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(57) ABSTRACT 

The invention overcomes the de?ciencies of the prior art by 
providing a rapid approach for isolating binding proteins 
capable of binding small molecules and peptides. In the 
technique, libraries of candidate binding proteins, such as 
antibody sequences, are expressed in the periplasm of gram 
negative bacteria and mixed With a labeled ligand. In clones 
expressing recombinant polypeptides With af?nity for the 
ligand, the concentration of the labeled ligand bound to the 
binding protein is increased and alloWs the cells to be 
isolated from the rest of the library. Where ?uorescent 
labeling of the target ligand is used, cells may be isolated by 
?uorescence activated cell sorting (FACS). The approach is 
more rapid than prior art methods and avoids problems 
associated With the outer surface-expression of ligand fusion 
proteins employed With phage display. 
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COMBINATORIAL PROTEIN LIBRARY 
SCREENING BY PERIPLASMIC EXPRESSION 

[0001] This application claims the priority of US. Provi 
sional Patent App. No. 60/396,058, ?led Jul. 15, 2002, and 
is also a continuation-in-part of US. patent application Ser. 
No. 09/699,023, ?led Oct. 27, 2000. The entire disclosures 
of the foregoing applications are incorporated herein by 
reference. 

[0002] The government may oWn rights in the present 
invention pursuant to the US. Army ARO MURI program 
and the Texas Consortium for Development of Biological 
Sensors and in connection With contract number DADD17 
01-D-0001 With the US. Army Research Laboratory. 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 

[0004] The present invention relates generally to the ?eld 
of protein engineering. More particularly, it concerns 
improved methods for the screening of combinatorial librar 
ies of polypeptides to alloW isolation of ligand binding 
polypeptides. 

[0005] 2. Description of Related Art 

[0006] The isolation of polypeptides that either bind to 
ligands With high affinity and speci?city or catalyZe the 
enZymatic conversion of a reactant (substrate) into a desired 
product is a key process in biotechnology. Ligand-binding 
polypeptides, including proteins and enZymes With a desired 
substrate speci?city can be isolated from large libraries of 
mutants, provided that a suitable screening method is avail 
able. Small protein libraries composed of 103-105 distinct 
mutants can be screened by ?rst groWing each clone sepa 
rately and then using a conventional assay for detecting 
clones that exhibit speci?c binding. For example, individual 
clones expressing different protein mutants can be groWn in 
microtiter Well plates or separate colonies on semisolid 
media such as agar plates. To detect binding the cells are 
lysed to release the proteins and the lysates are transferred 
to nylon ?lters, Which are then probed using radiolabeled or 
?uorescently labeled ligands (DeWildt et al. 2000). HoW 
ever, even With robotic automation and digital image sys 
tems for detecting binding in high density arrays, it is not 
feasible to screen large libraries consisting of tens of mil 
lions or billions of clones. The screening of libraries of that 
siZe is required for the de novo isolation of enZymes or 
protein binders that have af?nities in the subnanomolar 
range. 

[0007] The screening of very large protein libraries has 
been accomplished by a variety of techniques that rely on the 
display of proteins on the surface of viruses or cells (Ladner 
et al. 1993). The underlying premise of display technologies 
is that proteins engineered to be anchored on the external 
surface of biological particles (i.e., cells or viruses) are 
directly accessible for binding to ligands Without the need 
for lysing the cells. Viruses or cells displaying proteins With 
af?nity for a ligand can be isolated in a variety of Ways 
including sequential adsorption/desorption form inmobi 
liZed ligand, by magnetic separations or by How cytometry 
(Ladner et al. 1993, US. Pat. No. 5,223,409, Ladner et al 
1998, US. Pat. No. 5,837,500, Georgiou et al. 1997, Shusta 
et al. 1999). 
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[0008] The most Widely used display technology for pro 
tein library screening applications is phage display. Phage 
display is a Well-established and poWerful technique for the 
discovery of proteins that bind to speci?c ligands and for the 
engineering of binding af?nity and speci?city (Rodi and 
MakoWski, 1999). In phage display, a gene of interest is 
fused in-frame to phage genes encoding surface-exposed 
proteins, most commonly pIII. The gene fusions are trans 
lated into chimeric proteins in Which the tWo domains fold 
independently. Phage displaying a protein With binding 
af?nity for a ligand can be readily enriched by selective 
adsorption onto immobiliZed ligand, a process knoWn as 
“panning”. The bound phage is desorbed from the surface, 
usually by acid elution, and ampli?ed through infection of E. 
coli cells. Usually, 4-6 rounds of panning and ampli?cation 
are suf?cient to select for phage displaying speci?c polypep 
tides, even from very large libraries With diversities up to 
1010. Several variations of phage display for the rapid 
enrichment of clones displaying tightly binding polypep 
tides have been developed (Duenas and Borrebaeck, 1994; 
Malmborg et al., 1996; Kjaer et al., 1998; Burioni et al., 
1998; Levitan, 1998; Mutuberria et al., 1999; Johns et al., 
2000). 
[0009] One of the most signi?cant applications of phage 
display technology has been the isolation of high affinity 
antibodies (Dall’Acqua and Carter, 1998; Hudson et al., 
1998; Hoogenboom et al., 1998; Maynard and Georgiou, 
2000). Very large and structurally diverse libraries of scFv or 
F AB fragments have been constructed and have been used 
successfully for the in vitro isolation of antibodies to a 
multitude of both synthetic and natural antigens (Gri?iths et 
al., 1994; Vaughan et al., 1996; Sheets et al., 1998; Pini et 
al., 1998; de Haard et al., 1999; Knappik et al., 2000; 
Sblattero and Bradbury, 2000). Antibody fragments With 
improved af?nity or speci?city can be isolated from libraries 
in Which a chosen antibody had been subjected to mutagen 
esis of either the CDRs or of the entire gene CDRs (Hawkins 
et al., 1992; LoW et al., 1996; Thompson et al., 1996; 
ChoWdhury and Pastan, 1999). Finally, the expression char 
acteristics of scFv, notorious for their poor solubility, have 
also been improved by phage display of mutant libraries 
(Deng et al., 1994; Coia et al., 1997). 
[0010] HoWever, several spectacular successes notWith 
standing, the screening of phage-displayed libraries can be 
complicated by a number of factors. First, phage display 
imposes minimal selection for proper expression in bacteria 
by virtue of the loW expression levels of antibody fragment 
gene III fusion necessary to alloW phage assembly and yet 
sustain cell groWth (Krebber et al., 1996, 1997). As a result, 
the clones isolated after several rounds of panning are 
frequently dif?cult to produce on a preparative scale in E. 
coli. Second, although phage displayed proteins may bind a 
ligand, in some cases their un-fused soluble counterparts 
may not (Griep et al., 1999). Third, the isolation of ligand 
binding proteins and more speci?cally antibodies having 
high binding affinities can be complicated by avidity effects 
by virtue of the need for gene III protein to be present at 
around 5 copies per virion to complete phage assembly. 
Even With systems that result in predominantly monovalent 
protein display, there is nearly alWays a small fraction of 
clones that contain multiple copies of the protein. Such 
clones bind to the immobiliZed surface more tightly and are 
enriched relative to monovalent phage With higher affinities 
(Deng et al., 1995; MacKenZie et al., 1996, 1998). Fourth, 
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theoretical analysis aside (Levitan, 1998), panning is still a 
“black box” process in that the e?fects of experimental 
conditions, for example the stringency of Washing steps to 
remove Weakly or non-speci?cally bound phage, can only be 
determined by trial and error based on the ?nal outcome of 
the experiment. Finally, even though pIII and to a lesser 
extent the other proteins of the phage coat are generally 
tolerant to the fusion of heterologous polypeptides, the need 
to be incorporated into the phage biogenesis process 
imposes biological constraints that can limit library diver 
sity. Therefore, there is a great need in the art for techniques 
capable of overcoming these limitations. 

[0011] Protein libraries have also been displayed on the 
surface of bacteria, fungi, or higher cells. Cell displayed 
libraries are typically screened by How cytometry (Georgiou 
et al. 1997, Daugherty et al. 2000). HoWever, just as in phage 
display, the protein has to be engineered for expression on 
the outer cell surface. This imposes several potential limi 
tations. For example, the requirement for display of the 
protein on the surface of a cell imposes biological con 
straints that limit the diversity of the proteins and protein 
mutants that can be screened. Also, complex proteins con 
sisting of several polypeptide chains cannot be readily 
displayed on the surface of bacteria, ?lamentous phages or 
yeast. As such, there is a great need in the art for technology 
Which circumvents all the above limitations and provides an 
entirety novel means for the screening of very large polypep 
tide libraries. 

SUMMARY OF THE INVENTION 

[0012] In one aspect, the invention provides a method of 
obtaining a bacterium comprising a nucleic acid sequence 
encoding a binding polypeptide having speci?c a?inity for a 
target ligand comprising the steps of: (a) providing a Gram 
negative bacterium comprising an inner and an outer mem 
brane and a periplasm, said bacterium expressing a nucleic 
acid sequence encoding a candidate binding polypeptide in 
the periplasm of said bacterium; (b) contacting the bacte 
rium With a labeled ligand capable of dilfusing into said 
periplasm; and (c) selecting said bacterium based on the 
presence of said labeled ligand bound to said candidate 
binding polypeptide. In one embodiment of the invention, 
the method comprises the steps of: (a) providing a Gram 
negative bacterium expressing a nucleic acid sequence 
encoding a fusion polypeptide comprising a candidate bind 
ing polypeptide and a polypeptide anchored to the outer side 
of the inner membrane of the bacterium; (b) contacting the 
bacterium With a labeled ligand capable of dilfusing into the 
bacterium; and (c) selecting the bacterium based on the 
presence of the labeled ligand bound to the candidate 
binding polypeptide. 

[0013] In certain embodiments of the invention, the 
method may be further de?ned as a method of obtaining a 
nucleic acid sequence encoding a binding polypeptide hav 
ing a speci?c a?inity for a target ligand, the method further 
comprising the step of: (d) cloning a nucleic acid sequence 
encoding the candidate binding polypeptide from the bac 
terium. In the method, the nucleic acid sequence may be 
further de?ned as operably linked to a leader sequence 
capable of directing the expression of the fusion polypeptide 
to the outer side of the inner membrane. 

[0014] In one embodiment of the invention, the Gram 
negative bacterium is an E. coli bacterium. In certain further 
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embodiments of the invention, the method may be further 
de?ned as comprising use of a population of Gram negative 
bacteria. Such a population may collectively express a 
plurality of fusion polypeptides comprising a plurality of 
candidate binding polypeptides. The population may be 
obtained by a method comprising the steps of: (a) preparing 
a plurality of nucleic acid sequences encoding a plurality of 
fusion polypeptides comprising a candidate binding 
polypeptide and a inner membrane anchor polypeptide; and 
(b) transforming a population of Gram negative bacteria 
With the DNA inserts. In the method, the population of Gram 
negative bacteria may be contacted With the labeled ligand. 

[0015] In one embodiment of the invention, a candidate 
binding polypeptide is further de?ned as an antibody or 
fragment thereof or, alternatively, may be a binding protein 
other than an antibody. The candidate binding polypeptide 
may also be further de?ned as an enZyme. The labeled ligand 
may comprise a peptide, polypeptide, enZyme, nucleic acid 
and/or synthetic molecule. The labeled ligand may be 
labeled by any suitable means, including ?uorescently 
labeled. In certain embodiments of the invention, the nucleic 
acid encoding a candidate binding polypeptide if further 
de?ned as ?anked by knoWn nucleic acid sequences, 
Whereby the nucleic acid is capable of being ampli?ed 
folloWing the selection. 

[0016] In certain embodiments of the invention, the 
method of obtaining a bacterium comprising a nucleic acid 
sequence encoding a binding polypeptide comprises treating 
the bacterium to increase the permeability of the outer 
membrane of the bacterium to the labeled ligand. Treating 
may comprise, in one embodiment of the invention, treating 
the bacterium With hyperosmotic conditions, treating the 
bacterium With physical stress and/ or treating the bacterium 
With a phage. The method may comprise removing the outer 
membrane of the bacterium or alternatively using mutant 
bacteria having a defective outer membrane that alloWs the 
dilfusion of polypeptides of various molecular Weights. The 
method may also comprise groWing the bacterium at a 
sub-physiological temperature, including about 250 C. The 
method may still further comprise removing labeled ligand 
not bound to the candidate binding polypeptide. 

[0017] Selecting in accordance With the invention may 
comprise any suitable method. In one embodiment of the 
invention, the selection comprises ?oW cytometry (e.g., 
?uorescence activated cell sorting (FACS)). In another 
embodiment, the selection comprises magnetic separation. 
The ligand and candidate binding polypeptide may be 
reversibly bound. The polypeptide may be anchored to the 
outer side of the inner membrane by any suitable anchor, 
including an N-terminal fusion to a 6 residue sequence 
derived from the native E. coli lipoprotein NlpA,, any 
transmemebrane protein or fragment thereof, and the gene 
III protein of ?lamentous phage or a fragment thereof. 

[0018] In still yet another aspect, the invention provides an 
isolated antibody or fragment thereof that binds immuno 
logically to Bacillus anthracis protective antigen With an 
af?nity Kd of betWeen about 140 pM and about 21 pM as 
determined by surface plasmon resonance. Such an antibody 
or fragment thereof may be further de?ned as binding 
immunologically to Bacillus anthracis protective antigen 
With a binding af?nity Kd of betWeen about 96 pM and about 
21 pM and/or betWeen about 35 pM and about 21 pM. The 
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isolated antibody or fragment thereof may still further be 
de?ned as comprising an Fc domain of IgA, IgD, IgE, IgG 
or IgM. The antibody may be a humanized antibody and may 
be a human antibody. In certain embodiments, the isolated 
antibody or fragment thereof comprises an scFv fragment 
and antibody constant regions forming a monovalent anti 
body portion of at least 40 kDa. 

[0019] In still yet another aspect, the invention provides an 
isolated antibody or fragment thereof that binds immuno 
logically to Bacillus anthracis protective antigen and com 
prises the variable light and variable heavy chain of SEQ ID 
NO:21, With the exception that the variable light and vari 
able heavy chain comprise a modi?cation selected from the 
group consisting of: I21V, S22G, L33S, Q38R, L46F, Q55L, 
S56P, T74A, S76N, Q78L, L94P, S7P, K19R, S30N, T57S, 
K62R, K64E, T68I, and M80L; Wherein said I21V, S22G, 
L33S, Q38R, L46F, Q55L, S56P, T74A, S76N, Q78L and 
L94P are in the variable light chain and Wherein said S7P, 
K19R, S30N, T57S, K62R, K64E, T68I and M80L are in the 
variable heavy chain. In certain embodiments of the inven 
tion, the isolated antibody or fragment thereof may be 
de?ned as comprising from about tWo to at all of said 
modi?cations, including about 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15, 16, 17, 18 or all of the modi?cations, including 
all possible combinations of the foregoing modi?cations. 

[0020] In certain aspects of the invention, the isolated 
antibody or fragment thereof is further de?ned as binding 
immunologically to Bacillus anthracis protective antigen 
With an af?nity Kd of betWeen about 140 pM and about 21 
pM as determined by surface plasmon resonance. In further 
embodiments of the invention the antibody or fragment 
thereof comprises Q55L and S56P. The isolated antibody or 
fragment thereof may comprising the variable light and/or 
variable heavy chain of SEQ ID NO:22 or SEQ ID NO:24. 
In one embodiment, the isolated antibody or fragment 
thereof comprises SEQ ID NO:22 and/or SEQ ID NO:24. 
The isolated antibody or fragment thereof may be further 
de?ned as a scAb, Fab or SFv and may also be further 
de?ned as comprising an Fc domain of IgA, IgD, IgE, IgG 
or IgM. The isolated antibody or fragment thereof may be a 
humaniZed antibody and may be human. In particular 
embodiments, the isolated antibody or fragment thereof 
comprises an scFv fragment and antibody constant regions 
forming a monovalent antibody portion of at least 40 kDa. 

[0021] In still yet another aspect, the invention provides an 
isolated nucleic acid encoding an antibody or fragment 
thereof provided by the invention. In one embodiment, the 
nucleic acid encodes the variable light chain of SEQ ID 
NO:23 and/or SEQ ID NO:25. In another embodiment, the 
nucleic acid encodes the variable heavy chain of SEQ ID 
NO:23 and/or SEQ ID NO:25. In yet another embodiment, 
nucleic acid encodes the polypeptide of SEQ ID NO:23 and, 
in another embodiment, the polypeptide of SEQ ID NO:25. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] The folloWing draWings form part of the present 
speci?cation and are included to further demonstrate certain 
aspects of the present invention. The invention may be better 
understood by reference to one or more of these draWings in 
combination With the detailed description of speci?c 
embodiments presented herein. 

[0023] FIG. 1A-C: Selective identi?cation of Antigen tar 
gets With APEX. APEX expressed scFvs in E. coli repre 
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sented as indicated. ShoWs scFvs expressed that bind small 
molecules, (A) digoxigenin-Bodipy FL, (B) methamphet 
amine-FL; or ScFvs expressed that bind peptides (C) e.g., 
peptide 18aa. 

[0024] FIG. 2A-B: Detection of ScFvs on the Surface of 
Spheroplasts. APEx expressed scFvs in E. coli represented 
as indicated. ScFvs expressed Were capable of binding large 
antigens, e.g., PA-Cy5 (83 kD), Phycoerythrin-digoxigenin 
(240kD). Provides evidence that scFvs expressed via APEx 
are accessible to large proteins. 

[0025] FIG. 3A-B: Detection of ScFvs for Larger Target 
Antigen conjugated ?uorophores. 
[0026] FIG. 4: Maturation of methamphetamine binding 
scFv for Meth-FL probe. 

[0027] FIG. 5: Analysis of clone designated mutant 9 With 
higher mean FL signal than the parent anti-methamphet 
amine scFv. The scFvs expressed via anchored periplasmic 
expression are as indicated. 

[0028] FIG. 6: A schematic diagram shoWing the principle 
of Anchored Periplasmic Expression (APEx) for the How 
cytometry based isolation of high af?nity antibody frag 
ments. 

[0029] FIG. 7: Examples of targets visualiZed by APEx. 
(A) Fluorescence distribution of ABLECTM cells expressing 
PA speci?c (14B7) and digoxigenin speci?c (Dig) scFv and 
labeled With 200 nM BodipyTM conjugated ?uorescent anti 
gens. Histograms represent the mean ?uorescence intensity 
of 10,000 E. Coli events. (B) Histograms of cells expressing 
14B7 or Dig scFv labeled With 200 nM of the 240 kDa 
digoxigenin-phycoerythrin conjugate. 
[0030] FIG. 8: Analysis of anti-PA antibody fragments 
selected using APEx (A) Signal Plasmon Resonance (SPR) 
analysis of anti-PA scAb binding to PA. (B) Table of affinity 
data acquired by SPR. (C) FC Histogram of anti-PA scFv in 
pAPEx1 expressed in E. coli and labeled With 200 nM 
PA-BodipyTM conjugate as compared With anti-methamphet 
amine (Meth) scfv negative control. 

[0031] FIG. 9: N-Terminal vs. C-Terminal anchoring strat 
egy comparison. (A) Anti-digoxigenin Dig scfv, anti-PA 
M18 scFv and anti-methamphetamine Meth scFv expressed 
as N-terminal fusions in the pAPEx1 vector in E. coli 
speci?cally label With 200 nM of their respective antigen. 
(B) C-terminal fusions of same scFv in pAK200 vector 
speci?cally labeled With 200 nM of their respective antigen. 

[0032] FIG. 10: VieW from the top of the antibody binding 
pocket shoWing the conformation and amino acid substitu 
tions in the 1H, M5, M6 and M18 sequences. 

[0033] FIG. 11: Alignment of 14B7 scFv (SEQ ID NO:21) 
and M18 scFv (SEQ ID NO:23) sequences shoWing variable 
heavy and variable light chains and mutations made to 
improve binding af?nity. 

DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0034] The invention overcomes the limitations of the 
prior art by providing a novel method for isolating binding 
polypeptides, including antibodies or antibody fragments, 
that recogniZe speci?c molecular targets. In the technique, a 
library of polypeptide (e.g., antibody or other binding 



US 2007/0099267 A1 

polypeptides) mutants can be constructed and expressed in 
Gram negative bacteria. The mutant polypeptides can be 
expressed as fusion proteins that are anchored on the inner 
(cytoplasmic) membrane of the bacterium facing the peri 
plasm. A fusion polypeptide is a polypeptide comprised of 
tWo or more starting polypeptides linked to form a continu 
ous polypeptide. The polypeptides linked are typically 
derived from distinct sources. Subsequently, the periplasmic 
(outer) membrane of the bacterium is made permeable using 
a variety of chemical, physical or other treatments or using 
mutations that result in increased permeability. Permeabili 
Zation of the bacterial outer membrane renders the polypep 
tides anchored on the membrane accessible to target large 
molecules added to the external solution. 

[0035] The display of heterologous proteins on microbial 
scaffolds has attractive applications in many different areas 
including vaccine development, bioremediation and protein 
engineering. In Gram negative bacteria there have been 
display systems designed Which by virtue of a N or C 
terminal chimera fusion, proteins are displayed to the cell 
surface. Although there have been many different strategies 
used to direct protein localiZation, including fusions to outer 
membrane proteins, lipoproteins, surface structural proteins 
and leader peptides, many share the same limitations. One 
limitation is the siZe of the protein Which can be displayed. 
Many display scaffolds can only tolerate a feW hundred 
amino acids, Which signi?cantly limits the scope of proteins 
Which can be displayed. Also, display implies that the 
protein of interest is situated such that it can interact With its 
environment, yet the major limitation of many of these 
systems is that the architecture of the outer surface of gram 
negative bacteria and in particular the presence of 
lipopolysaccharide (LPS) molecules having steric limita 
tions that inhibit the binding of externally added ligands. 
Another limitation arises from the requirement that the 
displayed protein is localiZed on the external surface of the 
outer membrane. For this purpose the polypeptide must ?rst 
be secreted across the cytoplasmic membrane must then 
transverse the periplasmic space and ?nally it must be 
assemble properly in the outer membrane. A binding 
polypeptide may be any type of molecule of at least tWo 
amino acid residues capable of binding a given ligand. By 
binding it is meant that immunological interaction takes 
place. Biosynthetic limitations restrict the kinds of proteins 
that can be displayed in this fashion. For example, large 
polypeptides (e.g., alkaline phosphatase) cannot be dis 
played on the E. coli surface (Stathopoulos et al., 1996). 

[0036] In accordance With the invention, the limitations of 
the prior techniques can be overcome by the display of 
proteins anchored to the outer surface of the inner mem 
brane. It Was demonstrated using the technique that, by 
utiliZing conditions that permeabiliZe the outer membrane, 
E. coli expressing inner membrane anchored scFv antibodies 
(approx. 30 kDa in siZe) can be labeled With a target antigen 
conjugated, for example, to a ?uorophore and can subse 
quently be used to sort protein libraries utiliZing ?oW 
cytometry for isolation of gain of function mutants. 

[0037] Following disruption of the outer bacterial mem 
brane, Which is Well knoWn to those of skill in the art and 
may comprise, for example, use of Tris-EDTA-lysoZyme, 
labeled antigens With siZes up to at least 240 kDa can be 
detected. With ?uorescent labeling, cells may be isolated by 
?oW cytometry and the DNA of isolated clones rescued by 
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PCR. Using tWo rounds of APEx, the inventors demonstrate 
that the a?inity of a neutraliZing antibody to the Bacillus 
anthracis protective antigen (PA) Was improved over 120 
fold, exhibiting a ?nal KD=35 pM. 

[0038] In one embodiment of the invention, target mol 
ecules are labeled With ?uorescent dyes. Thus, bacterial 
clones expressing polypeptides that recogniZe the target 
molecule bind to the ?uorescently labeled target and in turn 
become ?uorescent. The ?uorescent bacteria expressing the 
desired binding proteins can then be enriched from the 
population using automated techniques such as ?oW cytom 
etry. 

[0039] The polypeptide library can be attached to the 
periplasmic face of the inner membrane of E. coli or other 
Gram negative bacteria via fusion to an inner membrane 
anchor polypeptide. One anchor that can be used comprises 
the ?rst six amino acids of the NlpA (New Lipoprotein A) 
gene of E coli. HoWever, other single transmembrane or 
polytropic membrane proteins or peptide sequences can also 
be used for anchoring purposes. 

[0040] One bene?t of the technique is that anchoring 
candidate binding polypeptides to the periplasmic face of the 
inner membrane alloWs the permeabiliZation of the bacterial 
outer membrane, Which Would normally limit the accessi 
bility of the polypeptides to labeled target molecules. The 
anchoring of the binding polypeptide to the periplasmic face 
of the membrane prevents it from being released from the 
cell When the outer membrane is compromised. The tech 
nique can thus be used for the isolation of large binding 
polypeptides and ligands, including antibodies and other 
binding proteins from combinatorial libraries. The technique 
not only provides a high signal-to-noise ratio, but also 
alloWs the isolation of polypeptide or antibody binders to 
very large antigen molecules. Because the method alloWs 
selection of targets of greater siZe, there is the potential for 
use in the selection of targets such as speci?c antigen 
markers expressed on cells including tumor cells such as 
melanoma or other speci?c types of tumor cells. Tumor 
speci?c antibodies have shoWn great promise in the treat 
ment of cancer. 

[0041] The periplasm comprises the space de?ned by the 
inner and outer membranes of a Gram-negative bacterium. 
In Wild-type E. coli and other Gram negative bacteria, the 
outer membrane serves as a permeability barrier that 
severely restricts the diffusion of molecules greater than 600 
Da into the periplasmic space (Decad and Nikado, 1976). 
Conditions that increase the permeability of the outer mem 
brane, alloWing larger molecules to diffuse in the periplasm, 
have tWo deleterious effects in terms of the ability to screen 
libraries: (a) the cell viability is affected to a signi?cant 
degree and (b) the diffusion of molecules into the cell is 
accompanied by the diffusion of proteins and other macro 
molecules. 

[0042] The inventors, by anchoring candidate binding 
polypeptides to the outer (periplasmic) side of the inner 
membrane, or expressing candidate binding polypeptides in 
soluble form in the periplasm, have identi?ed techniques 
that alloW ?uorescent conjugates of ligands and polypep 
tides to pass the outer membrane and bind to candidate 
binding proteins and remain bound to the inner membrane. 
Therefore, in bacterial cells expressing recombinant 
polypeptides With a?inity for the ligand, the labeled ligand 
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bound to the binding protein can be detected, allowing the 
bacteria to be isolated from the rest of the library. Where 
?uorescent labeling of the target ligand is used, cells may 
ef?ciently be isolated by How cytometry (?uorescence acti 
vated cell sorting (FACS)). With this approach, existing 
libraries of expressed fusion proteins in bacteria can be 
easily tested for ligand binding Without the need for sub 
cloning into a phage or outer cell surface display systems. 

[0043] Periplasmic expression may also be carried out in 
accordance With the invention by expression in soluble 
form. Techniques for soluble expression in the periplasm 
and screening of candidate binding proteins that may be 
used in accordance With the invention are described in detail 
in US. patent application Ser. No. 09/699,023, ?led Oct. 27, 
2000, the entire disclosure of Which is speci?cally incorpo 
rated herein by reference. 

I. Anchored Periplasmic Expression 

[0044] Prior art methods of both phage display and bac 
terial cell surface display sulfer from a limitation in that the 
protein is required, by de?nition, to be physically displayed 
on the outer surface of the vehicle used, to alloW unlimited 
access to the targets (immobilized for phage or ?uorescently 
conjugated ligands for How cytometry) (US. Pat. No. 5,223, 
409, the disclosure of Which is speci?cally incorporated 
herein by reference in its entirety). HoWever, certain proteins 
are knoWn to be poorly displayed on phage (Maenaka et al., 
1996; Corey et al., 1993) and the toxic e?fects of outer cell 
surface display have been treated at length (Daugherty et al., 
1999). Further, there is no lipopolysaccharide to interfere 
With binding on the inner membrane. 

[0045] Herein, the inventors have described a technique in 
Which binding proteins can be expressed on the periplasmic 
face of the inner membrane as fusion proteins yet still be 
accessible to relatively large ligands. As used herein, the 
term “binding polypeptide” includes not only antibodies, but 
also fragments of antibodies, as Well as any other peptides, 
including proteins potentially capable of binding a given 
target molecule. The antibody or other binding peptides may 
be expressed With the invention as fusion polypeptides With 
polypeptides capable of serving as anchors to the periplas 
mic face of the inner membrane. Such a technique may be 
termed “Anchored Periplasmic Expression” or “APEx”. 

[0046] The periplasmic compartment is contained 
betWeen the inner and outer membranes of Gram negative 
cells (see, e.g., Oliver, 1996). As a sub-cellular compart 
ment, it is subject to variations in siZe, shape and content that 
accompany the groWth and division of the cell. Within a 
framework of peptidoglycan heteroploymer is a dense 
mileau of periplasmic proteins and little Water, lending a 
gel-like consistency to the compartment (Hobot et al., 1984; 
van Wielink and Duine, 1990). The peptidoglycan is poly 
meriZed to different extents depending on the proximity to 
the outer membrane, close-up it forms the murein sacculus 
that alfords cell shape and resistance to osmotic lysis. 

[0047] The outer membrane (see Nikaido, 1996) is com 
posed of phospholipids, porin proteins and, extending into 
the medium, lipopolysaccharide (LPS). The molecular basis 
of outer membrane integrity resides With LPS ability to bind 
divalent cations (Mg2+ and Ca2+) and link each other 
electrostatically to form a highly ordered quasi-crystalline 
ordered “tiled roof’ on the surface (Labischinski et al., 
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1985). The membrane forms a very strict permeability 
barrier alloWing passage of molecules no greater than 
around 650 Da (Burman et al., 1972; Decad and Nikaido, 
1976) via the porins. The large Water ?lled porin channels 
are primarily responsible for alloWing free passage of mono 
and disaccharides, ions and amino acids in to the periplasm 
compartment (Naeke, 1976; Nikaido and Nakae, 1979; 
Nikaido and Vaara, 1985). With such strict physiological 
regulation of access by molecules to the periplasm it may 
appear, at ?rst glance, inconceivable that APEx should Work 
unless the ligands employed are at or beloW the 650 Da 
exclusion limit or are analogues of normally permeant 
compounds. HoWever, the inventors have shoWn that ligands 
greater than 2000 Da in siZe can diffuse into the periplasm 
Without disruption of the periplasmic membrane. Such dif 
fusion can be aided by one or more treatments of a bacterial 

cell, thereby rendering the outer membrane more permeable, 
as is described herein below. 

11. Anchor-less Display Library Screening 

[0048] Prior art methods of both phage display and bac 
terial cell surface display sulfer from a limitation in that the 
protein is required, by de?nition, to be physically displayed 
on the surface of the vehicle used, to alloW unlimited access 
to the targets (immobiliZed for phage or ?uorescently con 
jugated ligands for FACS) (US. Pat. No. 5,223,409, the 
disclosure of Which is speci?cally incorporated herein by 
reference in its entirety). Certain proteins are knoWn to be 
poorly displayed on phage (Maenaka et al., 1996; Corey et 
al., 1993) and the toxic e?fects of cell surface display have 
been treated at length (Daugherty et al., 1999). The proteins 
to be displayed also need to be expressed as fusion proteins, 
Which may alter their function. The selection constraints 
imposed by any display system may, therefore, limit the 
application to relatively small and “simple” proteins and 
deny access to a multitude of large and complex multisub 
unit species. The latter are very likely to be incapable of 
partaking e?iciently in the complex process of phage assem 
bly termination or outer-membrane translocation Without 
very serious e?fects on host cell viability. 

[0049] Herein, conditions are described Whereby 
expressed binding proteins, for example, an antibody, may 
be targeted to the periplasmic compartment of E. coli and yet 
are amenable to binding ligands and peptides. As used 
herein, the term “binding protein” includes not only anti 
bodies, but also fragments of antibodies, as Well as any other 
polypeptide or protein potentially capable of binding a given 
target molecule. As Well as being anchored, the antibody or 
other binding proteins may be expressed With the invention 
directly and not as fusion proteins. Such a technique may be 
termed “anchor-less-display” (ALD). To understand hoW it 
may Work, one needs to be aWare of the location in Which 
it functions. 

[0050] The periplasmic compartment is contained 
betWeen the inner and outer membranes of Gram negative 
cells (see, e.g., Oliver, 1996). As a sub-cellular compart 
ment, it is subject to variations in siZe, shape and content that 
accompany the groWth and division of the cell. Within a 
frameWork of peptidoglycan heteroploymer is a dense 
mileau of periplasmic proteins and little Water, lending a 
gel-like consistency to the compartment (Hobot et al., 1984; 
van Wielink and Duine, 1990). The peptidoglycan is poly 
meriZed to different extents depending on the proximity to 
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the outer membrane, close-up it forms the murein sacculus 
that affords cell shape and resistance to osmotic lysis. 

[0051] The outer membrane (see Nikaido, 1996) is com 
posed of phospholipids, porin proteins and, extending into 
the medium, lipopolysaccharide (LPS). The molecular basis 
of outer membrane integrity resides With LPS ability to bind 
divalent cations (Mg2+ and Ca2+) and link each other 
electrostatically to form a highly ordered quasi-crystalline 
ordered “tiled roof” on the surface (Labischinski et al., 
1985). The membrane forms a very strict permeability 
barrier of alloWing passage of molecules no greater than 
around 650 Da (Burman et al., 1972; Decad and Nikaido, 
1976) via the porins. The large Water ?lled porin channels 
are primarily responsible for alloWing free passage of mono 
and disaccharides, ions and amino acids in to the periplasm 
compartment (Naeke, 1976; Nikaido and Nakae, 1979; 
Nikaido and Vaara, 1985). With such strict physiological 
regulation of access by molecules to the periplasm it may 
appear, at ?rst glance, inconceivable that ALD should Work 
unless the ligands employed are at or beloW the 650 Da 
exclusion limit or are analogues of normally permeant 
compounds. However, the inventors have shoWn that ligands 
can diffuse into the periplasm for ALD. Such diffusion can 
be aided by one or more treatments of a bacterial cell, 
thereby rendering the outer membrane more permeable, as is 
described herein beloW. 

III. PermeabiliZation of the Outer Membrane 

[0052] In one embodiment of the invention, methods are 
employed for increasing the permeability of the outer mem 
brane to one or more labeled ligand. This can alloW screen 
ing access of labeled ligands otherWise unable to cross the 
outer membrane. HoWever, certain classes of molecules, for 
example, hydrophobic antibiotics larger than the 650 Da 
exclusion limit, can diffuse through the bacterial outer 
membrane itself, independent of membrane porins (Farmer 
et al., 1999). The process may actually permeabiliZe the 
membrane on so doing (Jouenne and Junter, 1990). Such a 
mechanism has been adopted to selectively label the peri 
plasmic loops of a cytoplasmic membrane protein in vivo 
With a polymyxin B nonapeptide (Wada et al., 1999). Also, 
certain long chain phosphate polymers (100 Pi) appear to 
bypass the normal molecular sieving activity of the outer 
membrane altogether (Rao and Torriani, 1988). 

[0053] Conditions have been identi?ed that lead to the 
permeation of ligands into the periplasm Without loss of 
viability or release of the expressed proteins from the cells, 
but the invention may be carried out Without maintenance of 
the outer membrane. By anchoring candidate binding 
polypeptides to the outer side of the inner (cytoplasmic) 
membrane using fusion polypeptides, the need for mainte 
nance of the outer membrane (as a barrier to prevent the 
leakage of the biding protein from the cell) to detect bound 
labeled ligand is removed. As a result, cells expressing 
binding proteins anchored to the outer (periplasmic) face of 
the cytoplasmic membrane can be ?uorescently labeled 
simply by incubating With a solution of ?uorescently labeled 
ligand in cells that either have a partially permeabiliZed 
membrane or a nearly completely removed outer membrane. 

[0054] The permeability of the outer membrane of differ 
ent strains of bacterial hosts can vary Widely. It has been 
shoWn previously that increased permeability due to OmpF 
overexpression Was caused by the absence of a histone like 
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protein resulting in a decrease in the amount of a negative 
regulatory mRNA for OmpF translation (Painbeni et al., 
1997). Also, DNA replication and chromosomal segregation 
is knoWn to rely on intimate contact of the replisome With 
the inner membrane, Which itself contacts the outer mem 
brane at numerous points. A preferred host for library 
screening applications is E. coli ABLEC strain, Which 
additionally has mutations that reduce plasmid copy number. 

[0055] The inventors have also noticed that treatments 
such as hyperosmotic shock can improve labeling signi? 
cantly. It is knoWn that many agents including, calcium ions 
(Bukau et al., 1985) and even Tris buffer (Irvin et al., 1981) 
alter the permeability of the outer-membrane. Further, the 
inventors found that phage infection stimulates the labeling 
process. Both the ?lamentous phage inner membrane protein 
pIII and the large multimeric outer membrane protein pIV 
can alter membrane permeability (Boeke et al., 1982) With 
mutants in pIV knoWn to improve access to maltodextrins 
normally excluded (Marciano et al., 1999). Using the tech 
niques of the invention, comprising a judicious combination 
of strain, salt and phage, a high degree of permeability Was 
achieved (Daugherty et al., 1999). Cells comprising 
anchored binding polypeptides bound to ?uorescently 
labeled ligands can then be easily isolated from cells that 
express binding proteins Without af?nity for the labeled 
ligand using ?oW cytometry or other related techniques. 
HoWever, it Will typically be desired to use less disruptive 
techniques in order to maintain the viability of cells. EDTA 
and LysoZyme treatments may also be useful in this regard. 

IV. Anchored Periplasmic Expression 

[0056] In one embodiment of the invention, bacterial cells 
are provided expressing fusion polypeptides on the outer 
face of the inner membrane. Such a fusion polypeptide may 
comprise a fusion betWeen a candidate binding polypeptide 
and a polypeptide serving as an anchor to the outer face of 
the inner membrane. It Will be understood to those of skill 
in the art that additional polypeptide sequences may be 
added to the fusion polypeptide and not depart from the 
scope of the invention. One example of such a polypeptide 
is a linker polypeptide serving to link the anchor polypeptide 
and the candidate binding polypeptide. The general scheme 
behind the invention comprises the advantageous expression 
of a heterogeneous collection of candidate binding polypep 
tides. 

[0057] Anchoring to the inner membrane may be achieved 
by use of the leader peptide and the ?rst six amino acids of 
an inner membrane lipoprotein. One example of an inner 
membrane lipoprotein is NlpA (neW lipoprotein A). The ?rst 
six amino acid of NlpA can be used as an N terminal anchor 
for protein to be expressed to the inner membrane. NlpA Was 
identi?ed and characterized in Escherichia coli as a non 
essential lipoprotein that exclusively localiZes to the inner 
membrane (Yu, 1986; Yamaguchi, 1988). 

[0058] As With all prokaryotic lipoproteins, NipA is syn 
thesiZed With a leader sequence that targets it for transloca 
tion across the inner membrane via the Sec pathWay. Once 
the precursor protein is on the outer side of the inner 
membrane the cysteine residue of the mature lipoprotein 
forms a thioether bond With diacylglyceride. The signal 
peptide is then cleaved by signal peptidase II and the 
cysteine residue is aminoacylated (Pugsley, 1993). The 
resulting protein With its lipid modi?ed cysteine on its N 
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terminus can then either localize to the inner or outer 
membrane. It has been demonstrated that this localization is 
determined by the second amino acid residue of the mature 
lipoprotein (Yamaguchi, 1988). Aspartate at this position 
alloWs the protein to remain anchored via its N terminal lipid 
moiety to the inner membrane, Whereas any other amino 
acid in the second position generally directs the lipoprotein 
to the outer membrane (Gennity and Inouye, 1992). This is 
accomplished by proteins LolA, LolB and the ATP depen 
dant ABC transporter complex LoICDE (Yakushi, 2000, 
Masuda 2002). NlpA has aspartate as its second amino acid 
residue and therefore remains anchored Within the inner 
membrane. 

[0059] It has been reported that by changing amino acid 2 
of lipoproteins to an Arginine (R) Will target them to reside 
in the inner membrane (Yakushi, 1997). Therefore all lipo 
proteins in E. coli (and potentially other Gram negative 
bacteria) can be anchor sequences. All that is required is a 
signal sequence and an arginine at amino acid 2 position. 
This construct could be designed arti?cially using an arti 
?cial sec signal sequence folloWed by the sec cleavage 
region and coding for cysteine as amino acid 1 and arginine 
as amino acid 2 of the mature protein. Transmembrane 
proteins could also potentially be used as anchor sequences 
although this Will require a larger fusion construct. 

[0060] Examples of anchors that may ?nd use With the 
invention include lipoproteins, Pullulanase of K. pneumo 
niae, Which has the CDNSSS mature lipoprotein anchor, 
phage encoded celB, and E. coli acrE (envC). Examples of 
inner membrane proteins Which can be used as protein 
anchors include: AraH, MglC, MalF, MalG, Mal C, MalD, 
RbsC, RbsC, ArtM, Ar‘tQ, GlnP, ProW, HisM, HisQ, LivH, 
LivM, LivA, Liv E,Dpp B, DppC, OppB,AmiC, AmiD, 
BtuC, FhuB, FecC, FecD,FecR, FepD, NikB, NikC, CysT, 
CysW, UgpA, UgpE, PstA, PstC, PotB, PotC,PotH, PotI, 
ModB, NosY, PhnM, LacY, SecY, TolC, Dsb,B, DsbD, 
TonB, TatC, CheY, TraB, Exb D, ExbB and Aas. Further, a 
single transmembrane loop of any cytoplasmic protein can 
be used as a membrane anchor. 

[0061] The preparation of diverse populations of fusion 
proteins in the context of phage display is knoWn (see, e.g., 
US. Pat. No. 5,571,698). Similar techniques may be 
employed With the instant invention by linking the protein of 
interest to an anchor for the periplasmic face of the cyto 
plasmic membrane instead of, for example, the amino 
terminal domain of the gene III coat protein of the ?lamen 
tous phage M13, or another surface-associated molecule. 
Such fusions can be mutated to form a library of structurally 
related fusion proteins that are expressed in loW quantity on 
the periplasmic face of the cytoplasmic membrane in accor 
dance With the invention. As such, techniques for the cre 
ation of heterogeneous collections of candidate molecules 
Which are Well knoWn to those of skill in the art in con 
junction With phage display, can be adapted for use With the 
invention. Those of skill in the art Will recogniZe that such 
adaptations Will include the use of bacterial elements for 
expression of fusion proteins anchored to the periplasmic 
face of the inner membrane, including, promoter, enhancers 
or leader sequences. The current invention provides the 
advantage relative to phage display of not requiring the use 
of phage or expression of molecules on the outer cell 
surface, Which may be poorly expressed or may be delete 
rious to the host cell. 
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[0062] Examples of techniques that could be employed in 
conjunction With the invention for creation of diverse can 
didate binding proteins and/or antibodies include the tech 
niques for expression of immunoglobulin heavy chain librar 
ies described in US. Pat. No. 5,824,520. In this technique, 
a single chain antibody library is generated by creating 
highly divergent, synthetic hypervariable regions. Similar 
techniques for antibody display are given by US. Pat. No. 
5,922,545. These sequences may then be fused to nucleic 
acids encoding an anchor sequence for the periplasmic face 
of the inner membrane of Gram negative bacteria for the 
expression of anchored fusion polypeptides. 

[0063] Methods for creation of fusion proteins are Well 
knoWn to those of skill in the art (see, for example, US. Pat. 
No. 5,780,279). One means for doing so comprises con 
structing a gene fusion betWeen a candidate binding 
polypeptide and an anchor sequence and mutating the bind 
ing protein encoding nucleic acid at one or more codons, 
thereby generating a family of mutants. The mutated fusion 
proteins can then be expressed in large populations of 
bacteria. Those bacteria in Which a target ligand binds, can 
then be isolated and the corresponding nucleic acid encoding 
the binding protein can be cloned. 

V. Screening Candidate Molecules 

[0064] The present invention provides methods for iden 
tifying molecules capable of binding a target ligand. The 
binding polypeptides screened may comprise large libraries 
of diverse candidate substances, or, alternatively, may com 
prise particular classes of compounds selected With an eye 
toWards structural attributes that are believed to make them 
more likely to bind the target ligand. In one embodiment of 
the invention, the candidate binding protein is an antibody, 
or a fragment or portion thereof. In other embodiments of 
the invention, the candidate molecule may be another bind 
ing protein. 
[0065] To identify a candidate molecule capable of bind 
ing a target ligand in accordance With the invention, one may 
carry out the steps of: providing a population of Gram 
negative bacterial cells comprising fusion proteins betWeen 
candidate binding polypeptides and a sequence anchored to 
the periplasmic face of the inner membrane; admixing the 
bacteria and at least a ?rst labeled target ligand capable of 
contacting the candidate binding polypeptide and identify 
ing at least a ?rst bacterium expressing a molecule capable 
of binding the target ligand. 

[0066] In the aforementioned method, the binding 
betWeen the anchored candidate binding protein and the 
labeled ligand Will prevent diffusing out of the cell. In this 
Way, molecules of the labeled ligand can be retained in the 
periplasm of the bacterium. Alternatively, the periplasm can 
be removed, Whereby the anchoring Will cause retention of 
the bound candidate molecule. The labeling may then be 
used to isolate the cell expressing a binding polypeptide 
capable of binding the target ligand, and in this Way, the gene 
encoding the binding polypeptide isolated. The molecule 
capable of binding the target ligand may then be produced 
in large quantities using in vivo or ex vivo expression 
methods, and then used for any desired application, for 
example, for diagnostic or therapeutic applications, as 
described beloW. 

[0067] As used herein the term “candidate molecule” or 
“candidate polypeptide” refers to any molecule or polypep 
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tide that may potentially have af?nity for a target ligand. The 
candidate substance may be a protein or fragment thereof, 
including a small molecule such as synthetic molecule. The 
candidate molecule may in one embodiment of the inven 
tion, comprise an antibody sequence or fragment thereof. 
Such sequences may be particularly designed for the like 
lihood that they Will bind a target ligand. 

[0068] Binding polypeptides or antibodies isolated in 
accordance With the invention also may help ascertain the 
structure of a target ligand. In principle, this approach yields 
a pharmacore upon Which subsequent drug design can be 
based. It is possible to bypass protein crystallography alto 
gether by generating anti-idiotypic antibodies to a func 
tional, pharmacologically active antibody. As a mirror image 
of a mirror image, the binding site of anti-idiotype Would be 
expected to be an analog of the original antigen. The 
anti-idiotype could then be used to identify and isolate 
peptides from banks of chemically- or biologically-pro 
duced peptides. Selected peptides Would then serve as the 
pharmacore. Anti-idiotypes may be generated using the 
methods described herein for producing antibodies, using an 
antibody as the antigen. On the other hand, one may simply 
acquire, from various commercial sources, small molecule 
libraries that are believed to meet the basic criteria for 
binding the target ligand. Such libraries could be provided 
by Way of nucleic acids encoding the small molecules or 
bacteria expressing the molecules. 

[0069] A. Cloning of Binding Protein Coding Sequences 

[0070] The binding af?nity of an antibody or other binding 
protein can, for example, be determined by the Scatchard 
analysis of Munson & Pollard (1980). After a bacterial cell 
is identi?ed that produces molecules of the desired speci 
?city, affinity, and/ or activity, the corresponding coding 
sequence may be cloned. In this manner, DNA encoding the 
molecule can be isolated and sequenced using conventional 
procedures (e.g., by using oligonucleotide probes that are 
capable of binding speci?cally to genes encoding the anti 
body or binding protein). 

[0071] Once isolated, the antibody or binding protein 
DNA may be placed into expression vectors, Which can then 
transfected into host cells such as simian COS cells, Chinese 
hamster ovary (CHO) cells, or myeloma cells that do not 
otherWise produce immunoglobulin protein, to obtain the 
synthesis of binding protein in the recombinant host cells. 
The DNA also may be modi?ed, for example, by substitut 
ing the coding sequence for human heavy and light chain 
constant domains in place of the homologous murine 
sequences (Morrison, et al., 1984), or by covalently joining 
to the immunoglobulin coding sequence all or part of the 
coding sequence for a non-immunoglobulin polypeptide. In 
that manner, “chimeric” or “hybrid” binding proteins are 
prepared that have the desired binding speci?city. 

[0072] Typically, such non-immunoglobulin polypeptides 
are substituted for the constant domains of an antibody, or 
they are substituted for the variable domains of one antigen 
combining site of an antibody to create a chimeric bivalent 
antibody comprising one antigen-combining site having 
speci?city for the target ligand and another antigen-com 
bining site having speci?city for a different antigen. 

[0073] Chimeric or hybrid antibodies also may be pre 
pared in vitro using knoWn methods in synthetic protein 
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chemistry, including those involving crosslinking agents. 
For example, immunotoxins may be constructed using a 
disul?de exchange reaction or by forming a thioether bond. 
Examples of suitable reagents for this purpose include 
iminothiolate and methyl-4-mercaptobutyrimidate. 

[0074] It Will be understood by those of skill in the art that 
nucleic acids may be cloned from viable or inviable cells. In 
the case of inviable cells, for example, it may be desired to 
use ampli?cation of the cloned DNA, for example, using 
PCR. This may also be carried out using viable cells either 
With or Without further groWth of cells. 

[0075] B. MaximiZation of Protein A?inity for Ligands 

[0076] In a natural immune response, antibody genes 
accumulate mutations at a high rate (somatic hypermuta 
tion). Some of the changes introduced Will confer higher 
af?nity, and B cells displaying high-affinity surface immu 
noglobulin. This natural process can be mimicked by 
employing the technique knoWn as “chain shu?ling” (Marks 
et al., 1992). In this method, the af?nity of “primary” human 
antibodies obtained in accordance With the invention could 
be improved by sequentially replacing the heavy and light 
chain V region genes With repertoires of naturally occurring 
variants (repertoires) of V domain genes obtained from 
unimmuniZed donors. This technique alloWs the production 
of antibodies and antibody fragments With a?inities in the 
nM range. A strategy for making very large antibody rep 
ertoires Was described by Waterhouse et al., (1993), and the 
isolation of a high a?‘inity human antibody directly from 
such large phage library Was reported by Grif?th et al., 
(1994). Gene shu?ling also can be used to derive human 
antibodies from rodent antibodies, Where the human anti 
body has similar affinities and speci?cities to the starting 
rodent antibody. According to this method, Which is also 
referred to as “epitope imprinting”, the heavy or light chain 
V domain gene of rodent antibodies obtained by the phage 
display technique is replaced With a repertoire of human V 
domain genes, creating rodent-human chimeras. Selection of 
the antigen results in isolation of human variable regions 
capable of restoring a functional antigen-binding site, i.e. the 
epitope governs (imprints) the choice of partner. When the 
process is repeated in order to replace the remaining rodent 
V domain, a human antibody is obtained (see PCT patent 
application WO 93/06213, published Apr. 1, 1993). Unlike 
traditional humaniZation of rodent antibodies by CDR graft 
ing, this technique provides completely human antibodies, 
Which have no frameWork or CDR residues of rodent origin. 

[0077] C. Labeled Ligands 

[0078] In one embodiment of the invention, an antibody or 
binding protein is isolated Which has af?nity for a labeled 
ligand. By permeabiliZation and/or removal of the periplas 
mic membrane of a Gram negative bacterium in accordance 
With the invention, labeled ligands of potentially any siZe 
could be screened. In the absence of removal of the peri 
plasmic membrane, it Will typically be preferable that the 
labeled ligand is less that 50,000 Da in siZe in order to alloW 
ef?cient diffusion of the ligand across the bacterial periplas 
mic membrane. 

[0079] As indicated above, it Will typically be desired in 
accordance With the invention to provide a ligand Which has 
been labeled With one or more detectable agent(s). This can 
be carried out, for example, by linking the ligand to at least 
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one detectable agent to form a conjugate. For example, it is 
conventional to link or covalently bind or complex at least 
one detectable molecule or moiety. A “label” or “detectable 
label” is a compound and/or element that can be detected 
due to speci?c functional properties, and/or chemical char 
acteristics, the use of Which alloWs the ligand to Which it is 
attached to be detected, and/or further quanti?ed if desired. 
Examples of labels Which could be used With the invention 
include, but are not limited to, enzymes, radiolabels, hap 
tens, ?uorescent labels, phosphorescent molecules, chemi 
luminescent molecules, chromophores, luminescent mol 
ecules, photoa?inity molecules, colored particles or ligands, 
such as biotin. 

[0080] In one embodiment of the invention, a visually 
detectable marker is used such that automated screening of 
cells for the label can be carried out. In particular, ?uores 
cent labels are bene?cial in that they alloW use of ?oW 
cytometry for isolation of cells expressing a desired binding 
protein or antibody. Examples of agents that may be detected 
by visualiZation With an appropriate instrument are knoWn in 
the art, as are methods for their attachment to a desired 

ligand (see, e.g., US. Pat. Nos. 5,021,236; 4,938,948; and 
4,472,509, each incorporated herein by reference). Such 
agents can include paramagnetic ions; radioactive isotopes; 
?uorochromes; NMR-detectable substances and substances 
for X-ray imaging. Types of ?uorescent labels that may be 
used With the invention Will be Well knoWn to those of skill 
in the art and include, for example, Alexa 350, Alexa 430, 
AMCA, BODIPY 630/650, BODIPY 650/665, BODIPY 
FL, BODIPY-R6G, BODIPY-TMR, BODIPY-TRX, Cas 
cade Blue, Cy3, Cy5,6-FAM, Fluorescein Isothiocyanate, 
HEX, 6-JOE, Oregon Green 488, Oregon Green 500, 
Oregon Green 514, Paci?c Blue, REG, Rhodamine Green, 
Rhodamine Red, Renographin, ROX, TAMRA, TET, Tet 
ramethylrhodamine, and/or Texas Red. 

[0081] Magnetic screening techniques are Well knoWn to 
those of skill in the art (see, for example, US. Pat. No. 
4,988,618, US. Pat. No. 5,567,326 and US. Pat. No. 
5,779,907). Examples of paramagnetic ions that could be 
used as labels in accordance With such techniques include 
ions such as chromium (III), manganese (II), iron (III), iron 
(II), cobalt (II), nickel (II), copper (II), neodymium (III), 
samarium (III), ytterbium (III), gadolinium (III), vanadium 
(II), terbium (III), dysprosium (III), holmium (III) and/or 
erbium (III). Ions useful in other contexts include but are not 
limited to lanthanum (III), gold (III), lead (II), and especially 
bismuth (III). 

[0082] Another type of ligand conjugate contemplated in 
the present invention are those Where the ligand is linked to 
a secondary binding molecule and/or to an enZyme (an 
enZyme tag) that Will generate a colored product upon 
contact With a chromogenic substrate. Examples of such 
enZymes include urease, alkaline phosphatase, (horseradish) 
hydrogen peroxidase or glucose oxidase. In such instances, 
it Will be desired that cells selected remain viable. Preferred 
secondary binding ligands are biotin and/or avidin and 
streptavidin compounds. The use of such labels is Well 
knoWn to those of skill in the art and are described, for 
example, in US. Pat. Nos. 3,817,837; 3,850,752; 3,939,350; 
3,996,345; 4,277,437; 4,275,149 and 4,366,241; each incor 
porated herein by reference. 

[0083] Molecules containing aZido groups also may be 
used to form covalent bonds to proteins through reactive 
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nitrene intermediates that are generated by loW intensity 
ultraviolet light (Potter & Haley, 1983). In particular, 2- and 
8-aZido analogues of purine nucleotides have been used as 
site-directed photoprobes to identify nucleotide-binding pro 
teins in crude cell extracts (OWens & Haley, 1987; Atherton 
et al., 1985). The 2- and 8-aZido nucleotides have also been 
used to map nucleotide-binding domains of puri?ed proteins 
(Khatoon et al., 1989; King et al, 1989; and Dholakia et al., 
1989) and may be used as ligand binding agents. 

[0084] Labeling can be carried out by any of the tech 
niques Well knoWn to those of skill in the art. For instance, 
ligands can be labeled by contacting the ligand With the 
desired label and a chemical oxidiZing agent such as sodium 
hypochlorite, or an enZymatic oxidiZing agent, such as 
lactoperoxidase. Similarly, a ligand exchange process could 
be used. Alternatively, direct labeling techniques may be 
used, e.g., by incubating the label, a reducing agent such as 
SNCl2, a buffer solution such as sodium-potassium phthalate 
solution, and the ligand. Intermediary functional groups on 
the ligand could also be used, for example, to bind labels to 
a ligand in the presence of diethylenetriaminepentaacetic 
acid (DTPA) or ethylene diaminetetracetic acid (EDTA). 

[0085] Other methods are also knoWn in the art for the 
attachment or conjugation of a ligand to its conjugate 
moiety. Some attachment methods involve the use of an 
organic chelating agent such as diethylenetriaminepentaace 
tic acid anhydride (DTPA); ethylenetriaminetetraacetic acid; 
N-chloro-p-toluenesulfonamide; and/or tetrachloro-3ot-6ot 
diphenylglycouril-3 attached to the ligand (US. Pat. Nos. 
4,472,509 and 4,938,948, each incorporated herein by ref 
erence). Ligands also may be reacted With an enZyme in the 
presence of a coupling agent such as glutaraldehyde or 
periodate. Conjugates With ?uorescein markers can be pre 
pared in the presence of these coupling agents or by reaction 
With an isothiocyanate. In US. Pat. No. 4,938,948, imaging 
of breast tumors is achieved using monoclonal antibodies 
and the detectable imaging moieties are bound to the anti 
body using linkers such as methyl-p-hydroxybenZimidate or 
N-succinimidyl-3-(4-hydroxyphenyl)propionate. 

[0086] The ability to speci?cally label periplasmic 
expressed proteins With appropriate ?uorescent ligands also 
has applications other than library screening. Speci?cally 
labeling With ?uorescent ligands and ?oW cytometry can be 
used for monitoring production during protein manufactur 
ing. While ?oW cytometry has been used previously for the 
analysis of bacterial cells, it has not been used for the 
speci?c labeling and quantitation of periplasmic proteins. 
HoWever, a large number of commercially important pro 
teins including IGF-l several interleukins, enZymes such as 
urokinase-type plasminogen activator, antibody fragments, 
inhibitors (e.g., Bovine pancreatic trypsin inhibitor) are 
expressed in recombinant bacteria in a form secreted into the 
periplasmic space. The level of production of such proteins 
Within each cell in a culture can be monitored by utiliZing an 
appropriate ?uorescent ligand and ?oW cytometric analysis, 
according to the techniques taught by the present invention. 

[0087] Generally, monitoring protein expression requires 
cell lysis and detection of the protein by immunological 
techniques or folloWing chromatographic separation. HoW 
ever, ELISA or Western blot analysis is time-consuming and 
does not provide information on the distribution of expres 
sion among a cell population and cannot be used for on-line 


































































