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(57) ABSTRACT 

Disclosed is a process for identifying clones having a 

speci?ed activity of interest, Which process comprises generating one or more expression libraries derived from 

nuclei acid directly isolated from the environment; and (ii) 
screening said libraries utilizing a ?uorescence activated cell 
sorter to identify said clones. More particularly, this is a 
process for identifying clones having a speci?ed activity of 
interest by generating one or more expression libraries 
derived from nucleic acid directly or indirectly isolated from 
the environment; (ii) exposing said libraries to a particular 
substrate or substrates of interest; and (iii) screening said 
exposed libraries utiliZing a ?uorescence activated cell 
sorter to identify clones Which react With the substrate or 
substrates. Also provided is a process for identifying clones 
having a speci?ed activity of interest by generating one 
or more expression libraries derived from nucleic acid 
directly or indirectly isolated from the environment; and (ii) 
screening said exposed libraries utiliZing an assay requiring 
a binding event or the covalent modi?cation of a target, and 
a ?uorescence activated cell sorter to identify positive 
clones. 
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B-Gal clone with different substrates 

I cells were stained 

with FDG, 
CMFDG or 

CIZFDG. 
incubated for 30 
min. at 700C, 
spotted onto a 
slide and exposed 
to UV light. 

- bright Spot 
indicates staining 
of cells 

E. coli expressing B ~Gal from Sulfulobus spec. was grown over night. Cells 
were centrifuged and substrate was loaded with deionised water. After 5 min. 
cells were centrifuged and transferred into HEPES buffer and heated to 70°C 
for 30 min.. Cells were spotted onto a slide and exposed to UV light. 
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Figgre 7 
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Staining of B-galactosidase clones from the hyperthermophilic 
archaeon Sulfolobus solfataricus expressed in E.coli using 
clr-FDG as enzyme substrate. 
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Figure 10 
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HIGH THROUGHPUT FLUORESCENCE-BASED 
SCREENING FOR NOVEL ENZYMES 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to the discovery of 
neW bioactive molecules, such as biocatalysts. This inven 
tion employs high throughput cell analyzing, in particular 
?uorescence activated cell sorting (FACS), machines in a 
screening system designed for the rapid discovery of a large 
number of these molecules. 

[0002] There is a critical need in the chemical industry for 
ef?cient catalysts for the practical synthesis of optically pure 
materials; enZymes can provide the optimal solution. All 
classes of molecules and compounds that are utiliZed in both 
established and emerging chemical, pharmaceutical, textile, 
food and feed, detergent markets must meet stringent eco 
nomical and environmental standards. The synthesis of 
polymers, pharmaceuticals, natural products and agrochemi 
cals is often hampered by expensive processes Which pro 
duce harmful byproducts and Which suffer from loW enan 
tioselectivity (Faber, 1995; US. Tonkovich and Gerber, 
Dept. of Energy study, 1995). EnZymes have a number of 
remarkable advantages Which can overcome these problems 
in catalysis: they act on single functional groups, they 
distinguish betWeen similar functional groups on a single 
molecule, and they distinguish betWeen enantiomers. More 
over, they are biodegradable and function at very loW mole 
fractions in reaction mixtures. Because of their chemo-, 
regio- and stereospeci?city, enZymes present a unique 
opportunity to optimally achieve desired selective transfor 
mations. These are often extremely dif?cult to duplicate 
chemically, especially in single-step reactions. The elimina 
tion of the need for protection groups, selectivity, the ability 
to carry out multi-step transformations in a single reaction 
vessel, along With the concomitant reduction in environmen 
tal burden, has led to the increased demand for enZymes in 
chemical and pharmaceutical industries (Faber, 1995). 
EnZyme-based processes have been gradually replacing 
many conventional chemical-based methods (WrotnoWski, 
1997). A current limitation to more Widespread industrial 
use is primarily due to the relatively small number of 
commercially available enZymes. Only ~300 enZymes 
(excluding DNA modifying enZymes) are at present com 
mercially available from the >3000 non DNA-modifying 
enZyme activities thus far described. 

[0003] The use of enZymes for technological applications 
also may require performance under demanding industrial 
conditions. This includes activities in environments or on 
substrates for Which the currently knoWn arsenal of enZymes 
Was not evolutionarily selected. EnZymes have evolved by 
selective pressure to perform very speci?c biological func 
tions Within the milieu of a living organism, under condi 
tions of mild temperature, pH and salt concentration. For the 
most part, the non-DNA modifying enZyme activities thus 
far described (EnZyme Nomenclature, 1992) have been 
isolated from mesophilic organisms, Which represent a very 
small fraction of the available phylogenetic diversity 
(Amann et al., 1995). The dynamic ?eld of biocatalysis takes 
on a neW dimension With the help of enZymes isolated from 
microorganisms that thrive in extreme environments. Such 
enZymes must function at temperatures above 100° C. in 
terrestrial hot springs and deep sea thermal vents, at tem 
peratures beloW 0° C. in arctic Waters, in the saturated salt 
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environment of the Dead Sea, at pH values around 0 in coal 
deposits and geothermal sulfur-rich springs, or at pH values 
greater than 11 in seWage sludge (Adams and Kelly, 1995). 
EnZymes obtained from these extremophilic organisms open 
a neW ?eld in biocatalysis. 

[0004] For example, several esterases and lipases cloned 
and expressed from extremophilic organisms are remarkably 
robust, shoWing high activity throughout a Wide range of 
temperatures and pHs. The ?ngerprints of ?ve of these 
esterases shoW a diverse substrate spectrum, in addition to 
differences in the optimum reaction temperature. As seen in 
FIG. 1, esterase #5 recogniZes only short chain substrates 
While #2 only acts on long chain substrates in addition to a 
huge difference in the optimal reaction temperature. These 
results suggest that more diverse enZymes ful?lling the need 
for neW biocatalysts can be found by screening biodiversity. 
Substrates upon Which enZymes act are herein de?ned as 
bioactive substrates. 

[0005] Furthermore, virtually all of the enZymes knoWn so 
far have come from cultured organisms, mostly bacteria and 
more recently archaea (EnZyme Nomenclature, 1992). Tra 
ditional enZyme discovery programs rely solely on cultured 
microorganisms for their screening programs and are thus 
only accessing a small fraction of natural diversity. Several 
recent studies have estimated that only a small percentage, 
conservatively less than 1%, of organisms present in the 
natural environment have been cultured (see Table I, Amann 
et al., 1995, Barns et. al 1994, Torvsik, 1990). For example, 
Norman Pace’s laboratory recently reported intensive 
untapped diversity in Water and sediment samples from the 
“Obsidian Pool” in YelloWstone National Park, a spring 
Which has been studied since the early 1960’s by microbi 
ologists (Barns, 1994). Ampli?cation and cloning of 16S 
rRNA encoding sequences revealed mostly unique 
sequences With little or no representation of the organisms 
Which had previously been cultured from this pool. This 
suggests substantial diversity of archaea With so far 
unknoWn morphological, physiological and biochemical 
features Which may be useful in industrial processes. David 
Ward’s laboratory in BoZmen, Montana has performed simi 
lar studies on the cyanobacterial mat of Octopus Spring in 
YelloWstone Park and came to the same conclusion, namely, 
tremendous uncultured diversity exists (Bateson et al., 
1989). Giovannoni et al. (1990) reported similar results 
using bacterioplankton collected in the Sargasso Sea While 
Torsvik et al. (1990) have shoWn by DNA reassociation 
kinetics that there is considerable diversity in soil samples. 
Hence, this vast majority of microorganisms represents an 
untapped resource for the discovery of novel biocatalysts. In 
order to access this potential catalytic diversity, recombinant 
screening approaches are required. 

[0006] The discovery of novel bioactive molecules other 
than enZymes is also afforded by the present invention. For 
instance, antibiotics, antivirals, antitumor agents and regu 
latory proteins can be discovered utiliZing the present inven 
tion. 

[0007] Bacteria and many eukaryotes have a coordinated 
mechanism for regulating genes Whose products are 
involved in related processes. The genes are clustered, in 
structures referred to as “gene clusters,” on a single chro 
mosome and are transcribed together under the control of a 
single regulatory sequence, including a single promoter 
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Which initiates transcription of the entire cluster. The gene 
cluster, the promoter, and additional sequences that function 
in regulation altogether are referred to as an “operon” and 
can include up to 20 or more genes, usually from 2 to 6 
genes. Thus, a gene cluster is a group of adjacent genes that 
are either identical or related, usually as to their function. 

[0008] Some gene families consist of one or more identi 
cal members. Clustering is a prerequisite for maintaining 
identity betWeen genes, although clustered genes are not 
necessarily identical. Gene clusters range from extremes 
Where a duplication is generated of adjacent related genes to 
cases Where hundreds of identical genes lie in a tandem 
array. Sometimes no signi?cance is discernable in a repeti 
tion of a particular gene. Aprincipal example of this is the 
expressed duplicate insulin genes in some species, Whereas 
a single insulin gene is adequate in other mammalian 
species. 
[0009] It is important to further research gene clusters and 
the extent to Which the full length of the cluster is necessary 
for the expression of the proteins resulting therefrom. Gene 
clusters undergo continual reorganiZation and, thus, the 
ability to create heterogeneous libraries of gene clusters 
from, for example, bacterial or other prokaryote sources is 
valuable in determining sources of novel proteins, particu 
larly including enZymes such as, for example, the polyketide 
synthases that are responsible for the synthesis of 
polyketides having a vast array of useful activities. As 
indicated, other types of proteins that are the product(s) of 
gene clusters are also contemplated, including, for example, 
antibiotics, antivirals, antitumor agents and regulatory pro 
teins, such as insulin. 

[0010] Polyketides are molecules Which are an extremely 
rich source of bioactivities, including antibiotics (such as 
tetracyclines and erythromycin), anti-cancer agents (dauno 
mycin), immunosuppressants (FK506 and rapamycin), and 
veterinary products (monensin). Many polyketides (pro 
duced by polyketide synthases) are valuable as therapeutic 
agents. Polyketide synthases are multifunctional enZymes 
that catalyZe the biosynthesis of a huge variety of carbon 
chains differing in length and patterns of functionality and 
cycliZation. Polyketide synthase genes fall into gene clusters 
and at least one type (designated type I) of polyketide 
synthases have large siZe genes and encoded enZymes, 
complicating genetic manipulation and in vitro studies of 
these genes/proteins. The method(s) of the present invention 
facilitate the rapid discovery of these gene clusters in gene 
expression libraries. 

[0011] The present invention combines a culture-indepen 
dent approach to directly clone genes encoding novel bio 
activities from environmental samples With an extremely 
high throughput screening system designed for the rapid 
discovery of neW biomolecules. 

[0012] The strategy begins With the construction of gene 
libraries Which represent the genome(s) of microorganisms 
archived in cloning vectors that can be propagated in E. coli 
or other suitable prokaryotic hosts. Preferably, “environ 
mental libraries” Which represent the collective genomes of 
naturally occurring microorganisms are generated. In this 
case, because the cloned DNA is extracted directly from 
environmental samples, the libraries are not limited to the 
small fraction of prokaryotes that can be groWn in pure 
culture. In addition, “normalization” can be performed on 
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the environmental nucleic acid as one approach to more 
equally represent the DNA from all of the species present in 
the original sample. NormaliZation techniques can dramati 
cally increase the efficiency of discovery from genomes 
Which may represent minor constituents of the environmen 
tal sample. NormaliZation is preferable since at least one 
study has demonstrated that an organism of interest can be 
underrepresented by ?ve orders of magnitude compared to 
the dominant species (Stetter, pers. comm.). 

[0013] When attempting to identify genes encoding bio 
activities of interest from complex environmental expres 
sion libraries, the rate limiting steps in discovery occur at the 
both DNA cloning level and at the screening level. Screen 
ing of complex environmental libraries Which contain, for 
example, 100’s of different organisms requires the analysis 
of several million clones to cover this genomic diversity. An 
extremely high-throughput screening method has been 
developed to handle the enormous numbers of clones 
present in these libraries. 

[0014] In traditional ?oW cytometry, it is common to 
analyZe very large numbers of eukaryotic cells in a short 
period of time. NeWly developed ?oW cytometers can ana 
lyZe and sort up to 20,000 cells per second. In a typical ?oW 
cytometer, individual particles pass through an illumination 
Zone and appropriate detectors, gated electronically, mea 
sure the magnitude of a pulse representing the extent of light 
scattered. The magnitude of these pulses are sorted elec 
tronically into “bins” or “channels,” permitting the display 
of histograms of the number of cells possessing a certain 
quantitative property versus the channel number (Davey and 
Kell, 1996). It Was recogniZed early on that the data accruing 
from ?oW cytometric measurements could be analyZed 
(electronically) rapidly enough that electronic cell-sorting 
procedures could be used to sort cells With desired properties 
into separate “buckets,” a procedure usually knoWn as 
?uorescence-activated cell sorting (Davey and Kell, 1996). 

[0015] Fluorescence-activated cell sorting has been pri 
marily used in studies of human and animal cell lines and the 
control of cell culture processes. Fluorophore labeling of 
cells and measurement of the ?uorescence can give quanti 
tative data about speci?c target molecules or subcellular 
components and their distribution in the cell population. 
FloW cytometry can quantitate virtually any cell-associated 
property or cell organelle for Which there is a ?uorescent 
probe (or natural ?uorescence). The parameters Which can 
be measured have previously been of particular interest in 
animal cell culture. 

[0016] Flow cytometry has also been used in cloning and 
selection of variants from existing cell clones. This selec 
tion, hoWever, has required stains that diffuse through cells 
passively, rapidly and irreversibly, With no toxic effects or 
other in?uences on metabolic or physiological processes. 
Since, typically, ?oW sorting has been used to study animal 
cell culture performance, physiological state of cells, and the 
cell cycle, one goal of cell sorting has been to keep the cells 
viable during and after sorting. 

[0017] There currently are no reports in the literature of 
screening and discovery of recombinant enZymes in E. coli 
expression libraries by ?uorescence activated cell sorting of 
single cells. Furthermore there are no reports of recovering 
DNA encoding bioactivities screened by expression screen 
ing in E. coli using a FACS machine. The present invention 
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provides these methods to allow the extremely rapid screen 
ing of viable or non-viable cells to recover desirable activi 
ties and the nucleic acid encoding those activities. 

[0018] A limited number of papers describing various 
applications of How cytometry in the ?eld of microbiology 
and sorting of ?uorescence activated microorganisms have, 
hoWever, been published (Davey and Kell, 1996). Fluores 
cence and other forms of staining have been employed for 
microbial discrimination and identi?cation, and in the analy 
sis of the interaction of drugs and antibiotics With microbial 
cells. FloW cytometry has been used in aquatic biology, 
Where auto?uorescence of photosynthetic pigments are used 
in the identi?cation of algae or DNA stains are used to 
quantify and count marine populations (Davey and Kell, 
1996). Thus, Diaper and EdWards used ?oW cytometry to 
detect viable bacteria after staining With a range of ?uoro 
genic esters including ?uorescein diacetate (FDA) deriva 
tives and CemChrome B, a proprietary stain sold commer 
cially for the detection of viable bacteria in suspension 
(Diaper and EdWards, 1994). Labeled antibodies and oligo 
nucleotide probes have also been used for these purposes. 

[0019] Papers have also been published describing the 
application of How cytometry to the detection of native and 
recombinant enZymatic activities in eukaryotes. BetZ et al. 
studied native (non-recombinant) lipase production by the 
eukaryote, Rhizopus arrhizus with How cytometry. They 
found that spore suspensions of the mold Were heteroge 
neous as judged by light-scattering data obtained With 
excitation at 633 nm, and they sorted clones of the subpopu 
lations into the Wells of microtiter plates. After germination 
and groWth, lipase production Was automatically assayed 
(turbidimetrically) in the microtiter plates, and a represen 
tative set of the most active Were reisolated, cultured, and 
assayed conventionally (BetZ et al., 1984). 

[0020] Scrienc et al. have reported a How cytometric 
method for detecting cloned -galactosidase activity in the 
eukaryotic organism, S. cerevisiae. The ability of How 
cytometry to make measurements on single cells means that 
individual cells With high levels of expression (e.g., due to 
gene ampli?cation or higher plasmid copy number) could be 
detected. In the method reported, a non-?uorescent com 
pound [3-naphthol-[3-galactopyranoside) is cleaved by [3-ga 
lactosidase and the liberated naphthol is trapped to form an 
insoluble ?uorescent product. The insolubility of the ?uo 
rescent product is of great importance here to prevent its 
diffusion from the cell. Such diffusion Would not only lead 
to an underestimation of [3-galactosidase activity in highly 
active cells but could also lead to an overestimation of 
enZyme activity in inactive cells or those With loW activity, 
as they may take up the leaked ?uorescent compound, thus 
reducing the apparent heterogeneity of the population. 

[0021] One group has described the use of a FACS 
machine in an assay detecting fusion proteins expressed 
from a specialiZed transducing bacteriophage in the prokary 
ote Bacillus subtilis (Chung, et. al., J. of Bacteriology, April 
1994, p. 1977-1984; Chung, et. al., Biotechnology and 
Bioengineering, Vol. 47, pp. 234-242 (1995)). This group 
monitored the expression of a lacZ gene (encodes b-galac 
tosidase) fused to the sporulation loci in subtilis (spo). The 
technique used to monitor b-galactosidase expression from 
spo-lacZ fusions in single cells involved taking samples 
from a sporulating culture, staining them With a commer 
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cially available ?uorogenic substrate for b-galactosidase 
called C8-FDG, and quantitatively analyZing ?uorescence in 
single cells by How cytometry. In this study, the How 
cytometer Was used as a detector to screen for the presence 
of the spo gene during the development of the cells. The 
device Was not used to screen and recover positive cells from 
a gene expression library or nucleic acid for the purpose of 
discovery. 
[0022] Another group has utiliZed ?oW cytometry to dis 
tinguish betWeen the developmental stages of the delta 
proteobacteria Myxococcus xanthus Russo-Marie, et. al., 
PNAS, Vol. 90, pp. 8194-8198, September 1993). As in the 
previously described study, this study employed the capa 
bilities of the FACS machine to detect and distinguish 
genotypically identical cells in different development regu 
latory states. The screening of an enZymatic activity Was 
used in this study as an indirect measure of developmental 
changes. 

[0023] The lacZ gene from E. coli is often used as a 
reporter gene in studies of gene expression regulation, such 
as those to determine promoter ef?ciency, the effects of 
trans-acting factors, and the effects of other regulatory 
elements in bacterial, yeast, and animal cells. Using a 
chromogenic substrate, such as ONPG (o-nitrophenyl-(-D 
galactopyranoside), one can measure expression of [3-galac 
tosidase in cell cultures; but it is not possible to monitor 
expression in individual cells and to analyZe the heteroge 
neity of expression in cell populations. The use of ?uoro 
genic substrates, hoWever, makes it possible to determine 
[3-galactosidase activity in a large number of individual cells 
by means of How cytometry. This type of determination can 
be more informative With regard to the physiology of the 
cells, since gene expression can be correlated With the stage 
in the mitotic cycle or the viability under certain conditions. 
In 1994, Plovins, A., et al reported the use of ?uorescein 
Di-[3-D-galactopyranoside (FDG) and C12-FDG as sub 
strates for [3-galactosidase detection in animal, bacterial, and 
yeast cells. This study compared the tWo molecules as 
substrates for [3-galactosidase, and concluded that FDG is a 
better substrate for [3-galactosidase detection by How cytom 
etry in bacterial cells. The screening performed in this study 
Was for the comparison of the tWo substrates. The detection 
capabilities of a FACS machine Were employed to perform 
the study on viable bacterial cells. 

[0024] Cells With chromogenic or ?uorogenic substrates 
yield colored and ?uorescent products, respectively. Previ 
ously, it had been thought that the How cytometry-?uores 
cence-activated cell sorter approaches could be of bene?t 
only for the analysis of cells that contain intracellularly, or 
are normally physically associated With, the enZymatic 
activity of small molecule of interest. On this basis, one 
could only use ?uorogenic reagents Which could penetrate 
the cell and Which are thus potentially cytotoxic. To avoid 
clumping of heterogeneous cells, it is desirable in How 
cytometry to analyZe only individual cells, and this could 
limit the sensitivity and therefore the concentration of target 
molecules that can be sensed. Weaver and his colleagues at 
MIT and others have developed the use of gel microdroplets 
containing (physically) single cells Which can take up nutri 
ents, secret products, and groW to form colonies. The 
diffusional properties of gel microdroplets may be made 
such that suf?cient extracellular product remains associated 
With each individual gel microdroplet, so as to permit ?oW 
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cytometric analysis and cell sorting on the basis of concen 
tration of secreted molecule Within each microdroplet. 
Beads have also been used to isolate mutants growing at 
different rates, and to analyZe antibody secretion by hybri 
doma cells and the nutrient sensitivity of hybridoma cells. 
The gel microdroplet method has also been applied to the 
rapid analysis of mycobacterial groWth and its inhibition by 
antibiotics. 

[0025] The gel microdroplet technology has had signi? 
cance in amplifying the signals available in How cytometric 
analysis, and in permitting the screening of microbial strains 
in strain improvement programs for biotechnology. Wittrup 
et. al.(Biotechnolo. Bioeng. (1993) 42:351-356) developed a 
microencapsulation selection method Which alloWs the rapid 
and quantitative screening of >106 yeast cells for enhanced 
secretion ofAspergillus awamori glucoamylase. The method 
provides a 400-fold single-pass enrichment for high-secre 
tion mutants. 

[0026] Gel microdroplet or other related technologies can 
be used in the present invention to localiZe as Well as 
amplify signals in the high throughput screening of recom 
binant libraries. Cell viability during the screening is not an 
issue or concern since nucleic acid can be recovered from 
the microdroplet. 

[0027] Different types of encapsulation strategies and 
compounds or polymers can be used With the present 
invention. For instance, high temperature agaroses can be 
employed for making microdroplets stable at high tempera 
tures, alloWing stable encapsulation of cells subsequent to 
heat kill steps utiliZed to remove all background activities 
When screening for thermostable bioactivities. 

[0028] There are several hurdles Which must be overcome 
When attempting to detect and sort E. coli expressing recom 
binant enZymes, and recover encoding nucleic acids. FACS 
systems have typically been based on eukaryotic separations 
and have not been re?ned to accurately sort single E. coli 
cells; the loW forWard and sideWard scatter of small particles 
like E. coli, reduces the ability of accurate sorting; enZyme 
substrates typically used in automated screening approaches, 
such as umbelifferyl based substrates, diffuse out of E. coli 
at rates Which interfere With quantitation. Furthermore, 
recovery of very small amounts of DNA from sorted organ 
isms can be problematic. The present invention addresses 
and overcomes these hurdles and offers a novel screening 
approach. 

SUMMARY OF THE INVENTION 

[0029] The present invention adapts traditional eukaryotic 
?oW cytometry cell sorting systems to high throughput 
screening for expression clones in prokaryotes. In the 
present invention, expression libraries derived from DNA, 
primarily DNA directly isolated from the environment, are 
screened very rapidly for bioactivities of interest utiliZing 
?uorescense activated cell sorting. These libraries can con 
tain greater than 108 members and can represent single 
organisms or can represent the genomes of over 100 differ 
ent microorganisms, species or subspecies. 

[0030] This invention differs from ?uorescense activated 
cell sorting, as normally performed, in several aspects. 
Previously, FACS machines have been employed in the 
studies focused on the analyses of eukaryotic and prokary 

Nov. 20, 2003 

otic cell lines and cell culture processes. FACS has also been 
utiliZed to monitor production of foreign proteins in both 
eukaryotes and prokaryotes to study, for example, differen 
tial gene expression, etc. The detection and counting capa 
bilities of the FACS system have been applied in these 
examples. HoWever, FACS has never previously been 
employed in a discovery process to screen for and recover 
bioactivities in prokaryotes. Furthermore, the present inven 
tion does not require cells to survive, as do previously 
described technologies, since the desired nucleic acid 
(recombinant clones) can be obtained from alive or dead 
cells. The cells only need to be viable long enough to 
produce the compound to be detected, and can thereafter be 
either viable or non-viable cells so long as the expressed 
biomolecule remains active. The present invention also 
solves problems that Would have been associated With 
detection and sorting of E. coli expressing recombinant 
enZymes, and recovering encoding nucleic acids. Addition 
ally, the present invention includes Within its embodiments 
any apparatus capable of detecting ?ourescent Wavelengths 
associated With biological material, such apparatii are 
de?ned herein as ?uorescent analyZers (one example of 
Which is a FACS). 

[0031] The use of a culture-independent approach to 
directly clone genes encoding novel enZymes from environ 
mental samples alloWs one to access untapped resources of 
biodiversity. The approach is based on the construction of 
“environmental libraries” Which represent the collective 
genomes of naturally occurring organisms archived in clon 
ing vectors that can be propagated in suitable prokaryotic 
hosts. Because the cloned DNA is initially extracted directly 
from environmental samples, the libraries are not limited to 
the small fraction of prokaryotes that can be groWn in pure 
culture. Additionally, a normaliZation of the environmental 
DNA present in these samples could alloW more equal 
representation of the DNA from all of the species present in 
the original sample. This can dramatically increase the 
ef?ciency of ?nding interesting genes from minor constitu 
ents of the sample Which may be under-represented by 
several orders of magnitude compared to the dominant 
species. 

[0032] In the evaluation of complex environmental 
expression libraries, a rate limiting step previously occurred 
at the level of discovery of bioactivities. The present inven 
tion alloWs the rapid screening of complex environmental 
expression libraries, containing, for example, thousands of 
different organisms. The analysis of a complex sample of 
this siZe requires one to screen several million clones to 
cover this genomic biodiversity. The invention represents an 
extremely high-throughput screening method Which alloWs 
one to assess this enormous number of clones. The method 
disclosed alloWs the screening of at least about 36 million 
clones per hour for a desired biological activity. This alloWs 
the thorough screening of environmental libraries for clones 
expressing novel biomolecules. 

[0033] In the present invention, for example, gene libraries 
generated from one or more uncultivated microorganisms 
are screened for an activity of interest. Expression gene 
libraries are generated, clones are either exposed to the 
substrate or substrate(s) of interest, hybridiZed to a probe of 
interest, or bound to a detectable ligand and positive clones 
are identi?ed and isolated via ?uorescence activated cell 
sorting. Cells can be viable or non-viable during the process 
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or at the end of the process, as nucleic acid encoding a 
positive activity can be isolated and cloned utilizing tech 
niques Well knoWn in the art. 

[0034] Accordingly, in one aspect, the present invention 
provides a process for identifying clones having a speci?ed 
activity of interest, Which process comprises generating 
one or more expression libraries derived from nucleic acid 
directly isolated from the environment; and (ii) screening 
said libraries utiliZing a high throughput cell analyZer, 
preferably a ?uorescence activated cell sorter, to identify 
said clones. 

[0035] More particularly, the invention provides a process 
for identifying clones having a speci?ed activity of interest 
by generating one or more expression libraries made to 
contain nucleic acid directly or indirectly isolated from the 
environment; (ii) exposing said libraries to a particular 
substrate or substrates of interest; and (iii) screening said 
exposed libraries utiliZing a high throughput cell analyZer, 
preferably a ?uorescence activated cell sorter, to identify 
clones Which react With the substrate or substrates. 

[0036] In another aspect, the invention also provides a 
process for identifying clones having a speci?ed activity of 
interest by generating one or more expression libraries 
derived from nucleic acid directly or indirectly isolated from 
the environment; and (ii) screening said exposed libraries 
utiliZing an assay requiring a binding event or the covalent 
modi?cation of a target, and a high throughput cell analyZer, 
preferably a ?uorescence activated cell sorter, to identify 
positive clones. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] FIG. 1 illustrates the substrate spectrum ?nger 
prints and optimum reaction temperatures of ?ve of novel 
esterases shoWing the diversity in these enZymes. EST# 
indicates the different enZyme; the temperatures indicate the 
optimal groWth temperatures for the organisms from Which 
the esterases Were isolated; “E” indicates the relative activity 
of each esterase enZyme on each of the given substrates 
indicated (Hepanoate being the reference). 

[0038] FIG. 2 illustrates the cloning of DNA fragments 
prepared by random cleavage of target DNA to generate a 
representative library as described in Example 1. 

[0039] FIG. 3. In order to assess the total number of 
clones to be tested (eg the number of genome equivalents) 
a statistical analysis Was performed. Assuming that 
mechanical shearing and gradient puri?cation results in 
normal distribution of DNA fragment siZes With a mean of 
4.5 kbp and variance of 1 kbp, the fraction represented of all 
possible 1 kbp sequences in a 1.8 Mbp genome is plotted in 
FIG. 3 as a function of increasing genome equivalents. 

[0040] FIG. 4 illustrates the protocol used in the cell 
sorting method of the invention to screen for recombinant 
enZymes, in this case using a (library excised into E. coli. 
The expression clones of interest are isolated by sorting. The 
procedure is described in detail in Examples 1, 3 and 4. 

[0041] FIG. 5 shoWs [3-galactosidase clones stained With 
three different substrates: ?uorescein-di-[3-D-galactopyra 
noside (FDG), C12-?uorescein-di-[3-D-galactopyranoside 
(C12FDG), chloromethyl-?uorescein-di-[3-D-galactopyra 
noside (CMFDG). E. coli expressing [3-galactosidase from 
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Sulfulobus sulfotaricus species Was groWn overnight. Cells 
Were centrifuged and substrate Was loaded With deioniZed 
Water. After ?ve (5) minutes cells Were centrifuged and 
transferred into HEPES buffer and heated to 70° C for thirty 
(30) minutes. Cells Were spotted onto a slide and exposed to 
UV light. This illustrates the results of the experiments 
described in Example 3. 

[0042] FIG. 6 shoWs a microtiter plate Where E. coli cells 
sorted in accordance With the invention are dispensed, one 
cell per Well and groWn up as clones Which are then stained 
With ?uorescein-di-[3-D-galactopyranoside (FDG) (10 mM). 
This illustrates the results of the experiments described in 
Example 5. 

[0043] FIG. 7 shoWs the principle type of ?uorescence 
enZyme assay of deacylation. 

[0044] FIG. 8 shoWs staining of [3-galactosidase clones 
from the hyperthermophilic archaeon Sulfolobus solfatari 
cus expressed in E. coli using C12-FDG as enZyme substrate. 

[0045] FIG. 9 shoWs the synthesis of S-dodecanoyl-ami 
no?uorescein-di-dodecanoic acid. 

[0046] 
[0047] FIG. 11 shoWs a compound and process that can be 
used in the detection of monooxygenases. 

[0048] FIG. 12 is a schematic illustration of combinatorial 
enZyme development using directed evolution. 

[0049] FIG. 13 is a schematic illustration shoWing bypass 
ing barriers to directed evolution. 

FIG. 10 shoWs Rhodamine protease substrate. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0050] The method of the present invention begins With 
the construction of gene libraries Which represent the col 
lective genomes of naturally occurring organisms archived 
in cloning vectors that can be propagated in suitable 
prokaryotic hosts. 

[0051] The microorganisms from Which the libraries may 
be prepared include prokaryotic microorganisms, such as 
Eubacteria and Archaebacteria, and loWer eukaryotic micro 
organisms such as fungi, some algae and protoZoa. Libraries 
may be produced from environmental samples in Which case 
DNA may be recovered Without culturing of an organism or 
the DNA may be recovered from a cultured organism. Such 
microorganisms may be extremophiles, such as hyperther 
mophiles, psychrophiles, psychrotrophs, halophiles, alkalo 
philes, acidophiles, etc. 

[0052] Sources of microorganism DNA as a starting mate 
rial library from Which target DNA is obtained are particu 
larly contemplated to include environmental samples, such 
as microbial samples obtained from Arctic and Antarctic ice, 
Water or permafrost sources, materials of volcanic origin, 
materials from soil or plant sources in tropical areas, etc. 
Thus, for example, genomic DNA may be recovered from 
either a culturable or non-culturable organism and employed 
to produce an appropriate recombinant expression library for 
subsequent determination of enZyme or other biological 
activity. Prokaryotic expression libraries created from such 
starting material Which includes DNA from more than one 
species are de?ned herein as multispeci?c libraries. 
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[0053] In one embodiment, viable or non-viable cells 
isolated from the environment are, prior to the isolation of 
nucleic acid for generation of the expression gene library, 
FACS sorted to separate prokaryotic cells from the sample 
based on, for instance, DNA or AT/GC content of the cells. 
Various dyes or stains Well knoWn in the art, for example 
those described in “Practical FloW Cytometry”, 1995 Wiley 
Liss, Inc., HoWard M. Shapiro, M.D., are used to intercalate 
or associate With nucleic acid of cells, and cells are separated 
on the FACS based on relative DNA content or AT/GC DNA 
content in the cells. Other criteria can also be used to 
separate prokaryotic cells from the sample, as Well. DNA is 
then isolated from the cells and used for the generation of 
expression gene libraries, Which are then screened using the 
FACS for activities of interest. 

[0054] Alternatively, the nucleic acid is isolated directly 
from the environment and is, prior to generation of the gene 
library, sorted based on DNA or AT/GC content. DNA 
isolated directly from the environment, is used intact, ran 
domly sheared or digested to general fragmented DNA. The 
DNA is then bound to an intercalating agent as described 
above, and separated on the analyzer based on relative base 
content to isolate DNA of interest. Sorted DNA is then used 
for the generation of gene libraries, Which are then screened 
using the analyzer for activities of interest. 

[0055] The present invention can further optimize meth 
ods for isolation of activities of interest from a variety of 
sources, including consortias of microorganisms, primary 
enrichments, and environmental “uncultivated” samples, to 
make libraries Which have been “normalized” in their rep 
resentation of the genome populations in the original 
samples. and to screen these libraries for enzyme and other 
bioactivities. Libraries With equivalent representation of 
genomes from microbes that can differ vastly in abundance 
in natural populations are generated and screened. This 
“normalization” approach reduces the redundancy of clones 
from abundant species and increases the representation of 
clones from rare species. These normalized libraries alloW 
for greater screening ef?ciency resulting in the identi?cation 
of cells encoding novel biological catalysts. 

[0056] One embodiment for forming a normalized library 
from an environmental sample begins With the isolation of 
nucleic acid from the sample. This nucleic acid can then be 
fractionated prior to normalization to increase the chances of 
cloning DNA from minor species from the pool of organisms 
sampled. DNA can be fractionated using a density centrifu 
gation technique, such as a cesium-chloride gradient. When 
an intercalating agent, such as bis-benzimide is employed to 
change the buoyant density of the nucleic acid, gradients 
Will fractionate the DNA based on relative base content. 
Nucleic acid from multiple organisms can be separated in 
this manner, and this technique can be used to fractionate 
complex mixtures of genomes. This can be of particular 
value When Working With complex environmental samples. 
Alternatively, the DNA does not have to be fractionated 
prior to normalization. Samples are recovered from the 
fractionated DNA, and the strands of nucleic acid are then 
melted and alloWed to selectively reanneal under ?xed 
conditions (Cot driven hybridization). When a mixture of 
nucleic acid fragments is melted and alloWed to reanneal 
under stringent conditions, the common sequences ?nd their 
complementary strands faster than the rare sequences. After 
an optional single-stranded nucleic acid isolation step, 
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single-stranded nucleic acid representing an enrichment of 
rare sequences is ampli?ed using techniques Well knoWn in 
the art, such as a polymerase chain reaction (Barnes, 1994), 
and used to generate gene libraries. This procedure leads to 
the ampli?cation of rare or loW abundance nucleic acid 
molecules, Which are then used to generate a gene library 
Which can be screened for a desired bioactivity. While DNA 
Will be recovered, the identi?cation of the organism(s) 
originally containing the DNA may be lost. This method 
offers the ability to recover DNA from “unclonable” sources. 

[0057] Hence, one embodiment for forming a normalized 
library from environmental sample(s) is by (a) isolating 
nucleic acid from the environmental sample(s); (b) option 
ally fractionating the nucleic acid and recovering desired 
fractions; (c) normalizing the representation of the DNA 
Within the population so as to form a normalized expression 
library from the DNA of the environmental sample(s). The 
“normalization” process is described and exempli?ed in 
detail in co-pending, commonly assigned U.S. Ser. No. 
08/665,565, ?led Jun. 18, 1996. 

[0058] The preparation of DNA from the sample is an 
important step in the generation of normalized or non 
normalized DNA libraries from environmental samples 
composed of uncultivated organisms, or for the generation 
of libraries from cultivated organisms. DNA can be isolated 
from samples using various techniques Well knoWn in the art 
(Nucleic Acids in the Environment Methods & Applications, 
J. T. Trevors, D. D. van Elsas, Springer Laboratory, 1995). 
Preferably, DNA obtained Will be of large size and free of 
enzyme inhibitors or other contaminants. DNA can be 
isolated directly from an environmental sample (direct 
lysis), or cells may be harvested from the sample prior to 
DNA recovery (cell separation) . Direct lysis procedures 
have several advantages over protocols based on cell sepa 
ration. The direct lysis technique provides more DNA With 
a generally higher representation of the microbial commu 
nity, hoWever, it is sometimes smaller in size and more likely 
to contain enzyme inhibitors than DNA recovered using the 
cell separation technique. Very useful direct lysis techniques 
have been described Which provide DNA of high molecular 
Weight and high purity (Barns, 1994; Holben, 1994). If 
inhibitors are present, there are several protocols Which 
utilize cell isolation Which can be employed (Holben, 1994). 
Additionally, a fractionation technique, such as the bis 
benzimide separation (cesium chloride isolation) described, 
can be used to enhance the purity of the DNA. 

[0059] Isolation of total genomic DNA from extreme 
environmental samples varies depending on the source and 
quantity of material. Uncontaminated, good quality (>20 
kbp) DNA is required for the construction of a representative 
library. A successful general DNA isolation protocol is the 
standard cetyl-trimethyl-ammonium-bromide (CTAB) pre 
cipitation technique. A biomass pellet is lysed and proteins 
digested by the nonspeci?c protease, proteinase K, in the 
presence of the detergent SDS. At elevated temperatures and 
high salt concentrations, CTAB forms insoluble complexes 
With denatured protein, polysaccharides and cell debris. 
Chloroform extractions are performed until the White inter 
face containing the CTAB complexes is reduced substan 
tially. The nucleic acids in the supernatant are precipitated 
With isopropanol and resuspended in TE buffer. 




























