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Introduction to Gene Fusions

Definition of Gene Fusion
Much of the attention and interest in modern molecular biology is focussed
on the regulation of gene expression. Factors influencing or mediating such
regulation are often best studied using gene fusions. Gene fusions can be
defined as DNA constructions (performed i vitro or in vive) that result in the
coding sequences from one gene (rgporier) being transcribed and/or translated
under the direction of the controlling sequences of another gene (controller).
Gene fusions can be of two general types, with many variations within
types. Transcriptional fusions are defined as fusions in which all protein cod-
ing sequences are derived from the reporter, with none from the controller.
Thus, although the mRNA produced may consist of sequences from both
controller and reporter, the protein synthesized will be encoded only by the
reporter. Translational fusions, in contrast, are defined as those in which the
polypeptide produced is the result of coding information provided by both
controller and reporter.

Inquiries to: Richard A. Jefferson, Department of Molecular Genetics, AFRC Institute of Plant
Science Research, Maris Lane, Trumpington, Cambridge, CB22LQ UK.
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Why Use Gene Fusions?

It is now clear that control of gene activity can be manifested at many levels,
including the initiation of transcription or translation, the processing, trans-
port or degradation of mRNA or protein. The use of precise gene fusions can
simplify analysis of this complex process. For example, it is possible to de-
lineate the contribution of transcriptional control of gene expression by elim-
inating all the specific signals for post-transcriptional controls and replacing
them with sequences from a readily assayed reporter gene. Further careful
gene fusion constructions can then be performed to assay the effects of inclu-
sion of additional controller sequences, for instance the “untranslated leader
sequences” or the sequences surrounding the site of translational initiation.
Gene fusions need not be confined to promoter analysis, since factors affecting
mRNA processing and stability, (such as polyadenylation signals or introns),
or translational efficiency (such as the context of the initiator codon or mRNA
secondary structure), will inevitably affect reporter enzyme levels. With the
appropriate controls, many of these regulatory steps can also be analyzed with
gene fusion technology. It is important to be aware of the potential contri-
butions of these “downstream” points in the regulatory pathway of gene
expression so they can be considered in the design and interpretation of gene
fusion experiments.

Many genes in plants and other higher organisms exist in multi-gene fam-
ilies whose products are very similar but can be regulated differentially during
development — in fact, members of multi-gene families are often apparently
inactive. By using gene fusions to individual members of such families and
introducing these fusions into the genome, one can study the expression of
individual genes separate and distinct from the background of the other
members of the gene family.

Analysis of mutationally altered genes in plants accessible to transformation
techniques is also greatly facilitated by the use of sensitive and versatile re-
porter enzymes. Many of the regulatory parameters that we would like to
study are those responsible for spatial and temporal restriction of gene activity
— requiring analysis methods that can resolve these issues. Moreover, the
logistics of analyzing gene function in large numbers of transgenic plants can
be overwhelming, unless routine, high resolution techniques are available,
Although many of the plant genes that have been characterized to date pro-
duce abundant products that are measurable by existing means, many more
will certainly be described whose products are of moderate or low abundance;
these will doubtlessly prove important and interesting to study, requiring
increasingly sensitive methods. By using a reporter gene that encodes an en-
zyme activity not found in the organism being studied, the sensitivity with
which chimeric gene activity can be measured is limited only by the proper-
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ties of the reporter enzyme and the quality of the available assays for the
enzyme.

Reporter Genes in Plants

At least six reporter genes have been used in studies of gene expression in
higher plants. These include the E. co/i B-galactosidase (JacZ), chloramphen-
icol  acetyl  transferase = (CAT), neomycin  phosphotransferase
(APH3'II,NPTII), nopaline synthase (NOS), octopine synthase (OCS), and
firefly luciferase.

In spite of the remarkable success of /ac fusions in other systems, [B-
galactosidase gene fusions in plants (Helmer et al., 1984) have been of little
use, and have proved difficult to assay because of high endogenous B-
galactosidase activity in plants. Galactosidases are present in virtually all
plants, and in most, if not all tissues.

Problems associated with endogenous reporter activity were largely over-
come by using the Agrobacterium tumefaciens Ti-plasmid-encoded genes nopa-
line synthase (Depicker et al., 1983; Bevan, 1983a) and octopine synthase
(De Greve et al., 1982) because the opines produced by these genes are not
found in normal plant cells. However, these reporter genes are not widely
used because the assays are cumbersome, difficult to quantify (Otten et al.,
1978), and octopine synthase cannot tolerate amino-terminal fusions (Jones
ecal., 1985).

The two most widely used reporter genes have been the bacterial genes
chloramphenicol acetyl transferase (CAT) and neomycin phosphotransferase
(NPTII) which encode enzymes with specificities not normally found in plant
tissues (Hererra-Estrella et al., 1983a,b; Bevan et al., 1983b; Fraley at al.,
1983). In addition, NPTII can tolerate amino-terminal fusions and remain
enzymatically active, making it useful for studying organelle transport in
plants (van den Broeck et al., 1985). However, both CAT and NPTII are
relatively difficult, tedious and expensive to assay and suffer from variable
endogenous activities in plant cells (generally caused by enzymes with
broader substrate specificity), which limits both their sensitivity and the va-
lidity of quantitation (Gorman et al., 1982; Reiss et al., 1984). Competing
reactions catalyzed by endogenous esterases, phosphatases, transferases and
other enzymes also make quantification of CAT or NPTII by enzyme kinetics
difficult. Recently, the firefly luciferase gene has been used as a marker in
transgenic plants (Ow et al., 1986), but the enzyme is labile and difficult to
assay with accuracy (DeLuca and McElroy, 1978), the reaction is complex and
there is little potential for meaningful histochemical analysis or fusion genet-
ics.
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Future advances in the study of plant gene expression require the develop-
ment of new gene fusion systems that are easy to quantify and are highly
sensitive, thus allowing for analysis of genes whose products are of moderate
and low abundance. Activity of the reporter enzyme should be maintained
when fused to other proteins at its amino terminus, to allow the study of
translation and the processing events involved in protein transport. The re-
porter enzyme should be detectable with sensitive histochemical assays to
localize gene activity in particular cell types. Finally, the reaction catalyzed
by the reporter enzyme should be sufficiently specific to minimize interference
with normal cellular metabolism and general enough to allow the use of a
variety of novel substrates to maximize the potential for fusion genetics and
in vivo analysis.

To meet these criteria, the E. co/i B-glucuronidase (GUS) gene was devel-
oped as a reporter gene system. B-glucuronidase (EC.3.2.1.31) is a hydrolase
that catalyzes the cleavage of a wide variety of B-glucuronides (Stoeber,
1961), many of which are available commercially as spectrophotometric, fluo-
rometric, and histochemical substrates. The B-glucuronidase gene has been
cloned and sequenced, and encodes a stable enzyme that has desirable prop-
erties for the construction and analysis of gene fusions (Jefterson, 1985; Jef-
ferson et al., 1986a, Jefferson et al., 1987b; Jefferson et al., 1988). In this
paper and in the cited references, I describe several useful features of the GUS
gene that makes it an excellent reporter gene for plant studies.

B-Glucuronidase

The E. coli B-glucuronidase has a monomer molecular weight of about 68,200
daltons, although under certain conditions of SDS-PAGE it migrates a bit
slower than would be predicted (around 72,000 daltons). The behavior of the
native enzyme on gel filtration columns indicates that it is probably a tetra-
mer. B-glucuronidase is very stable, and will tolerate many detergents,
widely varying ionic conditions, and general abuse. It is most active in the
presence of thiol reducing agents such as B-mercaptoethanol or DTT. GUS
has no cofactors, nor any ionic requirements, although because it is inhibited
by some heavy divalent metal ions (Cu?* and Zn?*), it may be prudent to
include EDTA when assaying (Stoeber, 1961). Glucuronidase can be assayed
atany physiological pH, with an optimum between 5.2 and 8.0. The enzyme
is about 50% as active at pH 4.3. GUS is reasonably resistant to thermal
inactivation with a half-life at 55°C of about two hours. The purification and
properties of the enzyme and the gene cloning, vector construction and com-
plete nucleotide sequence have been described (Jefferson, R. A., 1985; Jeffer-
son et al., 1986).
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GUS Gene Fusions

The GUS gene was developed initially as a gene fusion marker in E. co/i and
in the nematode Caenorbabditis elegans, but has more recently been used exten-
sively to monitor chimeric gene expression in plants. There is little or no
detectable B-glucuronidase activity in Saccharomyces cerevisiae, Drosphila melan-
ogaster embryos, larvae and pupae (adults were not tested), certain strains of
Caenorbabditis elegans (Jefferson et al., 1987a), Dictyostelium discoidum (R. Fir-
tel, pers. comm., quoted in Jefferson et al., 1986) or in almost any higher
plant (Jefferson at al., 1987b), including tobacco, petunia, potato, tomato,
Brassica, maize, soybean, wheat, rice, barley, or Arabidopsis. The enzyme can
tolerate large amino-terminal additions, so construction of translational fu-
sions is feasible and may be a valuable method for assaying the behavior of
transit or signal peptides either in transgenic systems or iz vitro. The enzyme
can be translocated across chloroplast and mitochondrial membranes with
high efficiency (Kavanagh, Jefferson and Bevan, in press; T. Hodge and D.

Lonsdale, pers. comm.).
We have used this system successfully to study the regulation of numerous

genes in transgenic tobacco and potato, including CaMV35S promoter, ri-
bulose bisphosphate carboxylase small subunit, (Jefferson et al., 1987, chlo-
rophyll a/b binding protein (Jefferson et al., 1988; Kavanagh, Jefferson and
Bevan, in press), patatin (Jefferson and Bevan, in preparation), bean phenyl-
alanine ammonia lyase (Bevan, Davis, Edwards, Shuch and Jefferson, in prep-
aration), wheat glutenin genes (Colot et al., in preparation; Robert et al., in
preparation), nopaline synthase (Scofield, Bevan and Jefferson, unpublished),
potato wound-induced genes (Stanford et al., in preparation) and others.
GUS has also been used to monitor gene fusion activity in transformed yeast
(U. Schmitz and R. Jefferson, unpublished).

Substrates

p-nitrophenyl glucuronide (PNPG)(Sigma N-1627)

4-methyl umbelliferyl glucuronide (MUG)Sigma M-9130 or Molecular
Probes, Inc., 4849 Pitchford Avenue, Eugene, Oregon 97402 (503) 344-
3007)

5-bromo-4-chloro-3-indolyl glucuronide (X-GLUC) (Research Organics,
4353 East 49th St., Cleveland, Ohio or Molecular Probes)

naphthol AS-BI glucuronide (NAG)(Sigma N-1875)

resorufin glucuronide (ReG) (Molecular Probes)

Notes About Substrates:
Molecular Probes, Inc. of Eugene, Oregon has made a major commitment to
developing and marketing new substrates with substantially enhanced prop-



392 The Plant Molecular Biology Reporter

erties for fluorescence and histochemical assays as well as for novel fusion
genetic approaches. I recommend them as a source of these compounds and
as sources of information.

Lysis Conditions

Tissues or cultures can be homogenized for assays in many different buffers.
We have found this Extraction Buffer to be very effective at achieving good
lysis and preserving GUS activity and DNA (for denominators — see Jeffer-
son et al., 1987b) and suppressing oxidation of the extract.

GUS Extraction Buffer

50 mM NaPO,, pH 7.0
10mM dithiothreitol (DTT)
1mM Na,EDTA

0.1% Sodium Lauryl Sarcosine
0.1% Triton X-100

Use either the French press, homogenizer, cell disruptors, sonication or
grinding with sand or glass beads. Kontes Glass sells little disposable pestles
that fit into Eppendorf tubes that are satisfactory for grinding small bits of
tissue (e.g., leaf tissue). The method of lysis will depend on the nature of the
tissue. GUS is remarkably resistant to protease action, with a very long half-
life in living cells and in most extracts. B-mercaptoethanol cari be substituted
for DTT.

Storage of Extracts

Extracts and tissues can be stored at —70°C, with no loss of activity for a
long time, and at 4°C, with very little loss (at least in tobacco leaf extracts
— this will, of course, depend on the intrinsic protease levels). Avoid storage
at —20°C, which seems to reduce enzyme activity in this extraction buffer.
Tissues stored at —20°C for a few days do not seem to lose significant GUS
activity.

Hints About Extraction and Dealing With Endogenous Fluorescence

Tissues or cells that are high in endogenous absorbing or fluorescent com-
pounds or that produce high levels of polyphenolics can be extracted in GUS
extraction buffer with a pinch of Polyclar (insoluble polyvinyl pyrollidone),
centrifugation to eliminate debris and adsorbed materials, followed by a brief
spin column of Sephadex G-25 (or an equivalent resin) to eliminate almost
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all polyphenolics and low molecular weight fluorescent contaminants from
the extract (Alison Huttly and David Baulcombe, personal communication).

Occasionally callus, wounded plant cells (such as protoplasts that have been
PEG treated or electroporated) and tissues such as root, accumulate fluoro-
genic compounds) presumably secondary products, intermediates in lignin
biosynthesis, and other phenylpropanoid pathway compounds). Some of these
compounds are not fluorescent until after cell lysis — which can release en-
zymes that cleave off the glycoside or other conjugate to produce the free
fluorochrome. This can be dealt with by the spin-column method, or by
following the kinetics of fluorescence increase. These endogenous compounds
and enzymes should not give rise to substrate-dependent fluorescence.

B-Glucuronidase Assays

Why Use Fluorescence?

Detection of B-glucuronidase activity depends on the availablity of substrates
for the enzyme which, when acted on by the enzyme, liberate a product
which is distinguishable from the substrate. A substrate that is designed to
maximize sensitivity of detection of the enzyme should have several charac-
teristic properties. There should be a method of detecting the product very
specifically. The substrate should be cleaved only by the enzyme under study,
wiith minimal spontaneous cleavage. The signal-to-noise ratio of the method
of detection should be as high as possible. These properties are best achieved
by using fluorogenic substrates for B-glucurodinase, such as 4-methyl umbel-
liferyl glucuronide (MUG). Detection of fluorescent molecules offers a very
high signal-to-noise ratio because the incident excitation light does not im-
pinge on the detection apparatus, and has a spectrum distinct and separable
from that of emission. The use of fluorescence measurements to detect enzyme
activity usually allow two to four orders of magnitude greater sensivity than
methods that rely on spectrophotometric determination of product concentra-
tion by absorption. Absorption techniques measure a small difference be-
tween two large values, whereas fluorescence techniques measure an absolute
value over an arbitrarily small background. Whether the detection apparatus
is a quantitating optical device such as a spectrophotometer, or the human
eye, the signal-to-noise ratio is the limiting factor in determining the levels
of product detectable.

Fluorogenic Assay

The fluorogenic assay can be performed in Eppendorf tubes or in microtiter
plates. The recipe below is for Eppendorfs, but can easily be scaled down for
microtiter plates to readily assay numerous samples.
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GUS Extraction Buffer (1) Stock Solutions Volumes
50 mM NaPO,, pH 7.0 1 M Na,HPO,, pH 7.0 50 ml
10 mM DTT 1M DTT 10 ml
1 mM Na,EDTA 0.5 M Na,EDTA, pH 8.0 2 ml
0.1% Sodium Lauryl Sarcosine  10% Sarcosyl 10 ml
0.1% Triton X-100 10% Triton 10 ml
918 ml H,O
Assay Buffer (MUG ):

* 1 mM MUG in Extraction Buffer (50ml)

* Dissolve 22 mg 4-Methyl umbelliferyl B-D-glucuronide in 50 ml GUS
extraction buffer in a 50 ml disposable polypropylene tube. Store at 4°C for
up to two weeks.

Stop Buffer:

*0.2 M Na,CO, (1 liter)

* Dissolve 21.2 grams Na,CO, in deionized, distilled water. Make up to 1
licer.

Fluorogenic Assay Protocol

* Incubate 0.5 ml aliquots of Assay Buffer at 37°C to pre-warm.

* Add 1-50 pl of Extract to 0.5 ml Assay Buffer.

* Mix thoroughly with pipet tip or vortexer.

* After 1-2 minutes, remove 100 pl into Eppendorf tube containing 0.9 ml
Stop Buffer at room temperature.

* At regular time intervals after this remove successive 100 .l aliquots into
labeled Eppendorf tubes containing 0.9 ml Stop Buffer. Typically 5 minute
intervals for high-levels of GUS, or 30-60 minute intervals for lower levels.
Take 3-4 time points.

* Determine MU concentrations with Spectrofluorimeter, excitation at 365
nm, emission at 455 nm.

Calibration of the Fluorimeter
Readings taken with a spectrofluorimeter are relative fluorescence, and must
be calibrated at each use with known standards.

1 mM Methylumbelliferone Stock Solution:
Dissolve 19.8 mg Na+ methyl-umbelliferone (e.g., Sigma 1508) in 100 ml
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double distilled water. Wrap the bottle in aluminum foil and store at 4°C.
This stock is good for at least one month.

Prepare the 1 pM and 100 nM MU standards in Stop Buffer to calibrate
the fluorimeter. On a machine with a digital readout up to 9999 (such as the
Perkin-Elmer LS series or the Hoefer TKO) I typically establish 1 pM MU
equal to 1000 relative fluorescence. Thus the relative fluorescence reading
from the samples can be read directly as nM MU. With a machine such as a
Kontron (Gilford) SEM-25, I usually set 1 pM MU equal to 100% relative
fluorescence, and use the factor control on the instrument to multiply up-
wards, e.g., factor 10X, if the reading is low, or downwards, e.g., factor
0.1, if the reading is too high.

Read the relative fluorescence of the time course for each extract in an
ascending order. Convert the values obtained to nanomolar MU, and then to
nanomoles MU, after correcting for the assayed volume. The preferred units
to express GUS activity are nmoles MU produced/minute. The normalization
(per mg protein, per g DNA, or per unit fresh weight, etc.), is at your
discretion.

Comments:

This assay is the most sensitive and versatile. Fluorescence methods are in-
trinsically 100 to 1000 times more sensitive than colorimetric methods, for
reasons discussed above. For a good reference that will cover the basics of
fluorescence measurements, see Guilbault, 1973. Although the book is a bit
out of date, the coverage is very thorough on most aspects of fluorescence
spectroscopy that will be of interest to molecular biologists (and a lot that
will not).

The most widely used fluorogenic substrate that has been described in the
literature for assay of B-glucuronidase activity is 4-methyl unbelliferyl glu-
curonide. This compound is not fluorescent until cleaved by B-glucuronidase
to release 4-methyl umbelliferone (7-hydroxy-4-methyl coumarin). The prod-
uct is fluorescent only when the hydroxyl group is ionized. The pK, of this
hydroxyl is about 8, and maximal fluorescence will only be obtained if the
product is in solution at a pH greater than the pK ; fluorescence is relatively
low at the neutral pH of the living cell. Better and more sensitive substrates
are being developed for real-time and #z vivo studies.

We have observed that GUS activity remains linear (even in crude extracts)
for a very long time, sometimes days. Hence the “time=0" point does not
need to be at the moment of addition of extract to substrate. In fact, I often
allow the reaction to proceed at 37°C for several minutes to equilibrate and
to achieve V,_, before taking the initial time point (as above). Thus, I will
actually take 5, 15, 25, and 35 minute time points, and always find true





