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Abstract

Flow cytometry is a powerful, high-throughput library screening tool in numerous applications including the isolation of
bioactive molecules from synthetic combinatorial libraries, the identification of virulence genes in microorganisms, and the
study and engineering of protein functions. Using flow cytometry, large libraries of protein mutants expressed in
microorganisms can be screened quantitatively for desired functions, including ligand binding, catalysis, expression level,
and stahility. Rare target cells, occurring at frequencies below 10~ °, can be detected and isolated from heterogeneous library
populations using one or more cycles of cell sorting and amplification by growth. Flow cytometry is particularly powerful
because it provides the unique opportunity to observe and quantitatively optimize the screening process. However, the ability
to isolate cells occurring at such low frequencies within a population requires consideration and optimization of screening
parameters. With this aim, an analysis of the various parameters involved in screening cell-based libraries for rare target cells

possessing a desired trait is presented. [ 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

Flow cytometric (FCM) anaysis of microbial
populations is a well-established technique that
continues to gain momentum (Davey and Kell,
1996). Although early studies demonstrated that
FCM can be employed as a tool in cloning and
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chain T-cell receptor; FRET, fluorescence resonance energy
transfer; PI, propidium iodide; FACS, fluorescence-activated cell
sorting
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mutant isolation (Minas et a., 1988), only during the
last decade has FCM and cell sorting been applied in
the areas of bacterial genetics and protein engineer-
ing. The expanded use of FCM as a high-throughput
screening tool has been stimulated by the develop-
ment of fluorescent protein probes to monitor gene
expression and the growing applications of com-
binatorial libraries. In turn, FCM has fostered the
development of powerful cell-based library tech-
nologies.

The development of green fluorescent protein
(GFP) and other fluorescence-based protein reporters
of gene expression (Griffin et al., 1998; Tsien, 1998)
has opened new avenues for the genetic analysis of
transcriptional regulation in microorganisms. Fusions
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to reporter proteins whose level can be easly
determined by enzymatic assays have been used
extensively to monitor the transcription of bacterial
genes. The most commonly used reporter protein is
B-galactosidase, whose activity can be readily moni-
tored on agar plates using the chromogenic substrate
X-ga (Silhavy and Beckwith, 1985). However,
plate-based, chromogenic assays have two limita-
tions: first, even when plating cells at high densities,
the number of clones that can be analyzed is usually
less than 10°. Second, the colonies expressing func-
tional B-galactosidase fusions frequently range from
pale blue to deep blue in color. Thus, the decision on
which colonies to select for further analysis is
subjective and does not rely on a quantitative
measurement of reporter protein expression. The use
of fluorescent reporter proteins in conjunction with
FCM circumvents both problems. In a recent appli-
cation of FCM to analyze gene regulation, Falkow
and coworkers used FCM to isolate S typhimurium
promoters from a library, as upstream fusions to
GFP, that are upregulated specifically when the
bacteria colonize an animal model (Valdivia and
Falkow, 1996, 1997). GFP is becoming the preferred
reporter protein for monitoring gene expression and
for in vivo fluorescent labeling of bacteria for
detection (Vazquez-Torres et a., 1999). However,
the isolation of blue, cyan, and yellow mutants of
GFP as well as the recent discovery of red fluores-
cent proteins (Matz et a., 1999) suggests that
fluorescent proteins suitable as reporters in FCM
assays will soon be available spanning the visible
spectrum.

In recent years, the screening of synthetic com-
binatorial libraries has emerged as one of the most
powerful methods for identifying small molecule
effectors of biological function. Typically, libraries
of molecules are synthesized, usually by solid phase
chemistry, and screened for biological activity either
in vitro or in vivo. In vitro assays rely on binding to
a protein target or inhibition of an enzyme, whereas
in vivo assays test for the ability of a molecule to
modulate a specific signal transduction pathway
(Wipf et a., 1997). Fluorescence-based FCM assays
are increasingly used to screen for molecules that
bind to a target protein in vitro or that exhibit
activity in a cell-based assay. In the latter case, the
effect of a small molecule library on signal transduc-

tion is analyzed using GFP gene fusions. Bioactive
molecules that increase or decrease gene expression
result in a distinct fluorescence profile and are
identified directly or from library pools by deconvo-
lution. However, for high-throughput compound
identification after screening, a physical link between
each molecule in the library and a corresponding
encoded tag is generally required to identify defini-
tively the molecule of interest. In one of the first
examples of encoded chemical libraries (Needels et
a., 1993), a peptide library was synthesized on 10
pm polystyrene beads, and each bead was tagged
with a corresponding oligonucleotide. The bead
library was screened for binding to a fluorescently-
tagged ligand using FCM. Highly-fluorescent beads
were isolated and the sequence of the oligonucleotide
tag was determined, revealing the identity of the
corresponding ligand binding peptide.

FCM also offers numerous advantages in the
screening of biosynthetic protein libraries displayed
on the surface of microorganisms (Georgiou et al.,
1997). Protein libraries displayed on the surface of
bacteria, fungi, or higher cells provide an econ-
omical, self-amplifying and renewable source of
encoded libraries. Here, the cell provides the phys-
ical link between the displayed protein and encoding
gene within the cell. A library of cells, each display-
ing a unique protein mutant, is incubated with a
fluorescently-tagged ligand in solution. Under strin-
gent conditions (i.e. after prolonged washing in the
presence of an excess of unlabelled ligand), only
cells that display proteins with the highest affinity
remain fluorescent and are isolated using FCM.
Plasmid DNA is then isolated from individual clones
and sequenced to identify the selected proteins. This
technique has been used primarily to isolate single-
chain Fv (scFv) antibodies exhibiting increased
affinity for ligands (Boder and Wittrup, 1997b;
Daugherty et a., 1998, 2000). However, the isolation
of high affinity mutants of single-chain T-cell re-
ceptors (scTCRs) and protease inhibitors has also
been reported (Christmann et al., 1999; Wentzel et
a., 1999; Kieke et al., 1999). Cell surface display in
conjunction with FCM has also been used success-
fully to isolate protein mutants that exhibit improved
expression characteristics in heterologous hosts
(Shusta et al., 1999a). Finally, we recently developed
a technology for the isolation of enzymes from large
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libraries displayed on the surface of E. coli, in which
enzyme-displaying cells are screened directly for
catalytic turnover by FCM (Olsen et a., 2000). As
shown in Fig. 1, cells displaying a protein mutant
library are incubated with a fluorescence resonance
energy transfer (FRET) substrate carrying a +3
positive charge that alows it to associate with the
negatively-charged cell surface. In the absence of
cleavage, the substrate’s red fluorophore is seques-
tered into a hydrophobic environment causing in-
creased red fluorescence. Enzymatic cleavage of a
designed scissile bond in the substrate results in the
release of the uncharged portion of the molecule
containing the quenching fluorophore, Q. Conse-
quently, FRET is disrupted and the fluorescent
moiety Fl accumulates on the cell surface in propor-
tion to the catalytic activity of the displayed protein.

The screening of protein libraries by FCM was
predicated by the development of expression systems
for protein surface display (Georgiou et a., 1997,
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Stahl and Uhlen, 1997). Early attempts to construct
fusions for targeting non-native proteins to the cell
surface were largely unsuccessful either because the
fusion proteins failed to localize properly or because
they were overly toxic to the host cell. Fusions to
membrane proteins cause damage to the cell wall and
can result in reduced viability. Although cell wall
damage renders the fusion proteins accessible to
fluorescently-tagged ligand, since the cells are not
viable they cannot be grown and used for further
studies. The first useful system for displaying full-
length heterologous proteins on Gram-negative bac-
teria employed a chimeric Lpp-OmpA fusion to
target passenger proteins to the cell surface (Fran-
cisco et al., 1992). Subsequently, it was shown that
cells displaying an scFv antibody could be enriched
from a 10° excess of cells displaying an unrelated
protein using FCM (Francisco et a., 1993). Since
then, Lpp-OmpA fusions have been used to screen
libraries of antibodies and other proteins (Christ-
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Fig. 1. FCM screening of cell surface displayed enzyme libraries using FRET substrates. Enzymatic cleavage of a designed scissile bond in
the substrate results in the release of the uncharged portion of the molecule containing the quenching fluorophore, Q. Consequently, FRET is
disrupted and the fluorescent moiety FI accumulates on the cell surface in proportion to the catalytic activity of the displayed protein. In the
absence of cleavage, the substrate’s red fluorophore is sequestered into a hydrophobic environment causing increased red fluorescence.
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mann et al., 1999; Daugherty et al., 1998). Other
fusion systems for protein display in E. coli have
been developed in recent years (Chang et al., 1999;
Jung et a., 1999; Klauser et a., 1993). However,
aside from Lpp-OmpA fusions, only the Iga, auto-
transporter has been used in conjunction with FCM
for screening protein libraries (Wentzel et al., 1999).
Techniques for protein display in Gram-positive
bacteria such as Sreptococci and Saphylococci have
also been reported (Fischetti et al., 1996; Gunnerius-
son et al., 1996; Stahl and Uhlen, 1997), but, thus
far, have not been applied in library screening
applications.

Wittrup and coworkers have successfully used
fusions to the S. cerevisiae surface protein Aga2 for
protein display in yeast (Boder and Wittrup, 1997b;
Kieke et al., 1999), a system commercialy available
from Invitrogen (Carlsbad, CA, USA). They gener-
ated libraries of scFv antibodies and scTCR receptors
by random mutagenesis and isolated, respectively,
protein mutants with higher ligand affinity or better
expression characteristics. Using yeast display and
FCM, Wittrup and co-workers reported the evolution
of the first sub-picomolar antibody (Shusta et a.,
1999Db). Yeast, being eukaryotic organisms, may be
more suitable for the functional expression of some
complex proteins (i.e. glycoproteins) that generally
fail to fold correctly in bacteria. On the other hand,
DNA transformation of E. coli is orders of mag-
nitude more efficient than that of yeast, making E.
coli the preferred host for screening large libraries.
Library display technologies using eukaryotic cells
such as insect cells have also been described (Ernst
et a., 1998).

The utility of FCM as a high-throughput screening
tool stems from the ability to perform quantitative
biological assays on large populations, with single
cell resolution. With advanced commercia cytome-
ters, such as the MoFlo™ from Cytomation Inc., it is
now possible to sort large populations at rates as
high as 75,000 cells per second. During the screening
process, multiple quantitative parameters for each
cell can be analyzed simultaneously, including vari-
ous fluorescence signals and forward and 90° light
scattering.

The combination of high-throughput and quantita-
tive multi-parameter population anaysis is particu-
larly well-suited for protein engineering applications.

FCM analysis provides the opportunity to examine a
heterogeneous distribution of protein functions with-
in a library and to determine quantitatively the
fraction of clones having an activity of interest. This
information is valuable for understanding the effect
of mutations on protein function and, ultimately, for
engineering proteins with desired binding or catalytic
properties. However, screening combinatorial cell-
based libraries presents new technical challenges
relative to traditional FCM applications. First, unlike
other rare cell applications, library experiments
typically require definition of the target cells using a
single fluorescence parameter, which may overlap
with that of non-target cells. For example, to isolate
cell surface-displayed proteins with affinity for a
ligand, a sorting window must be set based on the
fluorescence due to the binding of the tagged ligand.
However, the fluorescence of high affinity clones is
only dightly greater than that of clones with moder-
ate affinity, producing a low signal-to-background
ratio. This situation contrasts with the sorting of rare
cells from biological samples, in which the desired
population can be gated more precisely using a panel
of fluorescently-tagged antibodies specific to surface
markers on only the target cells. Second, micro-
organisms are smaller than eukaryotic cells and
therefore the magnitudes of the fluorescent signals
used for sorting are generally smaller. Third, the
complex chemical composition of the cell wall of
bacteria and yeast often results in high non-specific
binding of fluorescent dyes, reducing signal-to-noise
and increasing the frequency of false-positive cells.
Finally, most FCM facilities have little experience
with bacteria or yeast. In fact, many FCM facilities
do not permit the analysis of microbial cells for fear
of contamination. This fear is largely unjustified,
however, since proper sterilization of the instrument
after use prevents contamination.

This review addresses the issues encountered in
the screening of cell-based libraries using FCM. The
analysis presented here is motivated by the screening
of polypeptide libraries displayed on the cell surface
for high affinity ligands (Georgiou et al., 1997,
Boder and Wittrup, 1997a,b; Daugherty et al., 1998,
1999, 2000; Ernst et al., 1998; Wentzel et al., 1999).
However, this analysis is also relevant to intracellu-
lar libraries, using fusions to fluorescent reporter
proteins (Dunn and Handelsman, 1999; Valdivia and
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Falkow, 1996), the identification of bio-active lig-
ands (Cho et al., 1998), and the engineering of
enzymes and metabolic pathways (Olsen et a., 2000;
Douglas and Ballou, 1980). Though the specific
examples being discussed here arise from our ex-
perience with protein libraries displayed on the
surface of E. coli, the conclusions are generally
applicable to most microbia library screening ex-
periments. The increasing availability of flow cyto-
meters should make cell-based library approaches
available to researchers from a wide range of back-
grounds. Basic molecular biology experience and a
working knowledge of FCM should be sufficient to
design a successful library screening experiment for
a given application.

2. Experimental design for library screening

Despite the outstanding potential of cell sorting in
library screening applications, relatively few ex-
perimental protocols have been reported (Cormack et
a., 1996; Boder and Wittrup, 1997a,b; Daugherty et
al., 1998, 1999; Ernst et a., 1998; Christmann et al.,
1999). In these studies, it has proven possible to
perform a few simple measurements and statistical
calculations and thereby determine whether rare
target cells with the desired properties are repre-
sented in the library and whether they will likely be
isolated. Many factors contribute to the overall
probability of isolating rare target cells, including
cytometer design, signal-to-noise ratio(s), cell sorting
speed, sorting modes, library size, cell fragility, and
target cell frequency. Each of these factors must be
considered carefully to maximize the probability of
isolating rare target cells. In addition, the considera-
tions important to the sorting of rare mammalian
cells from biological sources aso apply to the sorting
of microbia libraries (Leary, 1994; Radbruch and
Recktenwald, 1995; Rosenblatt et al., 1997).

The general methodology for the isolation of
target cells from libraries is shown in Fig. 2. It is
important to note that whereas the isolation of rare
mammalian cells is often a single-step process, the
screening of large microbial libraries involves multi-
ple rounds of enrichment through sorting and re-
growth. Multiple rounds of enrichment sorting are
necessary for low frequency (<107 °) target cells

since (1) the fluorescence distributions of target and
non-target cells often overlap and (2) the occurrence
of false positives directly limits the enrichment.

2.1. Target cell frequency

The frequency of the desired target events in a
microbial library dictates the overall sorting strategy
and should be estimated prior to screening. For
protein libraries created using cassette mutagenesis
(Wells et al., 1985), the expected frequency of the
most rare target event in the library can be precisely
determined. For example, when the codons corre-
sponding to six amino acids are randomized using an
(NNS) scheme (N=G,A,T,C; S=G,C) resulting in a
total of 32°~10° unique DNA sequences, the most
rare polypeptide will occur at a frequency of 10 °.
Similarly, for libraries generated by random muta-
genesis the frequency of the most rare target cell
should be assumed to be the reciprocal of the number
of independent transformants. The library size that
can be exhaustively screened is determined by the
maximum sorting rate afforded by the instrument.
Currently, commercially available FCM instrumen-
tation is capable of sorting rates between 10" and 10°
cells/h. Thus, the maximum library size that can be
screened exhaustively with 95% confidence is rough-
ly 10® members as predicted by the Poisson approxi-
mation (Lowman et al., 1991). While this may seem
like an impressive number, it must be kept in mind
that the protein sequence space is vast: a throughput
of 10° will alow the analysis of only one-tenth of
the six residue library discussed above. Fortunately,
library design and not simply size determines
whether gain-of-function protein mutants can be
isolated (Crameri et al., 1998; Daugherty et .,
2000; Bogarad and Deem, 1999). If necessary, larger
libraries, containing >10° members, can be pro-
cessed using magnetic cell sorting to pre-enrich
target cells immediately prior to FCM sorting
(Christmann et al., 1999; Wentzel et al., 1999).
Though magnetic sorting has proven useful as an
enrichment tool, only FCM enables the quantitative
real-time analysis of multiple parameters needed for
isolating subtly different cells with high purity.

In some cases, it is possible to estimate the
frequency of target cells in a libraay by FCM
analysis of a subset of the library population. About
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Fig. 2. The screening of cell-based libraries using FCM. After construction of a cell-based library, the cell population is amplified by growth
and cells are labeled with appropriate fluorescence probes, or reporter gene expression is induced. Target cells are defined using multiple
parameters and enriched from the population using multiple rounds of sorting and amplification by growth. When enrichment is evident by
FCM analysis, cells are plated and the protein sequences of individual clones are determined by DNA sequencing. If further optimization is
desired, a new library is designed using one or more individuals isolated from the initial library as a template and the entire process is

repeated.
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10° cells can be analyzed by most common flow
cytometers in less than 30 min to estimate the
frequency of rare target cells prior to screening (Fig.
3). In addition to providing target cell frequency
information, such analysis may assist the estimation
of maximal enrichment factors for single-step sort-
ing. For example, by performing an identical fre-
quency analysis on a cell population that does not
contain target cells, the frequency of background or
false-positive cells can be estimated (Fig. 3). Es
timating the frequency of false positives is important
because it dictates the maximum obtainable enrich-
ment per round of sorting. In surface-displayed
protein libraries, the frequency of false positives is
determined by analyzing a population of non-mu-
tated, wild-type cells or a mixed population of cells

A B

displaying non-binding proteins after incubation with
the fluorescent probe that will later be used to screen
the library. Analogous control cell populations
should be analyzed for other cell-based library
screening experiments.

2.2. Minimizing false positives

The frequency of false-positive events is often the
limiting factor in the detection and enrichment of
rare target cells (Gross et a., 1993; Leary, 1994,
Radbruch and Recktenwald, 1995). False-positive
events arise from two main sources: (1) non-spe-
cifically stained or background cells and debris and
(2) instrument-related background, caused by re-
sidual cells and particles from previous experiments,
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Fig. 3. FCM analysis of target cell frequency. A library of single-chain antibody mutants containing >10° unique clones was analyzed by
FCM after labeling with a BODIPY ™-tagged antigen at a concentration of (A) 1 nM, (B) 10 nM, or (C) 100 nM. (D) 10° cells from the
library and a background control population were analyzed by FCM to determine the frequency of target cells as a function of probe
concentration, relative to the frequency of false positives in a control population (Daugherty et al., 1998).
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fluidic bursts, and electronic noise (Gross et al.,
1995). The latter false-positive source is generally a
technical limitation and has been addressed previous-
ly with success (Gross et al., 1995). False positives
arising from non-specific staining can be greatly
reduced by a suitable choice of fluorescent probes
and sorting parameters. The ideal fluorescent probe
for target cell labeling should exhibit low levels of
non-specific staining of the non-target cells. Not
surprisingly, the concentration and physicochemical
properties of the fluorescent probe can strongly
influence the level of non-specific staining. For
example, strongly hydrophobic or highly positively-
charged probes generally exhibit high levels of non-
specific binding to bacteria. As the concentration of
fluorescent probe increases, the noise due to non-
specific adsorption of the probe increases, whereas
the signal due to binding to a specific receptor
reaches saturation. In addition to non-specific stain-
ing, the free fluorescent probe increases the back-
ground fluorescence. As a rule of thumb, the signal-
to-noise becomes unacceptable in the micromolar
range of probe concentration, even with well-de-
signed fluorescent probes.

The use of multiple parameters for target cell
detection and non-target cell exclusion is an effective
strategy to minimize false positives. In particular,
staining the library cell population with one or more
additional ‘exclusion’ or negative selection fluores-
cent probes of a different color can be used to
exclude false positives such as dead cells and
aggregates of the fluorescent probe(s) (Leary, 1994),
thereby reducing background staining by orders of
magnitude (Gross et a., 1995; Radbruch and Reck-
tenwald, 1995). Cells that become labeled by both
the primary and the secondary probes can be ex-
cluded from the target cell sort gate using the
cytometer software. Propidium iodide (Pl) and other
DNA intercalators are useful as effective non-spe-
cific staining controls and, simultaneously, as viabili-
ty indicators (Davey and Kell, 1996). Using PI for
negative staining of E. coli libraries, we have
observed greater than 10-fold reduction of false-
positive events. Fluorescently-tagged antibodies that
do not specifically label the target cells may also be
effective negative selection probes. For example, if a
green BODIPY-FL™ probe (Molecular Probes
(Eugene, OR, USA)) is used for selection, one or

more PE (red)-labeled, non-specific antibodies could
be used in conjunction with Pl (red) for negative
selection. Additionally, the use of both forward and
90° light scatter parameters to define target cells and
exclude non-target cells can reduce the frequency of
false positives, since dead or damaged cells often
produce irregular light scatter signals.

2.3 Resolution of target cells from non-target
cells

Rare target cells are most often resolved from a
library population using a single parameter that
provides a measure of the protein or cellular function
of interest. Often, the fluorescence distributions of
rare target cells overlap with those of non-target
cells. When overlap occurs, it is crucia to maximize
the fluorescence signal of the target cells relative to
non-target cells. The fluorescence ratio of target to
non-target cells (F,) can be increased by:

(@ Increasing the number of cellular binding sites
for the primary fluorescent probe. The surface den-
sity or intracellular concentration a given receptor,
enzyme, or fluorescent reporter protein can be in-
creased by altering the expression level. However, as
will be discussed later, high expression levels can
adversely effect cell viability and thus the ability to
grow and amplify the sorted cell population.

(b) A brighter fluorescent probe. For example, the
widely used probe, fluorescein, exhibits maximum
fluorescence in akaline solutions (pH 8.8), while
emission is reduced in solutions maintained at near
physiological pH. We have found that the signal due
to specific binding of fluorescein conjugated to the
cardiac glycoside digoxin was nhot sufficient to allow
the discrimination of E. coli displaying anti-digoxin
antibodies from the non-target cells in a library.
However, the same library could be effectively
screened for clones expressing high-affinity anti-
bodies using a digoxin-BODIPY™  conjugate
(Daugherty et a., 1998), since BODIPY dyes are
about two-fold brighter than fluorescein at physiolog-
ical conditions and give adequate resolution of target
and non-target cells.

(c) Signa amplification. Signal amplification has
been used successfully in the screening of cell
surface-displayed libraries for the isolation of clones
that express proteins exhibiting high affinity for a
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ligand (Boder and Wittrup, 1997b; Wentzel et a.,
1999). The most common amplification scheme
involves staining the library with a biotinylated-
ligand and subsequently with streptavidin-R-phyco-
erythrin.

231 Optimization of sorting parameters

The ability to quantitatively optimize the isolation
of target cells using FCM provides significant advan-
tage in library screening applications. In the screen-
ing of cell surface-displayed libraries for ligand
binding, conditions can be optimized to isolate
clones expressing proteins exhibiting a desired range
of ligand dissociation (or association) kinetics. The
optimum probe concentration, washing conditions,
and sort gate definition for such a screening experi-
ment can be determined in advance to maximize the
probability that clones with the desired properties
will be isolated. If necessary, the sorting parameters
can be fine-tuned in real time during sorting.

Wittrup and coworkers have developed a simple
mathematical analysis for delineating the important
parameters for the isolation of ligand binding pro-
teins from cell surface-displayed libraries (Boder and
Wittrup, 1997a). The equilibrium dissociation con-
stant (Ky) of the interaction of a surface-displayed
protein with a fluorescent ligand is defined as the
ratio of the dissociation and association rate con-
stants (Kyiss/ Kassoc)- FOr Kp values less than approxi-
mately 10 nM, target cells can be sorted based on the
dissociation rate of a fluorescent target ligand from
the cell surface. Interactions with K, values greater
than 10 nM have relatively fast dissociation rates
(kg =0.01 5 %). As aresult, half of the total bound
ligand will dissociate from the cell surface in a few
minutes or less at 25°C. In this case, unless stopped
flow cytometric techniques are used (Nolan and
Sklar, 1998), the library can be screened only under
conditions where the fluorescently-labeled ligand is
in equilibrium with the cells. For equilibrium con-
ditions, cells are incubated with the fluorescent probe
and analyzed directly by FCM without removing the
unbound probe. Under equilibrium conditions, only
moderate (K, <10 °) to very high affinity interac-
tions are detectable due to high levels of background
fluorescence.

In general, the affinity, or equilibrium dissociation
constant (Ky), correlates directly with the dissocia-

tion rate constant k. (Schier and Marks, 1996),
since association rate constants, K., are similar for
related antibodies. To screen for clones having
decreased dissociation rate constants, the library
population is incubated with an excess of fluorescent
ligand to saturate all ligand-binding sites. The cells
are then washed to remove excess fluorescent ligand
and resuspended in buffer containing a 100—1000-
fold excess of a non-fluorescent ligand as a com-
petitor. In the presence of a large excess of com-
petitor, the re-association of the fluorescent ligand to
a receptor is negligible. Under these conditions, the
dissociation rate constant (k) governs the mean
fluorescence of a given cell (F) as afunction of time

():

F=(F,—F.) exp(—kg.t) +F., (1)

diss
where F, and F_ are the maximum initial fluores-
cence after labeling and the fluorescence after com-
plete dissociation of the fluorescent ligand. The
experimentally determined time course of fluores-
cence decay for a clonal population of scFv-display-
ing cells labeled with a hapten-BODIPY conjugate
was found to agree well with that predicted by Eqg.
(1) (PD, BI, GG, unpublished data). However, for
t=1 h, the observed fluorescence is higher than that
predicted by (1), most likely due to rebinding
effects. In other words, the probability that free
fluorescent ligand will rebind to a protein on the cell
surface increases as the fraction of unoccupied
binding sites increases. This effect is particularly
significant when the density of binding sites is high.

Proteins with improved affinity for a ligand are
often obtained by random mutagenesis of the encod-
ing gene and subsequent screening of the resulting
library of protein mutants. Typically, the improve-
ment in ligand affinity that can be obtained in such
an experiment is between two- and five-fold. Such
gain of function protein mutants occur at low
frequencies (10 °~10"") in random mutant libraries.
These rare cells must be sorted from the remainder
of the population that includes a large fraction of
cells expressing proteins with wild-type ligand bind-
ing affinity. Thus, the rare target cells must be sorted
from an excess of non-target, wild-type cells that
have a fluorescent signal only slightly lower (Fig. 4).
The isolation of target cells displaying protein mu-
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Fig. 4. The predicted fluorescence distributions for the wild-type
and a three-fold improved clone, assuming a normal distribution.
The fluorescence distributions prior to (F,) and after complete
dissociation (F.) are indicated. After the optimal time for dis-
sociation, t,,, the expected wild-type and mutant fluorescence
distributions are given by F,(t,,) and F,(t,,), respectively. The
probability that a wild-type clone (P,,) or three-fold improved
mutant (P.,,.) will occur within a sort gate with a fluorescence
cut-off of F, is given by the area under the respective curves
Fui(top) and F,(t,), for F > F_. The expected enrichment of the
mutant is then given by the ratio of P, to P,,.

mut

tants with improved affinity is dependent upon
maximizing the ratio of mean fluorescence intensity
of the mutant (F,,,) to that of the wild-type (F,,):

_ qut _ (S' B 1) exp[_kdiss,wtt/kr)]
B TR T G- D ek 2

where § =F,/F,, and a dimensionless affinity
improvement (k,) is defined:

K

diss,wt
kK = —%

L ¢

diss,mut

Differentiating Eq. (2) with respect to kgt yields
the optimal dimensionless time for the dissociation
reaction for the isolation of clones improved by a
factor k, (Boder and Wittrup, 19978). The optimal
time (t,,) for the dissociation reaction can be
predicted as

koff,wttopt =0.293 + 2.05 |Og kr
1
+ (2.30 - 0'759?> log §. 3)

When the desired proteins are expected to have an
equilibrium dissociation constant greater than ap-
proximately 10 nM, equilibrium labeling conditions

are required to isolate the corresponding target cell.
Otherwise, rapid dissociation rates will cause the
cellular fluorescence to decay significantly before the
entire library can be screened. The fluorescence of a
cell displaying a polypeptide with an equilibrium
dissociation constant K, is given by

Fmax([L]/KD) + I:b
=Ky <1 4)

where F_, is the maximum fluorescent signal upon
saturation, F,, is the background autofluorescence
and [L] is the equilibrium ligand concentration.

It can be shown that the optimal ligand con-
centration to achieve the maximal fluorescence ratio
between the desired affinity improved mutant and
wild-type clones is given by the expression (Boder
and Wittrup, 1997a)

[L] opt _ 1 . (5)
KD'Wt S‘(KD,WI/KD,mut)

For example, to isolate clones expressing proteins
having a two- to three-fold greater ligand binding
affinity than the wild-type (Daugherty et al., 1998;
Low et al., 1996; Yang et a., 1995), the optimal
ligand concentration given by Eg. (5) will be 0.18-
Kpwe OF 015Ky, for typical § vaues of 10 and
15, respectively.

3. Defining and sorting target cells

Cytometer calibration is essential for rare cell
isolations. For optimal sorting performance, the cell
sorting accuracy should be tested immediately prior
to library sorting using a mixture of polystyrene
fluorescent beads comparable in size and fluores-
cence intensity to the cells to be sorted. Sorting
fluorescent beads in the size range of 1-2 pm in
diameter with only dlightly differing fluorescence
intensities provides an effective evaluation of the
fluorescence discrimination and sorting accuracy that
may be expected. The beads are mixed at non-target/
target ratio of between 1:1 and 10:1 and sorted at a
rate comparable to the desired experimental sort rate.
If greater ratios of non-target to target beads are
used, the bead yield in the sorted sample will be too
low for accurate calibration of the sorting accuracy.
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After sorting, the target beads are concentrated by
centrifugation. The supernatent is then aspirated and
the beads are resuspended in about 1 ml of buffer.
After carefully cleaning the sample injection port, to
prevent carryover of the pre-sort population, the
sorted beads are analyzed by FCM for purity.
Typicaly, a sort purity of greater than 98% should
be obtainable using a high purity sorting mode.

Before use, the instrument must be sterilized with
70% ethanol. The instrument is usualy rinsed with
70% ethanol, bypassing the sheath filter, for about 30
min and subsequently with sterile water or buffered
sheath fluid compatible with the cells to be sorted. A
rinse period of 30 min or longer may be required to
remove all remaining ethanol. Cleaning and steriliza-
tion with a 10% bleach solution is more likely to
completely inactivate any bacteria adhering to the
tubing. However, bleach can degrade some poly-
meric tubing and should not be used without first
consulting the instrument manufacturer. For micron-
sized particles with relatively low fluorescence sig-
nals, instrument noise and debris can give rise to
ghost events and should be measured before sorting.
After the instrument has been rinsed thoroughly, an
appropriate sort gate is defined to encompass the
parameter space to be used in sorting. The instru-
ment is rinsed further with sterile buffer or water
until the frequency of events falling into the defined
parameter space, resulting from air bubbles and
debris, reaches a minimum.

In cell sorting applications, a sort gate specifies a
region of parameter space encompassing the target
cells. The definition of a sort gate is particularly
important when the target cell fluorescence distribu-
tion overlaps, even to a smal degree, with the
fluorescence distribution of non-target cells. In this
situation, a very stringent gate will prevent the
recovery of some rare target cells, while a relaxed
gate will provide little or no enrichment. Thus, it is
worthwhile to estimate the percentage of the popula-
tion that should be recovered to maximize the
probability that a particular rare cell will be col-
lected. The probability that a rare target cell will be
recovered (P,..) during the first round of screening
can be estimated by

Prec = Pencounter ' Pdetection ' Pgate : Psort : Pviable! (6)
where P is the probability that the target cell

encounter

will bein the library, Pyqecion the probability that the
target cell will be detected by the instrument, P,
the probability that the target cell will fall into the
sort gate, P, the probability that the target cell will
be captured and P, the probability that the target
cell will grow in liquid culture after sorting

The probability of encountering a given clone is
given by the Poisson distribution (Lowman et a.,
1991). Sorting three-fold more cells than the ex-
pected diversity of the library, i.e. the number of
independent transformants, is sufficient to give a
P of 0.95. The probability of detection,
Petection: 1S dependent upon the level of instrument
noise and the electronic dead-time (Rosenblatt et al.,
1997; Shapiro, 1995). For example, at sorting rates
below 2000 s ' with the FACSort™ or
FACSCaliber™ from Becton Dickinson (San Jose,
CA, USA) the probability of detection is >90%
(Shapiro, 1995), and can be assumed to be unity.
The probability of physically capturing a cell, P,
is dependent upon the particular sorting mode em-
ployed (i.e. Recovery/Enrichment, Non-target cell
Exclusion, or Purity/Single-cell). In Recovery/En-
richment mode, P, is unity since all target clones
are collected regardless of the presence of coincident
non-target events. In general, it is desirable to
maintain the viability of the culture above 50%
(Pyianie=>0.5). When culture viability is low, the
capture of non-viable cells in Recovery/Enrichment
mode at high sort rates results in the coincident
collection of viable non-target cells. As a result,
when P, . is low, the enrichment of target cells is
lower than would be expected from the fluorescence
distributions of the target and non-target cells. P, e
can be estimated by measuring the viability of the
entire library population by counting colony forming
units. Alternatively, viability can be conveniently
estimated by FCM using a suitable fluorescent praobe.
The fluorescent probe Di(BAC,)3 provides a reason-
able estimate of cellular viability for many strains of
E. coli (Davey and Kdll, 1996). Unfortunately, this
dye has a broad emission spectrum and cannot be
used simultaneously with most other fluorescent
probes in a multi-color sorting experiment. Prop-
idium iodide (PI) is another commonly used viability
probe. Although Pl is compatible with many com-
monly used probes in multi-color FCM, Pl does not
normally penetrate the outer membrane of Gram-

encounter
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negative bacteria and thus provides only a relative
viability measure for some strains of E. coli. None-
theless, as described above, exclusion of Pl-labeled
non-viable cells from the sort gate can be useful for
preventing the collection of non-target cells to
improve the enrichment in Recovery/Enrichment
mode.

The probability that a particular target cell will fall
within a specified sort gate (P,,.) is dependent upon
the region of parameter space defined by the sort
gate. The sorting parameters typically include:

1. Forward and 90° light scatter, to ensure proper
cell morphology.

2. Fluorescence due to the target cell function of
interest.

3. Fluorescence due to a viability indicator stain.

4. Fluorescence due to non-specific staining control
probes.

If the sort gate encompasses a large range of forward
and 90° light-scatter values, the deviation in fluores-
cence intensity becomes the primary factor in de-
termining the probability that a given clone will fall
into the sort gate. In this case, the sort gate can be
approximated as a fluorescence cut-off (F,) (Fig. 4).
Assuming a normal distribution for the fluorescence
of a monoclonal cell population, the fluorescence
distribution of the wild-type and three-fold affinity
improved cell populations will have the appearance
represented in Fig. 4, after allowing the dissociation
reaction to occur for the optimal time predicted by
Eqg. (3).

To a first approximation, the maximum possible
enrichment in a single round of sorting can be
calculated by taking the ratio of the area under the
mutant (F,,.(t,)) curve for F > F_ to that under the
wild-type (F,,(t,y)) curve for F>F_ (Fig. 4). In a
library containing 10° unique individuals, a sufficient
number of cells can be sorted such that four or more
copies of each individua are encountered. Under
these conditions, a sort gate that includes 50% of the
fluorescence distribution corresponding to an im-
proved mutant will give a 95% probability of
recovering at least one copy of each improved
mutant (Boder and Wittrup, 1997g). If the standard
deviation of the fluorescence distribution can be
estimated, the maximum possible enrichment in a

single round of sorting can be predicted by inte-
grating the fluorescence distributions for the mutant
and wild-type populations (Fig. 4). For bacterial and
yeast display systems, with S =10, the maximum
enrichment of clones having three-fold improvement
in the first round of sorting will be approximately
60-fold, if only the most fluorescent 1% of the
population is collected.

In practice, the actual enrichment ratio is reduced
by the inadvertent capture of coincident non-target
cells during Recovery/Enrichment mode sorting. For
libraries containing more than 10° unique members,
recovery mode sorting must be used during the first
round of screening. As discussed above, at least
three-fold more cells than the estimated number of
unique clones should be processed in the initial
round of screening. Since each clone may be en-
countered only three times during the entire sort
process, it is critical to sort the library first in
Recovery/Enrichment mode to ensure that at least
one viable representative of every desirable clone is
collected. While sorting at relatively high rates, non-
target cells are co-captured with target cells. When
the sorted population is re-grown and sorted again in
the second round, the enriched target cells are
present at higher frequencies. The sort mode then
can be adjusted to Purity/Exclusion to obtain im-
proved enrichment ratios. Under optimal sorting
conditions, each target cell initialy at a frequency of
10~° will comprise at least 2% of the population
after the second round of sorting. Additional rounds
of sorting can be performed in excluson mode,
which rejects coincident cells, to achieve high purity.
After three or four rounds of sorting, it should be
possible to enrich target clones, having even subtly
improved function, to greater than 95% purity
(Daugherty et a., 1998).

Phosphate buffered saline of physiological pH can
be used as a general purpose sorting buffer and
sample resuspension fluid. Since sheath fluid com-
position and pH can affect cell size, viability, and
praobe fluorescence, compatibility should be verified
experimentally. Even with compatible sheath fluids,
the stress arising from heterologous protein expres-
sion, labeling, and sorting may reduce viability. In
this case, sorting directly into 50 ml conical tubes
containing 15 ml of growth medium may improve
viability (Shapiro, 1995). If cell viability is extreme-
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ly low after sorting, the genes of interest can be
amplified from the sorted cell population by PCR
and reinserted into the expression vector for an
additional round of screening (Wentzel et al., 1999).
Sorted cells can be isolated directly by filtration onto
suitable membranes immediately after sorting and
subsequently incubated on solid growth medium to
alow colony formation.

4. Controlling and accounting for protein
expression levels

Rare target cells expressing proteins exhibiting a
desired trait such as ligand binding affinity or
catalytic activity, occasionally possess secondary
phenotypes that adversely affect their enrichment by
FCM. For example, mutations leading to improved
binding or catalysis may also reduce protein expres-
sion, host cell growth rate, or viability. At the same
time, non-target cells may exhibit elevated growth
rates and become over-represented in the sorted
population despite the fact that they are not spe-
cifically enriched by the screening process (Fig. 5)
(Boder and Wittrup, 1997a; Daugherty et al., 1999).
Therefore, the ability to mask the mutant phenotype
during cell growth, through tight regulation of pro-
tein expression within the host cell, is an essential
feature in cell-based libraries.

The issue of how expression of a certain protein
affects library screening has only been investigated
in bacteria, though the insights from these experi-
ments should be applicable to other systems. The
ideal expression system for library screening pur-
poses should possess the following characteristics:

1. Tight on/off regulation. Preferably, protein ex-
pression should be induced only prior to sorting
and repressed immediately after. Protein expres-
sion must be strongly repressed when the cells are
grown for many generations to maintain pro-
portionate representation of target cells, despite a
possible growth advantage for some non-target
cells.

2. Moderate protein expression under conditions of
full induction. Otherwise, low level expression
can result in weak fluorescence signals whereas
high level expression can result in cell death.

Forward Light Scatter

Relative Fluorescence Intensity

Fig. 5. The effects of (A) constitutive or (B) tightly-regulated
protein expression upon the maintenance of library diversity. (A)
A library of scFv mutants with a low mutation rate was grown
with constitutive scFv expression from the hybrid Ipp-lac promot-
er (Daugherty et al., 1999). After overnight culture, an unexpec-
tedly low frequency of target cells was observed. (B) However,
when the same library was grown under tightly repressed con-
ditions using the arabinose inducible promoter P, and induced
shortly before FCM analysis, the frequency of target cells
remained high.

3. Rapid inducible protein expression. In other
words, a desired level of protein synthesis should
be obtainable shortly after induction. Rapid induc-
tion is desirable for two reasons. First, a short
induction period reduces the time required for
each round of enrichment. Second, because the
cells are kept in an induced state for a shorter
period, selection of faster growing non-target
clones is minimized.

4. The ability to fine-tune expression level by adjust-
ing the inducer concentration. Typically, a clona
cell population induced with a concentration
lower than that required for full induction gives
rise to two sub-populations, one consisting of
fully induced cells and the other consisting of
uninduced cells. The appearance of two popula-
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tions for each clone presents a significant compli-
cation in library screening.

In E. coli, the commonly employed tac and trc
promoters yield high levels of transcription after
induction with IPTG and may result in cell death.
Several available promoters satisfy criteria (1)—(3),
including the araBAD and tetA promoters. The
arabinose inducible promoter P;,, possesses the
properties of tight on/off regulation and a moderate
strength compatible with library screening in bacteria
(Daugherty et al., 1999, 2000). The tightly regul ated
tetA promoter/operator has also been used in the
screening of E. coli surface-displayed libraries.
However, the expression level obtained upon induc-
tion was found to result in a loss of culture viability
(Christmann et al., 1999; Daugherty et al., 1999).
Expression could be reduced to a suitable level by
introducing an amber codon prior to the displayed
fusion protein sequence and using an amber suppres-
sor strain (Christmann et a., 1999). The expression
level may also be controlled using plasmids main-
tained at a desired copy number within the cell
(Daugherty et al., 1999). None of the expression
systems that have been employed for library screen-
ing applications allow tunable control of expression
level as a function of the inducer concentration
(Daugherty et a., 1999; Siegele and Hu, 1997).
Fortunately, new expression systems that allow
tunable control of expression for the entire popula-
tion are being developed (J. Kiesling, persona
communication; Lutz and Bujard, 1997). In yeast,
the GAL1 promoter has been shown to enable tight
repression in the presence of glucose and has been
used successfully for screening surface-displayed
libraries (Boder and Wittrup, 1997b; Kieke et a.,
1999). However, expression from the GAL1 promot-
er was found to result in mixed populations of
uninduced and fully induced cells (Boder and Wit-
trup, 1997b).

Generally, the amount of protein accumulating
within unique clones in a library will vary widely.
Even when protein synthesis is tightly regulated,
mutated proteins that exhibit altered folding, aggre-
gation, or stability characteristics will arise. As a
result, there will be some cellsin alibrary population
in which protein accumulation is substantially in-
creased. This fact was illustrated in the isolation of

‘FACS optimized GFP mutants (Cormack et .,
1996). After mutagenesis and screening by FACS,
bacteria expressing GFP mutants that fluoresced
more strongly than cells expressing wild-type GFP
were isolated. However, the isolated GFP mutants
were of two general classes. (1) mutants that ex-
hibited dramatically improved specific fluorescence
and unchanged expression level and (2) mutants that
exhibited moderately improved specific fluorescence
and increased solubility, or decreased aggregation
(Cormack et al., 1996). Mutants with improved
expression are desirable in many applications (Knap-
pik and Pluckthun, 1995; Stemmer et a., 1993).
More often, improvement of a trait other than
expression is desired, and thus it may be beneficial to
disfavor the isolation of mutants with altered expres-
sion properties.

An effective method to disfavor the isolation of
expression mutants is to normalize the expression of
the gene of interest using a peptide epitope tag
(Boder and Wittrup, 1997b). In this approach, a
secondary peptide epitope that can be recognized by
a fluorescently-tagged monoclonal antibody is ap-
pended to the C-terminus of the expressed protein
using an appropriate gene fusion. After induction of
protein expression, the cells are labeled with a
fluorescently-tagged antibody specific to the C-termi-
nal epitope tag. Cells with altered expression levels
will also have altered epitope labeling. A suitable
sorting gate can then be used to disfavor the selec-
tion of expression mutants.

In the absence of an epitope tag for detecting
protein expression levels, the selection of expression
mutants can be disfavored using appropriate gating
and sorting strategies. It might be assumed that a
gate including only the most fluorescent events will
capture clones having improved function. However,
such a gate definition is also likely to favor the
isolation of mutants having improved expression
properties. Expression mutants generally arise more
frequently than true gain-of-function mutants and
therefore are more likely to predominate when a very
stringent gate is defined. Instead, a sort gate should
be set to include the region of parameter space in
which >50% of target events are expected to occur,
despite the inclusion of some non-target cells.
Though enrichment factors will be reduced, a less
stringent gate will disfavor expression mutants and
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increase the probability of recovering rare target
clones.

5. Conclusions

FCM is the most powerful and quantitative high-
throughput technology currently available for the
screening of protein libraries for desirable charac-
teristics such as high &ffinity binding, catalysis,
expression level, and in vivo stability. Significant
advantages of FCM relative to alternative methods
for library screening include a quantitative multi-
parameter analysis of every library member and the
ability to carry out rea-time statistical analysis of
heterogeneous populations. Importantly, the screen-
ing process can be monitored and optimized, an
important feature that enabled the evolution of the
first antibody reported to have sub-picomolar affinity
(Shusta et al., 1999b). Cell-based libraries aso
provide a new method for the identification of in
vivo protein—protein interactions and effectors of
biological pathways (Cho et a., 1998), and thus may
be especialy useful in metabolic engineering.

While cell-based libraries hold great potential for
the isolation and production of proteins with novel
functions for scientific and commercial applications,
some limitations should be mentioned. First, these
approaches are limited to proteins than can be
expressed at high levels in a functional form within
or on the surface of the chosen host cell. For
example, proteins requiring extensive disulphide
bond formation or post-translational modifications
like glycosylation may not be functional when
expressed in bacteria. Proteins exhibiting even low
level host toxicity may be difficult to isolate from a
cell-based library. Thus, the selection of a library
host cell should be made with the characteristics of
the desired protein in mind. Second, given that
cytometer throughput rates are currently limited to
about 10° cells/h, exhaustive screening of large
libraries may not be possible. However, as stated
earlier, given the vast size of protein sequence space
(i.e. =20°), library design strategy is generaly
more important than size.

In order to exploit fully the power of FCM,
however, all the parameters must be considered and
optimized. As discussed above, the library size and

expected frequency of target cells will determine an
appropriate sort rate and mode. However, the ob-
served false-positive frequency will directly limit the
maximum possible enrichment in a single round of
sorting. The signal-to-noise ratio(s) for each of the
parameters used for selection must also be maxi-
mized by adjusting protein expression levels or by
using an aternative fluorescent probe or signal
amplification strategy. Cytometer design may also be
important in some applications that require high
fluorescence sensitivity, high-throughput rates, or
sophisticated gating agorithms. At the biological
level, protein expression level should be tightly
regulated to prevent clonal competition effects. If
possible, expression level should be measured in-
dependently of function, allowing improvementsin a
primary trait to be discriminated from that of a
secondary trait.
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