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Traditional biochemical techniaues such as 
protein purification are powerful tools for 

identifying proteins ITECH VIEWI onthebasisoftheir 
function. Yet. isolat- 

ing the genes that encode these is 
often cumbersome, requiring multiple steps 
of purification, peptide sequencing, and sub- 
sequent isolation of complementary DNA 
(cDNA). An alternative approach to func- 
tional gene identification, which perhaps 
could be called "reverse" biochemistrv. is ex- , , 
pression cloning, in which cDNAs are first 
translated in ~rokarvotic or eukarvotic cells 
and then assayed for a specific biologic activ- 
ity. This approach circumvents the require- 
ment for protein purification, yet it retains 
the use of a functional assay as the basis of 
cDNA identification. Cell-based expression 
cloning strategies, which use mammalian 
cell lines or Xenopus laeoris oocytes to express 
encoded proteins, have identified genes en- 
coding membrane receptors, transmembrane 
channels, and secreted growth factors, but 
thev have not been widelv used to identifv 
intracellular activities. Here we discuss a 
new cell-free expression cloning approach 
(1) that substantially expands the range of 
biochemical assays that can be used to iden- 
tify a cDNA on the basis of its function. 

The cloning strategy is straightforward [see 
figure and (2, 3) for details]. Rather than ex- 
pressing cDNAs in intact cells, where the en- 
coded proteins are not freely accessible, small 
plasmid pools (-50 to 100 clones per pool) are 
instead expressed in vitro in a single step by 
means of a coupled transcription-translation 
system (the Promega TNT system). Although 
this system is optimized to express single pro- 
teins, we found, surprisingly, that about 30 pro- 
teins can be expressed in a single reaction. Each 
protein pool is then screened for the presence of 
a desired biochemical activity, and positive 
pools are progressively subdivided until a single 
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cDNA encoding the active protein is isolated. 
In principle, in vitro expression cloning 
(IVEC) can be used to rapidly identify cDNAs 
on the basis of almost any biochemical property 
for which an assav can be develomd. 

Many cellular processes are regulated by 
posttranslational protein modification, yet 
there are no general techniques that can iden- 
tify the substrates of modifying enzymes on 
the basis of this property. By screening small 
pools of radiolabeled proteins, we have been 
able to systematically identify substrates of 
enzymes such as kinases and proteases. In a 
typical assay, a kinase or protease activity, 
either present in a crude extract or in purified 
form, is incubated with a radiolabeled protein 
pool, which is then resolved by SDS-poly- 

The strategy of in vitro ex- 

acrylamide gel electrophoresis (SDS- 
PAGE; see figure). Because posttrans- 
lational modifications such as ~hosvhorvla- . - ,  
tion or proteolysis often change the electro- 
phoretic mobility of a protein, pools contain- 
ing a candidate substrate are identified by 
scoring for proteins whose mobility is altered 
by incubation with a given enzyme. 

We applied this approach to identify pro- 
teins that become phosphorylated during 
mitosis (3). Pools of radiolabeled proteins 
were incubated with either Xenobus inter- 
phase or mitotic extracts, and candidate sub- 
strates were identified by screening for pro- 
teins whose electrophoretic mobility was re- 
duced bv treatment with the mitotic extract 
(panel 1 of figure). In a complementary 
screen, a monoclonal antibody that recog- 
nizes mitotic phosphoproteins was used to 
identify substrates that could be immunopre- 
cipitated only after treatment with mitotic 
extract. After screening 12,000 proteins, we 
identified 20 distinct mitosis-specific phos- 
phoproteins, including five that share no se- 
quence similarity with known proteins. 

We developed a similar functional screen 
to identify proteins that are degraded by the 
ubiquitin system as cells exit mitosis (2, 4). 
Candidate substrates were identified bv 
screening pools for proteins that were de- 

pression Gning. An unam- ~ ~ ~ t c r i d  plates 4 
Dlified cDNA ex~ression li- 
brary is plated at a density of 
approximately 100 clones per 
bacterial plate. Pooled plasmid 

Miniprep i 
DNA is obtained by scraping 
colonies from each plate and m i d  pools 
performing a small-scale plas- 
mid purification. Each plasmid " '' 

pool is then transcribed and In vitro traiscripdon - 
translated in vitro with a com- and translation 1 
mercially available system, 
such as the TNT system from a 

Promega. The resulting pro- 
tein pool is then assayed for protein pools 
the presence of an activity. In 
the illustrated experiment, a 
radioactive amino acid is in- Assay and 
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a kinase; Pool 2 contains a -,- -.- 
protein that is degraded fol- -.- -.- 
lowing treatment with an ex- RBBdoUt tract containing an activated Decreased Loss of band due Increased 

proteolytic system; Pool 3 con- mobility due to degradation mobility due 

tains a protein that is specifi- to phosphorylation to cleavage 
cally cleaved following treatment with a protease, decreasing its apparent molecular mass. Once a 
pool containing a candidate activity is identified, the original cDNA pool is subdivided and retested 
until the single cDNA encoding the protein of interest is isolated. 
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graded following incubation in a a phosphotyrosine antibodies. 
Xenopus mitotic egg extract (panel 2 of the Many complex cellular processes can now 
figure). In addition to identifying several be reconstituted in vim, extendingthe capa- 
forms of cyclin B, as expected, this screen has bilities of IVEC beyond simple interaction- 
identified a novel protein that shares little based screens. The process of secretion can 
sequence similarity with cyclin B, with the be modeled in vitro by supplementing the 
exception of a small motif that is required for translation system with p d e d  microsomes. 
ubiquitin-dependent degradation. A screen for secreted proteins could there- 

Proteolysis of a different sort regulates I fore be developed, either by using a protease 
the process of apoptosis, or programmed protection assay, or by scoring for changes in 
cell death. To screen for substrates that are ., electrophoretic mobility that occur as a con- 
specifically cleaved during apoptosis, pools / sequence of the microsome-dependent clea- 
of labeled proteins were incubated with ex- , vage of a signal sequence. The incorporation 
tracts derived from apoptotic cells, and as- of an epitope or chemical tag in the expressed 
sayed for the disappearance of a labeled band proteins could also enable the design of assays 
or the appearance of a proteolytic fragment that identlfy proteins on the basis of localiza- 
(2, 5) (panel 3 of figure). In a similar screen tion to other cellular structures. Pools of bio- 
for caspase substrates, purified proteases have tinylated proteins could be incubated with 
been used in lieu of apoptotic extracts (6). complex cellular extracts, and incorporation 
These approaches have identified several into nuclei or centrosomes could be moni- 
candidate substrates whose roles in execut- tored with streptavidin-coupled fluorophores 
ifig apoptosis are now being studied. 

Although IVEC has successfully identi- 
fied proteins that are posttranslationally 
modified, its potential applications are 
much broader, for it can be employed in 
screens that detect physical interactions 
between pool proteins and a wide variety 
of "bait" molecules. For example, to screen 
for transcription factors capable of binding 
specific DNA elements, unlabeled protein 
vools were incubated with a labeled DNA 

and microscopy. 
Enzyme-activity-based screens are an- 

other unexplored but potentially exciting 
application of IVEC. The assays would be 
similar to those used in standard biochemical 
approaches, with the exception that protein 
pools rather than chromatographic fractions 
would be tested for activity. For example, 
protease cDNAs could be cloned by testing 
unlabeled protein pools for the ability to 
cleave a known substrate. This aovroach 

labeling facilitates the identification of sub- 
strates, the detection of enzymatic or binding 
activities may require the expression of greater 
amounts of vrotein. The use of smaller cDNA 
pools increases the abundance of each protein, 
but also makes the screening process more 
time-consuming. Alternatively, it may be pos- 
sible to isolate and concentrate the emressed 
proteins, either by constructing epitope- 
tagged cDNA libraries or by incorporating 
biotinylated amino acids to specifically tag 
newly expressed proteins. 

IVEC is feasible in small laboratories be- 
cause DNA preparation and protein expres- 
sion technologies have become rapid and re- 
producible. The initiation of saturating, ge- 
nome-wide screening, however, will depend 
on automating the process. Fortunately, the 
same robotic svstems that have been devel- 
oped for genome sequencing and high- 
throughput drug screening should be easily 
adaptable to the steps of cDNA pool prepara- 
tion and in vitro translation, and, in many 
cases, to the biochemical assay itself. In the 
not-so-distant future, the availability of com- 
pletely normalized libraries, in which each 
cDNA found within the genome is repre- 
sented once, will provide the ultimate 
resource for IVEC. This is currently feasible 
in Saccharomyces cereisiae, in which the se- 
quence of each of its -6200 potential genes is 
known. These cDNAs could be exvressed 

fragment and then assayed for protein- 
DNA binding by use of a gel mobility shift 
assay (2 ,  7). Although this method has 
only been used to identify proteins that 
bind to "naked" DNA, in principle the bait 
could be a preassembled complex of DNA 
bound to known transcription factors. 
RNA-binding proteins could be isolated in 
a similar fashion. 

Direct protein-protein interactions can 
also be used as a basis for cDNA identifica- 
tion. To  identify binding partners, for ex- 
ample, a bait protein could be covalently 
coupled to a bead, mixed with radiolabeled 
protein pools, and interacting proteins reiso- 
lated by centrifugation. A n  important advan- 
tage of IVEC over conventional two-hybrid 
screening is that protein pools can be modi- 
fied with purified enzymes or cellular extracts 
before the affinity screen is conducted. An- 
other advantage is that the bait could be a - 
large complex (such as a multimeric enzyme), 
a protein machine (such as a ribosome), or 
even a virus or cell organelle. 

By using an antibody as a bait, IVEC may 
provide a useful alternative to traditional 
A-gtl 1 expression cloning. Immunoprecipita- 
tion-based assays may be especially useful 
when an antibody recognizes only the native 
form of a protein, or when the protein must 
be modified to be recognized. For example, a 
screen could be designed to identify tyrosine- 
phosphorylated proteins recognized by anti- 

s. 

may also expedite the identification of new 
"extremophilic" enzymes that operate at ex- 
tremes of temperature, pH, or ionic strength. 

Enzvme activitv screens could also be 
used to identify mutant enzymes with novel 
properties. To  identify mutant enzymes that 
are insensitive to an mhibitor, small pools of 
mutaeenized vroteases could be constructed - 
and screened for activity in the presence of 
the inhibitor. This approach may facilitate 
the identification of mutations that lead to 
drug resistance, or, using sequential rounds of 
mutagenesis and screening, enable investiga- 
tors to evolve enzymes with activity toward 
novel substrates. 

Although IVEC dramatically expands the 
types of assays that can be used as a basis for 
expression cloning, it has several limitations. 
First, IVEC is unlikely to succeed when mul- 
tiple proteins are required for activity, as the 
likelihood of emressing multiule subunits in 
the same pool is low. Ilf the binding 
partners are known, it may be possible to supply 
them as recombinant proteins or fractionated 
extracts. Second, for activity-based approaches 
to be successful, the expression system must be 
devoid of the activity being assayed. We have 
only used reticulocyte lysates to express cDNA 
pools; alternative expression systems, such as 
wheat-germ lysates, may have different back- 
ground activities. Finally, the concentration of 
expressed proteins is low relative to the protein 
concentration of the lysate. Although protein 

and tested individually, or pooled together to 
expedite assays. 

IVEC is a hybrid technique, containing 
elements of both eenetics and biochemistrv. 
that has enabled & to ask new questions thG 
could not be addressed with either approach 
alone. Whereas cell-based expression clon- 
ing technologies have excelled in the identi- 
fication of secreted growth factors and their 
receptors, IVEC now makes it possible to 
identify proteins that are active in the cyto- 
plasm and nucleus. Within the coming de- 
cade, the human genome will be completely 
sequenced. Expression cloning techniques, 
using both cell-based and in vitro ex~ression " 
systems, will be important tools for charac- 
terizing the tens of thousands of genes whose 
sequences will be available, yet whose func- 
tions remain obscure. 
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