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Abstract

FABP is the most abundant cytosolic protein in developed flight muscle of adult locusts, but it is completely absent in nymphs.
During the two weeks following adult ecdysis, FABP rises to 18% of the total soluble proteins. Its mRNA increases steadily up
to day 8, before it gradually declines until reaching a low concentration at day 15, which remains constant for the rest of the
animal’s life. Using a PCR primer combination specific for a 597 bp sequence of intron 1, we have developed a reverse transcription
PCR assay to quantify the amount of primary transcript present in muscle tissue at various ages. The FABP gene is not transcribed
prior to metamorphosis; its primary transcript rises rapidly during the first two days of adult life, and remains close to maximal
until day 5. Subsequently its level rapidly declines, ultimately reaching values of less than 0.02% of the maximal level. The
correlation between primary transcript, mRNA and FABP content were analyzed by modeling transcription, translation and degra-
dation with computer modeling software. The computer simulation is in good agreement with the experimentally obtained data,
suggesting that the control of FABP expression in locust flight muscle occurs predominantly at the level of transcription initiation.
 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Like most other muscles engaged in sustained activity,
the flight muscle of the desert locust depends on fatty
acid oxidation as an energy source for migratory flight.
During flight, diacylglycerol is released from the fat
body and transported through the hemolymph by lipo-
phorin. Following hydrolysis at the sarcolemma, free
fatty acids enter the flight muscle cells, where their ulti-
mate fate is mitochondrial beta-oxidation (for a recent
review, see Haunerland, 1997). Due to their low water
solubility, fatty acids require a transport mechanism for
their efficient translocation through the aqueous cytosol.
This intracellular transport appears to be mediated by
FABP (fatty acid binding protein, Haunerland and Chi-
sholm, 1990; Van der Horst et al., 1993), a small cyto-
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solic protein that is abundant in the muscle of adult
locusts.

The FABP from locust muscle is very similar to the
fatty acid binding proteins that have been found in ver-
tebrate muscles, both in structure and function
(Veerkamp and Maatman, 1995; Haunerland et al., 1992;
Haunerland, 1994). The FABP concentration in a given
muscle seems to reflect its fatty acid oxidation capacity,
and hence the highest levels of the protein are found in
muscles that utilize predominantly fatty acid as energy
source (Veerkamp and van Moerkerk, 1993). In mam-
mals, cardiac muscle contains most FABP, which
accounts for up to 6% of all cytosolic proteins. As flight
muscles of birds and locusts can sustain fatty acid-fueled
metabolic rates two or three times as high, respectively
(Crabtree and Newsholme, 1975), their FABP content
is also elevated by similar factors (Chen et al., 1993;
Guglielmo et al., 1998). In mature locusts, FABP com-
prises up to 20% of all soluble muscle proteins. How-
ever, FABP is absent in the mesothorax muscles of
locust nymphs, which do not possess wings and conse-
quently are unable to fly (Haunerland et al., 1992). FABP
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begins to accumulate within two days after metamor-
phosis, and reaches its maximum after two weeks. Sub-
sequently, its concentration remains constant.

The protein was never detected in nymphs, even when
the last nymphal stage was extended by 30 days through
treatment with the molting inhibitor azadirachtin, or
when a supernumerary molt was induced with a juvenile
hormone analog (Chen and Haunerland, 1994). In con-
trast, FABP levels in precocious adults, developed after
ethoxy-precocene treatments, resembled closely those
found in normal adults, indicating that FABP is a strictly
adult specific protein.

FABP mRNA is also absent in nymphs. It becomes
first detectable immediately after adult ecdysis and
increases steadily for about six days. The mRNA levels
then remain constant for several days, before gradually
decreasing to a low, constant level that is reached just
when the FABP concentration is maximal (day 15). This
low level appears to be sufficient to replace degrading
protein, so that the established FABP level is held con-
stant (Haunerland et al., 1992).

While the observed induction of FABP expression
after metamorphosis is not unexpected for an adult spe-
cific protein, the drop in FABP mRNA several days later
is less easily understood. Apparently, the high levels of
mRNA during the first few days of adulthood are
required to assure that FABP accumulates quickly; once
FABP approaches its maximum, much smaller amounts
of mRNA are required. Possibly, a reduction in the tran-
scription of the FABP gene is responsible for the
observed changes in mRNA; alternatively, this could be
caused by altered mRNA stability, while the expression
of the gene remains unchanged. In order to decide
whether this feedback is at the transcriptional level, it is
necessary to measure FABP transcription itself, and link
it to the levels of mRNA found.

Commonly, nuclear run-on assays have been
employed to analyze transcription in differentiated
tissues (Marzluff and Huang, 1984). While providing
valuable indicators for the ongoing transcription rates,
this method has been found to be fairly insensitive and
difficult to perform in muscle tissue (McCully and Liew,
1988; Carey et al., 1994). Moreover, since the run-on
reaction is carried out after the time-consuming isolation
of nuclei, it can be questioned whether this technique
can really provide insight into the events that happen
in vivo.

The small size of flight muscles in locusts is an
additional limitation, making it difficult to isolate suf-
ficient number of nuclei for this assay. Indeed, numerous
attempts in our laboratory have failed to produce reliable
results with run-on assays from locust flight muscle, and
therefore we have sought an alternative method for mea-
suring FABP transcription that offers higher sensitivity.
The amount of primary transcript present in a cell pro-
vides a good measure for the ongoing transcription rate,

since unprocessed RNA always has a very short half-
life (Elferink and Reiners, 1996; Hargrove, 1993). In this
paper, we describe the quantitative determination of
FABP primary transcript by quantitative RT-PCR, and
discuss the correlation between expression rate, mRNA
and FABP content during adult muscle development.

2. Materials and methods

2.1. Insects

Locusts (Schistocerca gregaria) were reared in
crowded conditions at 32°C under continuous light. Last
instar stage nymphs were collected and raised separately.
The mesothorax muscle of nymphs within 24 h before
adult ecdysis were dissected and total RNA was isolated
immediately. To determine FABP expression in adult
locusts, freshly emerged adults were removed and reared
separately until sacrificed for RNA analysis at the speci-
fied age. Individuals between 0 and 24 hours after adult
molting are referred to as day 1 adults, with each sub-
sequent day representing an additional 24 hour period.

2.2. RNA isolation

Unless otherwise specified, all chemicals were pur-
chased from Gibco BRL Life Technology (Burlington,
ON). Freshly excised flight muscle tissue was homogen-
ized immediately in extraction buffer (4 M guanidinium
isothiocyanate, 25 mM sodium citrate pH 7.0, 0.5% sar-
cosyl, 0.1 M 2-mercaptoethanol) with a mechanical
homogenizer. Total RNA was isolated by a one step
guanidinium isothiocyanate/phenol/chloroform extrac-
tion method adapted from Chomczynski and Sacchi
(1987) (O.D ratio (260 nm/280 nm)= 2.0). For each data
point, the total RNA from each of five individuals was
combined into a single sample. The absence of genomic
DNA was confirmed by PCR carried out with the same
primers and under identical conditions as described
below, with the exception that the reverse transcription
reaction was omitted. All samples were stored in 100%
ethanol at -80°C until used. At that time, the absence of
genomic DNA was confirmed for each sample by PCR.

2.3. PCR primer design

PCR primers were designed from 2 kb of 39 sequence
of the first intron of the locust FABP gene, which inter-
rupts the coding sequence at the Gly 27 codon
(Haunerland et al., unpublished results; see Fig. 1). The
upper primer (UP) (59 AAG CAA CAC ATC TCC AGA
ATC 39) and lower primer (LP) (59 CAA ATT ACA
CTA GCA TCT CAG 39) flanked a 555 bp fragment
which ends 1722 bp upstream of the second exon. PCR
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Fig. 1. Construction of the internal standard RNA for RT-PCR. A
597 bp fragment located within the first intron of the locust FABP gene
was amplified by PCR. A 441 bp fragment was amplified from the
PCR product, using the same upper primer and a 42 bp lower primer
whose 39 21 nucleotides annealed to a sequence string 400 bp down-
stream of the upper primer site. The 59 21 nucleotides of the lower
primer were identical to the original lower primer, so that the product
can be amplified with the same primers that produce the 597 bp band.
Details see Materials and Methods.

with genomic DNA as template yielded a 600 bp product
(expected fragment size= 597 bp).

2.4. Quantitative reverse transcription polymerase
chain reaction (Q-RT-PCR)

Thawed RNA samples were centrifuged at 4°C for
20 min at 10,000g, washed with 70% cold ethanol and
dried in a Speed-vac system (Savant, Holbrook, NY).
The dried RNA pellets were dissolved in RNase-free
H2O and the RNA concentration adjusted to 3mg/ml.

Reverse transcription PCR was performed according
to the manufacturer’s instructions with the GeneAmp
RNA PCR Kit (Perkin-Elmer, Foster City, CA) in a
GeneAmp PCR System 2400. Reverse transcription was
carried out from the intron specific lower primer (59
CAAATTACACTAGCATCTCAG 39). The 20ml reac-
tion mixture contained 1× PCR buffer II, 5 mM MgCl2,
1 mM each of deoxy nucleoside triphosphate, 1 U of
RNase inhibitor, 2.5 U of MuLV reverse transcriptase,
2.5mM lower primer, and between 3 ng and 3mg total
RNA. For quantitative RT-PCR reactions, between 1.3
× 105 and 1.3× 107 molecules of the internal standard
RNA were also added. Following incubation for 10 min
at 25°C and 60 min at 42°C, the reaction was terminated
by heating to 100°C for 5 min and cooling to 4°C.

The reverse transcription product was added immedi-
ately to 80ml PCR reaction mixture contained 2 mM
MgCl2, 1 × PCR buffer II, 0.5mM upper primer, and
2.5 U AmpliTaq DNA polymerase. The mixture was
denatured at 95°C for 105 s and amplified for 30 cycles
of 10 s at 95°C, 30 s at 50°C, 30 sec at 68°C. Following
7 min at 68°C, the reaction mixture was cooled down to
4°C. The PCR product (10ml) was analyzed on a 2.0%
agarose gel stained with ethidium bromide.

2.5. Synthesis of internal standard template plasmid

In order to produce an internal standard molecule that,
when amplified with the same primers as the intron
sequence, yielded an amplification product of a dis-
tinguishably smaller size (Celi et al., 1993), a hybrid
lower primer was constructed (IS-LP) (59 CAA ATT
ACA CTA GCA TCT CAG TGA GCT CTC GAA GTA
TGA TAG 39) (Fig. 1). Its 39 21 nucleotides annealed to
a sequence string 177 bp upstream of the original lower
primer, while the 21 nucleotides at its 59 end were ident-
ical to the sequence of the original lower primer. The
primer contains also an XhoI restriction site (GAGCTC).
With genomic DNA as template, a 441 bp fragment (IS-
DNA, internal standard DNA) was amplified after PCR
(105 s at 95°C, 35 cycles of 10 s at 95°C, 30 s at 51.5°C,
30 s at 68°C, 7 min at 68°C, final temperature 4°C) with
the primer pair UP and IS-LP. The amplification product
was directly cloned into PCR-II vector (TA cloning kit,
Stratagene, La Jolla, CA). After cleaving the vector with
EcoRI, the insert was gel purified and ligated into a
Bluescript vector (Bluescript KS, Stratagene, La Jolla,
CA). Plasmid DNA was digested with XhoI to select
plasmids where the insert was downstream of the T7
promoter, and the insert identity was confirmed by PCR.

2.6. In vitro transcription of the internal standard
sequence

Internal standard RNA was produced with the MAX-
Iscript in vitro transcription kit (Ambion, Austin, TX).
Between 0.5 and 1mg of the HindIII-linearized, gel pur-
ified internal standard plasmid was added to 2ml 10 ×
buffer, 1ml each of 10 mM nucleoside triphosphate, 5 U
RNase inhibitor, 5 U T7 RNA polymerase, and the mix-
ture was brought up to a volume of 20ml with diethylpy-
rocarbonate treated water. Following in vitro transcrip-
tion for 1 h at 37°C the DNA template was removed by
DNase I digestion (2 U of RNase free DNase 30 min at
37°C) (Ambion, Austin, TX); subsequently, the sample
was kept at 100°C for 5 min to denature the enzymes.
The resulting RNA was precipitated with ethanol, quant-
ified spectrophotometrically, and checked by PCR for
the absence of DNA contamination. The RNA was kept
at -80°C in aliquots for single use.

2.7. Detection and quantitation of PCR products

Constant numbers of molecules of internal standard
RNA were added to decreasing amounts of RNA
samples, and both template and standard RNA competed
for the PCR primers in the RT-PCR reaction. Ethidium
bromide stained gels of the amplification products were
visualized on a UV transilluminator and documented
with a UVP5100 camera system (UVP, San Gabriel,
CA). Images were saved as TIFF files and analyzed on
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a Macintosh computer with the Image software package
(version 1.61b7, NIH, Bethesda, MD). The ratio of the
densities measured for the template and internal standard
bands was plotted against the amount of total RNA used
as template on a double logarithmic scale. As the 597 bp
PCR product of the template is 35% larger than the
441 bp internal standard, a ratio of 1.35 indicates an
equal number of template and internal standard.

2.8. Computer simulation

Data were analyzed by computer simulation
(Hargrove, 1994) with the Software package STELLA
II (version 4.0, High Performance System, Hanover,
NH). A two-compartment model of FABP gene
expression was constructed, assuming zero-order syn-
thesis and first order decay for mRNA and FABP.
mRNA synthesis was treated as a function of the primary
transcript concentration measured, and protein synthesis
as function of the mRNA concentration. All data were
expressed relative to the maximal value encountered.
Primary transcript was maximal at day 5 (100%=
520,000 copies/ng RNA), mRNA peaked at day 8 (100%
= FABP mRNA/actin mRNA 5.0), while FABP reached
its maximal value after day 15 (100%= 18% of total
cytosolic proteins) (Haunerland et al., 1992).

The model was defined by the following equations
and parameters:

mRNA(t) = mRNA(t-dt) + (processing/transport-
RNA—decay) * dt; intial mRNA = 0;
processing/transport = Vmax *(primary—
transcript/(primary—transcript+ KM)). FABP(t) =
FABP(t-dt) + (mRNA-FABP—decay) * dt; intial FABP
= 0;

The values for the primary transcript concentration (%
of maximum) were entered in step-gradients: primary—
transcript= 0 + STEP(1.4, day 1)+ STEP(21.54, day 2)
+ STEP(47.89, day 3) + STEP(29.67, day 5)-
STEP(74.39, day 6)-STEP(18.40, day 8)-STEP(0.34, day
10)-STEP(0.14, day 12)-STEP(0.05, day 20)

The best match between the simulated values for
mRNA and protein and the previously measured data
(Haunerland et al., 1992) was obtained when using the
following parameters: RNA—decay= 0.347*mRNA;
FABP—decay= 0.023*FABP; Vmax = 41% /day; KM =
2000 copies/ng RNA (0.38% of maximum).

3. Results

3.1. PCR from genomic DNA

The primers designed in this study are specific to the
sequence in intron 1 of the locust flight muscle FABP
gene and work well for the PCR amplification of the
enclosed sequence. PCR with primers UP and LP and

genomic DNA as template resulted in a single PCR pro-
duct of approximately 600 bp, virtually identical to the
expected size (597 bp) (Fig. 2). The same fragment was
obtained when using reverse transcribed total RNA
extracted from flight muscle of 5 day old adult locusts
as a template, indicating that primary transcript is indeed
present at this stage.

In order to examine whether competitive PCR with
these primers was feasible to obtain quantitative data, a
constant number of cloned internal standard DNA was
used together with varying amounts of target DNA as
templates for competitive PCR. As expected, the band
intensities changed with varying ratios of target and stan-
dard. Quantitative evaluation by image analysis revealed
that when equal numbers of target and standard DNA
had been used as template for the PCR reaction, a target
to standard band intensity ratio of 1.34 was obtained
(data not shown). This confirmed that equal amounts of
both PCR products had been produced since the PCR
product amplified from target DNA is 35% larger and
hence will stain more intensely with ethidium bromide.

3.2. PCR from total RNA

The internal standard RNA, when used as template for
RT-PCR, resulted in the expected amplification product
of 441 bp. No band was detected in a control experiment
that omitted the reverse transcription step, proving that
the RNA was indeed free of DNA contamination (Fig.
2).

In order to investigate the developmental changes of
FABP primary transcripts, total RNA was isolated from
flight muscles at various time points during the first 20

Fig. 2. PCR of target and standard sequences. Samples were ampli-
fied by PCR with primers specific for the 597 bp sequence string in
the first intron of the FABP gene. Lane 1: Template: total RNA from
5 day old adults, no reverse transcription reaction. Lane 2: Template:
genomic DNA from adult locusts. Lane 3: Template: total RNA from
5 day old locusts after reverse transcription. Lane 4: Template: internal
standard RNA after reverse transcription. Lane 5: size markers.
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days after adult ecdysis, and the primary transcript levels
were analyzed with reverse transcription PCR. Initially,
the reactions were carried out without internal standard.
While these results do not allow quantitation, it is clear
that dramatic changes occur during muscle development
(Fig. 3). In flight muscle of 5th instar nymphs, no FABP
primary transcript was detectable even when more than
3 mg of total RNA were used as a template. A strong
band representing the amplification product of the pri-
mary transcript is visible in 2 day old adults. While the
band appeared even more intense in 5 day old adults, it
was considerably weaker in 10 day old insects and weak,
but still clearly detectable in 20 day old adults.

3.3. Quantitative RT-PCR

For the quantitation of these changes, series of RT-
PCR reactions with varying concentrations of target
RNA were carried out in the presence of known amounts
of internal standard RNA. As the amount of total RNA
that can be used as template is limited to a range between
2 ng and 3mg, the number of standard molecules had to
be adjusted so that equal numbers of target and standard
were present within this range. In 2 to 6-day-old locusts,
where the largest number of primary transcript template
was present, 1.3× 107 molecules of internal standard
RNA were used in each reaction. For 8-day-old locusts,
1.3 × 106 molecules were used, while for day 1 and 10,
12, 20-day-old locusts, 1.3× 105 molecules of internal
standard RNA were included in each reaction. With
these adjustments, the target to standard band intensity
ratios always covered at least the range of 0.5 to 1.5.

The results for day 5 are shown in Fig. 4. The density
ratio between the target bands to the internal standard
bands was plotted on a double logarithmic scale against
the amount of total RNA used. Since the target PCR
product is 35% larger than the standard product, the

Fig. 3. RT-PCR from total RNA during adult development. Total
RNA (3 mg each), isolated from locusts at the specified age, was
reverse transcribed and amplified by PCR with primers specific for a
597 bp sequence string in the first intron of the FABP gene. Day 0=
locusts nymphs sacrificed within 12 hours prior to metamorphosis. Day
1: adult locusts sacrificed within the first 12 hours after adult ecdysis.
Each additional day represents an additional 24 hour period.

Fig. 4. Quantitation of FABP primary transcript in 5 day old locusts.
Varying amounts of total RNA, as indicated, were mixed with 1.3×
107 molecules of internal standard RNA, and amplified by RT-PCR as
described in Materials and Methods. The same number of the 597 bp
target as the 441 bp standard used are present in 25 ng of total RNA,
when the PCR products are present at equal amounts, i.e. when the
band intensity ratio is 597/441= 1.35. Thus, the primary transcript
concentration in 5 day old adults is 520,000 molecules/ng total RNA.

numbers of target molecules and internal standard are
identical when the target to standard intensity ratio is
1.35. From this point, the primary transcript copy num-
ber per ng RNA was calculated. In 5-day-old locust
flight muscle, 1.3× 107 molecules of target RNA were
present in 25 ng of total RNA; hence, the primary tran-
script concentration was 520,000 copies/ng of total
RNA.

Similar experiments were carried out at other days of
development (Fig. 5). The transcript numbers were simi-
lar in 2 to 5 day old insects, but much smaller at day 8.
The concentration continued to decline over the next few
days. At day 20, FABP primary transcript was still
detectable, but at less than 0.01% of the value found at
day 5. No primary transcript was detectable in insects
immediately before metamorphosis, even in 3mg of total
RNA, when only 104 molecules of standard were used.
Therefore, if the FABP gene was transcribed at all, it
would be at a very low rate, resulting in less than 3
molecules of primary transcript per ng of total RNA.

4. Discussion

In the current study, we have developed a method to
quantitatively study the rate of gene expression in a dif-
ferentiated muscle by measuring the accumulation of pri-
mary transcript of the FABP gene with a competitive
quantitative PCR assay. As the times for RNA pro-
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Fig. 5. Developmental profile of FABP expression. The concen-
tration of FABP primary transcript molecules was determined by RT-
PCR at the indicated times during adult development, as illustrated in
Fig. 4. Details see Materials and Methods.

cessing in the nucleus and its transport into the cytosol
are normally very short, the number of unspliced RNA
molecules provides a good measure for the actual tran-
scriptional activity, as recently shown by Elferink and
Reiners (1996). In contrast to run-on assays which
require tissue disruption and lengthy purification of
nuclei prior to measuring transcriptional activity, this
method allows the determination of transcriptional rates
present in vivo. Moreover, it is far more sensitive than
nuclear run-on analysis. In order to isolate the 107 nuclei
that are needed for run-on transcription, more than 10 g
of muscle tissue were required. In contrast, fewer than
10,000 molecules of primary transcript can be detected
in 3 mg of total RNA, which can be easily isolated from
less than 100 mg of tissue.

Our data clearly show that the observed pattern of
FABP mRNA and protein accumulation during adult
development of the locust is the consequence of changes
in transcription of the FABP gene. The FABP gene is
not transcribed at detectable levels prior to metamor-
phosis, even though the muscle is already mostly differ-
entiated (Broesemer et al., 1963; Wang et al., 1993).
Although transcription occurs immediately after meta-
morphosis, the number of transcript molecules is rela-
tively low at the first day, indicating a delay in full acti-
vation due to the need to synthesize other factors
required for optimal transcription. From day 2 to day 5,
the transcript number increases several 1000-fold.
Although the measured numbers cannot be seen as exact
values, as the intrinsic errors due to the exact quantit-
ation or large dilution may result in considerable vari-
ations, it is clear that the gene is transcribed at very high
rates until day 6. In 5 day-old adult locusts, the FABP
primary transcript reached its peak with more than

500,000 copies in one ng total RNA. Assuming that each
copy detected here represents the full 15 kb primary
transcript, FABP primary transcript accounts for 0.1 pg
of RNA, or approximately 0.01% of the total RNA.
These large amounts of primary transcript are present at
a time when FABP mRNA levels are still increasing; at
day 5, mRNA has reached approximately 90% of its
peak level (Haunerland et al., 1992), while only one third
of the final FABP has accumulated. Subsequently, the
concentration of primary transcript declines rapidly. At
day 8, when FABP mRNA is still near its maximum, its
primary transcript level is reduced to approximately
2000 molecules per ng total RNA, and between day 15
and 20 only 200 copies or less were detected. At this
time, FABP has reached its maximum, and its mRNA
has returned to a constant level of approximately 15%
of its maximum. In contrast to the mRNA levels, the
primary transcript has changed by a much larger factor
to less than 0.1% of their maximal levels. As the primers
used are both contained within an intron sequence, it
could be possible that this sequence serves as template
for the RT-PCR reaction even after it has been removed
from the primary transcript. This would influence the
results only if the resulting lariat is very stable. Gener-
ally, spliced intron sequences are believed to be rapidly
degraded (Sharp, 1994), but isolated examples exist
where lariats accumulate in the nucleus (Quian et al.,
1992). Considering the precipitous decline in template
molecules after day 5, however, it is apparent that the
unknown half-life of the primary transcript and the
spliced lariat can be neglected in the data analysis, as
both must be much shorter than that of the mRNA.

The data can be used to estimate the stability of both
mRNA and FABP. After day 12, the mRNA value is
stable at around 15% of its maximum, and primary tran-
script is very low, between 50 and 300 copies (0.01–
0.06% of its maximum value). Considering the inaccur-
acies of these values, an approximate value of 0.05%
was chosen. If 0.05% of maximal primary transcript can
account for replacing the proportion of the constant
mRNA pool that breaks down, then 100% primary tran-
script should lead to a 2000-times larger synthesis rate.
That would be consistent with the observed mRNA pat-
tern only if the mRNA was extremely stable. However,
the decline of mRNA between day 12 and 15 suggests
that the half-life cannot be much larger than 2 days, as
during this period the mRNA values are cut in half every
two days. Moreover, mRNA still increases between day
6 and day 8, although its primary transcript values have
declined to between 20 and 5% of its maximum. It is
thus obvious that the relationship between primary tran-
script and protein is not linear, at least not over the entire
20 days.

A two compartment model describing the relationship
between primary transcript, mRNA, and FABP was con-
structed (Fig. 6), and computer simulation was carried
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Fig. 6. Computer model of FABP expression. The model depicts how
FABP, its mRNA and its primary transcript are connected. The FABP
concentration found in the muscle depends on FABP degradation (1st
order dependency of FABP) and synthesis (proportional to mRNA);
mRNA depends on degradation (1st order dependency of mRNA) and
its transport from the nucleus into the cytosol, which in turn depends
on the concentration of primary transcript found in the nucleus. Com-
puter simulation allows to modify the rates of degradation, synthesis
and processing until the best fit between measured and simulated data
is obtained.

out with varying parameters until a good match between
the simulated and previously measured data (Haunerland
et al., 1992) was reached. Initially, the simulation was
carried out only between day 8 and 20, where primary
transcript values are low, so that a linear relationship
between primary transcript and mRNA can be assumed.
For this period, the best match between the simulated
and measured values was obtained when assuming an
mRNA half-life of 2.3 days.

Substrate saturation may occur when the primary tran-
script is present in large amounts (Hargrove, 1994). Pro-
cessing and transport involve enzymatic reactions that
should behave according to normal enzyme kinetics that
can be described by the Michaelis-Menten equation.
Many enzyme reactions and the transport out of the
nucleus into the cytosol are involved in the conversion
from primary transcript to mRNA; for the purpose of the
simulation these can be all considered as one process.
Optimal match between the measured data and the simu-
lated values was obtained for a KM value of 0.2% (Fig.
7). This means that at the concentration of 1030 copies
of primary transcript/ng of RNA (0.2% of the maximal
value of 520,000 found on day 5), the mRNA
synthesis/export rate is half of the maximal rate. As the
primary transcript concentration increases, the mRNA
synthesis rate approaches a maximum, while at lower
primary transcript concentration the synthesis of mRNA
is almost proportional to the amount of primary tran-
script present.

The rate of FABP translation appears to be pro-
portional to the amount of mRNA present, as observed
in many other systems (Palmiter, 1973; Pelham and
Jackson, 1976; Richter and Smith, 1981). Assuming that
the low mRNA level present in fully grown, mature
adults is sufficient for the replacement of decaying
FABP, the half-life of FABP can be estimated from the
mRNA and FABP values measured. The accumulation
of FABP can be best simulated from the mRNA values

Fig. 7. Computer simulation of FABP expression. The measured con-
centrations for FABP primary transcript were used as input into the
computer simulation with the software STELLA II. Optimal fit
between the simulated (solid line) and experimental data (data points
from Haunerland et al., 1992) were obtained when using the following
rates: FABP degradation: 0.02/day (half-life 34 days); mRNA degra-
dation: 0.3/day (half-life 2.3 days); FABP synthesis| FABP mRNA.
Processing/transport is a saturable process, following Michelis-Menten
Kinetics: KM = 2000 copies/ng RNA. Details see text.

assuming a protein half-life of 34 days (Fig. 7). Hence,
locust FABP appears to be an extraordinary stable pro-
tein, a fact that is advantageous for maintaining the very
high FABP levels found in fully differentiated flight
muscles.

FABP levels increase from 0 to 18% of the total cyto-
solic proteins after FABP expression is turned on in adult
locusts. The FABP concentration finally reaches a new
steady state, where the gene is expressed at a rate needed
to counteract FABP breakdown. Under steady state con-
ditions of gene expression, the final concentration of a
protein in the cell depends only on its stability (Hargrove
and Schmidt, 1989). Theoretical considerations
(Hargrove, 1993, 1994) revealed that half of the total
shift in protein concentration between two steady states
will have taken place after a time period that equals the
half-life of the protein, and that induction will be 97%
complete following a five times longer period. There-
fore, if the FABP gene was expressed always at the very
low rate seen in insects older than 2 weeks, ultimately
the FABP concentration would reach the same maximal
value. However, with an FABP half-life of 34 days, the
final FABP concentration would be reached only after
half a year, because a time period of approximately 5
half-lives is required to establish the new steady state.
It is obvious that with the long half-life of locust FABP
and the relatively short life time of the animals a rapid
increase in FABP can only be achieved through transi-
ent, high levels of expression. Through the rapid
accumulation of much larger concentrations of mRNA,
the final FABP concentration is reached within 2 weeks.
At that time, however, the mRNA concentration must be
reduced to the maintenance level.

The variations in FABP mRNA are clearly a conse-
quence of dramatic changes in the expression of the
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FABP gene. Indeed, the number of primary transcript
molecules measured from day 2 to day 6 of adult life
is extremely high. The synthesis rate of mRNA is half-
maximal at day 10 when the primary transcript concen-
tration is similar to the KM. From the simulation, the
maximal rate is achieved between day 2 and 6, when
primary transcript is at least ten-fold higher. Obviously,
a vast overshoot in the transcription of the FABP gene
occurs at the earlier days, as a huge excess of primary
transcript is produced here.

The results obtained in this study provide a plausible
explanation for the observed changes in FABP gene
expression. However, the fact that the simulation leads
to results that are similar to the measured data does not
prove that the current model is correct, as several
assumptions have been made in the construction of the
model. The proposed model does not consider possible
changes in stability of either primary transcript or
mRNA. However, such stability changes alone could not
explain the observed data, unless multiple changes and
extremely unlikely values were assumed. In contrast, the
half-lives of mRNA and protein found here, while cer-
tainly long, are not unrealistic; mRNA half-lives of up
to 100 h have been reported (Steward et al., 1985). The
stability of FABP and its mRNA may be associated with
the function of FABP as a free fatty acid transporter, as
locusts need large amounts of FABP to acquire the
ability to fly long distances thought their adult life. Pro-
teins that are required in large concentrations and their
mRNAs are frequently very stable, like the oxygen trans-
porter hemoglobin. In murine erythroleukemia cells,b-
globin mRNA can accumulate to values as high as 90%
of total cellular mRNA. This high level can only be achi-
eved because of the relative stability of globin mRNA,
with a half-life of about 50 hours, and globin itself,
which is stable in mature blood cells (Ross and Sullivan,
1985; Ganguly and Skoultchi, 1985). Hence, the high
stability of FABP and its mRNA is not without a pre-
cedent, and is certainly advantageous from a physiologi-
cal standpoint.

Locust flight muscle FABP is very similar in its pri-
mary and tertiary structure to mammalian muscle FABP,
and its synthesis increases similarly in response to exer-
cise or elevated lipid supply. Mammalian muscle FABP
and its mRNA also increase during development, but
only up to 3-fold over a period of several weeks
(Heuckeroth et al., 1987). The total FABP concentration
never exceeds the 6% found in rat heart (Veerkamp and
Maatman, 1995). Apparently, a similar overshoot in
FABP expression as observed for the locust is not neces-
sary in mammals. The technique used in this study
should prove useful for the measurement of transcription
rates in mammalian muscle as well, particularly in
response to exercise or other physiological stimuli. Such
studies in insect and mammalian muscle may provide

further insights into the regulation of muscle FABP
genes.
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