200 indicating a large enrichment in the sorted tein-protein complex. Biochemistry 37:7981-7991.
Population agd would therefore be Predicted to have [0165] Akamatsu,Y., Pakabunto, K., Xu, Z., Zhang, Y., and
increased affinity fqr HEL cqmpared to Wlld-type D1 ..3. Table Tsurushita, N. (2007). Whole IgG surface display on mam-
13 shows 3 additional point mutations with Enrichment malian cells: application to isolation of neutralizing
Ratios greater than 2 (S93W in VL, and G31E and D58W in chicken monoclonal anti-I[.-12 antibodies. J. Immunol.
YH): All four of these mutants show sever.al fqld increased Methods 327:40-52.
binding to HEL when assayed by FACS titration (FIG. 6).
Table 3 also shows two mutations with decreased binding to [01,66] Chang, A. CY’ and Cohen,. S.N. (1978,) Construc-
HEL— W92A and Y 50A, both in the light chain. W92A muta- tion and characterization of amplifiable multicopy DNA
tion has an enrichment ratio of 0.03, and shows drastic loss of clqmng VethI,eS derived from the P15A cryptic miniplas-
binding to HEL, while mutation Y50 A, with an Enrichment mid. J. Bacteriol. 134:1141-56.
Ratio of 0.41, shows a more modest several fold loss in [0167] It is to be understood that the above description is

binding affinity (FIG. 7).
TABLE 13

intended to be illustrative and not restrictive. Many embodi-

Enrichment Ratios of Selected Mutants

expressed sorted

wt expressed expressed sorted sorted frequency frequency enrichment
residue mutation CDR count total count total per 1000 per 1000 ratio
T9%4 H CDR-L3 0 60,886 189 58,516 <0.016 3.23 >201.86
D58 W CDR-H2 32 30,251 427 25,405 1.06 16.81 15.89
S93 W CDR-L3 119 60,825 445 58,512 1.96 7.61 3.89
G31 E CDR-H1 66 28,541 160 24,510 231 6.53 2.82
Y50 A CDR-L2 195 74,051 76 70,115 2.63 1.08 0.41
W92 A CDR-L3 104 60,863 3 58,478 1.71 0.05 0.03

REFERENCES ments will be apparent to those of skill in the art upon reading
[0158] Harper, M., Lema, F., Boulot, G., and Poljak, R. J. the above description. The scope of the invention should,

(1987). Antigen specificity and cross-reactivity of mono-

clonal anti-lysozyme antibodies. Mol. Immunol
24:97-108.
[0159] Amit, A. G., Mariuzza, R. A, Phillips, S. E. V., and

Poljak, R.J. (1986) Three-dimensional structure of an anti-
gen-antibody complex at 2.8 angstrom resolution. Science
233:747-753.

therefore, be determined not with reference to the above
description, but should instead be determined with reference
to the appended claims, along with the full scope of equiva-
lents to which such claims are entitled. The disclosures of all
articles and references, including patent applications, patents,
PCT publications, and Genbank Accession Nos., are incor-
porated herein by reference for all purposes.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 6

<210> SEQ ID NO 1
<211> LENGTH: 21
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 1
ctcataacac cccttgcagt
<210> SEQ ID NO 2

<211> LENGTH: 21
<212> TYPE: DNA

g

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 2
cagaaggccce ctgacggatg
<210> SEQ ID NO 3

<211> LENGTH: 414
<212> TYPE: DNA

g

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

polynucleotide
<400> SEQUENCE: 3
geeggecace atggetgtte
cctgtcacaa gtccaactca
cagtatcaca tgtacagtca
gecagccteca ggcaagggac
ctataactce gccctgaagt
cttectcaag atgaatagec
gagggattac cgcctggatt
<210> SEQ ID NO 4

<211> LENGTH: 135
<212> TYPE: PRT

tgggactgcet
aggagtctgg
gtggetttte
tggagtggcet
ccagactete

tccacactga

attggggcca

getetgtety

accecggactyg

cctgacaggyg

gggcatgata

catctctaaa

tgacactgcet

aggaaccacc

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

polypeptide

<400> SEQUENCE: 4

Met Ala Val Leu Gly Leu Leu Leu

1 5

Val Leu Ser Gln Val Gln Leu Lys

20

Pro Ser Gln Ser Leu Ser Ile Thr

35

40

Thr Gly Tyr Gly Val Asn Trp Val

50

55

Cys Leu Val
10

Glu Ser Gly
25

Cys Thr Val

Arg Gln Pro

Synthetic

21

Synthetic

21

Synthetic

gttactttte cttcatgegt 60
gtcgctceccecca gtcagagect 120
tatggggtga actgggtccg 180
tggggagacg gtaataccga 240
gacaactcca aatctcaggt 300
aggtactatt gtgcccggga 360
ctgaccgtga gctce 414
Synthetic

Thr

Pro

Ser

Pro
60

Phe

Gly

Gly

45

Gly

Pro Ser Cys
15

Leu Val Ala
30

Phe Ser Leu

Lys Gly Leu
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-continued

Glu Trp Leu Gly Met Ile Trp Gly Asp Gly Asn Thr Asp Tyr Asn Ser
65 70 75 80

Ala Leu Lys Ser Arg Leu Ser Ile Ser Lys Asp Asn Ser Lys Ser Gln
85 90 95

Val Phe Leu Lys Met Asn Ser Leu His Thr Asp Asp Thr Ala Arg Tyr
100 105 110

Tyr Cys Ala Arg Glu Arg Asp Tyr Arg Leu Asp Tyr Trp Gly Gln Gly
115 120 125

Thr Thr Leu Thr Val Ser Ser
130 135

<210> SEQ ID NO 5

<211> LENGTH: 387

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polynucleotide

<220> FEATURE:

<221> NAME/KEY: CDS

<222> LOCATION: (13)..(387

<400> SEQUENCE: 5

geggecgeca c¢c atg gaa act gat aca ctg ctg cte tgg gtt ctg ctg cte 51
Met Glu Thr Asp Thr Leu Leu Leu Trp Val Leu Leu Leu
1 5 10

tgg gtt ccc gga age act gga gat ata cag atg acc cag tct cce gec 99
Trp Val Pro Gly Ser Thr Gly Asp Ile Gln Met Thr Gln Ser Pro Ala
15 20 25

agt ctc agc gct tce gtt gge gaa acc gtg aca att act tgc cgc gca 147
Ser Leu Ser Ala Ser Val Gly Glu Thr Val Thr Ile Thr Cys Arg Ala
30 35 40 45

agc ggce aac atc cat aac tac ctg get tgg tac cag cag aag cag gga 195
Ser Gly Asn Ile His Asn Tyr Leu Ala Trp Tyr Gln Gln Lys Gln Gly
50 55 60

aag tcc cca caa ctg cte gtt tat tac act aca aca ctg gcc gat ggg 243
Lys Ser Pro Gln Leu Leu Val Tyr Tyr Thr Thr Thr Leu Ala Asp Gly
65 70 75

gtg cca agt cgc ttt tct ggce age gga tct ggce act cag tat tce cte 291
Val Pro Ser Arg Phe Ser Gly Ser Gly Ser Gly Thr Gln Tyr Ser Leu
80 85 90

aaa att aac agc ctc cag ccc gag gac ttt ggg tcee tac tac tge cag 339
Lys Ile Asn Ser Leu Gln Pro Glu Asp Phe Gly Ser Tyr Tyr Cys Gln
95 100 105

cac ttc tgg tct act cca aga aca ttt ggg ggce gga acc aag ctc gag 387
His Phe Trp Ser Thr Pro Arg Thr Phe Gly Gly Gly Thr Lys Leu Glu
110 115 120 125

<210> SEQ ID NO 6

<211> LENGTH: 125

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polypeptide

<400> SEQUENCE: 6

Met Glu Thr Asp Thr Leu Leu Leu Trp Val Leu Leu Leu Trp Val Pro
1 5 10 15

Gly Ser Thr Gly Asp Ile Gln Met Thr Gln Ser Pro Ala Ser Leu Ser
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20 25

Ala Val

35

Glu Thr Val Thr

40

Ile Thr Ala

45

Ser Gly Cys Arg

Ile His Asn Tyr Leu Ala Trp Tyr Gln Gln Lys Gln Gly

Gln
65

Val Thr Thr Thr Ala

75

Leu Leu Tyr Tyr Leu

70

Asp Gly

Phe Thr Gln

90

Ser Ser Ser

85

Arg Ser Gly Gly Gly Tyr Leu

Ser Gln Glu Phe Ser Gln

105

Pro
100

Leu Asp Gly Tyr Tyr Cys

Ser Thr Thr Phe Thr Glu

125

Pro Leu

115

Arg Gly Gly

120

Gly Lys

30

Ser

Lys

Val

Lys

His
110

Gly Asn

Pro

Ser

Ser
80

Pro

Ile
95

Asn

Phe Trp

1-32. (canceled)

33. A method for determining in parallel the effect of single
amino acid substitutions on the interaction of'in a polypeptide
of interest (“POI”) with a target molecule, comprising the
steps of:

(a) constructing a nucleic acid library comprising 50 to
10,000 member variant nucleic acid molecules, that
each encode a variant polypeptide that differs from the
POI by only a single amino acid substitution;

(b) transforming mammalian host cells with the nucleic
acid library to produce a mammalian host cell library
comprising cells that each express a single member of
the nucleic acid library and display the expressed variant
polypeptide on the surface of the cell;

(c) contacting the mammalian host cell library with the
target molecule;

(d) sorting the mammalian host cell library into subpopu-
lations based on binding to the target molecule, such that
the proportion of each of said variant polypeptides is
enriched, depleted or unaltered in each subpopulation,
respectively, relative to the POI;

(e) sequencing nucleic acid library members in said sub-
populations to determine the proportion of each variant
polypeptide in each subpopulation; and

(f) analyzing the proportion of each variant polypeptide in
each subpopulation to determine whether the interaction
of each variant polypeptide with the target molecule is
enhanced, diminished, or unaltered relative to the POI,
thereby determining in parallel the effect of single

amino acid substitutions in the POI on the POI’s inter-
action with the target molecule.

34. The method of claim 33, wherein the variant nucleic
acid molecules are in vectors comprising the Epstein-Barr
virus replication origin and nuclear antigen and wherein the
variant polypeptides are displayed on the surface of the cell.

35. The method of claim 33, wherein the POI is an anti-
body.

36. The method of claim 35, wherein the POI comprises
two antibody variable domains and wherein each variant
polypeptide has a single amino acid substitution in one of its
variable domains relative to the variable domains in the POI.

37. The method of claim 36, wherein each single amino
acid substitution is in a the complimentarity determining
region (CDR).

38. The method of claim 37, wherein each possible natural
amino acid substitution at about 50 to 60 CDR positions are
represented in the library.

39. The method of claim 33, wherein the sorting of step (d)
employs a fluorescently labeled antigen.

40. The method of claim 33, wherein the library is sorted by
fluorescent activated cell sorting.

41. The method of claim 33, wherein the nucleic acid
library has between about 1,000 to about 5,000 unique
nucleic acid molecules.

42. The method of claim 33, wherein the constructing of
method step (a) employs NNK mutagenesis.

43. The method of claim 33, wherein the sequencing step
(e) employs massively parallel pyrosequencing.

#* #* #* #* #*



