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; ABSTRACT 

, ' b 
t 

Fatty acid binding protein (FABP) is the most  abulidant' ?yt&olic protein in 
0 

developed flight muscle of adult locusts, but it is completely absent in nymphs. During h e  A 

+ i 3 

two weeks following adult ecdysis, FABP rises to 18 % of the total soluble prbteins. 

FABP mRNA increases steadily up to day 8, before gtadually declining .to a 16wb 
?. 

concentration at day 15, which remains constant for the rest of the animals life. ( l i  

In vitro nuclear run-on assays were used to measure the transcriptional status of the . - 

FABP gene, but. this method was found to be not shab lq  for locust flight muscle. Instead, ' 

an a~ternahve assay was developed (quantitative competitive reverse transcription 
7 

iLO 

I I polymerase c h i n  reaction), Using a PCR primer combination specific for a 600 bp 

sequence of an intron of the.FP;BP gene, a QC-RT-PCR system was developed towquantify 
L * 

the amount of primary transcript present in muscle tissue at'variogs ages. The FABP gene . * 

is not transcribed prior to metamorphosis; its primary tfanscript rises rapidly during the first 
I 

two days of adult life, and remains clpse tb maximal until day 5. .S;(seque{tly its level 
w * .  

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 

e e l i n g  trqnscription, translation and degradation with compher modeling software. The 

half-lives of FABP protei-n and its ~ R N A  were estimated as 34 days and 2.3 days, 

respectively. The computer simulation was in good agreement with the experimentally 

obtained data, suggesting that the control of FABP e.xpression in locust flight muscle 

occurs predominantly at the level of transcription initiation. 
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CHAPTER 1. GENERAL INTRODUCTION 

--4 

Since ancient times, locust swarms have regularly threatened mankind. Swarms of - - 
Q 

these migrating insects have invaded African and Asian cdunthes, leaving devastation and 

famine khind. While there are more &an 5,000 different species ~f grasshoppers, only a' 
v 

few cause econoMc problems. Two species of locusts which cause perhaps the greatest 

financial loss are the desert locust (Schistocerca gregnria) and the migratory locust ( b c &  

migratoria). While harmless when present at low density, these species' undergo marked - 
physiological and morphological changes once their population exceeds a certain density, 

. 8 

* 

and the insects change from the solitary to the g garious phase> Gregarization, which, " 
C 

1 

occurs only under favorable conditions approximately once in a decade, causes distinct 

behavioral changes, namely the formation of swarms that migrate in A coordinated manner. 

The threat of a locust swarm arises both from the actual quantity of insects and from their 

mobility. As a locust eats the-equiyalent of its own weight in vegetation every day, a swarm 
Jk 

of several million locusts may consume many tons of food in a day. It was reported that 
* r 

during a major outbreak a swarm of locust contained more than 40,000 million locusts and 

covered 1,200 krn2; it was estimated that such a swarm consumed 80,0@ tons of food in 

one day (Uvarov, 1977). As vegetation is rapidly eliminat&along its path, the Swam ' 

migrates further to new sources of nutrition. The desert locust is a large, powerful insect, 

capable of flying at an air speed of 20 km'hour. During miiration; the locust can maintain a - 

cruising speed of up to 15 kmlhour for a period of 40 hours or longer. Swarms have k n  
)r 

found to migrate over extreme distances, for example 1 1,000 k q  from African Sahel to 
c3 

West India (Rainey , 1989). 6 

After hatching, locusts develop through 5 wingless nymphal stages. The locusts 

have fully developed wings only after metamorphosis, when the insects molt from the final 
* - 

nymph stage into adult locusts. For about the first 10 days after the final molt the locust 
P 



undergoes a periodof somatic growth during which the flight muscles increase in-size and 
s 

become fully functional, and fat is stored simultaneously in the fat bodies. ~ i t h o t i ~ h  the 
Is 

locust may take off during this period, the flight is of short duraiion, as the ins& cannot 
B 

sustain l g g  distance flight until approximately 2 weeks -&er adult ecdysis. Subsequently 
4 

the insect retains its capacity to fly for the rest of its life. -e 
* 

During flight, the locust is kept in the air and propei~ed the flapping'of the . ' 

* *  * 

wings. The wings are moved by distodons.of the tho~ax. The depresGon of the dorsal ";.& 

surface by dorsal-ventral muscles causes the wings to move up because of the nature of 
0 

their articulation. Bowing upwards of the dorsal surface,resulting from the action of dorial 
# 

longitudinal mus-ses the wings ,to move down. The muscles producing these 
6 

effects are known as the indirect flight muscles Jxcause they move the wings indirectly as a 

result of distortion of the thoraX (~eenaklceiet al., 1989. The direct flightmuscles, on the 

other hand, are inserted directly into the bases of the wings. They assist in wing 

depression, but are also involved in the control of flight by producing twisting movements 
f 

Y 
of the forewings. 

Flight is one of the most energy demanding activities found in the animal world. 

Most.metabolic energy needed during flight is consumed by the flight muscles. Rates of 

oxygen consumption of insects during flight are among the highest measured, varying from 

40 to over 150 ml of oxygen per gram of body mass per hour. The power au@ut of insect 

flight muscles is greater than that of any other animal muscle, producing, up to 35 Wlkg? 

when the insect is in flight (Casey, 1989). This enormous expenditure of energy depends 
R 

on the ample supply pf fuels and mechanisms facilitating rapid oxidation. The muscles are 

directly bathed in hemolymph, because locusts, like all other insects, have an open 

circulatory system, and the hemolymph penetrates between the muscle fibers and into fine 

ohannels invaginating them. In order to maintain an adequate supply of fuel to the 

mitochondria, where oxidation occurs, very high conce&itions of fuels an necessary in 



the hernolymph. Carbohydrafe levels fall at the beginning of flight and are not replenished, 

indicating that carbohydrates represent the main fuel for flight on1y"for a short time after 

take-off. The concentration of lipids in the hemoofymph on the other hand, starts to rise 
C w - .  

after about 10 minutes of flight and is then maintained at a-higb level, providing the energy 
% &  

-. 
needed to sustain longer *hods of flight (Wheeler, 1989). .' 

I .  
.Oxygen is readily -supplied; directly to the flight muscle cells by the highly 

' 

developed th~racic tracheal system. The resting pattern of opening and closing of the 
6 1 

spiracles is modified during flight tqensure full aerobic respiration at even the highest wing 

beat frequencies. The main air supply to the flight'muscles- run; directly from the first 

thoracic spiracle. Withidthe fliiht muscles the tracheae expand into extensive air sacs. Fine ~ 

, tracheae penetrate deep into the flight muscle tissue, indent the muscle membrane and end 

close to the mitochondria. During flight, the\contractions'bf the flight muscles result in h e  

alternate collapse and expansion of the air sacs so *that air is forced out from and drawn in-7 * ' 

.z 

through the permanently opened first spiracle (Wigglesworth, 1983; Van den Hoqdel- =- 

-4 
1 Franken and Flight, 1981). In $is way ample supply of oxygen is maintained and the . 

carbon dioxide produced is pumped directly out of the body. Because of the high efficiency 

of the complex tracheal system, there is no oxygen debt due to the increase in metabolic rate 

during flight. 

The supply of fuel to the flight muscle is, however, more problematic. Insect 

hemilymph moves in the body cavity in a tidal flow manner and is aided by themovement 
\ 

of the flight muscles. ~ j c h  a system could create problems in the rapid exchange of fuels, 
* 

rnetabol$es, and hormones between the tissues and hernolymph. However, insects.appkar 
L. 

to have successfully avoided this potential handicap by carrying high concentrations of 

fuels in the hemolymph to ensure steep concentration gradients between the hemolymph 

and tissues. Carbohydrate and lipid concentrations in hemolymph are typically up to 80 
P 

times higher than in vertebrate blood. In vertebrates, however, such high concentrations of 
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* .  
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* 
fuels would cause problems due to high osmotic pressure, chemical reactivity, or toxicity. 

1 -To avoid these fomplications insects t r kpo r t  their major fuels predominantly in forms that 

' aie nonreducing,-neutral, and contribute less td the ohnotic pressure, ( ~ o l d s a o r t h ~ ,  1983). 
4 

e -  ' The two main fuels available to a locust Are dearbohydrates and ..fats. These are 
0. 

r* - - 
nbrmally present in high contentrations in the hemolymph and stored i n 4 e  fat body. The 

- -) r 

main carbohydrate present ig locust hemolymph is trehalose. This disaccharide6 is the 

predominant source of energy at the start of flight or for flights of short duratiop: Since the 

total carbohydrate stored in locusts canLprovide suffiicie~ energy for a maximum of only 
f 

'about 30 to 45 miytes of continGus flight, and some tissues such as the &rvous system 
a 

h a v a ~ .  obk atpry requirement for carbohydrate, trehalose is not used a - 
: flights:'i)uring long term flight, hemolym~h trehalose levels are maintained at about 50 

. - 
I percent of preflight levels (Jutsum And Goldsworthy, 1976; Van der Horst et al., 1978). 

There is'no..doubt 2z Fat lipids replace carbohydrates as a majoi energy source during long 
. , 

term flight and migration. 
a: 

Lipids are primarily stored as triacylglycerol' in the fat body. It is well known that 

the activation and mobilization of the storkd lipids during long distance flight is under the 
B 

I 

control of neuron-hormones, especially the peptide adipokinetic hormone (AKH). AKH is 

secreted from the corpora cardiaca of insects, a pair of glands found adjacent to the brain. 

in the des&kxus t~ .  gregaria, then are two different adipokinetic hormcsnes, AKH I and 
B 

AKH 11. Although their biologicdl activities are similar, AKH I and 11 ark released at. 
* 

different times during flight; at the beginning of flight, most of the AKH released is AKH a 

I, while half an hour later AKH I1 predominates (Orchard and Lange, 1983). Upon 
C 

stimulation of AKH, a signal transduction pathyay i n v o ~ & ~  ca2+ and CAMP is activated 

in the fat body that leads to the conversion ~f't~acylglycerol to diacylglycerol (DAG). The 
h 

resulting free fatty acids are re-esterified to glycerol to produce additional DAG in the fat 



0 .  
- 5 

body. DAG is the major form of lipid transported in the hemolymph (Beenakkers et at., 

1985; Chino, 1985). @ 

The .generally accepted theory on hemolymph lipid transport is the "reusable shuttle - s Q 

hypothesis", put forward by Chino's group (Chino ind Kitazawa, 1981; Chino, 1985), 

that involves the hemol ymph lipoprotein li pophori n . Numerous studies have provided 
5 

support foq,this shuttle theory (Downer and Chino, 1985; Van Heusden et al., 1987; 
* 

Surholt et al., 1991; Van Heusdeket al., 1991; Gondim et at., 1992). Once released from 
1, J' 

the fat body into hemolymph, DAG & bound by high densitylipophorin (HDLp). The lipid 

enriched particle is then stabilized by binding several free apolipophorin 111 (apoLp-111) 

4 molecules, a small apoprotein that has high akinity for the lipid-water interface. Because of 
.& 

the binding of D e size of the lipophorin is increased and its density is decreased; the 
d 

DAG enriched lipophhn is called low density li .~phorin (LDLp). At the flight muscle, 

LDLp "docks" to the cell surface, &id DAG is released and hydrolyzed by a membrane 

bound lipase. As a result, apoLp-I11 is rem6ved from the lipophorin p&ticle, l&ving 

behind the DAG depleted HDLp particle which can return to the fat body to pick-up more 
? 

DAG .' Similarly, apoLp-I11 and glycerol, the%ydrophilic product of DAG hydrolyks, - 

' 

return to the fat body. The free fatty acid released by the lipase is directly transported into 

muscle cells where it is ultimately oxidized in the htwhondria to produce ATP to support 

flight (Fig. 1- 1). -J 
,' 

Long chain fatty acids'are poorly soluble in aqueous media. In the muscle ytosol, 

the diffusion of free fatty acids is very slow and can never provide'eno~~h fatty acids to the 

mitochondria to meet the energy requirements of flight. Therefore, a cytosolic transport 

system is needed to supply fatty acids to the mitochondria. several' years ago, ~auner1afi-a 

' and Chisholm (1990) found an abundant fatty acid binding protein in the flight muscle of 
0 $ 

the desert locust that appears to be involved in this fatty acid transport; a similar protein was 

also shown to be present in Locusta migruroria (Tan der Horst et at., 1993). 

.4 



Fat Body %m Hernolymph Flight Muscle 

Fig. 1-1: Locust lipid transport and utilization. 
FFA: free fatty acid. 
TAG: triacylglycerol . 
DAG: diacylglycerol. 
HDLp: high density lipophorin. . 
LDLp: low density lipophorin. 
apoLp-111: apolipophorin 111. 
FABP: fatty acid binding protein. 
hnRNA: heterogeneous nuclear RNA. 
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These fatty acid.binding-proteins belong ;o a growing superfamily of lipid binding 
/ 

proteins characterized in miny vertebrate tissues, which include FABPs from various . 
tissues as welk as myelin P2 protein (MyP2J and cellular retinol and retinoic acid binding 

proteins (CRBP, CRABP) (reviews: Bass, 1988; .Veerkamp et al., 1990; Banaszak et a]., 
7 .  1994; Veerkarnp and M a a m p ,  1995). Several distinct classes of fatty acid binding 

proteins have been identified in vertebrates, namely hepatic or liver FABP (L-FABP), 

intestinal FABP (I-FABP), adipocyte FABP (A-FABP), ileal lipid binding protein (I-LBP), . 

8 

epidermal FABP (E-FABP),' testis FABP (T-FABP), brain FABP (B-FABP) and wdiac  
9 

or heart FABP (H-FABPh Since H-FABP is also present in skeletal muscle, it is sometime 
0 

7 
referred to as M-FABP. , 

C 
P 

H-FABP was first purified from heart muscle by Fournieret al. (1978). It has been L 

found to be present in diffeient kinds of mammalian tissues, for example in skeletal muscle 

(Miller et al., 1988), brain, ovary, testis, kidney (Bass and Manning, 1986), aorta (Sanani 

et al., 1988), and the mammary gland (Jones et a]., 1988; Specht et al., 1996). To date, H- / 

FABP has also been purified and sequenced from other vertebrates such as birds 

(Guglielmo et al., in press), and fish (Ando eta]., in press). 
h 

-Locust flightmuscle M-FABP is an acidic protein with an isoelectric point of 5.2. 

Its molecular weight is about 15,000 Da. It binds fatty acids stoichiometrically in a 1:l 

ratio. Its molecular characteristics, tissue specificity and electrophoretic behavioral are 

similar to those of mammalian H-FABP (Haunerland and Chisholm, 1990, Haunerland, 
e- 

1994). Although vertebrates and invertebrates diverged more than 650 million years ago, 

M-FABP's structure is highly conserved: between locust M-FABP and mammalian heart 

FABP, more than 40 % of the amino acid residues are identical 'and an additional 40 % 

conservatively su,bstituted. This implies that many details of the structure may be required 

for the idenkcal function in muscle cells of both vertebrates and invertebrates (Pnce et a]., 



1992): Indeed, locust M-FABP is remarkably similar to human H-FABP at the tertiary 

structure level (Haunerland et al., 1994). 
i l '  

The fur!,ction of FABP, as the name ''fatty acid binding protein" suggists, is 

primarily to bind fatty acids in the cytosol. It is believed that M-FABP is involved .in the 

transport of fatty acids through the muscle cytoso! from the plasma membrane to the 

mitochondfia. In,a addition, M-FABP may have a cytoprotective function: by binding 

, unesterified fatty acids, it keeps the concentration of free fatty acids low, and thus prevents, 

the pathological effects attributed to the detergent-like action of free fa& acids. There 

appears to be a correlation between the rate of fatty acid oxidation .of a muscle and its FABP :, 

content. Of all mammalian muscles, cardiac muscle has the highest fatty acid metabolizing a 

rate, and its FABP content is also the highest found (4 % ofStotal cytosolic proteins). 
B 

Migratory birds may encounter twice the metabolic rates during flight, and recent results by 

Guglielmo et al (1997) indicate an FABP content of 13 %. Locust flight muscle, while 

similar in structure and physiological properties to mammalian heart muscle (Crabtree and 

Newsholme, 1975), encounters much higher metabolic rates, up to three times as high 

during migratory flight; its FABP content can approach'l8YTo of the total cytosolic proteins 
- - 

(Haunerland et dl ., 1992). - 

M-FABP is the most prominent protein in mature adult locust flight niuscle, but it 

.is completely absent in nymphs and newly emerged -adults. Immediately after 

metamorphosis, FABP synthesis starts and the protein concentration rises rapidly within 
6 

the first two weeks of adulthood, after which it reaches its maximal level. Afterwards, the 

FABP concentration remains constant at, approx. 18 % of the total cytosolic proteins 

throughout the entire life time. The content of M-FABP, in locust flight muscle is 

concomitant to the flight ability of @e insect. While the mesothorax muscle is already 

differentiated and prominent in nymphs, these'insects can not fly since they have no wings. 

Newly emerged adults, however, do have wings, but they acquire the capacity of migratory. 



" - .. - 
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'I 

9 ' 

flight only after a final differentiation and growth period of 10 days (Wang et al., 1993) - 1 

during which the FABP content increases. Flight periods exceeding 60 min. that rely on 

fatty acid metabolism are possible only after FABP reached a significant leire1 (day 5 after 

adult ecdysis, 10 % of total cytosolic protein). 
P 

FABP is an adult specific protein; neither F A ~ P  nor its mRNA have ever been 

detected prior to metamorphosis. Supernumerary nymphs, produced after treatment with 

juvenile hormone,"never expressed FABP, although their muscles grew rapidly (Chen et 

al., 1993). Similarly, after the treatment with the molting inhibitor azadirachtin, insects 

remained in their final nymphal stage (over-agedaymphs), their muscles increased in size 
e 

without expressing FABP. kappears that FABP expression is specifically turned on after 

metamorphosis. 

Indeed, the synthesis of FABP is preceded by a rise in its mRNA. FABP mRNA is 

first visible one day after metamorphosis; it reaches its peak during the first week and 

decreases in the second week to a relatively low, constant level (Haunerland et al., 1992). 

The fact that FABP mRNA decreases after day 8 is unusual for a constitutively expressed 

protein; it suggests some sort of feed-back control mechanism that 'suppresses FABP 

; synthesis after a certain level has been reached. From the available data on FABP and its 

mRNA it is not possible to decide whether this regulation is at the transcriptiorial or post- 

onal level. .FABP transcription could be de-activated if FABP concentration 

increases, or mRNA stability could be altered. 

It is interesting to note that FABP ~ R N A  can again increase in mature adult locusts. 

I Forced locust flight, during which the metabolic rates are 10-fold higher than at rest, result 

in 8- 12 fold higher levels of FABP mRNAin flight muscle (Chen and Haunerland, 1994), 

even though there is already an extremely high concentration of FABP present in the flight 

muscle. Similar results were obtained after injection of either AKH or LDLp, which 

increase the transport of DAG to the flight muscle (Chen and Haunerland, 1994). The 



inCrease of intracelluiar fatty acid content for a certain period of time may serve as a signal 

that can trigger the elcpcession of FABP. 
.g 

To date, it is not known whether the regulation of M-FABP expression in the locust * . , 

occurs at the transcriptional level. In mammalian muscle, FABP and its mRNA 
% 

concentration increase with the terminal differentiation of the muscles, althoogh the &A - 
i 

level does not decrease afterwards (Crisman etal., 1987). Further evidence suggests that 

chronic muscle stimulation in skeletal muscle also leads to an increase in FABP content 

(Kaufman et al., 1989; Veerkamp and van ~ o e r k e h ,  1993): In experimental diabetes, 
d 

which also leads to increased fatty acid oxidation, a marked increase in FABP mRNA has 
fr 

also been observed (Carey et al., 1994). In this study, nuclear run-ons provided some, 

albeit weak, evidence that FABP gene expression is up-regulated, Otherwise, nothing is 
' 

known about the regulation of any muscle FABP. 

Recently, the genes for H-FABP, which are formerly known as mammary derived 

growth inhibitor (MDGI) (Treuner et a]., 1994), have been cloned, together with 2 kb of 
/ 

upktream sequence, from mouse (Specht et a]., 1996) and human (Phelap et al, 19%). The 

gene for locust M-FABP has also been cloned, but so far without any upstream sequence 

(Haunerland et al., unpublished). The gene structure of all known FABP genes is highiy 

conserved. All mammalian genes coding for h e  various FABP types are composed of 4 
- 

exons cdding. for approximately 22, 57, 37. and 17 amino acids respe&ively; these are 

sep$rated by introns of variable length, but in exactly the same positions. While the human 
P 4 

and mouse H-FABP gene follow this pattern. the locust M:FA~P gene has only two 

introns of 13 kb and 2.3 kb-inserted in analogous positions. The second intron is missing 

(Haunerland et a]., unpublished). 

The goal of this thesis was to study whether the regulation of FABP expression in 
* 

the locust occurs at.the level of transcription. Thus, it was necessary to develop a method 

that could measure newly synthesized transcripts, 20 measure the rates of transcription at 
' 



different days in development, and to comlaie the findings with the observed steady state 

mRNA levels. Normally, a nuclear run-on assay is the method of choice for such analysis, 
P 

but this has only rarely been used in differentiated muscle. While giving excellent results in 
* 

cell culture or soft tissue like liver and brain, it appars to be difficult to obtain sufficient 

numbers of transcriptionally active nuclei from harder tissues, such as muscle. One study 

employed this technique to measure FABP transcription in normal and diabetic rats (Carey 
I 

et al., 1994), but it was not possible to obtain any quantitative 'data. Therefore, it was 

decided to begin with the isolation and characterization of nuclei and to establish favorable 

conditions for run-on assays in locusts, and if successful, measure changes in transcription 
1 

rates throughout development. 



CHAPTER 2: NUCLEI ISOLATION 

2.1. Introduction: 

The eukaryotic nucleus, the major site of RNA synthesis, plays a dominant role .in 
v 

the regulation of gene expression. Muscle is a good model system which has been used 

extensively for the study of cellular differentiation,tissue development, adaptive changes to 

conditioning and similar processes. It is thought that changes in the expression of specific 

genes stimulated by a variety of signals are key events during the proceb. Because of the 

structure of striated muscles, which contain an abundance of highly organized contractile 
t 

elements of myofibers, understanding the regulation of such genes has been hampered by 

the difficulties in isolating of muscle nuclei. ft is essential to isolate sufficient pure, intact 

and transcriptionally active nuclei from muscle tissue for st variety of studies related to the 

regulation of gene expression, including nuclear run-on transcription for studying the 
I 

transcription rate of a certain gene, the characterization of DNase I hypersensitive chromatin 

regions, and the preparation of nuclear extracts for the identification of trans-acting factors 

(nuclear run-off assay). For the study of fatty acid binding protein expression in locust 

flight muscle, the isolation of nuclei from locust flight becomes necessary. 

Conventional procedures for isolating nuclei variety of animal soft 

tissues such as liver, pancreas, kidney and brhn (McEwen and Zigmond, 1972;' Tata, 

1974; Smuckler et al., 1976; Marzluff and Huang, 1984; Nevins, 1987) and cultured cells 

(Smuckler et al., 1976; David et al., 1978; Mellon and Bhorjee, 1982; Marzluff and 

Huang,i1984) were not suitable for purifying nuclei directly from striated muscle tissue. 

Striated muscle tissue, which include vertebrate heart muscle and skeletal muscle, 

is different from any other tissues found in animals. Locust flight muscle, also a striated 

muscle, is similar in structure to vertebrate heart muscle. The muscle cells are multi- 



nucleate with numerous peripheral and flattened nuclei aligned in longitudinal rows. The 

large diameter fibrils are cylindrical in shape and large mitochondria fill the spaces betwetn 

the fibrils. In flight muscles the multi-nucleate fibers,extend the full length of the mtiscle' 

(Elder, 1975). 

The main advantage of using isolated nuclei for transcriptional studies is that this 

subcellular system is as close to the intact cell as possible. Within the isolated nucleus the 
21 

chromatin is maintained in its native state. The integrity of the nucleus is maintained during 

the period of ;ell free synthesis of RNA, arid the newly made RNA remains associated with 

the nucleus, as it ddes in the intact cell. Thus, the activity measured reflects the activity of 

that nucleus in the cell; the same genes are being expressed in the same relative amounts in 
, 

the isolated nucleus as in the intact ceI1. . ' 

2.2. Material and Methods: 
I 

2.2.1. Chemicals and buffers: 

All chemicals were from Sigma (St. Louis, MO), unless otherwise indicated. 

Electron microscopy supplies were from J.B. EM services (Pointe Claire Dorva l , '~~) .  

Buffer I (homogenization buffer): 0.32 M sucrose, 10 rnM HEPES, pH 7.6, 15 d KCl, 

0.15 mM spermine, 0.5 mM spermidine, ,1 mM EDTA, 10 % glycerol. All the 

components were fully dissolved and kept at -20 "C. Just before use, 0.5 mM DTT, 

0.5 mM PMSF (phenyl-methyl-sulfonyl-fluaide), 1 % aprotinin and the cocktail: 
* * 

0.1 ig/ml leupeptin,O.l pglml pepstatin,O.l pglml antipain.2pM TLCK and 2 

mM spermidine, 1 mM EDTA, 10 % glycerol. All the components were fully 
. 

dissolved and kept at -20 'C. Just before use, 0.5 mM 'DTT, 0.5 mM PMSF 

p M TPCK were added. 

Buffer 11: 2.2 M sucrose, 10 mM HEPES, pH 7.6, 15 mM KCI: 0.15 rnM spermine, 0.5 
a 



I 

(phenyl-methyl-sulfonyl-fluoride), 1 % aprotinin and the cocktail: 0.1 pg/ml 

leupeptin,O.l i i l m l  pepstatin, 0.1 pglml antipain, 2 pM TLCK and 2 ~M'TPCK 

, Storage buffer: 10 rnM HEPES, pH 7.6, 15 mM KC], 0.15 rnM spermine, 0.5 rnM 

sperrnidine, I mM EDTA, 40 % glycerol. All the components,were fully dissolved 

and kept at -20 "C. Just before use, 0.5 mM DTI", 0.5 mM PMSF (phenyl-methyl- 

sulfonyl-fluoride): 1 96 aprotinin and the cocktail: 0.1 p g / d  leupeptin, 0.1 p g l d  

pepstatin, 0.1 pglml antipain, 2 p M  TLCK and 2 pM TPCK were added. 

D m :  1 M stock in H20. 

PMSF: I M stock in isopropanol. 

Cocktail: Leupeptin, Pepstatin and Antipain: 05 mg/ml each-in ethanol. 

TLCK and TPCK: 10 mM stock inH20. 

2.5 % glutaraldehyde: 2.5 % vlv in 0.2 M sodium phosphate, pH 7.4. 

1 .O % osmium tetroxide: 1 .O % y/v in 0.2 M sodium phosphate, pH 7.4. 

2.2.2. Methods: \ 

2.2.2.1. Insects: r 
* 
P- 

Locusts (Schisrocerca greguriu) were reared ih crowded conditions a t  32 "C under 

continuous light. The last stage nymphs were collected and immediately dissected for 

muscle nuclei isolation. within 12 hours after molting, freshly emerged adults were 

removed and reared separately until sacrificed for nuclei isolation at the. specified age. 

Individuals between 0 and 24 hours after adult molting are referred to as day 1 adults, with ' , 
* 

. each subsequent day representing an additional 24 hour period. 
I 

2.2.2.2. Nucleus isolation from locust flight muscle: 
% 

The procedure was modified from Sierra (1990). 'It was a non stop procedure 
I 

which required about 5 hours. All the procedures were canied out on ice and in a cold 
- 

room. After the ultracentrifuge was turned on with vacuum on, the temperature was 



equilibrated at 0 "C. The buffers were mixed up with the inhibitor cocktail and no Schlieren 

line was obvious. 15 ml of buffer I1 was added to each alpcentrifuge tube to form pads. A . 
few milliliters (10- 15 ml) of buffer I were added at the bottom of 'the homogenizer to 

prevent the tissue-from getting stuck. After the preparation procedure, 12 locusts were 

dissected to obtain the flight muscles. Every flight muscle was minced as fine as possible 

and immediately thrown into the homogenization buffer. The muscles were combined 

together and homogenized by several strokes (7 strokes at 6,000 rpm) in a motor-driven 

Teflon-tipped Potter- Elvehjem homogenizer (clearance 0.5 mm); keeping the tissue 

suspended in buffer I at about 1 g110 ml. After the homogenization, the mus'cle homogenate 

was passed through a 100pm nylon mesh. The filtrate was centrifuged in an SS34 rotor at 

2000 g (4000 rpm) at 0 "C for 10 min. The pellet was resuspended in 20 ml of buffer 11,. 
. 

loaded on th2 top ofthe cocktail pads in the SW27 ultracentrifuge tubes as fast as possible, 

and ultracentrifuged at 27,000 g (24,000 rpm in SW27 rotor) for 60 min. in the pre-cooled 

ultracentrifuge. While spinning, small aliquots of material were checked under a light 

microscope to confirm that most cel'ls were broken, but moa nliElei were intact. After 

centrifugation, the whole cells $and unbroken pieces of tissue and yellow colored fat floated . 
at the surface, nuclei with cytoplasmic tags and broken nuclei stayed in the upper phase of 

3 the buffeflI; clean nuclei (white or transparent) pelleted at the bottom. The solid floating 

disc was removed with a spatula, then the liquid was carefully aspirated, and the sides of 
@ 

the tubes were wiped off with Kimwipe. The tube walls were rinsed with distilled water 

using a syringe which had a long needle with the tip bent about 90 digree attached on it, 

holding the tube upside down, while avoiding wetting the nuclear pellet. The nuclei were 

resuspended in 1 ml of storage buffer and counted under a light microscope. 



2.2.2.3. Electron microscopy: 

The isolated nuclei wen fixed in 2.5 % glutaraldehyde at 4 'C for 2 hours. The , 

nuclei were rinsed in 0.2 M sodium phosphate, pH 7.4 and post-fixed in 1.0 % 0s04. The 

nuclei were rinsed again in the phosphate buffer and dehydrated in an ethand series. The 

,nuclei were transferred to propylene pxide and embedded in EponlAralditk. The ultrathin 

sections were made with a diamond knife and stained with 5 % uuhnyl acetate and 2.6 % 

lead citrate: The sections were observed under a pillips electron microscope (EM 300, 80 
t 

KV) . 

2.3. Results: - .  

e 

Electron micrographs showed that the purified nuclei were intact. They were 

usudlly oval, I I oblong and flat in shape and had intact double layer nuclear envelope (Fig. 

2-1). The length otthe nuclei were around 10 pm, approximateiy the same size reported for 

8 mammalian nuclei (Edelman et al., 1965; Held et al., 1977; David et al., 1978; Jackowski 

and Liew, 1980; Mellon and Bhorjee, 1982). The ultrastructure.of the isolated nuclei wai - 
the same as seen in whole muscle (Haunerland, et al., 1992; Chen, et al., 1993). The most 

electron-dense structure in the nucleus is the nucleolus; all nuclei had one .or two distinct 

nucleoli in the nuclioplasm (F&. 2-21. Large dense chrohatin was aggregated and the lose 

chromatin dispersed in between. Since a locust has a much larger genome than a mammal, 

most of the genomes are dormant and are probably conhined in the heterochromatin which 

is electron dense. The active genes constitute the euchromatin, which is the less dense 

chromatin in the electron micrograph. Then .are no endoplasmic reticulum tags associated 
s 

with the nucleus envelope, which indicates that the isolated nuclei were pure (Fig. 2-3). 



Fig. 2-1: Electron micrograph of isolated nuclei 
from locust flight muscle. 
The nuclei were isolated and fixed as described 
in Chapter 2.2. (x 8,200). - l ~ m  



nuclear envelope nucleoli 
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Fig. 2-2: Electron micrograph of isolated nuclei 
from locust flight muscle. 
The nuclei were isolated and fixed as described 
in Chapter 2.2. (x 12,500). 
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Fig. 2-3: Electron micrograph of isolated nuclei 
from locust flight muscle. 
The nuclei were isolated and fixed as described 
in Chapter 2.2. (~12,500). 

1P-n 



2.4. Discussion: 

Tissues freshly isolated from live animals usually contain high amounk of 

macromolecule degrading enzymes, such as DNase, RNase, and prote$e. Disrupting the 

solid tissue can ihduce the rupture of lysosomes and other organelles. The release of these 

enzymes can. cause damage to the nuclei and result in the loss of function. Several 

precautions had been taken to limit the damage caused by these processes. The protease a 

inhibitors, PMSF, aprotinin, and the cocktail, were included in all the steps. For the .' 

inhibition of DNase activity, divalent cations such as M ~ "  and ca2+ were replaced with 

-, spermine and spermidine. EDTA was also included in the whole process to chelate divalent 

cations coming from tissues themselves. In order to reduce the enzyme activities, all the 

procedures were carried on either on ice or in a cold room maintairfed at 4 "C. 

Generally this procedure should be carried out as quickly as possible. Using. locust 

flight muscle has its disadvantage: dissecting of 1 g of muscle tissue alone can take more 

than an hour. This disadvantage may explain the low efficiency of the isolation. 

Muscle tissue is a "tough" tissue. Even vigorous homogenization can not disrupt all  

muscle fibers. These bundles of myofibers can hamper the nuclei precipitation. After 

homogenization, the homogenates were passed through the lOOpm stainless steel mesh for 

filtration (Hahn and Covault, 1990). This filtration step removed the poorly disrupted 

muscle fiber pieces which would otherwise trap nuclei during ultracentrifugation. 

The principle of nuclei isolation is based on the different densities of nuclei and 

other organelles. The muscle nucleus is the most heavy organelle. It has a density of about 
L 

1.10 glml. Other cell component densities are less than 1.05 glrnl (Hahn and Covault, 

1990). When using 2.0 M sucrose gradient solution, the nuclei appeared dirty with the 
5 

myofiber contamination. However after the sucrose concentration was vised to 2.2 M 

(density about 1.2 glrnl), pure nuclei could be obtained. 
2P 



After the conditions of nuclei isolation had been optimized, about 1 x lo6 nuclei 

were obtained from approximately 1 g locust flight muscle. In contrast, Jackowski and 
I 

Liew (1980) obtained 10 times more nuclei frdm mammalian skeletal muscle tissue (1 x 10' 

nuclei pei'gram). This could be because of the experiment IimiMon mentioned 

because locust flight muscle has less nuclei than the mammalian skeletal muscle. 

above, or 
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CHAPTER 3: NUCLEAR RUN-ON ASSAY b 

3.1. Introduction: 

The establishment of an in vitro system is an essential prerequisite for studies of the 

mechanism of transcription of specific genes and the processing of primary transcripts in 

eukaryotic cells. Several in vitro techniques, such as in vitro transcription have been 

developed (Manley et al., 1981; Heintz et al., 1983; Dignam et al., 1983; Parker and 

Topol, 1984; Marzluff and Huang, 1984; Linial et al. 1985; Gorski et al., 1986; Shapiro et 

al., 1988; McCully and Liew, 1988; Celano et al., 1989; Zahradka et al; 1989; Cornelius et 

al. 1990). One of the most widely used systems is* nuclearmm-on assay, which starts - 

with isolated nuclei and uses endogeneous chromatin as the template for transcription. This 
> 

approach emphasizes the preservation of cellular activities in vitro. The nuclear run-on 

transcription system provides one of the best methods to measure the relative transcriptional 

rate of a gene. 

O The advantage of using isolated nuclei for transcriptional studies is that it is a . 

system which is as close to the intact cell as possible. Within the isolated nucleus the 

chromatin is maintained in its native state. The integrity of the nucleus is maintained during 

the cell free synthesis of RNA and &e newly made RNA remains associated with the 

nucleus, as it does in the intact cell. Thus the activity measured reflects the app6ximate 

activity of that nucleus in the cell; the same genes are being expressed in the same relative 

amounts in the isolated nucleus as in the intact cell (Marzluff and Huang, 1984). 
d 

For in vino RNA sinthesis, nucl4 k e  incubated in the in vino transcription buffer 

with all four ribonucleoside triphosphates, one of which is-labeled, for a certain amount of 

time. The labeled total RNA transcripts are then purified and hybridized to excess DNA 

probes, which are immobilized on a nylon membrane. ffier several washing steps to 
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remove the unbound RNAs, the amount of the hytiridized RNAs can be determined by 

autoradiography or chemiluminescent detection .followed by densitometry of the 

photographic images. The relative transcription rate of a particular gene can be quantified 

by comparing the measurement of that RNA transcript with the measurement of total RNAS 

synthesized in vitro,.using excess DNA probes blotted on nylon membrane. 

Several disadvantages of this method limit its usefulness. The.assay requires large - 

numbers of isolated nuclei, which restricts i& usefulness in systems where the isolation of 

large number of nuclei is difficult. The sensitivity of this method has to be considered, in 

light of the complexity of the RNAS being synthesized; it is believed that lo4 to lo5 

different genes active in the intact cell are also transcribed in isolated nuclei. The nuclear 
e 

run-on assay is l a b w u s ,  time consuming and expensive. The traditional standard , 

procedure involves significant amounts of radioactivity; to handle .the hazardous iadio- 

labeled RNAs throughout the whole process is another big disadvantage. 

Recently, Merscher et al. (1994) developed a modified protocol, which used 

Dioxigenin (DIGtlabeled UTP instead of CZ-~'P labeled UTP to transbribe W A S  in vitro 

and used the chemiluminescent detection method to check the RNA signal after 

, hybridization. The procedure used in this chapter was mainly modified from ~ e r s c h e r  et al. \ 

- 
( 1 994). 

3.2. Material and Methods: 

3.2.1. Material: 

All the chemicals were from GIBCO BRL (Burlington, ON) unless otherwise 

specified. Nylon membrane was from Boehringer Mannheim (Larval, QC). The DIG 

Detection Kit was from Boehrifiger Mannheim. Wizard Midiprep kit and Wizard Miniprep 

kit were from Promega Co. (Madison, WI). k 



4 

24 
4 3.2.1 . l .  Plasmid preparation: 

1 . LB media (liquid): 10 g bact-tryptone, 5 g yeast extract, 10 g NaCI, in 1000 ml H20, 

' p ~  7-8, autoclaved - 
2. LB'media (plate): LB media (liquid) plus 15 g agar, pH 7-8, autoclaved 

B 

3 . Wizard Midiprep kit and Wizard ~ i n i f i e p  kit (Promega Co., Madison, WI) 

4. Solution I: 50 mM glucose, 25 mM Tris.CI (pH 8.0). 10 mM EDTA (pH 8.0) 
- 

5 .  ~&u t ion  11: 0.2 N NaOH, 1 % SDS 

6. Solution 111: 60 rnl5 M KOAc, 11 .S ml glacial HOAc, 28.5 ml H20. 

7. Buffer-saturated-phenol (Gibco BRL, Life Science Technology) 

8 .  chloroform: isoaihyalcohol= 24: 1 

9. TE buffer: pH 8.0,10 mM Tris.Cl, 1 rnM EDTA, add H20 to 1000 ml, autoclaved. 

10. H20: instead of using TE, can use autoclaved H20 to dissolve DNA. 
\ 

3.2.1.2. Genomic DNA extraction: 

1 . ex t rAon  buffer: Od M Tris.Cl, pH 8.0,O-1 M EDTA, 0.5 % DEPC 

' 2. 10%SDS 

3. Buffer-saturated-phenol (Gibco BRL, Life science Technology) 

4. 8 M KOAc: make fresh, 19.6 g KOAc, add H20 to 25 ml 

5 .  sevag: chloroform : isoamylalcohol = 24: 1 

7. TE pH 7.5-8.0 - 
d 

3.2.1.3. cDNA library amplification: 

1 . plate for bacterial streak: LB-tetracycline 

2.  medium for bacterial cultures for titen'fi~ phage (final concentration): LB with 0.2 % 

(vlv) maltose and 10 mM MgSO.1 
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SM buffer (per liter): 5.8 g NaCI, 2.0 g MgS04.H20, 50 ml 1M Tris.CI (pH 7.5). 5.0 

m12 % (wlv) gelatin 

DEPC 

10 % SDS 

1 .O M Tris-HCI (pH 8.5) 

0.5 M EDTA 
\ 

5 M potassium acetate 

' 3.2.1.4. Dot blotting: 

1. 1 M NaOH:'40 g NaOH, 1000 ml DEPC-H20, autoclave 
I 

2. 0.4 M NaOH: 16 g NaOH, 1000 rnl DEPC-H20, autoclave 

3. 200 m M  EDTA 

4.  2 x SSC: 20 x SSC: 175.3 g NaCI, 88.2 g Na citrate, add DEPC-Hz0 to 1000 ml, pH 

39.1.5. Run-on transcription: 

2 x reaction 4bffe.r: 10 rnM Tris.HC1 pH 8 .O, 5 mM MgC12,0.3 M KC1 , 1 mM DTT, 
& 

0.2 mM EDTA, 4 rnM each of ATP, GTP, CTP, 3 pl DIG-UTP (10 nmollpl). 

DNase I ,  RNase free: 10 mglrnl (Boehringer Mannheim) 

1 M CaC12: 54 g CaC12.6H20, add DEK-Hz0 to 200 ml, sterilized by passage 
i through a 0.22-rnicroh filter, store ih 1 ml allquots at -20 'C 

proteinase K: 10 mglml, (stock: 20 mglml in DEPC-ddH20, store at -20 "C, in reaction: 

50 pglml, buffer: 0.01 M Tris, pH 7.8,0.005 M EDTA, 0.5 % SDS, temperature: 37- 

56 "C) (~oehrin~er Mannheirn) 

10 x SEk 5 ? h " ~ ~ ~ ,  50 mM EDTA, 100 mM Tris.HC1 pH 7.4 

tRNA 



7.. NRO buffer 11: 4 M GITC (Gibco BRL), 25 MM Na citrate, pH 7.0, 0.5 % sarkosyl, 

9. Phenol and SEVAG 

10.95 % and 70 % ethanol 

11.0.5 % SDS 

3.2.1.6. Hybridization: 

1. hybridization buffer: 0.1 % (wlv) N-lauroysarcosine, 0.02 % (wlv) SDS, 1 % blocking 

reagent, (1110 volume of blocking solution, 10 x conc.) f 

2. washing solution: 1st and 2nd time: 2 x SSC, 0.1 % SDS 

3rd and 4th time: 0.1 x SSC, 0.1 % SDS 

3.2.1.7. Detection: 2 

1 . buffer 1 (rialeic acid buffer): 0.1 M maleic acid, 0.15 M NaCI, adjusted to pH 7.5 with 

solid NaOH 

2. washing buffer: buffer 1 plus 0.3 % (vlv) Tween 20 
1 

3. blocking stock solution (10 x conc.): 10 % (wlv) blocking reagent in buffer 1, dissolve 
I 

blocking reagent by constantly stirring at 65 "C, autoclave and store at 4 "C. 

4. buffer 2 (blocking solution): the 1 x conc. solution is diluted from the blocking stock 

solution in buffer 1. 
1 

5 .  buffer 3 (detection buffer): 0.1 4.4 Tris.HCI, 0.1 M NaCI, 50 mM MgC12, pH 9.5 

3.2.2. Methods: 

3.2.2.1. Plasmid extraction and purification: 

1. Miniprep: The procedure was derived from a Wizard Miniprep kit (Promega Co.). 

Three ml of cells were pelfeted by centrifugation at top speed in a rnicmcentrifuge for 2 

- - min. The cell pellet was then.completely resuspended in 200 pl of cell resuspension 
Y 

solution, followed by the addition of 200 pl of cell lysis solution and 20d pl of 
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neutralization solution: The mixture was spun at top speed in a microcentrifuge for 5 

min. The clear supernatankwas transferred to a' new microcentrifuge tlibe. 1 ml of the , 

magic pinipreps DNA purification resin was added to the supernatant and mixed by 

inverting the tube several times. The resin was dried by passing through a minicolumn, 

and washed with 2 ml of 70 % ethanol. 50 pl of preheated (70 "C) sterilized deionized 

distill water were applied to the column. To elute the plasmid, the column was spun at * 

top speed for 1 min in a microcentrifuge. The plasmid DNA was stored at -20 'C 
* 

2. Midiprep: The procedwe,was derived from, a Wizard Midiprep kit (Promega Co .). One 

hundred ml overnight cultured cells were pelleted by centrifugation at 10,000 g at 4 "T: 

for 10 min. The cell pellet was then ' completely resuspended in 3 ml of cell 
1 

resuspension solution, followed by the addition of 3 ml of cell lysis solution and 3 ml 

of neutralization solution. The lysate was centrifuged at k4,000 g at 4 "C for 15 min. - 
The supernatant was transferred to a new tube. Ten-ml resuspended purification resin 

were added to the supernatant and mixed by inverting the tube several times. The resin 
e 

mixture was dried by passing through a midicolumn with a vacuum. The resin was 

- washed by adding 15 ml of column wash solution. 300 p1 of preheated (70 "C) 

sterilized deionized distill water were applied to the column. To elute the plasmid, the 

column was spun at top speed for 1 min in a microcentrifuge. The plasmid DNA was 

stored at -20 "C. 

3 .  Purified plasmids (with insert (cDNA or part of intron 1 sequence) and without insert) 

were cut with EcoRl a id  XhoI at 37 'C for more than 2 hours or overnight. The , 

e 
digestion was run on 1 % low melting point agarose gel to separate the insert and the 

vector. The insert bands and the pure vector were cut out from the gel and put into 

sterilized ependorf tubes. The agarose was melted at 65 "C for 10 min, then quickly 

frozen in liquid nitrogen. The agarose was re-melted at room temperature and spun at 

top speed for 15 min. The supernatants were renioved to new tubes. After phenol- 



chloroform-isoamylalcohol extraction, the DNAs were precipitated- in an equak volume - 

t 

of isopropanol overnight. The precipitates yere centrifuged at top speed in a microfuge 
, 

for 1-5 min; the pellets were washed with 70 % ethanol and air dried and dissolved in 

3.2.2.2. Genomic DNA extraction from locust flight muscle: 

One locust flight muscle was ground to a fine powder in liquid nitrogen. The 

'powder was transferred into a 4 rnl tube containing 2 ml extraction buffer and 225 pl 10 % 

SDS and the mixture -was incubated at 65 "C for 3'0 min with inverting periodically. Then 

260p18M KOAc was added and the tube was placed on ice for 30 min. After spinning at 

5,000 rpm in an SS34 rotor for 15 min at 4 "C, the aqueous layer was transferred with 

enlarged Pl000 tip to 4 eppendorf tubes (500 p1 each), and extracted with 
'c 

phenol/chloroform. The genomic DNA was then precipitated with 2 volume cold 100 % 

ethanol and spun at top speed for 15 min in a microcentrifuge. m he pellet was'rinsed with 

70 % ethanol and air dried. The pellet was resuspended in 50 pl TE buffer with RNase A 

and incubated at 37 "C for 1 hour, then at room temperature overnight. Extraction and 

precipitation was processed again as before. The DNA was resuspended in 50 p1 H,O and 

stored at -20 "C. 

3.2.2.3. Amplifying locust flight muscle cDNA library: 

The locust flight muscle cDNA library was constructed with Gigapack I1 packaging 

Extracts (Stratagene, CA) before and stored at -80'C. The whole amplification process was 

derived from kgapack I1 Packaging Extracts (Stratagene, CA). The XLl -Blue M W' host 

strain glycerol stock was streaked onto LB-tetracycline plates, and incubated at 37 "C 

overnight. A single colony was grown in LB with 0.2 % (vlv) maltose-10 rnM MgS04 

media at 37 "C for 4-6 hour shaking (0.D.600 < 1.0). The cells were pelleted at 2000 rpm 

for 10 min. The cells were gently resuspended in half the original volume with sterile 10 
<>- 
t .  

mM MgS04, and Diluted to 0.D.600 = 0.5 with sterile 10 mM MgS04. ~ l i ~ i o t s  of iibrary 



suspension containing -50,000 pfu were mixed with 600 pl of-the cell in Falcon 2059 

tubes. The tubes &re incubated at 37 % for 15 min. 6.5 ml of meltqd LB top agar were 

m&ed with each aliquot of infected cell and spread evenly onto a 150 rnrn plate of bottom 

agar. T k  plates were incubated at 37 "C for 6-8 hour. 8-10 ml of SM buffer were overlaid 
3 L 

onto the plates. The plates were stored at 4 OC overnight. The bacteriophage suspension 

was recovered from each plate and pooled into - a sterile falcon tube. The plates were rinsed 

with an additional 2 rnl of SM buffer and pooled. chloroform was added in to a. 5 % 

concentration. The tube was incubated for 15 min at room temperature. Cell deb& were 

removed by centrifugation at 2,000 g for 10 min. The'supernatant was transferred to a 

sterile polypropylene tube and chloroform was added:ib a 0.3' 1 final concentration and 
z 

stored at 4 "C. 

3.2.2.4. Phage miniprep: +e 

To 400 yl of th'e phage suspension, 5.0 p1 DEPC, 5.0 p120 9% SDS, 50.0 pI2.0 M 

Tris pH 8.5 and 20&1 0.5M MTA were added and mixed genily by finger vortex. The 
L 

mixture was placed at 70 "C for 5 min. Then 50 p1 of 5 M potassium acetate were added 

and placed on ice for at least 30 min. The mixture was centrifuged for 15 min at room 

temperature. The phage DNA was precipitated with 95 % ethanol at room.temperature for 

10 min. and then microfuged for 15 min and ethanol poured off and air dried. The DNA 
* 

was resuspended in 50 p1 of TE. 

3.2.2.5. Dot blot on nylon membrane: 

The Boehringer Mannheim nylon membrane was cut to the appropriate size, rinsed 

in H,O for 10 min. A piece of Whatman 3MM filter paper was cut to the size of the Bio- 

Rad manifold, rinsed in water and placed in the manifold and laid the membrane on top of 
+ 

it, then the manifold was assembled. To each DNA sample, 1 M NaOH and 200 rnM 

EDTA.-~H 8.2 wece added to a final concentration of 0.4 M NaOHI 10 mM EDTA. The 
3 

samples were denatured for 10 min in a water bath at 100 'C.  With 'the suction to, the 



manifold device on, 500 p 1 H20 were applied to each we1 I, and allowed the whtkr to filter 

through. Then the samples were applied to the wells. For each-well, 5 p g  of DNA sample 

was spotted. After applying the samples, each well was rinsed with 500 pi 0.4 M NaOH 

and the manifold dismantled. The membrane was rinsed briefly in 2 x SSC and air dried. 

The DNAS were immobilized by irradiating for the appropriate time (autocrosstinking) on a 

UV transilluminator with the DNA-side-down. The membrane was stored dry between 

sheets of Whatman 3MM filter paper for several months at room temperature. 

3.2.2.6. Nuclear run on reaction: 

Nuclear run-on assay was performed following the methods of Bentley and 

Groudine (1986), Celano et a1. (1989) and Merscher et al. (1994) with modifikations. One 

hundred pI of isolated Jocust flight muscle nuclei was mixed with one\volume (100 p1) ~f 2 

x-reaction buffer. The mixture was incubated for 60 rnin at 32 "C. After incubation, 10 p1 

RNase free DNase I, (10 mglml, Boehringer Mannheim) and 10 pl  CaCI2 (20 mM) were 

added to the mixture, and incubated for 5 rnin at 26 "C. To digest the enzymes, 25 p1 10 x 

S IT ,  2 p1 proteinase K (10 mglml, BM) were added, and the mixture was incubated for 30 

min at 37 "6. To help precipitate &e synthesized RNAs, 5 pl of tRNA was added to the 

mixture. The subsequeat steps were iddition of 550 pl NRO buffer I1 and 90 pl 2 M 

NaAc, pH 4.0; the mixture was PC1 (phenol-chloroform-isoamylalcohol, 24.5:24.5:1) 

extraction; then precipitated the supernatant with 1 volume ice cold isopropanol (kept at -20 

"C over one hour and span at the top speed for 20 min at 4 "0; resuspended the pellet in 

300 pI NRO I1 and 0.2 M NaAc, pH 4.0;*reprecipitated in two volumes of cold 100 % 

ethanol; washed the pellet in 70 % ethanol; resuspended the pellet in 20p10.5 % S*DS. 
J 

3.2.2.7. Hybridization: 

For prehybridization preparation, an appropriate volume of hybridization buffer (20 

rnlllOO cm2) was prewarmed to hybridization temperature. The nylon filter was 

prehybridized at 60 'C for over 60 min with gentle agitation. After- prehybridization, the 
, 
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DIG-RNA was denatured by boiling for 5 min and rapidly cooled ori ice. Then the 

prewarmed hybridization buffer (2.5 ml/100 cm2) was adde(l in a& mixed well and the 

membrane was transferred to the probeshybridization buffer mixture. The i-ncubation was 

canied on with gentle agitation at 60 "C over night ( over46 h ). After hybridization, the 

membrane was washed at low stringency (two times for 5 min each in 2 x SSC, 0.1 % - B * 

SDS at room temperature) and high stringency (two times for 15 min each in 0.1 x SSC, 

0.1 % SDS at 65 "C under constant agitation), respectively. 

3.2.2.8. Checking the quality of the DIG detection system: 

, One microliter (5 ng) of the labeled control DNA (Boehringer Mannheim) was 

serially diluted 10 to 10,Q00.folds. One microliter of each dilution was spotted directly on a 

posi&ely Charged n&a.mknibr&e (Boehringer Mannheim) and processed. the detection . 
& 

assay according to the pmtocol from manufacturer (DIG System User's Guide for Filter 

Hybridization; Boehringer Mannheim). If a signal was visible after chemiluminescent 
F- : 

detecti56 d at 4: 1$.$00 dilution, the DIG detection system was sufficiently sensitive. 
.* - L 

3.2.2.9. IfBetection: 
3 .  . - -  . 

~ h ~ ~ ~ ~ ~ c h e m i l u m i n e s c e n t  - .  deteftion procedure was performed exactly following . - 
the Boefinger Mannheim DIG Detection Kit protocol. Optimal exposure times for X-ray 

films (Kodak) were between 1;6 hours. In brief, &er hybridization and stringency 
, . 

washes, the membrane was rinsed briefly (1-5 min) in washing buffer and incubaied for 60 
F 1 

min in 100 ml buffer 2. The a&-DTE-AP conjugate was diluted to 75 m~l 'm l  (1: 10,000) 

in buffer 2. The membraqe was incubated for 30 min in 20 ml antibody solution and . 
- I* \ 

J - :**, 

washed 2times each 15 min#ith 100 rnl washing buffer and equilibrated 2-5 min in 20 mi 
'd . -. e" 

buffer 3. The CSPD wa%-dilute 100 times with buffer 3. The membrane was incubated for - 4 . .  - 

5 min in 10 ml CSPD solution. Excess liquid was dripped off and the membrane was 
I '  

blotted briefly (DNA side up) bn Whatman 3MM The damp membrane was sealed in 



a hybridization bag and incubate for 5-15 min at VbOC to enhance the luminescent reaction. 

The membrane was exposed to X-ray film for 1-6 hours at room temperature.' . 
8 - 

< 

e 

1 0. 

3.3. Results: 

The sensitivity of the DIG detection system was checked according to the 

instruction from the manufacturer. Fig. 311 shows the detection results of the control DIG- 

labeled DNA on the nylon membrane. After 30 min. exposure to X-ray film, the sigrial of 

the 1:10,000 dilution was still very strong, indicating that the DIG detection kit was * 

sufficiently sensitive. 
' ,  

In order to check whether the isolated nucki were still active and the nuclear run-on 

was efficient, 1 x lo6 nuclei isolated from 5 day-old locusts werevused in one run-on 

reaction. After purification, 10 p1 of the nuclear RNAs was spotted directly on to the nylon 
- "., 

membrane and W crosslinkeband visualized with the standard detection process. After 30 

rnin. exposure, the signal obtained was weaker than that of 0.5 pg ~on t ro l  DNA (Fig. 3-2). 

Although the nuclear run-on reaction appeared to be working, the sensitivity of the labeled 

RNA was not high enough to detect specific gede trahscription after hybridization. 

To understand the developmental fl regulation of locust flight muscle, nuclei from 

different age ldusts  were isolated as described in Chapter 2. 1 x lo6 nuclei obtained from 
8 

each age were used for the nuclear run=-reaction. The nuclear RNAs were hybridized 

with the DNA probes for 48 hours. Either locust genomic DNA or the flight muscle cDNA 

library was used as positive control, while purified Bluescript plasmid vector served as 

negative#control. After 60 min. exposure, the signals were analyzed. since the FABP 

mRNA concentratiori cliahges during the first two iveeks after the final ecdysis, nuclear 

run-on assays was carried out with nuclei isolated at different ages within this period. Fig. 
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3-3 shows the results from 5 day old locusts. The FABP signal was slightly~stronger than 

the contiol actin signal, but there was no signal detectable from the positive genomic DNA 

control. In contrast, a far more intense signal from the negative control plasmid DNA was 

detected. Basically the same pattern was obtained with flight muscle cDNA as positive 

control (Fig. 3-4). The nuclear run-on result from 1 x lo6 nuclei of 10 d a i  old locust is 

shown in Fig. 3-5; there was no signal detected. 



Fig. 3-1: The sensitivity of DIG detection system. 
5 ng of labeled control DNA was serial diluted with 1: 10 scale. 
1 pl each of the dilutions was spotted on nylon membrane. 
After the standard detection process, the membrane was exposed 
to X-ray film for 30 min. 
1: 10 times dilutions (500 pg). 
2: 100 times dilutions (50 pg). 
3: 1000 times dilutions (5 pg). 
4: 10,000 times dilutions (0.5 pg). 



Fig. 3-2: Nuclear run-on product. 
5 day-old locusts were dissected for flight muscle nuclei. 
The nuclear run-on assay was as the protocol described 
in Chapter 3.2. 10 pl  of the nuclear RNA was spotted directly on 
membrane. After the standard detection, the membrane was 
exposed to X-ray film for 30 min. 
1 : 0.5 pg control DNA. 
2 and 3: 10 pl nuclear run-on RNA. 



Fig. 3-3: Nuclear run-on assay results using different 
DNA probes. 
Nuclear run-on assay with 5 day-old locust flight muscle nuclei. 
Hybridization and detection as protocol described in Chapter 3.2. 
1: 5 p g  genomic DNA. 
2: 5 p g  FABP cDNA. 
3: 5 p g  actin cDNA. 
4: 5 p g  Bluescript plasmid DNA. 



Fig. 3-4: Nuclear run-on assay results using different 
DNA probes. 
Nuclear run-on assay with 5 day-old locust flight muscle nuclei. 
Hybridization and detection as protocol described in Chapter 3.2. 
1: 5 pg locust flight muscle cDNA library. 
2: 5 pg FABP cDNA. 
3: 5 pg actin cDNA. 
4: 5 pg Bluescript plasmid DNA. 



Fig. 3-5: Nuclear run-on result from 10 day-old locust flight 
muscle nuclei. 
The complete process was described in Chapter 3.2. 
1: 5 p g  locust flight muscle cDNA library. 
2: 5 p g FABP cDNA. 
3: 5 p g  actin cDNA. 
4: 5 p g  Bluescript plasmid DNA. 



3.4. Discussion: P 

Nuclear run on experiments were carried out with flight muscle nuclei, but the 

results were inconsistent and difficult to interpret. While signals- were obtained for the 

transcription product of the FABP gene at times when the FABP gene was suspected to be 

actively transcribed, these were weak and similar to the intensity of the constitutively 
5 

expressed actin RNA. Moreover, genomic DNA and muscle cDNA failed to serve as 

reliable positive control, while plasmid DNA, for unexplained reasons, interacted rather 

strongly with the probes. The signal to noise ratio was unacceptable under those 

conditions, and it appears that various factors contributed to the low sensitivity of the 

assay. 

Nuclear run-on assays normally require at least 1 x 10' nuclei for per reaction. 

However, i.t was not possible to obtain this amount from locust flight muscle. Instead, only 

10 % ( l ~ x  lo6 nuclei) were available for the assays. 

The dissection and purification process was very time consuming, talung at least 

three hours. This time may have reduced nuclear activity and contributed to a lower . .- 
sensitivity. 

Data obtained from mouse myeloma nuclei showed that the elongation rate in virro 

is only about 20% of that in vivo, at about 5 nucleotides per second in vino, compared with 

the 30 nucleotides per second in vivo. Thus it is obvious that not all RNA polymerase 

molecules which initiated their W A  transcripts in vivo elongate in vitro (Mazluff and 
P 

Huang, 1984). Nuklear run-on assays can quantify the balance of newly synthesized and 

degraded RNA in a certain amount of time (e.g. 60 min.). Considering the large. size of the . 
locust FABP gene (15 kb), its complete transcription in vitro requires at least 60 min., if 

one assumes the above mentioned elongation rate .of 5 nucleotides/sec. Nuclei, however, 



5 
- remain active only for approximately 30-60 min., and this may contribute to the very weak 

signals obhined with locust nuclei. 

Because the nuclear run-on assay involves large amhnts of radioactivity, handling 
d 

the labeled RNA throughout the whole process can be cumbersome. To overcome this' 

disadvantage, we used the Dioxygenin (DIG) labeled UTP to label the newly transcribed 

RNA. Dioxygenin is a big molecule. Holtke and Kessler (1990) and Heer et al (1994) 

reported inhibition of SP6 RNA polymerase, T3 and T7 RNA polymerase by DIG-UTP. 

Thus, partial inhibition of RNA polymerase I1 by DIG in isolated nuclei may have 

occurred, and this may have reduced the amount of elongation product. 

Although the nuclear run-on assay is stated as the best method to study the 

transcriptional rate, most of the experimental prot$pls used to detect the combination of 

both in vitro transcription initiation and the elongation. In vitro initiation of transcription is 

thought to be more difficult to accomplish, and hence it is assumed that run on assays 

detect mostly elongation products of already partially transcribed RNAs. However, if 

significant new transcription occurs in vitro, the results of a run on assay are not a good 

- measure for the transcription rate in vivo. 1 

From the reasons outlined above, it was decided that the nuclear run-on assay was 

. not a suitable method for the intended study of the rate of transcription of the locust flight 

muscle FABP gene. 



CHAPTER 4: QUANTITATIVE COMPETITIVE REVERSE 

TRANSCRIPTION PCR - . - 
5 

Z 

4.1. Introduction: 
i' 

I 

Since the invention of the polymerase chain reaction (PCR) method by Kary Mullis 

and coworkers (Saiki et al., 1985; Mullis and ~aloona; 1987), numerous and diverse PCR 
t 

applications have been developed. Reverse transcription PCR (RT-PCR), also called RNA 

PCR, is one particulariy useful application which can be used to detect and analyze RNA 
I I 

molecules present in cells and tissues. RT-PCR has been shown to be thousane of times 

more sensitive than the traditional RNA blotting techniques (bang et al., 1989). In spite of 

its impressive densitivity and specificity, RT-PCR typically only provides an answer as to 

whether or not a transcript is being expressed. This is primarily due to the fact that RT- 

PCR involves two sequential enzymatic steps, namely the synthesis of cDNA from an 
' 

RNA template and the polymerase chain reaction. Because of the exponential nature of the 

polymerase chain reaction and the liable RNA, it is difficult to 'obtain quantitative 

information. However, if specific conditions and proper controlssire used, RT-PCR can 
1 

yield accurate quantitative information of the RNA amount present in a sample. 
I 

The amount of PCR product does not directly reflect the number of template 

molecules used, as a simple PCR reaction is an exponential process. Hence, it is necessary 
2+ 

to use a variation of the technique that allows the number of target molecules present to be 

determined. Numerous methods have been suggested for this purpose. The PCR reaction is 

an exponential reaction in which small variations in template can yield large changes in the 

amount of products. As the amplif~cation rate eventually levels off, a plateau effect .is 

observed in later cycles of h e  PCR reaction. Due to these characteristics, quantitative data. 

must be obtained within the exponential phase, and preliminary experiments must be done 



to determine the initial template concentrations and PCR cycle number required. Although 

some researchers (Singer-Sam et al., 1990) have observed that careful kinetic analysis can 

be used to determine initial concentrations of mRNA templates by linear regression analysis 

without internal controls, most quantitative studies include internal controls to eliminate the 

.problem of tube-to-tube variations in amplification efficiency. Internal controls can be an 

endogenous mRNA which is relatively constant during development and physiological 
e- 

changes, such as actin mRNA. However, since even actin mRNA changes qnder different 

physiological conditions quantitative data may be questionable. Exogenous mRNA, 

I synthesized in vitro and added prior to reverse transcription, can also serve as internal 

controls. These standards have the advantage that both rarget RNA and internal sta%ards 

share the same primer binding sequences and have similar GC contents so that the 

amplification efficiencies for bob target and standard .are identical. As both the interni 

standard and the sample target template actually compete for the same primers, the 
A 

amplification takes place in a truly competitive fashion. Hehce, this technique is called 

competitive RT-PCR. 

Competitive RT-PCR uses an exogenous template as an internal standard. The 

internal standard is transcribed and co-amplified with the target in the same reaction. In 

competitive RT-PCR reactions, a dilution series of either the sample RNA (which contains 

, unknown quantities of the target sequence) or the standard RNA is made,,and a constant 

amount of the other component is added to each of the reactions. After careful 

quantification, it can be determined at which ratio of added internal standard to target RNA 

the yield of the two PCR products is identical. If the same quantities of PCR products are 

obtained from sample and internal standard, it can be assumed that both templates were 

present at equal amounts at the start. This assumption is only true, however, if the 

. exogenous and the endogenous sequences ak amplified with equal efficiency. Moreover, 



the two PCR products must be easily distinguishable on a gel, due to different sizes with or 
v 

without restriction enzyme digestion, or by their hybridization properties. 

Among the various quantitative RT-PCR techniques currently in use, competitive 

RT-PCR is the method of (hoice. Competitive RT-PCR accurate to discern the 
-3 

differences in RNA levels as small as 2- or 3-fold. Since the development of quantitative 

RT-PCR, most investigators have amplified cellular messenger RNA (mRNA) to get 

insights into gene expression (Hirornichi et al., 1993, Wiesner, 1992, Tarnuzzer et a]., 

1996, Wang et .al., 1989, Klebe et a]., 1996, Auboeuf and Vida, 1996, Mitra and 

Laurence, 1997, Saric and  hai in; 1997, Souaz, 1996, Tsai and Wiltbank, 1996, Becker- 
I 

Andre and Hahlbrock, 1989, Chelly et a]., 1988, 1990, Gilliland, 1990, Rappolee et al., . 

* 

1989, Robinson and Simon,+ 1991, Singer-Sam a ;I., 1990). However, the analysis of 

mature rnRNA can only provide indirect measurement of gene transcription, because the * 
* mRNA levels represent the balance of both transcription and the post-transcription events 

(e.g., capping, splicing, transport and degradation). A more direct approach would be ,to 
* 

measure the amount of unprocessed primary transcripts in heterogeneous nuclear RNA 

(hnRNA). Because of the short half-lif; of primary transcripts, their concentration reflects 

an equilibrium between transcription and splicing, events that happen only within the 

nucleus. Because of the small levels of primary transcripts present in the nucleus, classical 

hybridization techruques are not sensitive enough for such measurements. It should be 

possible, however, to measure such low levels with PCR-based techniques. As unspliced 

primary transcripts contain not only the sequence of the ekpressed proteins but also introns, 

reverse transcription PCR with primers specific for introns of the gene in question can be 

used to-amplify only unprocessed transcripts. Such measurements have provided usefui 

insight into the transcription status of particular genes (Elferink and Reiners, 1996, 

Owczarek eta]., 1992). 
i 



44 
While the most direct way to measure the transcriptional status of a given gene is to , 

carry out in vitro nuclear run-on assays, this method is laborious, time consuming, and 

requires large amounts of. isolated nuclei. These disadvantages restrict its use for 

application where only small amounts of tissue are present, as in locust flight muscle. It 

was hence necessary to design a more sensitive method that allows to-examine the gene 

expression in locust fight muscle (see chapter 3). Because of the above mentioned potential 

of PCR techniques, RT-PCR appeared to be a useful alternative technique: This method 

should be applicable for ~e study of locust FABP expression. Although the locust FABP 

gene has not been cloned and sequenced in its entirety, the gene organization and partial 

sequences of all introns are known. The 15 kb long gene has three exons (22,94,17 amino 

acids respectively) and two introns. The first intron is approximately 12 kb- long, and 

approximately 3 kb of its 3' sequence are known (Haunerland et al., unpublished) (Fig. 4- 
* 

1). Therefore, there is sufficient informatioq available to develop a RT-PCR based method 

to quantify primary transcript levels in locust flight muscle. 
- 
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Fig. 4-1: The restriction map of locust flight muscle fatty acid binding 
protein gene, Schistocerca gregaria. 

The size of the whole gene is over 15 kb with 3 exons (22,94,17 amino acids 
respective) and 2 introns. 

" The first intron is about 12 kb and the 2nd intron is about 3 kb. 



4.2. Materials and Methods: 

4.2.1. Materials: 
. 

All the chemicals were from GIBCO BRL (Burlington, ON) unless otherwise 

specified. Bluescript plasmid was from Stratagene (La fo~la ,  CA). TA Cloning@ kit was , 

i from Invitrogen (San Diego, CA). Wizard Miniprep kit werefrom Promega Co. (Madison, 
i 
\ 

WI). MAXscriptTm In Vitro Transcription Kits.(T7) was purchased from Ambion (Austin, 

TX). GeneAmpB RNA PCR Kit was from Perkin Elmer (Mississauga, ON). Ultrathem@ 

PCR system was from BIOICAM (Mississauga, ON). Gel images were taken by the Gel 

Documentation System and UVP Imagestore 5000 Ultra Violet Products from UVP (San 

Gabriel, CA). 

4.2.2. PCR primer design: %E . .  

PCR primers were designed from the 2 kb of known 3' sequence of the.first intron 

of' the locust FABP gene, which is inserted at the codon for Gly 27 of 'the protein 
* 

(Haunerland et al., unpublished results). The forward (upper) primer (ex1 Sa)  (5' AAG 

O CAA CAC. ATC TCC AGA ATC 3') and reverse (lower) primer (ex1 Sc)  (5' CAA A'IT 

ACA CTA GCA TCT CAG 3') flanked a 555 bp fragment which ends 1722 bp upstream 

4.2.3. Internal standard preparation: , 

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 distinguishable 
t 6 

smdilPer size, a hybrid lower primer (is1 51) was constructed (5' CAA ATT ACA CTA GCA 
' a  

TCT CAG TGA GCT CT'C GAA GTA TGA TAG 3'). Its 3' 21 nucleotides annealed to a 
1) 

sequence string 150 bp upstream of the origmal lower primer (ex l .5~) .  while the 21 

nucleotidesat its 5' end was identical to the sequence of the original lower primer (ex 1 Sc) .  . 



The primer contains .also an XhoI restriction site (GAGCTC), which could be used for - 
checking the insert orientation, as described by Celi et al. (1993). - 

PCR amplification of the 441 bp internal standard fragment (IS-DNA) was obtained 

from genomic DNA, with primers ex l.5a and is 1.51 (95 "C for 105 sec; 35 cycles for 10 . 

sec at 95 "C , 30 sec at 51.5 "C, 30 sec at 68 "C; 7 min. at 68 "C; hold at 4 "C). The ' 

amplified product was directly cloned into PCRm-I1 vector (TA cloning kit, Invitrogen). 

After cleaving the vector with EcoRI, the insert was gel purified and ligated into a 

Bluescript KS (+) vector (Stratagene). Plasmid DNA was digested with XhoI for selecting 

plasmidsmhere the insert had the right orientation from the T7 promoter. The positid 

clone was c0nfirmed.b~ PCR with primer pair (7'7 and ex 1 Sc), which could amplify about 

525 bp fragment (95 "C for 105' sec; 35 cycles of 10 sec at 95 "C ,30 see at 5 1.5 "C, 30 sec 

at 68 "C; 7 min. at 68 *C; hold at 4 "C). 

Internal standard RNA was produced with the MAXIscript in vitro transcription kit 

(Ambion Inc. .Texas). Between 6 5  and 1 pg of the Hind111 - linearized,.gel purified IS1.5 

plasmid was added to 2 pl10 x buffer, 1 p1 each of 10 mM NTP, 5 U Wase inhibitor, 5 U 

Trl-RNA polymerase, and the mixture was brought up to a volume of 20 p1 with DEPC 

treated water. Following in vino transcription for 1 hour at 37 "C the DNA template was + 

removed by DNase I digestion (2 U of RNase free DNase I (Ambion), 30 min. at 37 "Q 

and subsequently the sample was incubated at 180 "C for 5 min. to denature the enzymes. 

The resulting RNA was precipitated with ethanol, quantified spectrophotometrically, and 

checked for presence of DNA contamination by PCR with the primer pair of ex l.5a and 

ex1 5 c  (95 "C for 105 sec; 35 cycles of 10 sec at 95 "C ,30 sec at $0 "C, 30 sec at 68 "C; 7 

min. at 68 'C; hold at 4 'C). The RNA was kept in h g l e  use aliquots.at -80 "C. 

4.2.4. Total RNA isolation: 

Freshly excised flight muscle tissue from locusts df different ages are immediately 

homogenized in RNA extraction buffer with a mechanical homogenizer (VirTis, New 



York, NY). Total RNA was isolated by a one step guanidine 

isothiocyanatelphenol/chloroform extraction method adapted from Chomczynski and Sacchi I 

(1987). In brief, fresh flight muscle was imrnehiately homogenized in 10 volumes of RNA 

extraction buffer (4 M guanidium isothiocyanate, 25 rnM soQium citrate pH 7..0, 0.5 % 

sarcosyl , 0.1 'M 0-mercaptoethanol) and the homogenate ixtracted with phenol/ 

chlorofonn/isoamylalcohol; the extraction was repeated once or twice, until the aqueous 

phase was clear..After centrifugation at 10,000 g, 4 OC for 20 min.; the aqueous phase . * 
1 

(total RNA phase) was mixed with 1 volume of ice cold isopropanol and held at -20 OC for 

at least 1 hour. The precipitated RNA was sedimented by centrifugation at 10,000 g, 4 "C: 
" 

for 20 min. Subsequently, the RNA pellet was washed with 70 % cold ethanol, vacuum 

dried, redissolved in 300 pl RNA extraction buffer and aliquoted to Eppendof '&bes for , 

single use. In each vial, the RNA was precipitated with 1 volume cold isopropanol or 2 

volumes of cold ethanol, washed with 70 % cold ethanol, vacuum dried and redissolved in 

D E W  treated HzO. For each data point, the total RNA from each of five'individuals was 

combined into a single sample. All the samples were stored in 100 % ethanol at -80 "C: 

freezer. At the same time every sample was checked to be free of genomic DNA by PCR 

(95 "C for 105 sec; 35 cycles of 10 sec at 95 OC ,30 sec at 50 OC, 30 sec at 68 "C; 7 min. at 

68 OC; hold at 4 "C). 

4.2.5. Standard curve preparation: 

In order to determine the number of cycles during which the PCR product is 

produced exponentially, internal standard template DNA (IS1.5 clone, 1 x 109 molecules) 

was amplified with primers exl.5a and ex 1 Sc. Aliquots (5 pl) were removed after 5, 10, 

14, 18, 20, 22, 26, 28, 30, 32, and 35 cycles. The PCR product was separated 

electrophoretically and quantified by measuring the band densities with the NIH Image 

1.61 b7 software package (Bethesda, Maryland). % 



Similarly, constant numbers of IS-DNA molecules and different numbers of 
t 

Ex1 SAC molecules -were mixed and used as template for competitive PCR, in order to 
B 

- 
establish different targetlstandard ratios. 

4.3. Results: 
* 

The pime& designed in this study are specific to the sequence in intron 1 of the 

locust flight muscle FABP gene and work well in the PCR amplification of the enclosed ; 

sequence. PCR with primers ex1 5 a  and e x l . 5 ~  and genomic DNA as template resulted in a 
7' 

single PCR product of approximately 600 bp which i s  virtually identical to the expected 

size ( 5 9  bp) (Fig. 4-2). The same fragment was obtained when using reverse transcribed 

total RNA extracted from flight muscle of 5 day old adult locusts as template, indicating t 

1 
that primary transcript isfndeed present at this stage (Fig. 4-2). 

In order to construct an internal standard for quantitative RT-PCR, a 441 bp 

fragment was amplified from a genornic DNA clone using primers ex l.5a and a new 42 bp 

long lower primer (5' CAA ATT ACA CTA GCA TCT CAG TGA GCT CTC GAA GTA 
' 

TGA TAG 3') that annealed to a sequence string 150 bp upstream of .the original lower 

primer (ex l .5~)  (Fig. 4-3). The 21 bp at the 5' end of this primer were identical with the 

sequence of primer ex lSc ,  so that the-PCR product can be amplified with the primers 

exl.5a and e x l . 5 ~  6 yield a 441 pb long product (Fig. 4-4). The amplified product was 

directly cloned into PCRm-I1 vector. After cleaving the vector with EcoRI, the insert was 

gel purified aqd ligated into a Bluescript KS (+) vector (Fig. 4-5). Indeed, when'this clone 

was used as template for a PCR reaction with primers ex 1.5a and ex 1 .Sc, the expected 441 a 

pb product was obtained which can be easily distinguished from the 600 pb product 

obtained from the intron sequence (Fig. 4 6 ) .  
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For accurate quantification it is important that the PCR reaction is within the 

exponential phase. To determine the optimal number of cycles, lo9 molecules of internal 

standard DNA were used as template for amplification. Aliquots of the PCR products after . . 
es 

several cycles were run on agarose gels (Fig. 4-7). The band intensities of the PCR 

products were quantified and plotted against PCR cycle numbers (Fig. 4-8). The amplified 

products were within the exponential phase from cycle 28 to cycle 32, the linear part of the . 

curve. Therefore, all subsequent PCR reactions were carried out for 30 cycles. 
8 

In order to examine whether competitive PCR with these primers, was feasible to 

obtain quantitative data, a constant number of internal standard DNA (IS-DNA) was used 

together with varying amounts of target DNA (ExlSAC) as templates for competitive 

PCR. As shown in Figs 4-9 and 4-10, the band intensities change with varying ratios of 

target and standard; similar band intensity should be found at ratios between 1.0 and 1.5. 

Quantitative evaluation by image analysis revealed that for equal numbers of target and 

standard DNA a target to standard band intensity ratio of 1.35 was obtained (Fig. 4- 1 1). 

In order to proceed to quantitative RT-PCR, internal standard W A  had to be 

synthesized. The IS1.5 plasmid was cleaved with ~ i G d  I11 just downstream of the insert. 

After gel purification, the linearized plasmid was used for the in virro syn$esis RNA. 

Since even traces of' DNA contamination can cause inaccuracy of the' assay, the DNA 

template was removed after RNA synthesis by adding RNase-free DNase I. The internal 

standard RNA, when used as template for RT-PCR, resulted in the expected amplification 

product of 450 bp. No band was detected in a control experiment that omitted the reverse 

transcription step, proving that the RNA was  indeed free of DNA contaminationi 

(Fig. 4-12). 

Following these preliminary experiments, total RNA from 12-day-old locust flight 

milscle was used to check the quantitative competitive RT-PCR system. In each reaction, 

1.3 x 10' molecules of internal standard RNA were included. Serial dilutions of total RNA 



5 1 
f;om 2600 ng to 40 ng were used in QC-RT-PCR. The PCR products were separated on c 

1.5 9% agarose gels (Fig. 4-13). The target to internal standard bafid intensity ratio was 

plotted against the amount of total RNA used as template on a double logarithmic scale 

(Fig. 4-14). As the huniber of template molecules equals that of internal standard molecules, 

when the band intensity ratio is 1.35, it follows that flight muscle from 12 day old locusts 

contains 308 molecules of FABP primary transcript per ng of total RNA. 



Fig. 4-2: RT-PCR of total RNA and PCR of genomic DNA from 5-day-old 
locust with primer pair of exl5a and ex1.5~. 
RT-PCR and PCR procedure was described in Chapter 4.2. PCR of total RNA was as the 
negative control. No DNA contamination. 
Lane 1 : 100 bp ladder. 
Lane 2: RT-PCR of total RNA from 5-day-old locust flight muscle. 
Lane 3: PCR of genomic DNA. 
Lane 4: negative control; PCR of RNA from 5-day-old locust. 



m: Internal standard lower primer (is1.51) design. 
The new 42 bp long lower primer (5' CAA ATT ACA CTA GCA TCT CAG 
TGA GCT CTC GAA GTA TGA TAG 3') was synthesized that annealed to a 
sequence string 150 bp upstream of the original lower primer (ex1 Sc). The 21 
bp at the 5' end of this primer were identical with the sequence of primer 
ex1 S c .  



Fig. 4-4: Internal standard DNA (IS-DNA). 

With the primer pair of exl.5a and is1.51, a 441 bp DNA fragment was 
amplified as described in Chapter 4.2. which could share the same 
primer set as target DNA. 
Lane 1: 100 bp ladder. 
Lane 2: IS-DNA, 
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Fig. 4-5: Scheme graph of the internal standard plasmid. 

IS-DNA was synthesized by PCR and cloned directly into pCR " 2.1 vector. 
The IS-DNA was cut out by EcoRI and feligated into pBluescript KS(+). The 
direction of insert could be checked with Xhal digestion. 

# 



Fig. 4-6: PCR of IS1.5 clone and genomic DNA 
with ex l5a  and exlJc .  
Procedure as described in Chapter 4.2. 
Lane 1: 100 bp ladder. 
Lane 2: PCR product from IS 1.5 clone. 
Lane 3: PCR product from genomic DNA. 



Fig. 4-7: The exponential character of PCR. 
PCR of 1 x lo9 molecules of IS1.5 clone with primer pair of exl.5a and e x l . 5 ~  as 
described in Chapter 4.2.5 pl of PCR product was removed at different cycles and run on 
1.5% agarose gel. 
The lane orders from left to right: 100 bp ladder, cycle 5, cycle 10, cycle 14, cycle 18, 
cycle 20, cycle 22, cycle 26, cycle 28, cycle 30, cycle 32, cycle 35, respectively. 



band &nsity 4000 
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Fig. 4-8: The exponential character. of PCR. 
The gel image from Fig.47 was analyzed with NIH Image 1.61 b7. 
Between cycle 28-cycle 32, the amplification was within exponential 
phase. 



Fig. 4-9: Quantitative competitive PCR of known quantities of 
ExlSAC and IS-DNA. 
6 x107 IS-DNA molecules and known numbers of Ex1 .SAC DNA molecules 
were added as templates, PCR reaction was described in Chapter 4.2. 10 p1 of 
each PCR product were run on 1.5% agarose gel. 
Lane 1: 100 bp ladder. 
Ex1 SAC number: 
Lane 2: 2.2 x lo8 
Lane 3: 1.1 x 10' 
Lane 4: 5.6 x lo7 
Lane 5: 2.8 x lo7 
Lane 6: 1.4 x lo7 



Fig. 4-10: Quantitative competitive PCR of known quantities of 
ExlSAC and IS-DNA. 
5 x lo6 IS-DNA molecules and known numbers of Ex1 .SAC DNA molecules 
were added as templates, PCR reaction was described in Chapter 4.2. 10 p1 of each 
PCR product were run on 1.5% agarose gel. 
Lane 1: 100 bp ladder. 
Ex 1 SAC number: 
Lane 2: 1.4 x lo7 
Lane 3: 7.2 x lo6 
Lane 4: 3.6 x lo6 
Lane 5: 1.8 x lo6 
Lane 6: 9 x lo5 
Lane 7: 4.5 x 10 
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log (target number (ex)) 

Fig. 4-11: Competitive PCR of known quantity of ~ x l . 5 ~ ~  and IS-DNA. 
Gel images were analyzed as described in Chapter 4.2. At ratio = 1.35, the target 
molecule number was equal to the standard molecule number. The calculated IS-DNA 
numbers (5 x lo6 and 6 x lo7 ,  respectively) wereidentical to the numbers input. 



Fig. 4-12: RT-PCR of the internal standard RNA. 

After in vitro transcription of linearized IS 1.5 plasmid, the IS-RNA was 
reverse transcribed and amplified as described in Chapter 4.2. IS-RNA 
without reverse transcription was as negative control. There was no IS- 
DNA contamination left in the IS-RNA product. 
Lane 1: 100 bp ladder. 
Lane 2: IS-RNA. 
Lane 3: IS-RNA PCR without RT as negative control. 



Fig. 4-13: QC-RT-PCR of the total RNA from 12-day-old 
locust flight muscle. 
1.3 x 10' internal standard RNA molecules were used in every reaction. RNA 
sample was serial diluted and QC-RT-PCR procedure was described in Chapter 
4.2. 
Lane 1: 2600 ng total RNA 
Lane 2: 1300 ng 
Lane 3: 650 ng 
Lane 4: 325 ng 
Lane 5: 162.5 ng 
Lane 6: 8 1.25 ng 
Lane 7: 40.625 ng. 
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Fig..4-14: The plot of QC-RT-PCR products from 12-day-old 
locust flight muscle. 
The products were quantified and plotted as described in Chapter 4.2. 
At ratio = 1.35, the template molecule numbers equal internal standard molecule 

" numbers. After calculation, there was 308 molecules of M-FABP p h a r y  
transcript per ng of total RNA in 12-day-old locust flight muscle. (421-ng contains 
1.3 x 10 molecules). 

P 
' .  t 
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4.4. Discussion: 

- ,  
A good internal standard for competitive RT-PCR must compete with the target for 

the PCR primers in reverse transcription and PCR. Hence, it is necessary that standard and 

target react with the same brimers and that the amplification takes place with similar 

efficiency. This requires that the PCR products to be similar in base composition. To 

achieve this, frequently an internal standard is produced by cutting out a small part of the 

target DNA via a convenient restriction site. Since no useful sites were found in the selected 

target sequence, a simple and efficient alternative approach wag chosen here. As PCR is a 

good method to produce a deletion, a 42 bp hybrid l o w e ~ i s l . 5 1 )  was constructed 
-. 

which can amplify a somewhat smaller fragment distinguishable from the Ex1 SAC. Its 3 ' 

21 nucleotides annealed to a sequence 150 bp upstream of the original lower primer 

(ex1 Sc), while the 21 nbcleotides * its 5' end wdre identital to the sequence of t+e original 

lower primer (exl.5~). This primer contained also an XhoI restriction site (GAGCTC), 

which could be used for checking the insert orientation. The PCR product amplified with 

the upper primer exl.5a and this hybrid primer (is1.51) is 35 % smaller than the target, but 
, 

eontains similar sequence and identical 3' and 5' ends as the target intron sequence. Thus, 

both target and internal standard should be amplified with similar efficiency, as required in 
li 

quantitative competitive RT-PCR. 

The internal standard DNA was initially used to evaluate the technique. The results 

were in line with theoretical predictions, as outlined below. 

Exponential amplification is characteristic for PCR reactions. The products from 

one cycle of amplification serve as substrates for the next; hence, from cycle n the number 

of molecules is doubled after cycle (n+l). The relation of PCR product to cycle number can 

be expressed as 



, where M is the number of amplified molecules 

& is the initial molecule number 

h and n represents the PCR cycle number. a 

These theoretical numbers however &not be reached in reality, since the amplification 

efficiency is never 100%. To correct for this, one can rewrite the equation to 

M=( 1 +e)O*M,-, 1 % 

where e represents the amplification efficiency. 
\ 

In competitive RT-PCR, an exogenous competitor is introduced as the internal 

- standard. Both the target sequence and the internal standard sequence sha~e thesame primer, 

sites; they have homologous sequences and use identical reaction condition. Therefore. the 

amplification efficiency of both target and internal standard should be idehcal. 

The equation for target sequence can be expressed as 

(t: target) 

while the equation for internal standard sequence is 

(IS: internal standard). 



Since 

the ratio 

The absolute initial amount of target molecules can be determined if the amount of 
?2 

the initial internal standard molecules that compete 'with . the . targ& for primer binding is 

known. Because the internal standard sequence is sh-orter than the target, and longer 

sequences incorporate more ethidium bromide. a corresponding correction must be made in 

the calculation of initial target molecule numbers. In this case the correction number was 

(597/441)=1.35. 

Competitive RT-PCR requires RNA competitor as the internal, standard. Since the 

efficiency of synthesis complementary DNA is less than 100 %, using DNA as competitor 

would not be accurate. This RNA competitor must be included before reverse transcription. 

Therefore, in vitro transcription was necessary to synthesize competi'tor RNA. Using this 

competitor RNA and total RNA extracRd from locust muscle at one point in development, 
b 

it was demonstrated that this method works as well in the RT;PCR setting. Twelve day old 

locusts were chosen since FABP expression in the flight muscle should be well below the 

maximum as FABP rnRNA levels decline at this age (Haunerland .et al., 1992). The QC- 

RT-PCR method worked as expected, to determine the concentration of* pre-mRNA 

molecules present in flight muscle RNA. Approximately 300 molecules of primary 

transcript were present in 1 ng of total RNA (Fig. 4-13, Fig. 4-14). Hence, this method 

appears to be much more sensitive than the nuclear run-on assays. The results also prove . 
that this QC-RT-PCR system can be used in a wide concentration range; 109 10' molecules 

of primary transcript can be quantified with similar accuracy and efficiency (fig. 4-1 1). 

The construction of this quantitative competitive reverse ttanscription polymerase 

chain reaction (Q-C-RT-PCR) system thus provides a feasible method to study FABP gene 



expression at the level of transcription in locust flight muscle tissue. B e y  of the high 

sensitivity, this methodology has .the potential to be used in other tissues and organisms 

where either the amount of tissue is limited or the transcription level is too low for nuckar 

mi on assays. 
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'CHAPTER 5: CHANGES IN FABP PRE-MRNA DURING -. 
DGVELOPMENT 

5.1. Introduction: 

0 I ,  FABP level and its mRNA changes rapidly during locust maturation. It js 
d 

completely absent in nymphs and newly emerged adults. Neither FABP nor its W A  

have ever been detected prior to metamorphosis. Immediately after metamorphosis, FABP 

synthesis starts and the protein concentration rises rapidly.within the first two weeks of 

adulthood after which it has reached its maximal level. The FABP concentration remains 

" constant afterwards at approx. 18 % of the total .cytosolic proteins for the rest of the 
- 4 

locust's life. The synthesis of FABP is preceded by a rise in its m m A .  FABP mRNA is 
u 

first visilfie one day after metamorphbsis;' it reaches its peak after one week and decieases 
' 

during the second week to a relati&ly low, conbtant level (Haunerland et al., 1992). i 
Thb expression pattern suggekts that FABP mRNA is effectively. regulated. 

Changes in gene expression involve changes in the transcription of the gene, which may be 

d- activated or inhibited, depending on the required level of gene expression. Ho ever) it is 

also possible that the gene transcription occurs at a constant level, and that the observed rise 

and dehine in mRNA lkvels is the consequence of altered mRNA stability. To decide 

whether altered gene transcription is responsible for the observed changes in FABP 

mRNA, it is necessary to measure the level of transcription at different' times in 

development. 
P 

Normally, in vino nuclear run-on assays are used to measure the .transcriptional - 
b 

status of a given gene. However, as shown in chapter 3, this method is not suitable for 

locust flight muscle. Instead, an alternative assay was developed (QC-RT-PCR), as 

described in chapter 4; which indirectly measures the actual transcription rates. In most 
CP 
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eukaryotic cells, RNA polymerase I1 synthesizes various RNAs that are collectively 

referred to as heterogeneous nuclear RNAs (hnRNAs). Pre-mRNAs are the subset of' 
Ci 

\ ' 
hnRNAs which are interrupted by intervening sequences or introns and eventually are 

coverted into mRNAs by a series of RNA processing reactions. The mature mRNAs are .. 
then transported out of the nucleus into the cytosol. Since pre-mRNAs are unstable 

intermediates of rnRNA synthesis, the level of FABP pre-mRNA at any time in 

development should reflect the ongoing rate of transcription of its gene. In this chapter, the 

determination of2FABP pre-mRNA through the period of muscle development is described. - 

5.2. Material and Methods: 

5.2.1. Insects: 8. 

Insects were rebed as described in chapter 2.2.2.1. The last stage nymphs were 

collected and immediately dissected for total RNA isolation. Within 12 hours after molting, 

' freshly emerged adults were removed and reared separately until sacrificed for 'total RNA 

isolation at specific ages. Individtials between 0 and 24 hours after adtilt molting are 

referred to .as day 1 adults, with each subsequent day representing an additional 24 hour ' 

period. 
* 

5.2.2. Total RNA isolation: 

Total RNA was isolaied as described in chapter 4.2.4. For each data point, the total 

RNA from bach of five individuals was combined into a single sampk. 

5.23. Quantitative competitive RT-PCR: 
f 

The RNA samples, stored in 100 % ethanol, were removed from the -80 O C  freezer 

and spun at 14,000 x g at 4 ' C for 20 min. The pell&s were washed with 70 % cold 

ethanol and dried in a Speed-vac system (Savant). The dried RNA was subsequently 

dissol,ved in RNase-free H,O and adjusted to a concentration to 3 pg per pl. 
" 



RT-FCR was performed with the GeneAmp PCR System 2400 from Perkin-Eliner. 
t 

Reverse transcription was carried out using the GeneAmp RNA PCR Kit (Perkin-Elmer, 

NJ) using the conditions described by the manufacturer. The 20 p1 reaction mixture 

contained i x PCR buffer 11.5 mM MgCI,, 1 mM each of dNTP, 1 U of RNase inhibitor,. 

2.5 U of MuLV reverse transcriptase, 2.5 pM ex1.5~ downstream primer, 3 ng-3 pg total 

sample RNA and 1 x 105 - 1 x lo7 molecules of the internal standard RNA (IS1 SRNA). 

The reaction was carried out for 60 min. at 42 "C after 10 min. pre-incubation at 25 "C. The 

reaction was terminated by heating to 99 "C for 5 min. then cooling to 4 "C. 

The reverse transcription product was used immediately for PCR amplification. The 

f 100 p1 reaction mixture contained 2 rnM MgCI,, 1 x PCR buffer 11, 0.5 pM exl5a 4 

upstream primer, 2.5 U AmpliTaq DNA polymerase and 20 pI of reverse transcription 

product. The mixture was denatured at 95 "C for' 105 sec. FCR was canied out for 10 sec 

at 95 "C ,30 sec at 50 "C, 30.sec at 68 "C for 30 cycles with a final 7 min. extension at 

68 "C. Subsequently, the samples were held at 4 "C. Aliquots (10 pl) of the products were 
? 

analyzed by gel electrophoresis on 1.5 % agarose containing ethidium bromide. The 
- 3 .  

absence of DNA contamination was routinely ascertained by carrying out the RT-PCR 

reactions as above, but in absence of MuLV reverse transcriptase. 

- 5.2.4. Detection and quantitation of PCR products: 

The gel image was visualized on a W transilluminator and documented with a 

W P  5 100 camera system (UVP, San Gabriel, CA). Images were saved as TI* files and 

analyzed on a Macintosh computer with the NIH Image software package (version 1.6 1 b7, 

b NIH, Bethesda, Maryland). The ratio of the densities measured for the template and 

internal standard bands were plotted against the amount of total RNA used as template on a 

double logarithmic scale. As the 597 bp template is 35 96 larger than the 4 4 1  bp internal 

standard, a ratio of 1.35 indicates eqiial number of template and internal standard. 
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5.3, Results: A 

. 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 days 

after adult ecdysis; and the primary transcript levels were analyzed with the quantitative . 

competitive reverse transcription polymerase chain reaction. Initially, the reactions. were 
f 

cased out without internal standard. While these results do not allow quantitation, it is 

clear that dramatic changes occur during muscle development (Fig. 5-1). In flight muscle of ; 
the 5th instar nymph, no FABP pre-mRNA was detectable even when more than 3 pg of 

tgtal RNA were used as template. A strong band representing the amplification product-of 

the primary 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. 

In order to quantify these changes, a series of RT-PCR reactions with vaiying 

concentrations of target RNA were carried out in the presence of known amounts of ' 

internal standard molecules, as described in the previous chapter. As the amount of total 

RNA used as template is limited to a range between 25 ng and 3 pg, the number of 

standard molecules had to be adjusted so that equal numbers of target and stanhard were 

present within 'this range. In 2 to 6-day-old locusts, where the largest number of pre- , f-3 
rnRNA template Was present, 1.3 x 10' internal standard molecules (IS-RNA) were used3n 

each reaction. For 8-day-old locust, 1.3 x lo6 molecules were used, while for day 1 and ' 

10, 12.20-day-old locusts, 1.3 x lo5 molecules of IS-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 reslrlts for day 12, where only 300 copies of primary transcript were detected, 

were already shown in the-previous ihapter (Rg. 413). In contrast, much higher levels are 

= / 



present at,day 5 (Fig. '5-2). The ratio of the densities between the target bands to the 
I 

internal standard bands was p1otted"against the amount of total RNA used on a double 

logarithmic scale (Fig. 5-3). At the target to standard intensity ratio of 1.35, the numbers of 

9 
target molecules and internal standard are identical. From this point, the primary transcript 

copy number per ng RNA was calculated. In 5-day-old locust flight muscle, 1.3 x 107 
I molecules of target RNA were present i\n 25 ng oftotal RNA; hence, the prihary transcript 

concentration was 520,000 ~opieslng of total RNA. 

Similar ;xperiments were carried out on other days of development (Fig. 5-4). The 
* 

transcript numbers were similar' in two to six day old insects, .but much smaller at day 8. 
I 

The concentration continued to-decline over the next few days. At day 20, FABP pre- 

mRNA 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 3 pg of total 

.RNA, when only l@ 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 target 

RNA per ng of total RNA. 



Fig, 5-1: RT-PCR of total RNA from flight muscle of 
different age locusts. 
3 pg  of total RNA was used in each reaction. RT-PCR procedure was 
described as in Chapter 5.2. 
Lane 1: 100 bp ladder 
Lane 2: 5th instar nymph 
Lane 3: 2-day-old adult 
Lane 4: 5-day-old adult 
Lane 5: 10-day-old adult 
Lane 6: 20-day-old adult 
Lane 7:  negative control 



Fig. 5-2: QC-RT-PCR of the total RNA from 5-day-old 
locust flight muscle. 
1.3 x 10 ' internal standard RNA molecules were used in every reaction. RNA 
sample was serial diluted and QC-RT-PCR procedure was described in 
Chapter 5.2. 
Lane 1 : 128 ng total RNA 
Lane 2: 64 ng 
Lane 3: 32 ng 
Lane 4: 16 ng 
Lane 5: 8 ng 
Lane 6 4 ng 
Lane 7: 2 ng 
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Fig. 5-3: The plot of QC-RT-PCR products from 5-day-old 
locust flight muscle. 
The products were quantified and plotted as described in Chapter 5.2. At 
ratio = 1.35, the template molecule numbers equal internal standard molecule 
numbers. After calculation, there was 520000 moleculies of M-FABP primary 
transcript per ng of total RNA in 5-day-old locust fligbt muscle c25 ng contains. 
1.3 x lo7 molecules). I 
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Fig. 5-4: The &anscription regulation during locust development. 
Total RNA was isolated from different ages of locust. The M-FABP primary 
transcript was quantified with QC-RT-PCR system. The quantitative data were then 
plotted. The nymph does not express M-FABP. Within one week after adult 
ecdysis, the M-F~BPexpression reaches its peak. Its expression is decreased 
during the second week to a constant low level. 



5.4. Discussion: 

In the current study, a quantitative com titiye RT-PCR method was used to 
P. "\ 

measure the rate of gene expression in the differentidted flight muscle from desert locust. 

This method proved to be suitable to quahtify pre-mRNA\levels over a wide concentration 
\ 

range. Our data clearly show that the observed. pattern df FABP mRNA and protein 

accumulation during adult deveropment of the locust is the consequence of changes in 

transcription of the FABP gene. FABP pre-mRNA was measured in the total RNAs 

isolated from last instar nymphs up to 20-day-old adult locust flight muscle. No pre-mRNA 

is detectable in nymphs, indicating that the FABP gene is not transcribed prior to 

t . + 
metamorphosis. This had already been suggested by Haunerland et al. (1992), based on the 

D 

fact that neither FABP nor its.mRNA were detectable before the final ecdysis. Immediately 

after the final molt, within a few hours, the primary transcript becomes detectable. 

However, at only 'about 100 pre-mRNA molecules per ng total RNA, the number of 

primary transcript molecules is relatively low at the first day. This suggests a delay in the - 

\ full activation of the gene, possibly due to the need to synthesize other factors required for 
'\ 

optimal banscription. The pre-mRNA levels increase dramatically during the next day and 

remain very high' from day 2 until day 5. In 5 day old locusts, the FABP primary 
, ? 

transcripts reached its peak with more than 500,000 copies in one ng total RNA. Assuming 

that each copy detected here represents the full 1 5  kb primary transcript, FABP pre-rnRNA 

, - accounts for appmximately 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 ,  
b 

mRNA has reached approximately 90 % of its peqk level (Haunerland et al., 1992), while 

only a t h y  of the final FABP has accumulated. ~ubse~ukntly,  the concentration of primary 

transcript declined rapidly. At day 8, when FABP mRNA is still near its maximum, the 
4 



- 
e -kre-mRN~ level is reduced to approximately 2000 molecules perc ng. tot* RNA, and 

- .  ;a7 
' between day 12 and 20 only less than 300 copies were detected. At this time, FABP has 

Z -i 

/- reached its maximum, and its mRNA has returned to a constant level of less than 20 Qmf 
a - a-  

' its maximum. In contrast to the mRNA levels, tlie pre-mRNA changes from a large factor 
- 1  

to less than 0.1 % of the maximal levels. - 

% These results prove that the quantitation of primary transcript can give insiihts into 

the control of gene expression similar to those obtained from nucleir run on assays. In 

contrast to nuclear run-on assays, which require tissue disruption and lengthy purification 

of buclei prior to measuring transcriptional activity in vitro, this QC-RT-PCR method 

allows the determination of transcriptional activity present in vivo. Moreover, it is far more 
0 

sensitive than nuclear run-on analysis, which usually requires more than 10% nuclei. In 
P 

contrast, less than 10 mg of tissue are needed to isolate 3 pg of total RNA, in which fewer - 

. - 
, -  than 10,000 molecules of primary transcript can be measured. 

k 
Since variations between individual ' insects' of identical 'age have not been 

I 

- - : determined, the measured values cannot be taken as exact values. The high sensitiyty and 
> 

wide concentration range over which primary transcript was determined should also result 

in considerable variations, as the accuracy of the assay depends on the exact .quantitation of 

IWA and internal standard and large dilution factors. Nevertheless, it is clear that the gene 
t 

is transcribed at very high rates until day 5. Because of the above mentioned errors, the 

differences between 2 and 5 day bld insects might not be significant. Hence, it can be 

assumed that the FABP gene is activated during this periodnand expressed at a very high 

level. Soon afterwards, however, the transcription of the gene is reduced to a very low 

level, which presumably is sufficient to maintain the Stable mRNA content found in insects 

older than two weeks. The relatively low mRNA level, in turn, may be required to maintain 
I 

the FABP levels of 18 % of all cytosolic proteins. While the observed changes in FABP 

pre-mRNA clearly show that FABP expression is regulated at the tqmscriptional level, it is 



worthwhile to analyze the accumulated data further, in order to gather insights into the - 

stability of FABP and its mRNA. Computer simulation was used to carry out such an * 
analysis, which is described in the following chapter. - 

\ 



CHAPTER 6: COMPUTER SIMULATION OF M-FABP GENE 

EXPRESSION DURING LOCUST DEVELOPMENT 

6.1'. Introduction: 

In the previous chapter, the primary transcript of the FABP gene was quantified 

by a competitive quantitative RT-PCR assay at different times in locust development. As 

the half-life for RNA processing in the nucleus and its transport into the cytosol is very 

short (approx. 10 min.), the number of-unspliced RNA molecules provide a good mtasure 

for the actual transcriptional activity. The data clearly show that the observed pattern of 
.- 

FABP mRNA and protein accumulation during adult development of the locust is a 

consequence of changes in transcription of the FABP gene. Changes in the number of - 
primary transcript molecules effects changes in mRNA and FABP levels. Analysis of the 

8 

quantitative connection c3n give insights into the RNA and protein stability. 

Such analysis normally requires numerous data points and a solid background in 

mathematics, as various differential equations are involved in the mathematical 
I L 

description of these connections. However, in recent years computer simulation has been 

used increasingly to provide similar answers. Computer simulation enables molecular 

biologists to take advantage of this powerful, contemporary method for quantitative 

modeling. Kinetic models can be constructed that are useful for interpreting the data and 

to investigate the ki~et ic  processes of gene expression and genetic information flow. 

One of the most commonly used computer simulation programs is,called System 

Thinking, Experimental &ning Laboratory with Animation (STELLA '11, High 

Performance Systems, Hanover, NH). Based on its ease of operation and user friendly 
k 2 

interface, STELLA I1 is a good choice for simulations of genetic information flow and 

gene expression. If the quantitative relationships have been supplied, the result is a 



82 
computer program that.immediately permits simulations t o b e  performed. If an 

appropriate modeling system is set up, the simulation should closely match the 

experiment results, and enable predictions about the likely outcome of specific changes. 

In this way, computers provide a new tool for thinking and encourage an uriderstanding ' 

.* 

of relationships that are not obvious. . e  

I 

The STELLA 11 program can build models of gene expression. There are four 

modeling building blocks: stocks; flows, conneArs and converters. Stocks are . 

accumulations, such as FABP mRNA and FABP-protein. The function of flows is to fill 

and drain the accumulations, such as pre-mRNA processing ar$d transport, mRNA decay, 
B 

translation and protein decay. The arrow head indicates the diiection of the flow. The 

function of connector is to connect model elements. Converter functions as a utility, it 

holds values for constants, defines external inputs to the model, calcul~tes algebraic 
"= 

# relationships, and serves as the repository for graphical functions. In general it converts - ~ 

inputs into outputs (STELLA 11, High Performance Systems, Hanover, NH). 

One of the reasons for modeling is to formulate and test hypotheses by 

determining whether the experimental results fit with predictions based on current 

knowledge..In order to construct a model, assumptions are needed. Based on the single- 

compartment model, and extended to the two-compartment model (Hargrove, 1993). 
a 

researchers assume that a product is formed at a fixed rate under initial conditions, and is 

, eliminated at a rate that is proportional to its concentration. This assumption is commsnly ' 

expressed as zero-order synthesis and first-order degradation. The transfer rates between 

compartments are related to half-lives; the rates of degradation are equivalent to the rate . 

of transfer. The transfer rate can be expressed as R = 0.693/t112. (R: t~ansfer rate, tlIz.: 

half-life). Therefore, as the fraction of a product transferred or eliminated from a 
* 

compartment persthe interval increases, the shorter the half-life becomes, the quicker the . 
system approaches its new equilibrium. 



Data of $ABP pre-mRNA from flight muscle of developmintal locust were 
% ,  

obtained with quantitative co RT-PCR as described in prwious chapters (4.2. 

and 5.2.). Data of FABP mRNA and protein wen derived from ~ahnerland et al. (1992). 
, ? 

Data were anglyzed by computer simulation. (Hargrove, 1994) with the Software 

package STELLA I1 (versicy 4.0, High Performance System, Hanover, NH). The single- 

and two-compartment model of FABP gene expression were constructed. assuming zero- 
P 

order synthesis iuid krst order decay for mRNA and FABP. mRNA synthesis was Fated 

as a function of the primary transcript toncentration measured, and proteins synthesis as a . 
i 

function of the mRNA concentration. The model was defined by the following equations . 9 
\ 

- and parameters: 

FABP(t) = FABP(t - dt) + (translation - fabp decay) * dt 
e 

initial FABP=O 

translation = mRNA* 1 

FABP decay = FABP * (0.693134) 

mRNA(t) = mRNA(t - dt) + (processing & transport - mRNA decay) * -dt . 
B 

initial mRNA = 0 
+ 

t 
processing & transport = pre-mRNA * 1 , ,- 
m w A  decay = mRNA * (0.69312.3) 

~ 

processing & transport = pre-mRN~l(premRN~+O.2) 

mRNA = 2.8+STEP(7,OS)+STEP(13.8,l)+STEP(33.42)+STEP(173)+ 



FABP- half-life = 34 days. 

3 FABP, mRNA half-life = 2.3 days 

63. Results: 

Asno kinetics were measured in this thesis, the absolute values for synthesis and 
i D i 

breakdown cannot be calculated. Nevertheless, it should be possible to determine the 

quantitative relation between synthesis and breakdown, and relative changes during 
f 

development. To analyze the quantitative connections between p r e - m ~ & ~ ,  mRNA, and 
3 

FABP, all data were expressed relative to the maximal value encountered. P+%RNA. :T 

I 

was maximal at day.5 (100% = 520,000 copieslng total RNA), mRNA,peaked at day 8 
1 

(100% = the FABP mRNA1actin mRNA ratio determined at day 8), while FABP reached . 

igmaximal value after day lUlOO % =918 % oftotal cytosolic prqeins). 
" *  

63.1. Determination of potei& stability: 
I 8 

Assuming a linear relationship between mRNA and FABP, the stable level,' 
- 3  O :  

obtained after day 15 can be maintained with a relative mRNA conqntration of 
, i 3 P 

appro&nately 15 W of the maki'hal value. Iri contrast, maximum synthesis of FABP is 
b 

'$3 
1 - 

seen at day 8, ,when the mRNA concentration is maximal. As mRNA = 100 % Causes 
C 

il .^ 
3 .% 8 

i( ^ 

* 



> 4 ' 
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85 
synthesis of more thac 15 % of the maximal FABP concentrationldai '(difference 

between day 8 and day lo), the ~ R N A  atef day 15 shobld b i  sufficient for. the synthlsis 

of only onk seventhoof the FABP synthesisdfound between day 8 a ~ d  day 10, i.e. around 
B > a  

FABP = 2'%.oF,maximum. Since only 2 96 of the total FABP are synthesized in o&er to 
*a 

maintain the maximal value; the breakdown should be approximately 2 46, which is 

equivalent to a half-life of around 34 days (0.69310.02). This initial calculation, however, ' . &  

does not include the breakdown rate in estimating FABP synthesis. 
'3 

The equations that describe both synthesis and breakdown are: 

FABP syothesis: ~ F A B P / ~ ~ ' =  a * mRNA (Eq. 6.1) 

FABP breakdown: -dFABP/dt = b * FABP (Eq. 6.2) 

I 

where a and b are constant factors, describing synthesis and breakdown rate, respectively. 

The value for a is irrelevant, as only relative changes are considered. T parameter 

that can be varied is the breakdown rate b. 
.Q 

A simple one compartment'model was constructed that describes these connections (Fig. 

6-1). 

Using the measured relative mRNA values, computer simulation was carried out 

from this model. The best correlafion between the simulated and the previously measured 
9 

* 

FABP values were obtained for a breakdown rate of 2 %/day, a value equivalent to a 

protein half-life of 34 days (Fig. q2).  



mRNA 

FABP decay 

Fig. 6-1: Simulation of FABP translation. 
Single-compartment model of locust flight muscle FABP 
translation during development with STELLA I1 sipulation 
program was constructed. 
mRNA data acquired from Haunerlqpd et al., 1992. 
Translation is proportional'to mRNkncentiat ions.  



I 

Fig. 6-2: Simulation of FABP translation. 
The measured mRNA values during locust developbent were used in 
the single-compartment model depicted in Fig. 6-1 
parapeters were used: 

mRNA = 

- STEP(-40.9.1 S)+STEP(5,17j+STEP(1.3,19). 

translation=mRNA* I 
initial FABP concentration=O 2: 

. ~ ?i FABP decay=mRNA*(0.693/34) . 

FABP half-life t,,=34 days 
curve 1: mRNA 
curve 2: FABP protein 



632.  Determinatian of mRNA stability. 

to: 

Similar considerations for the relationship between p i e - m ~ ~ ~  and mRNA lead - = 

h 

mRNA synthesis: dmRNA1dt = c * pre-mRNA (Eq. 6.3) . 

mRNA breakdown: -dmRNA/dt = d * mRNA (Eq. 6.4) 

After day 12, the mRNA value is stable at around 15 %, and pre-mRNA is very 

low, between 50 and 300 copies (0.01-0.06 %). Considering the-haccuracies of these 
3 

values, an approximate value of 0.05 % was chosen. If 0.05 % of maxiriial pre-mRNA 

can account-for replacing the proportion of the constant mRNA value of 15 1 that breaks 
r) 

down, then 100 % pre-mRNA should lead to a 2000-times larger synthesis rate. That 
% 

would be consistent with the observed mRNA pattern only if the mRNA was extremely . 

'stable.   ow ever, the decline of mRNA between day 12 and 15 suggests that the half-life 
. . 

cannot be much greater than 2 days, as during this period the mRNA values are halved 

every two days. Moreover, mRNA still increases between day 6 and day 8, although the i 
I 
I 

pre-mRNk values have declined to &tween 5-20 % of its maximum. It is thus obvious 4 I 

* 1 
that the relationship between pre-mRNA add &A is not linear, at least not over the 

C 

~ entire 20 days. 

1 At very high pre-mRNA concentrations, saturation of pre-mRNA processing and 

mRNA tans-nuclear envelope trarisport may occur, leading to a non-linear relationship. 

However, at low concentrations equation 6.3 should still be valid. As the mRNA I 

<- A 
\ \  \ 

concentration does not appear to change significantly around day 8, it can be assumed 

that the pre-mRNA at that time (2000 moleculeslng, or 0.4 % of the maximal levgls) is 

approximately what is needed to counter mRNA breakdown. Hence, a simple one 

compartment model was constructed to.cover only the period after day 8 (Fig. 6-3). In 



- t i 
I - * - - , +  

r ' 8 9  * a ' 3  I 
f *  * 

- " addition t~~equations 6.3 and 6.4, it 'was assumed that before.day t -  8 mRNA was constant 
- . 

, at EOO 96, and pre-mRNAWas also constant at the same value as found at day 8 (which w 
I - 

was, for this model, assumed as LOO %). 'Since under those conditions tig amount of 

mRNA produced is exactly what is needed to replace deca;ing mRNA, the model can be. 
* 

used to determine the half-life of mRNA. t -. $39 
Y 

The simulation was carried out for various breakdown rates, until an optimal fit 
9 > 

between the simulated and the measured*values for RNA after day 8 was obtained (Fig. 

A good match between the measured and simulaied data was oh ined  for a 

mRNA breakdown rate of 30 %/day. Since o 6 

i' 

\ breakdown rate = 0.693/tiI2, 

the half life of mRNA is approximately 2.3 days. 
/' 

t 



processing & transport rnRNA decay 

Fig. 6-3: Estimation of FABP mRNA haltlife. 
Single-compartment model of locust flight muscle FA'BP mRNA 
synthesis during development wiih STELL4 I1 sirnulationeprogram 

Q was constructid. 
pre-mRNAtpre-mRNA values from day 8 to day 20 were used in the 
model. 
qRNA synthesis is the function of transcription and processing and 
transport. 



Fig. 6-4: Estimation of FABP mRNA half-life. 

The measured pre-mRNA values from day 8 to day 20 during locust 
development were used in the single-compartment model depicted in 
Fig. 6-3. The following parameters were used: 

processing & transport = pre-mRNA * 1 
initial mRNA concentration = 100 
mRNA decay = mRNA * (0.69312.3) 
mRNA half-life t,,, = 2.3 days 

mRNA values from Haunerland et al: (1992) 
------ pre-mRNA values used for computer simulation - mRNA values from computer simulation 



63.3. Complete simulation of ~ R N A  synthesis: 

As mentioned before, substrate saturation may occur when pre-mRNA is present 
1 

I in large amounts. While many enzyme reactions and the transport out of the nucleus into 
I 

the cytosol are involved in the conversion from p r e - m ~ ~ ~  to  mRNA, for the purpose of 

this simulation these can.be all considered as one process. Processing p d  transport 

involve enzymatic reactions that should behave according to normal enzyme kinetics, that 

.i are described by the Michaelis-Menten equation: 

where V - - reaction rate; A . 

- V m a  - 

P I  = 

KM = Michaelis constant. 

Adapted for &e synthesis of rnRNA, this equation becomes 

[pre-mRNA] 
d mRNA/dt = V,, ( E ~  .'6.6) 

[pre-mRNA] + KM - 

Since no absolute values were measured. but all results were normalized 
6 

maximal value, the factor V,, is irrelevant. Hence, a simplified model was 

based on the equation ~ 



. . 
The two-compartment model 'descXbing mRNA and FABP synthesis that was used for ' ' 

' 
the simulation is  shown in Fig. 6-5. As mRNA and protein stability haire bien estimated . 

before (mRNA: (tin = 2.3 days) , chapter 6.3.2; FABP: (tl12 = 34 days), chapter 6.3.1), . 

only XM was unknown. Optimal match between the measured data and the simulated ' 
# 

values was obtained for a KM value of 0.2 %. This means that at the concentration of 

1030 copies of pre-rnRNA1ng of total RN-A (0.2 % of the maximal value of 514,000 , b =. 
found on day 5), the mRNA synthesislexport rate is half of the maximal rate. As the pre- 

mRNA cpncentration increases, the rnRNA synthesis rate approaches a maximum, while 
A. ., 

at lower pre-mRNA concentration, the synthesis of mRNA is almost proportional to the 

amount of pre-mRNA present (Fig. 6-6). 



P 
I , .  
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. pre-mRNA 
mRNA FABP 

3 

process in^^ & transport translation 

FABP decay 8 . 

Fig. 6-5: Two-compartment model of FABP expression. 
The complete process of simulation model of locust flight r n h e  FABP 
synthesis during development with STELLA I1 simulation program was 
constructed. 
pre-mRNA: pre-mRNA values from nymph to day 20 adult were used in 
the model. % 

mRNA synthesis is the function of transcription and processing and 
transport. 
FABP synthesis is the function of mRNA concentration. . 



0 5 ' 10 15 20. 
Days after adult ecdysis 

Fig. 6-6: Simulation of FABP expression. 
The complete process of FABP expression was simulated with model 
shown in Fig. 6-5. The following parameters were used: 

processing & transport = pre-mRNAl(pre-mRNA+O.2) 
initial mRNA concentration = 0 
mRNA decay=mRNA * (0.69312.3) 
mRNA half-life t,,,=2.3 days 
initial FABP concentration = 0 
translation = mRNA * 1 
FABP decay = FABP * (0.693134) 
FABP half-life t,,, = 34 days 
curve 1 : mRNA from simulation 
curve 2: FABP from simulation 
0 mRNA values from Haunerland et al., 1992 
0 FABP values from Haunerland et a1 ., 1992 



i 

L '6.4. Discussion: 

\ 
In order to invgstigate the interrelationship between p r i m a j  transcript, mRNA, 

and FABP, models of FABP gene expression were constructed and the mRNA and FABP 

accumulation was analyzed by computer simulation. The rate of FABP translation 
a $ -  - .  

appears to be proportional to the amount x f P R N ~  present. Assuming that the 'low 
b .  

&NA level present in fully grown, mature adults is sufficient for the replacement of 

decaying FABP, the half-life of FABP can be estimated to be 34 days. Hence, locust 

FABP is an extraordinary stable protein, 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 cytosolic proteins aftgr FABP expressio~ 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 conditions 

of gene expressio~ , the concentration a protein reaches in the cell depends only on its 

stability. Therefore, if the FABP gene was expressed always at the very low rate seen in 

inseck older than 2 weeks, ultimately the FABP concentration would reach the same 

maximal value. However, since it takes approximately 5 times the half-life io eitablish a 
'e 

new steady state, this level would be reached only after almost half a year. It is obvious 

that with the long half-life of locust M-FABP and the relatively 'short life time of the 

qnimals a rapid increase in FABP can only be achieved through transient, high levels of 

expression. Through the rapid aocumulation of much larger concentrations of mRNA, the 

final FABP concentration is reached within 2 weeks. At that time, however, the mRNA 
4 

concentration must be reduced to the maintenance level. 

Mammalian FABP genes, however: do not appear to. be similarly control led^ In rat - 

heart muscle, for example, the FABP concentration does increase during development. 



from 1.2 mglg c'ytosolic protein in neonatal heart to 5.7 mglg protein in adults (van 

~ieuwenho;en, et a1.,'1995):'~his increase is the' consequence df altered mRNA 

concentrations, that increase at the same time to a new steady state level. While the half- 

life of mammalian FABP is not known, the period toreach a new steady state should be 
- P 

small when compared *ith the life span of the animal. 'However, similar transient 

increases in gene expression have been observed in mammalian liver. For example, 3- 

hydroxy-3-methylglutaryl coenzynie A reductase .(HMG-CoA reductase), its gene 

expression has been observed to increase the concentration up to.200-fold. It has been 
I 

speculated that an "overshoot" of gene expression is necessary to assure a rapid change 

around birth (Hargrove, 1994). 

The variations in FABP mRNA are clearly a consequence of dramatic changes in 

the expression of the 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 o i  mRNA 

is half-maximal at day 10 when the pre-mRNA concentration (1010 copieslng RNA,see 

chapter 5) is similar to the KM. From the simulation, the maximal rate is achieved 
, . - 
between day 1 and 6, when p r e - m R N ~  is at least 100-fold higher. Obviously, a v b t  

overshoot in the transcription of the FABP gene occurs at the earlier days, as a huge 

excess of pre-mRNA is produced here. It should be interesting to study the details of the 

induction of the locust FABP gene once the upstream regions of this gene have been 

cloned, and to understand the reasons for these phenomena. I 

The results obtained in this chapter provide a plausible explanation for the . 
observed changes in FABP gene expression. However, the fact that,the simulation leads 

L 

to results that are similar to the heasired data does not prove that the current model is 

correct, as several assumptions have been made in the construction of the model, Least 

controversial is ~ r o b a b l i  the linear relatiorrship between mRNA and translation, which 

has been found for many other proteins. .Much less quantitative data exist that link ' 



expression rates with mRNA concentrations, but noha i ly  investigators also assume a 
t 

simple-first order relationship. In the case of locust muscle FABP, this relationship is 

unlikely to exi , because the observed pre-mRNA concentration teaches extremely high 

levels. At day 5 ,  FABP pre-mRNA may account for as much as 0.2 % of all cellular RNA 

(Chapter 5.3), including all transcripts and the vast amounts of ribosomal RNA present in 

the cytosol. The half-life of nuclear transcripts is always very short, and many nuclkases 

appear to be present that rapidly destroy these molecules. Although the processing and 

;ransport of mRNA is also rapid, the high primary transcript number may exceed the 
* .. 

capacity of splicing enzymes and transport mechanisms. While the transport,mechanisms 

are not very well understood, mRNA has to pass thqough nuclear pores in order to enter 

the, cytosol, and these may limit the rmdspon rat; at high concentrations. 
. 

The proposed model does not take changes in &ability of either pre-mRNA o r  

mRNA into account. Such changes have been observed for other proteins, such as higone 

(Ross, 1988; Senshu and Ohashi, 1979; Ross and Kobs, 1986, ~e(k and Ross, 1987). and 

it is possible that they occur in the locust muscle as well. However, stability changes 

alone cannot explain the observed data, unless multiple changes and extremely unlikely1 ' 

values are assumed. In contrast, the half-lives of mRNA and protein found here, while 

certainly long, are not unrealistic. These characteristics may be associated with the 

functions .of FABP as free fatty acid transporter, as locusts need large amounts of FABP 

. t z  acquire the ability to fly long distances throughbut their adult life. FABP's functions in 

"locust flight muscle are comparable to hemoglobjn, the oxygen transporter in mammalian 

blood. Hemoglobin is also a 'very stable protein. In murine erythroleuktmia cells, 

hemoglobin mRNA can accumulate to values as high as 90 % of total cellular mRNA, or 
r 

1-2 % of the total RNA (total mRNA accounts normaJly for less than 2 % of the total 

RNA). This high level can only be achieved from the relative stability of globulin 

mRNA, with'a half-life of about 50 hours, and hemoglobin itself, which is stable in 
t 



mature bboh cells (Hargrovb and ~chmidt, 1989; Krowczynska et a!, 1985; Ganguly and 

~koultchi, 1985; Ross and Sullivan, 1985; Bastos and Aviv, 1917). Hence, the stability of 

' FABP and its mRNA are not without a precedent, and is certainly - advantageous from a 

physiological standpoint. 

Although the experimental data can be simulated with the models constructed 
6 

here, the match between theoretical and experimental data is not always perfect. This 

may be a consequence of the small number bf data points and the relatively large error, as 
. 

discussed earlier (chapter 4.3). Hence, theparameters found for protein and mRNA 

stability and the KM value for the processing and transport of mRNA are inaccurate. - * 
1 - 1  , _ - 
, ~xperiments can now be designed to test and refine this model. Moreover, the model can 

, - 
I< 

*_ be used as a starting point to simulate the changes in FABP expression in response to 
--. 

1 flight activity and increased lipid delivery, as reported by Ohen and Haunerland (1994). 

Such studies on insect and mammalian muscle may provide fuGher insights into the 
0 

9 

mechanisms that regulate muscle FABP gene expression. $ 



CHAPTER 7:; GENERAL DISCUSSION -. 
T. 

Muscles that are engaged in endurance activities normally depend on fatty acids as 

an energy resource. Fatty acids are the preferred substrate for the continu'ously beating 1. 
hear; muscle of vertebrates, but also for flight mmles .  of m i g r a t o ~  birds and insects, A 

which encounter very high metabolic rat& during migratory flight ^(Crabtree and 

Newsholme, 1975). The inpacellular fattyscid trahsport is mediated by .FABP, and its 

concentration seems to reflect the metabolic cqacity of a muscle. In $&art, for which a 
d 

5 ' 2 

fatty acid oxidation rate of 0.3 pmol1min.g intact muscle has been reported, nearly '6 % of 

---aikgosolic proteins is FABP, while in flight muscle, the migratory birds (metabolic rate 
. 1  

= 0.6 pm0Umin.g intact muscle) the FABP concentration is twice as high, about 12 % of 

the cytdsolic protein. ~ o c u s t  flight muscle, with an even higher metabolic rate (0.9 

pmol1min.g intact muscle), pohsesses the highest FABP concentration found in any 

organism; FABP comprises more than 18 % of soluble total cytosolic proteins (Haunedand .' 

4 

et al., 1992). 

Locust flight muscle FABP is a truly adult specific protein. As immature locust 

nymphs have no wings, their mesothorax muscles . . are not used foi* flight activity, which 

becomes possible several days after adult ecdysis. Neither FABP nor its mRNA is 

detectable in nymphs. During the first two weeks of adult-life, the FABP concentration 

gradually increases from zero to 18 % of total cytosolie protein, and this high level is kept 

for the entire adult life. Its mRNA concentration rapidly peaks after one week and declines 

rapidly during the second week; afterwards it is present only at very low levels. This 

+ developmental pattern indicates that FABP expression in locust flight 6uscle is effectively 

regulated. 

Y There are many possibilities how the concentration of a protein in a cell can be 

regulated. Regulation can occur at each of the steps involved, from the transcription of the , 



gene to the final breakdbwn of h e  translation product. For lkus t  FABP, Qe mRNA 

concentration changes dramatically during development, indicating that the regulation o f"  
* 

FABP expression occurs at the level of transcription or mRNA stability. A l t e ~ d  
, > . 

transcription is the host coriunon mechanism to change ~ R N A  concentrations, but it is 
a- 

also possible that the gene transcriptisn&ccurs at a constant level, and that the observed rise . 
and decline in mRNA levels is the cdisequence of altered ~ R N A  stability. To decide 

r 
whether altered gene transcription is responsible for the observed changes in FABP 

mRNA, it is ndcessary to measure the level of transcriptioo .at different times in 

development. - 

The goal of this thesis was to determine whether d i e , d e v ~ ~ ~ ~ r n ~ n t a l  differences in 
4 ,' 

FABP expression are caused a .  by changes in the tranwri$ion of the FABP gene. The in 

vitro nuclear run-on assay is the most direct .way to measure the ongoing rates of 

transcription of a gene, but experimental dificulties frequently limit its usefulness.hitially, . 

it was attempted to measure FABP expression with a nucle& run-on assay in locust flight 

muscles. Nuclei were isolated by density gradient centrifugatiop techniques from flight 

muscles. They apkared to be mtact, as seen by electron microscope,~but the yield was 

rel~tively small, which further complicates reliable run-on assays. It was hoped that the 

high levels of FABP gene expression would compknsate for the low yield of nuclei; but 

this prwed not to be thk case. Many run-on experiments canied out under a variety of 

conditions failed to give retiable results, and therefore'an alternative technique was thought 

to measure the expression of tke FABP gene. 
8 

Immediatyly following transcription, the primary banscript is rapidly processed - 

within the nucleus, by capping the 5' end, splicit& out the intron sequences and adding a * 

' poly A tail: The resulting nuclear ~ R N A  i s h n  released as mature mRNA into the cytosol. 
: -% - 

Because of the short half-life of transcripts, their concentrations reflect an 
P 



t 
=a 

equilibri 1 m between transcription and post-transcriptiqn prdessei. ~ e n c e ,  the amount of r > I 

primary ranscript can be used to determine relative rates of gene expressiog. , 

; d -  ecause of the small levelsiof primary transcripts present in the nucleus, cfassical 
4 

techniques are not sensitive enough for'such measurements. It should be 

to measure such low levels with PCR-based techniques. As unspliced 

transcripts contain not only the sequence of the expressed proteins but also introns, * Y 

FCR with primers specific for introns of the gene in qyestion can be 

a reverse transcription .PCR technique was developed for tffe 
- , - -  muscle FABP primary transcript. Since PCR amplification is an 

.** 

used to 

ejtpohetntial process, the amount of the PCR product is not linearly related to the number of 

amplify only unprocessed transcripts. 

template rnol&ules, Many different techniques that have been reported to determine the 
@ 

numbar of template'molecules fron'i the PCR product. Competitive PCR with an internal 3 a 

standard was cho;en in this thesis, in which known.amounts of a standard RNA was added 

to a constant amount of total RNA containing-the target primary transcript. As target and 
', 

'standard compete fo&he same primers, the ratio of band intensities was used to determine . 
h\ #'- the number of target molecules present in th sample. This technique worked very well 

+ 1 

over a wgle concentration range, allowing measurement of as few as 1000 copies of pre- 
. '3 

rnRNA in 3 pg of total RNA, or as many as 500,000 copies .in one ng of total RNA. . 

Hence, it was used to measure pre-mRNA changes during adult locust development. 

The data obtained indicate that FABP pre-mRNA was not expressed at a detectable 

level before the final ecdysis, as suspected from the reported mRNA and FABP levels. 
e 

Immediately after adult metamorphosis, within a few hours, the FABP primary transcript 

became detectable, although at a low level of about 100 copies per ng total &A. From day 
' 

2 to day 5 the expression is extrem* high. at up to more than lo5 pre-mRNA moleculese 

per ng total RNA. This suggests a delay in the full activation of FABP transcription, 



possibly due to the need to synthesize other factors required for the full activation of the 

gene. After day 5, the-transcripaon level drops rapidly, finally reaching the low level of 10' 

'copiesing total RNA level. 1 

The dramatic changes in the ,pre-mRNA are consistent with the observed levels of 

mRNA and-protein. &A steadily increased between day 2 and day- 8, before it drops 

gradually to a constant low level leached after day 15. FABP protein 'increases slowly 

between day 2 and day 15, where it reaches very high, stable high level (18 % of total 
. * 

4 '  cytosolic protein). ' , 

In order to insight into the kinetic interrelationship be een the components . t 
on FABP expression, a computer simulation model was construhed. First single- 

compartment model was used, which only includes FABP translation and protein ' 

degradation. The translation was assumed proportional to mRNA concentration. .The 

simulation matched tb experimental data best for the FABP hqlf-life of 34 days. As protein 
'V 

'stability ultimately determines the intracellular concentration of a protein, a protein that is r 

present in an extremely large concentration should be expected to be very stable. Indeed, 

ot,her proteins present in hrge amounts-; such as hemoglobin, are known to be stable. 
\ 

- Ba'sed on these result, a separate model was used to estimate the mRNA half-life, which 

.- 
was found to be approx. 2.3 days. While most mRNAs have considerably shorter half- 

lives, mRNAs encoding abundant, stable. proteins are generally more stable (Hargrove, 

1 994). 

Using the estimates for protein and mRNA stability, a two compartment model was - - constructed to simulate the entire process of FABP synthesis starting f r m  the measured 

pre-mRN~ concentrations. The mRNA concentration in the cell depends on mRNA 

synthesis and mRNA decay, as defined by its half-life. However, the simulation showed 

clearly that mRNA synthesis is not a hea r  function of pre-mRNA. instead, good 

agreement between measured pre-mRNA and mRNA levels were found when assuming 



non-linear, Michaelis-Menten kinetics. This assumption seems to be justified, as enzymatic 
7 

' 
react im - - are involved in the processing of pie-mRNA, and the nuckar concentration of . 

- 
FABP p r e - k W ~  can reach extreme values. It hence is likely that at high substrate 

8 

concentrations these enzymes are saturated. 
& 

It is interesting to pote that FABP transcription is leading to a huge excess &*re- 

mRNA, obviously much more than what can be processed. While it may seem wasteful for- 

a cell to grossly overproduce rnRNA, this may be the consequence of the mechanisms that 

control FABP gene expression. Currently, little is known about how FABP expression is 
I 

econtrolled. It has been shown (dhen et al., 1993) that FABP is never expressed in * 4 

nymphs, but always expresseg in adults. The gene, that may be transcribed at a basal level 
t 

at all times in adult insects, possibly can be activated to a level of very high transcriptional 
P 

.. 
rates at certain developmental periods, as demonstrated here. The activated gene is 

* 

transcribed at .vary high levels, hdicating'that the FABP gene has a very strong promoter 

that can be efficiently regulated. 

The gene is also induced in response to physiological stimuli. ~ $ n  and Haunerland 

(1994) demonstrated that flight and increased lipid delivery lead to a rapid increase in 

mRNA levels. Using the RT-PCR technique developed in this thesis it should now, be 

.possible to determine whether this activation is due to increased transcription. ~ c e k a t e  

measurements of pre-mRNA changes in response to changing lipid delivery can be carried 

out, and this may lead to a better understanding whether and how fatty acids control the 
. 

expression of FABP. 

&tailed studies of the kinetics of FABP expression in response to increased 

extracellular fatty acid supply may not be possible i'n' livi custs, but may require 

suspensions of isolated myocytes. The very sensitive transcription assay developed here 

appears to be well suited for such studies, as only minute amounts of cellular material are 



required for the analysis. Data can be analyzed if such experiments could be carried but 

with computer simulationt using a model modified from the one developed here.' - 
s 

While present at much lower concentrations, FABP from mammalian heart muscle 

may be under similar control mechanisms. Its synthesis increases similarly in response to 

.exercise or elevated lipid supply. Mammalian muscle FABP and its mRNA also increase 

durihg development, but only up to 3 fold over a peridof several'weeks. In contrast, 
s 

Jocust rnRNA increases more than 100 fold during the first week of adulthood. As 'the large 

congntration of FABP is needed for migratory flight, it is important to reach the final 
1 

FABP concentration as soon as possible. This rapid rise and subsequht decline to about 
; 

15 % of its maximal mRNA value assures that the maximal FABP level is reached within 

two weeks. Apparently, a similar overshoot iri FABP expression as observed for the locust 

is not necessary in mammals. 

Quantitative &iasurements of fABP transcription has snly been done in 

undifferentiatecl muscle cell lines. The technique used in.this study should provide useful 

. methodology for the measurement of transcription rates in differentiated mammalian muscle 

as well, particularly in response to exercise, other physiological stimuli, or even under 

pathologiqal conditions. ~ h k ,  the current thesis provides new methodologies that should 

be useful to better understand the control of FABP expression and its function in health and 

disease . 
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