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Gene function: Getting specific, generally speaking
S. W. Michnick* and F.-X. Campbell Valois

M

uch of modern biological research is of studying gene function and to another
concerned with identifying genes class of problems: designing proteins that
and the protein products of genes involved embody desired characteristics or function
in cellular processes: determining how, of potential industrial, therapeutic, or funwhen, and where they are involved in damental interest.
specific biochemical processes. The tools
The essential elements of the strategy
by which these aims are achieved can be Baker et al. (10) describe are variations on
roughly divided into two types: those that two successful and popular technologies
are specific to the study of individual or that have emerged in the last 10 years,
classes of proteins versus those with more namely the yeast three-hybrid assay and
general and broad utility. General tools protein ‘‘dimerizer’’ technology (11–20).
are methods that allow for rapid inference The basis of their approach is described in
of function of a gene
Fig. 1. In the genproduct, either from
eral concept, a chithe mRNA or the
meric molecule (the
An assay for detection of an active
proteins it codes for,
dimerizer) that confor any particular
tains three compoform of a cephalosporinase of
molecule or class of
nents is synthesized:
Enterobacter cloacae called P99
molecules. These are
one moiety that is a
is presented.
increasingly in dehigh-affinity ligand
for one protein, one
mand, particularly
that is a ligand for
those that can be applied to entire genomes or large subsets of another protein, and a linker that contains
the genes contained therein. At the same a substrate for some specific or general
time, generality comes at a cost. By their class of enzymes. The dimer is introduced
nature, general tools do not usually pro- into yeast containing a two-hybrid tranvide high-quality information about the scriptional reporter assay system confunction of a gene and may even mislead, sisting of the two proteins to which the
particularly when applied across large dimerizer binds, fused to complementary
numbers of genes. Examples include DNA DNA binding and RNA polymerase activatmicroarrays and multidimensional separa- ing domains, respectively. The dimerizer
tion-MS and yeast two-hybrid strategies binds to the two proteins simultaneously,
that detect protein–protein interactions or allowing for transcription of a reporter
complexes (1–9). Although these ap- gene whose presence can be detected by
proaches can, respectively, provide infor- enzymatic assays. The two dimerizing proteins are dihydrofolate reductase and glumation on whether and to what extent a
cocortocoid receptor ligand-binding dogiven gene is being transcribed in a demains. These are fused to LexA DNA
fined condition and with which proteins
binding and B42 RNA polymerase activathe protein gene product is interacting
tion domains, respectively. In the specific
with, they cannot provide any insight into case presented by Baker et al. (10), an
other crucial questions. For instance, assay for detection of an active form of a
many proteins are enzymes that catalyze cephalosporinase of Enterobacter cloacae
biochemical reactions. In the case of novel called P99 is presented. Thus, the dimergenes of unknown function it is not easy to izer consists of methotrexate linked via a
definitively determine whether they are thioether to the ␤-lactam cephalosporin
enzymes nor what reactions they may cat- and in turn, to dexamethasone by a pepalyze. In this issue of PNAS Baker et al. tide bond (Mtx-cephem-Dex). When these
(10) present a proof-of-principle study on proteins are expressed in the budding
another approach that might fulfill this yeast Saccharomyces cerevisiae grown on
need, but unlike the approaches described medium containing an appropriate conpreviously, the strategy is applied in in- centration of the dimerizer, simultaneous
tact, living cells. Here we discuss the sig- binding of dihydrofolate reductase-LexA
nificance of this distinction, the historical to the Mtx moiety and of glucocortocoid
context of the development of the method, receptor-B42 to the Dex moiety of Mtxand potential applications to the problems cephem-Dex, results in reconstitution of
www.pnas.org兾cgi兾doi兾10.1073兾pnas.012697899

an active LexA promoter and transcription of the ␤-galactosidase reporter gene.
The activity of the ␤-galactosidase gene
product is detected by using substrates
(5-bromo-4-chloro-3-indolyl ␤-D-galactoside and o-nitrophenyl-D-␤-galactoside)
that are converted to colored or fluorescent products by the ␤-galactosidase. Detection of ␤-lactamase activity is based on
a loss of expression of ␤-galactosidase if
the ␤-lactone ring is cleaved by a lactamase, resulting in expulsion of the leaving
group at the C3⬘ position of the cephalosporin and therefore disintegration of the
dimerizer induced dihydrofolate reductase-LexA-glucocortocoid receptor-B42
complex. Thus, a loss of activity indicates
that a lactamase activity is present in the
cell. Baker et al. tested the system by
screening an artificial library of P99 the
cephalosporinase containing either active
WT or inactive mutant forms and demonstrate that selection for active enzyme
can be reliably made.
The Baker technology represents a first
step in creating generalized detectors of
enzyme activities in cells. It is a potentially
valuable tool in proteomic and protein
engineering for the discovery of novel
enzymatic activities. There are, as the
authors point out, many variations on this
theme that could be devised. The dimerizer could contain general or specific substrates for many cleavage or ligation reactions, aimed at different classes of
enzymes. Previously, a system in bacteria
had been described based on AraC chimera dimerizer-regulated transcription to
screen for dehydratase activity (21). The
different basis of the dimerizer chemistry
make these approaches complementary
and might allow the screening of a larger
set of enzymatic reactions. Second, reporter assays that are not limited to a
cellular compartment or specific cell type
could be used. For instance, a recent
example of a fluorescence resonance energy transfer (FRET) assay for detecting
specific protein kinase activities has been
described, and such a FRET-based assay
See companion article on page 16537.
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Fig. 1. A reaction-independent complementation assay for detecting enzyme activities of genes or artificial libraries of genes. (Upper) A specific ‘‘three-hybrid’’
assay for detecting lactamase activity. The two dimerized proteins consist of dihydrofolate reductase (rose) and glucocortocoid receptor ligand-binding domains
(blue). These are fused to LexA DNA binding and B42 RNA polymerase activation domains and will reconstitute active RNA polymerase complex to transcribe
the reporter gene ␤-galactosidase when the two proteins are noncovalently ligated via the dimerizer dexamethasone-cephem-methotrexate molecule. (Lower
Left) Examples of ligation or cleavage reactions that could be used in the assay. (Lower Right) Application of the assay to protein engineering. Figure was provided
by Debleena Sengupta and Virginia Cornish (Columbia University, New York).

could also be used with a dimerizer system
(22, 23). Equally, several protein fragment
complementation assays could be used.
These are designed to detect protein–
protein interactions but small moleculeinduced dimerization of proteins have
been demonstrated with these techniques,
and in addition to detecting enzyme activities, some of these assays could be used
to sublocalize these precisely inside the
cells (24–28). However, one important
limitation of enzyme activity assays for
proteomic or drug discovery is that the
enzymatic activity has to be studied in a
cell model devoid or weakly displaying
similar enzymatic activity for the screen to
be easily tractable. The combination of
these technologies in different cell types
could expand the nature of enzymatic
reactions assayable.
Elegant strategies to allow for in vitro
covalent tagging of specific enzymes with,
for examples, biotin and fluorescent dyes
have been developed. Ben Cravatt and
coworkers at Scripps (29–34) have devel-

oped a number of experimental strategies
that allow for identification of protease
and other enzyme activities in different
cell types under different circumstances
such as in different types of cancer cells.
As demonstrated, it allowed for phenotyping of these cells for invasiveness. With
increased knowledge of the chemistry of
diverse enzymatic activities, one could
conceivably develop compounds for every
biologically catalyzed reaction. Thus, the
strategy described by Baker et al. (10)
would be complementary to these other
approaches in a proteomic perspective.
How can these new methods aid in
large-scale gene discovery? We think that
the process of ontologically defining each
gene of an organism could be envisioned
in a three-step strategy going from general
to more specific considerations. The first
step consists of linking the gene of interest
to all of the cellular processes it might be
involved in, as inferred, for example, from
the complete set of physical interactions
map obtained from a large-scale genomic
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screen with methods such as yeast twohybrid assays and MS or combinations of
DNA and protein microarray data (2, 4–6,
35–38). The next step consists of the validation of the functional inference made
with the results of the large-scale experiments. Generally speaking these can be
attained by comparing the phenotype observed, whether through classical genetic
approaches, RNAi, or newly emerging
technologies, between the gene products
thought to be involved in interactions network with the gene under study and this
gene. This kind of comparison could then
be expanded to the pattern observed in
subcellular localizations and expression
profiles and to genes involved in the inferred functional class, but that have not
been shown to interact with the gene of
interest. However, and, this is the last step,
the addition of more specific assays for
assigning function to genes would be a
huge step toward completion of this goal.
The new enzyme discovery tool described
by Baker et al. would add an extra and
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an enzyme activity is to express the library
in a cell in which expression of library
members with the desired characteristics
confers growth capabilities in a given condition, in a specific medium or at nonpermissive growth temperature, for example.
In the case where there is no such assay,
the methods described by Baker et al.
would be perfectly suited for screening
novel enzymatic activities, but of course,
with the same inherent limitations that we
discussed for functional inference of gene
products.

One way or another and for whatever
purpose, we can hope to see the development of biological research tools that at
once can be applied generally while at the
same time provide specific information. But
all of these technologies need to be challenged to check whether they can be useful
for addressing real scientific questions. We
are seeing that the development of novel
strategies or combinations of smart technologies that already exist are creating new
opportunities to explore the details of gene
function in finer detail.
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more specific functional inference in an
obvious way to this scheme.
We think the potential use of the
method described by Baker et al. (10) to
protein engineering is very promising. Effectively, in the search for novel enzymatic
activity, the general strategy includes two
distinct methods: one that can generate a
diverse and large set of sequences and
the other that allows for isolation of the
sequences producing polypeptides displaying the sought-after characteristics.
Obviously, an ideal way to screen for

