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ABSTRACT ABSTRACT 

Thee glucocorticoid-response unit (GRU) within the distal enhancer of the 

carbamoylphosphate-synthetasee gene (CPS), which comprises response elements 

(REs)) for the glucocorticoid receptor (GR), the liver-enriched transcription factors 

FoxAA and C/EBP, and a binding site for an unknown protein denoted P3, is one of 

thee simplest GRUs described. In this study, we established that the activity of this 

GRUU strongly depended on the positioning and spacing of its REs. Mutation of the P3 

sitee within the 25-basepairs FoxA-GR spacer eliminated GRU activity, but the 

requirementt for P3 could be overcome by decreasing the length of this spacer to ^ 12 

basepairs,, by optimising the sequence of the REs in the GRU, and by replacing the 

P33 sequence with a C/EBP(3 sequence. At < 12 basepairs, the activity of the GRU 

dependedd on the helical orientation of the FoxA and GR REs, with highest activities 

observedd at 2 and 12 basepairs. Elimination of the 6-basepairs C/EBP-FoxA spacer 

alsoo increased GRU activity 2-fold. Together, these results indicate that the spatial 

positionn of the transcription factors {TFs) that bind to the GRU determines its activity 

andd that the P3 complex, which binds to the DNA via a 75-kDa protein, functions to 

facilitatee interaction between the FoxA and GR-response elements at a distance 

wheree these TFs have difficulties contacting each other. 
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INTRODUCTION INTRODUCTION 

Inn liver, the enzymes of the urea cycle are responsible for the disposal of toxic 

ammoniaa originating from amino-acid degradation into urea. The mitochondrial 

enzymee carbamoylphosphate synthetase I (CPS; E.C. 6.3.4.16) is the rate-

determiningg enzyme in this cycle 1. Together with many genes encoding 

gluconeogenicc and amino-acid catabolising enzymes, the genes encoding urea-cycle 

enzymess are expressed in the periportal region of the liver and are activated by 

glucagonn (via cyclic AMP) and glucocorticoid hormones. 

Thee hormonal regulation of the CPS gene is imposed by a 469-basepairs 

distall enhancer located 6.3 kb upstream of the transcription start site 2. Within this 

distall enhancer, an 80-basepairs glucocorticoid-response unit (GRU) confers 

hormonee responsiveness and tissue specificity upon the gene (Figure 1A) 3. 

Hormone-responsee units (HRUs) are clusters of transcription factor-binding sites, 

comprisingg a hormone-responsive element and a number of cis-elements (accessory 

factors).. Such an HRU allows the regulation of transcription of the gene in space and 

timee by integrating multiple signal pathways 4. We previously analysed the binding of 

transcriptionn factors to the CPS GRU by in vitro footprinting 3. At the 5' end of the 

GRU,, a CCAAT/enhancer binding protein (C/EBP) RE is located. C/EBP is a liver-

enrichedd transcription factor that belongs to the basic zipper family of transcription 

factorss and binds to its response element as a dimer5. Separated from the C/EBP-

bindingg site by a 6-basepairs spacer, a binding site for forkhead box A (FoxA/HNF3) 

iss located. FoxA belongs to the winged-helix family of transcription factors and is 

highlyy expressed in liver, stomach and intestine 6. FoxA binds the DNA as a 

monomerr and bends the DNA around itself, imposing a 13-degrees angle upon the 

DNAA 7. 25 Basepairs downstream of the FoxA-binding site, the glucocorticoid-

responsee element (GRE) is located. The glucocorticoid receptor (GR) belongs to the 

steroid-receptorr family and is expressed in most tissues. Upon ligand binding, the 

receptorr dimerises and binds to its response element. Within the 25-basepairs region 

betweenn the FoxA- and GR-binding sites, a binding site for an unidentified protein 

denotedd as P3 is present 3. We previously showed that mutation of either the GR, 

C/EBP,, or the FoxA RE in the CPS GRU abolishes the response to glucocorticoids 

and,, therefore, concluded that these elements are all necessary for a full 

glucocorticoidd response 2. 

Too begin to address the question how a GRU works, it is necessary to 

delineatee the structural requirements with respect to positioning and spacing of the 

componentss of the unit. In this study, we addressed these questions by constructing 
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GRUss in which the sequence, mutual distance and configuration of the REs were 

altered.. These constructs were tested in transient-transfection assays to FTO-2B 

hepatomaa cells. We found that the sequence of the REs and their mutual distance 

greatlyy affected GRU activity. Like the other participating REs, mutation of the P3 site 

withinn the FoxA-GR spacer eliminated GRU activity, but the effects of this mutation 

couldd be overcome by decreasing the length of this spacer to < 12 basepairs, by 

optimisingg the sequence of the REs, and by replacing the P3 sequence with a 

C/EBPPP sequence, suggesting that P3 functions to facilitate the binding of TFs to the 

GRU.. These findings show that the spatial requirements of the relatively simple CPS 

GRUU are strict. 

METHODS METHODS 

Tissu ee cultur e 

Thee rat hepatoma cell line FTO-2B 8 and the monkey-kidney cell line COS-1 9 were 

maintainedd in DMEM/F12 medium (Invitrogen life technologies, Carlsbad, CA, USA) 

supplementedd with 10 % foetal calf serum at C and 5 % CO2. 

Transfectio nn of reporte r construct s 

Too determine the role of the architectural composition of the CPS GRU on its activity, 

modificationss were introduced into the GRU. All GRU constructs described in this 

paperr were cloned into the BamHI and Pstl sites of the pSPIuc+ vector (Promega, 

Madison,, Wl, USA). For this purpose, the pSPIuc+ reporter vector was modified by 

insertingg the bovine growth-hormon e polyA tail into the Xbal-EcoRV sites 

downstreamm of the luciferase gene, and the minimal promoter with the proximal 

enhancerr (-161 to -38) of the CPS gene into the Kpnl-Hindlll sites of the polylinker 

upstreamm of the luciferase gene. 

Too test these constructs, 20 ug of luciferase-reporter construct was co-

transfectedd with 2 ug pRL-CMV control DNA (Promega, Madison, Wl, USA) to 1-107 

FTO-2BB hepatoma cells by means of electroporation 10. Transfected cells were split 

intoo two equal parts and cultured in two 9.6 cm2 wells. 24 hours posttransfection the 

mediumm was replaced and the cells cultured for another 24 hours; in one of the two 

wellss this medium was supplemented with 100 nM dexamethasone (Centrafarm, 

Etten-Leur,, The Netherlands). Luciferase activity was measured using the dual-

luciferasee reporter assay system (Promega, Madison, Wl, USA) in an Autolumat plus 

(Berthold,, Vilvoorde, Belgium). Luciferase values were corrected for differences in 

transfectionn efficiency and between-session variation. To analyse the differences 
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betweenn constructs, the non-parametric Kruskal-Wallis test was employed. Results 

weree considered significantly different at p<0.05. 

Preparatio nn of nuclea r extract s fro m COS-1 cell s 

Usingg polyethyleneimine as transfection agent 11, COS-1 cells were transfected with 

C/EBPa-expressionn vector and cultured for two days. Cells were harvested and 

resuspendedd in lysis buffer (10 mM Tris pH 7.4; 15 mM NaCI; 60 mM KCI; 1 mM 

EDTA;; 0.1 mM EGTA; 0.1 % Triton X100; 150 mM sucrose; 0.15 mM spermine; 0.5 

mMM spermidine) precooled to . Nuclei were sedimented through a 1 M sucrose 

cushionn for 20 minutes at 1400g and resuspended in one volume of low salt buffer 

(200 mM HEPES, pH 7.9, 25 % glycerol, 1.5 mM MgCI2, 20 mM KCI, 0.2 mM EDTA, 

0.22 mM PMSF, 0.5 mM DTT). Nuclear proteins were extracted for 20 minutes at 4 C 

onn a tilt board by dropwise addition of one volume of high salt buffer (low-salt buffer, 

inn which the 20 mM KCI was substituted by 800 mM KCI). Following 2x 2 hours 

dialysiss against 20 mM HEPES, pH 7.9, 20 % glycerol, 100 mM KCI, 0.2 mM EDTA, 

0.22 mM PMSF, 0.5 mM DTT, frozen in liquid nitrogen and stored at -80 . 

Nuclea rr  extrac t preparatio n of rat live r 

Nuclearr extracts from rat livers were prepared according to the method of Sierra 12. 

Briefly,, nuclei were sedimented through a 2 M sucrose cushion. The nuclei were 

resuspendedd and lysed by addition of (NH4)2S04. The resulting precipitate of 

chromatinn was removed by centrifugation. Nuclear proteins were salted out by a 

furtherr increase in the (NH^SCU concentration. 

Too obtain a P3-enriched protein fraction, 20 mg nuclear extract was loaded on 

aa monoS HR 5/5 (Amersham biosciences, Little Chalfont, UK) cationic exchanger 

columnn using an LCC 501-plus FPLC (Amersham biosciences, Little Chalfont, UK). 

11 ml protein fractions were collected by eluting the column with buffer (10 % glycerol, 

200 mM HEPES pH 7.9, 1 mM EDTA, 1 mM DTT, 0.01 % NP40) containing a gradient 

fromm 100 mM to 600 mM KCI. The resulting fractions were tested for the presence of 

P33 by EMSA analysis. 

Electrophoreti cc  mobilit y shif t assa y 

Too study protein-DNA interaction, a double-stranded DNA-probe was radiolabeled 

withh [a-32P]dATP using Klenow polymerase and purified on a Sephadex G50 spin 

columnn (Amersham Biotechnologies, Little Chalfont, UK). Each binding reaction 

containedd 10 ug nuclear extract, 20 mM HEPES pH 7.9, 1 ug poly(dl-dC)-poly(dl-dC), 
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100 % glycerol, 100 mM KCI in a final volume of 20 ul. Following 10 minutes 

preincubationn on ice, the probe was added (2-104 cpm) and complexes were allowed 

too form for 20 minutes on ice. To perform competition experiments cold (non)specific 

oligonucleotidess were added to the reaction mixture, whereas for supershift analysis, 

11 pi antiserum was added 15 minutes after commencing the binding reaction. The 

resultingg protein-DNA complexes were resolved on a 6 % polyacrylamide gel 

(acrylamide:bisacrylamide=29:1)) in 0.25 x TBE buffer at room temperature. Before 

loadingg the samples, gels were pre-run for 1 hour. Samples were loaded on gel 

withoutt the use of dye; a bromophenol blue reference was loaded in a separate lane. 

Followingg electrophoresis at 10 Vcm"1 until the bromophenol blue reference migrated 

twothirdd of the length of the gel, it was dried and exposed overnight to phosphorus 

screenn and analysed using a Storm 860 Phosphorlmager apparatus (Molecular 

Dynamics,, Sunnyvale, CA, USA). 

Antibodie s s 

Rabbitt polyclonal antibodies against C/EBPa (cat# sc-61) and C/EBPfi (cat# sc-746) 

weree purchased from Santa Cruz biotechnology (Santa Cruz, CA, USA). 

South-wester nn blottin g 

Analysiss of protein-DNA interaction by South-western blotting was performed 

accordingg to the method of Labbé 13. 25 ug nuclear extract was mixed with 2x sample 

bufferr (125 mM Tris-HCI, pH 6.8, 4 % SDS, 0.1 % bromophenol blue, 20 % glycerol, 

andd 5 % (i-mercaptoethanol). The sample was loaded on a 9 % SDS-PAGE minigel 

andd electrophorised in Laemmli buffer (50 mM Tris base, 384 mM glycine, 1 % SDS, 

pHH 8.3) at 50 Volts until the bromophenol blue migrated off the gel. The gel was pre-

incubatedd in blotting buffer (25 mM Tris base, 192 mM glycine, pH 8.3) for 1 hour at 

CC to remove SDS. The proteins were transferred to Immobilon-PVDF membrane 

(Millipore,, Billerica, MA, USA) by electroblotting for three hours at 50 Volts. After 

renaturingg the proteins by incubation for 15 minutes in binding buffer (20 mM HEPES 

pHH 7.9, 5 mM MgCI2, 50 mM NaCI, 1 mM DTT), the membrane was incubated for 1 

hourr in blocking buffer (5 % non-fat dried milk powder, 0.01 % Tween-20 in binding 

buffer).. Binding was performed overnight by incubation in binding buffer (0.25 % non-

fatt dried milk powder, 0.01 % Tween-20 in binding buffer) containing the radiolabeled 

P33 probe at a concentration of 1*106 cpm per ml. The membrane was washed 2 

timess 20 minutes in binding buffer followed by 20 minutes in binding buffer. The blot 
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wass exposed to phosphorus screen and analysed using a Storm 860 

Phosphorlmagerr apparatus (Molecular Dynamics, Sunnyvale, CA, USA). 

RESULTS RESULTS 

Thee introductio n of thre e restrictio n site s in th e GRU doe s no t influenc e the 

activit y y 

Whenn reporter-gene constructs comprising different combinations of the minimal 

promoter,, the proximal enhancer, and the distal GRU enhancer were tested, we 

observedd no glucocorticoid response when only the proximal enhancer and the 

promoterr were present (Figure 1B, construct a). However, addition of the GRU 

renderedd the construct highly glucocorticoid-responsive (construct b). To facilitate 

modificationn of this GRU, three restriction enzyme-recognition sites were introduced 

byy modifying only one nucleotide per restriction site (Figure 1 A). 

a..  ctttcgagtcttgcaaaa t catcagtgtttgctct tt  gacaagttgaaaaaacaagttcatcagagcagtttgttc t  gttcagc a 

P3 3 

b.. c t t t c g a g t c t t g c a a a a t c a t g a c t g t t t g c t c tt g a c a t g t t g a a a a a a c a t g t t c a t c a g a g c a g t t t g t t c t i j t t c a g ca 
RcaRca I Aflm ,4)7 111 

C/EBPP FoxA 

i i v//////////////////////^^^^^^ v//////////////////////^^^^^^ 

\\ No Dex 

1000 nM Dex 

^ a n n 

Proximall Minimal 
enhancerr promoter 

5000 1000 

Luciferasee activity 

Figur ee 1. The introductio n of restrictio n site s in the GRU does not affec t GRU activity . To 

facilitatee cloning, restriction sites were introduced into the GRU. Panel A shows the nucleotide 

sequencee of the CPS GRU and the response elements therein (a), as well as the modified GRU upon 

thee introduction of restriction sites (b). The triangles indicate the positions of the point mutations. The 

GRUU constructs were cloned upstream of the minimal promoter and proximal enhancer of the CPS 

gene.. These reporter-gene constructs were transiently transfected to FTO-2B hepatoma cells and 

inducedd with glucocorticoids for 24 hours. The reporter-gene activities, measured in the resulting 

lysates,, are presented as mean luciferase values (+ SEM). The asterisk indicates significantly different 

results.. The data show that the combination of proximal enhancer and minimal promoter does not 

resultt in a strong activity increase when induced by glucocorticoids relative to the basal activity (Panel 

B,, construct a). In contrast, both the parent and the modified GRUs exhibit a similarly high level of 

activityy when cultured in presence of glucocorticoids (Panel B, constructs b, c). 
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Transfectionn experiments to FTO-2B hepatoma cells showed that these mutations 

didd not affect the activity in response to glucocorticoids (Figure 1B, construct c). 

AA specifi c arrangemen t of GRU element s is require d fo r a glucocorticoi d 

respons e e 

Whenn we inverted the orientation of the GRU, we observed a 2.5-fold decrease in 

transcriptionall activity (Figure 2, construct b). Because C/EBP and GR bind their REs 

ass dimers 14;15, it is likely that their activity is independent of their orientation. In 

contrast,, FoxA binds as a monomer. We, therefore, tested the possibility of a FoxA 

orientation-dependentt glucocorticoid response. Inversion of the FoxA orientation 

withinn the GRU indeed led to a 4.5-fold reduction in reporter-gene activity (Figure 2, 

constructt c). We also tested whether the GRU REs are restricted to specific positions 

withinn the GRU by displacing the REs. Displacement of the C/EBP RE downstream 

off the GRE resulted in a strongly reduced activity in response to glucocorticoids 

(Figuree 2, constructs d). Together, these data indicate that the arrangement of the 

REss is crucial for GRU activity. 

GRE E 
C/EBPP FoxA 

a.. Wild type Êk k 

3hO 3hO 
da3/o o 

VXOd d 
8 8 

GRE E 
C/EBP P 

VXOd d 

C/EBP P 

w////////////////Mzm w////////////////Mzm 

1 1 W///////MA W///////MA 

I I W////M\-W////M\-

^m-\ ^m-\ 

Noo Dex 
1000 nM Dex 

5000 1000 

Luciferasee activity 

1500 0 

Figur ee 2. The specifi c arrangemen t of GRU element s is importan t for the glucocorticoi d 

response .. The effect of a different GRU arrangement on glucocorticoid-dependent transcription was 

testedd by transient transfections to FTO-2B hepatoma cells. Modified GRUs were placed upstream of 

thee proximal enhancer and minimal promoter. After 24 hours induction with or without glucocorticoids, 

celll lysates were prepared. Luciferase values are presented as the mean (  SEM) of at least four 

experiments.. The asterisk indicates significantly different results. The data show that inversion of the 

GRUU reduces the activity 2.5-fold (b), whereas inversion of only the FoxA site reduces the activity 

3-foldd (c). Displacement of the C/EBP-response element downstream of the FoxA- and GR-binding 

sitess (d) reduces the activity 3-fold. 
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Eliminatio nn of the C/EBP-Fox A space r increase s GRU activit y 

Thee rotational phasing of a transcription factor on the DNA helix can affect its 

functionn 16;1?. Since a functional GRU is highly dependent on the presence of C/EBP3 

andd its position relative to the FoxA and GR REs (Figure 2), we tested whether the 

distancee between the GRU elements or their helical orientation affects the 

glucocorticoidd response. When two or three helical turns (20 and 30 basepairs 

respectively)) were added to the spacer between the C/EBP and FoxA-response 

elementss (Figure 3, constructs e, f),, activity was comparable to the wild-type 

constructt (Figure 3, construct c). When half a helical turn was added to this region, 

GRUU activity also remained unaffected (construct d). However, when the spacer 

betweenn the C/EBP and FoxA elements was gradually eliminated, GRU activity 

increasedd 2-fold (constructs a and b). 

% % 

c.. wild type 

d. . 

mh^Hitt i 

261 1 

mm.wm^-imm^mm.wmim^m.m mm.wm^-imm^mm.wmim^m.m 

mamimmmim.mmi'&iA mamimmmim.mmi'&iA 

#*MM M 

C/EBP P 
36J J 

FoxA A GRE E 

'mm.vfmt.'zmA 'mm.vfmt.'zmA 

mm.mmtosm mm.mmtosm 

mm.mtm.mmm.mtm.m ns Noo Dex 
1000 nM Dex 

5000 100 0 150 0 200 0 250 0 300 0 350 0 400 0 450 0 

Luciferasee activity 

Figur ee 3. The effect s of variabl e space r lengt h betwee n the C/EBP and FoxA-bindin g site s in 

thee GRU. A series of GRU constructs was made with deletions or additional insertions between the 

C/EBPP and FoxA REs. These modified GRUs were placed upstream of the proximal enhancer and 

minimall promoter of the CPS gene and tested in transient transfection to FTO-2B hepatoma cells. 

Afterr 24 hours treatment with or without glucocorticoids cells were lysed and luciferase values were 

measured.. The results are expressed as the mean (  SEM) of at least four experiments. Shortening 

thee C/EBP-FoxA spacer (a, b) significantly increased the activity relative to the parent construct (c), 

whereass increasing the distance had no effect (constructs d, e, f). 
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Thee FoxA-GR E distanc e is critica ll  fo r GRU activit y 

Ass shown in Figure 1A, the FoxA and GR REs are separated by a 25-basepairs 

regionn that harbours a binding site for an unknown protein, denoted P3 3. When this 

elementt was mutated, GRU activity was all but eliminated (Figure 4, construct i). The 

effectss of this mutation could be overcome overcome by reducing the spacing 

betweenn the FoxA and GR REs to 12 basepairs (Figure 4, constructs e-h). 

Interestingly,, the length of the FoxA-GR spacer rather than the sequence mattered 

oncee the FoxA-GR spacer was 12 basepairs (Figure 4, constructs e and f). 

A. . 

B. . 

f . . 

g--

h. . 

ii  . 

jj  -

C/EBPP FoxA GRE E 

6 6 
« ^^ «F 

66 25 
-ZM2>-ZM2>——-mm--mm-

66 42 

K; ; l W M » » # M « i w j p » g i » » 

H H w////////////////jmm w////////////////jmm 

i i 
i i 
%w//////////////////J^^^^^^ %w//////////////////J^^^^^^ 
IK K 

mmam^a^p^asaa a 

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

1 1 W//////////////////////2^ W//////////////////////2^ 

!M^^Mm%4%3m$ HH . 

Noo Dex 
1000 nM Dex 

00 500 1000 
Luciferasee activity 

g a c a t g t t g a a a a a a c a t g t t g a tc c 

gg c 

gacat gg c 
gacat gg ttgat c 
g--gtg—cgacgg cc  c 
gaca tgg c at g t t g a tc 
g a c a t g —g a at t c - - c a t g t t g a tc c 
g a c a t g g t c g a c g g c c a tgg t t g a tc 
g a c a t g{ g a a t t c c a t g )j t t g a tc c 

Figur ee 4. Bot h the distanc e and sequenc e of the regio n betwee n the FoxA and GR REs 

influenc ee the glucocorticoi d response . A series of GRU constructs was made with deletions or 

additionall insertions between the FoxA and GR REs. Modified GRUs were tested in conjunction with 

thee proximal enhancer and the minimal promoter by transfection to FTO-2B hepatoma cells (Panel A). 

Thee asterisks indicate that results are significantly different from construct f. The curved line indicates 

thee helical expression profile with respect to the distance between the FoxA and GR REs. The 

triangless indicate the positions of the point mutations. Panel B shows the sequence of the respective 

spacerr sequences. Italic characters represent nucleotides deviating from the wild type sequence. 
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Whenn the spacer used in construct e was further shortened (Figure 4, constructs b-

d),, activity became dependent on the remaining length of the spacer. Removal of a 

halff or 1.2 helical turns (constructs d and b, respectively) decreased activity to 40% 

andd 50%, respectively, but removal of one complete helical turn did not significantly 

decreasee activity (construct c). These data show that an intact P3-binding site is only 

requiredd if the distance between the two REs is 25 basepairs and that the positions of 

FoxAA and GR binding in the DNA helix do matter if less than 2 helical turns separate 

thesee sites. 

Optimisatio nn of the GRU respons e element s increase s activit y and eliminate s 

dependenc ee on P3 

Whenn the CPS GRE was replaced by an optimised palindromic GRE, the C/EBP RE 

byy a sequence selected for high affinity binding 18 and the FoxA-binding site by a 

consensuss sequence 19, GRU activity increased 1.4-fold (Figure 5, construct a). 

C/EBPP FoxA GRE E 

25 5 

66 7 

c . ^ 6 , ^ 1 22 Ü 

d . € H S 6 ^ 2 5 5 

r r 
Wildtypee REs + 100 nM Dex 
Optimisedd REs +100 nM Dex 

10000 1500 2000 

Luciferasee activity 

Figur ee 5. Optimisatio n of the GRU REs increase s the glucocorticoi d response . GRU-variants, 

differingg in the length of the FoxA-GRE spacer, were modified into GRUs with optimised REs. The 

GREE was replaced by a palindromic GRE (AGAACAnnnTGTTCT) that has a high affinity for GR 20. 

Thee C/EBP REs were replaced by a sequence selected for optimal binding (ATTGCGTAAT)18, while 

thee FoxA RE was replaced by a consensus FoxA site (TATTGACTTAG)19. The resulting GRUs were 

placedd upstream of the proximal enhancer and minimal promoter of the CPS gene, and were 

transientlyy transfected to FTO-2B hepatoma cells. Following 24 hours induction with glucocorticoids, 

luciferasee values were measured in the cell lysates. Shown are the mean luciferase values (+ SEM). 
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Whenn the same optimising modifications of the REs were introduced in the construct 

containingg the inactivating P3 mutation (Figure 5, construct d), GRU activity 

increasedd 9-fold compared to the same construct carrying the native RE sequences 

andd became similar to that containing an intact P3 and optimised REs {Figure 5, 

comparee constructs a and d). Optimisation of the REs can, therefore, also 

compensatee for loss of P3. When the length of the FoxA-GR spacer exceeded 25 

basepairs,, optimisation of the REs still increased GRU activity (Figure 5, construct e), 

butt not to that of the P3-containing sequence. When we tested the effect of the 

optimisedd REs at FoxA-GR spacer lengths of 7 and 12 basepairs (Figure 5, 

constructss b and c), GRU activity increased 1.8-1.9-fold with respect to the 

correspondingg parent constructs, with preservation of the distance effects observed 

withh the parent constructs. It thus seems that optimising the GRU REs can 

compensatee for loss of a functional P3-binding site, but leaves the activity of the GRU 

dependentt on the helical positioning of the FoxA and GRE elements. 

AA C/EBPB RE can functionall y substitut e for the P3 RE 

Sincee a 7 base-pairs substitution in the middle of the P3-binding region completely 

inactivatedd the GRU (Figure 6, construct b), we modified fewer nucleotides. The 

replacementt of the 3 nucleotides shown in Figure 6, construct c reduced hormone-

inducedd GRU activity to 40% of the parent construct (construct a). A transcription 

factorr search showed similarity of this P3-binding region with the consensus C/EBPIJ 

bindingg site. When we altered the P3 element into a consensus C/EBPfi-binding site, 

GRUU activity increased 3-fold relative to the wild-type GRU (Figure 6, construct d). 

Thee hypothesis that the enhanced activity was due to C/EBPfi binding to the 

modified-P33 element was confirmed in an EMSA with C/EBPft-enhched nuclear 

extractss of COS-1 cells (Figure 7). A specific protein-DNA complex was formed when 

thee wild type or C/EBPfJ-modifled P3 element were incubated with C/EBPft-enriched 

COS-11 nuclear extract (Figure 7, lanes 2, 5). However, upon addition of C/EBPfi-

specificc antibodies, a supershift is seen only with the C/EBP probe (lane 6), but not 

withh the P3 probe (lane 3), demonstrating that the C/EBPft-consensus sequence 

doess bind C/EBPB protein, whereas the P3 RE does not. Altogether, these results 

indicatee that the P3 site is no C/EBPft RE, but can be functionally replaced by a 

C/EBPÜÜ RE. 
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A. . 
C/EBPP FoxA GRE 

b.. ap 

C/EBPp p 
W//////////////^ W//////////////^ 

Noo Dex 
1000 nM Dex 

gg%5& & 

5000 1000 1600 2000 2500 3000 3500 4000 4500 5000 

Luciferasee activity 

B. . Wildd type P3 sequence g a c a a g t t g a a a a a a c a a g t t g a tc 
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Figur ee 6. The P3 RE can be functionall y substitute d by a C/EBP RE. Specific mutations (indicated 

byy the triangles) were introduced in the P3-binding region of the GRU to render P3 mutants and a 

constructt in which the P3 RE is altered into a consensus C/EBPp RE. These GRUs were placed 

upstreamm of the proximal enhancer and minimal promoter of the CPS gene, and were transfected to 

FTO-2BB hepatoma cells. After 24 hours induction with glucocorticoids, reporter-gene expression was 

measuredd in the cell lysates. The results are presented as mean luciferase values (  SEM). Shown 

aree the effects (panel A) and the sequence (panel B) of the wild-type P3 sequence and mutants 

thereof.. Construct a is used to facilitate cloning and does not significantly differ from the wild-type 

construct.. Mutations that render the GRU inactive are shown in constructs b and c, whereas the 

sequencee of the C/EBPp-binding site that increases the activity of the GRU is shown in construct d. 
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Figur ee 7. P3 is not a C/EBPB-bindin g site . Supershift assays were performed using either the PS-

bindingg region or the consensus C/EBPfS sequence as probe. The probes were incubated with 

C/EBPfi-enrichedd COS-1 nuclear extract. To induce a supershift, C/EBPfi-specific antibodies were 

addedd to the samples. Both probes give rise to a protein-DNA complex when incubated with nuclear 

extractt (lanes 2 and 5). Addition of C/EBPfi-specific antibodies did supershift the C/EBPfi protein-DNA 

complexx (lane 6), but not the P3 protein-DNA complex (lane 3). 

AA 75-kDa protei n interact s wit h the P3-bindin g sequenc e 

Ratt liver nuclear extract was fractionated on a monoS cationic-exchanger column 

andd assayed with EMSAs for protein fractions that contained or were devoid of the 

P33 protein. Using these fractions, we performed South-western blotting to 

preliminarilyy identify the protein that specifically interacts with the P3 element. With 

liverr nuclear extract, a protein of about 75 kDa was found to interact with the 

radiolabeledd P3-binding sequence (Figure 8, lane 1). The same result was found for 

aa P3-containing protein fraction (lane 3), whereas a P3-negative fraction (lane 2) did 

nott show any signal. 
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Figur ee 8. Identificatio n of the protei n 

thatt  interact s wit h the P3 sit e by 

South-wester nn blo t analysis . Crude 

andd partially purified rat-liver nuclear 

extractss were resolved on a 9 % SDS-

PAGEE gel and transferred to PVDF 

membrane.. Following renaturation of the 

proteins,, the blot was incubated with 

radiolabeledd P3 probe. The positions of 

thee molecular size markers are indicated. 

Thee liver nuclear extract contains a 

proteinn migrating at 75 kDa that is able of 

bindingg the P3 sequence (lane 1). A PS-

positivee mono-S fraction contains the 

samee protein (lane 3), whereas a PS-

negativee mono-S protein fraction lacked 

thiss P3-binding protein (lane 2). 

DISCUSSION DISCUSSION 

Thee present study shows that the functionally important elements of the CPS GRU 

aree the binding sites for the GR and the accessory proteins FoxA and C/EBP. The 

CPSS GRU is, therefore, one of the simplest GRUs described. Although the 

experimentss also showed that the P3 site was essential for GRU activity in its wild-

typee configuration, we identified 3 modifications that rendered the GRU independent 

off P3. This finding suggests that P3's function is not necessary to make an efficient 

GRU,, but serves to facilitate the formation of an active DNA-protein complex on the 

CPSS GRU. The finding that the CPS GRU loses a large part of its transactivating 

activityy when placed in the inversed orientation before the CPS promoter (Figure 2, 

constructt b) is at first glance incompatible with the definition of enhancers as 

regulatoryy regions that can activate transcription from a promoter independent of 

theirr orientation 21. However, we did not observe a dependence on orientation when 

aa larger fragment comprising the GRU was tested 22, which suggests that this 

dependencee of GRU activity on its orientation is caused by the close proximity of the 

GRUU to the promoter. 

Thee architectural composition of the GRU of the periportally expressed 

enzymee phosphoenolpyruvate carboxykinase (PEPCK)23 has been studied in detail 
24.. The components of the PEPCK GRU have to be in a defined positioning relative to 

47.55 kDa 
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eachh other, since swapping the HNF4/C0UP-TF (AF1) and FoxA <AF2) or the FoxA 

(AF2)) and COUP-TF (AF3) REs results in a 2-fold decrease in GRU activity 25. For 

CPS,, the order of the REs in the GRU appears to be even more important, as 

displacementt the C/EBP-binding site downstream of the FoxA and GR REs reduced 

thee glucocorticoid-inducible activity 4.5-fold. In addition to the order of the respective 

responsee elements, the distance between them may also be of importance, because 

itt presumably affects the ability of the proteins occupying the elements to mutually 

interact.. Our data show that the activity of the GRU increases with decreasing 

distancee between the C/EBP- and FoxA-binding sites. The increase in GRU activity 

thatt accompanies the approximation of the C/EBP and FoxA REs suggests an 

interactionn of C/EBP with one of the other transcription factors that bind to the GRU. 

WeWe also tested the effects of spacing of the C/EBP and FoxA REs in the absence of 

aa functional P3 RE (leaving 12 basepairs between the FoxA and GR REs), but the 

resultss were similar to the data obtained with an intact P3 site (data not shown). The 

effectt of shortening of the C/EBP-FoxA spacer is, therefore, not dependent on a 

functionall P3 site, implying that C/EBP does not interact directly with P3 or GR. Most 

probably,, therefore, the increase in activity that accompanies the approximation of 

thee C/EBP and FoxA sites results from an interaction between these two proteins. 

Becausee one helical turn is 10 basepairs and the length of the core C/EBP and FoxA 

REss is 10 and 11 basepairs, respectively, the transcription factors are located on the 

samee side of the helix when the distance between the core elements is 1 basepair 

(thee most active configuration). It is thus conceivable that the observed increase in 

activityy when these two elements are closer apposed, is the result of better alignment 

off the transcription factors on the DNA-helix. 

Thee spacing between the FoxA and GRE sites was also critical for GRU 

activity.. In the absence of P3, the GRU is most active when the distance between the 

twoo binding sites was 2 or 12 basepairs, the difference representing one helical turn 

off the DNA. This finding also implies that the position of FoxA and GR on the DNA 

helixx is important. At 25 basepairs, however, P3 became necessary to ensure activity 

off the GRU. P3 was, however, redundant at this spacer length when the REs of the 

CPSS GRU were modified into high-affinity elements, but this modification was no 

longerr effective at greater spacer lengths. These findings suggest that P3 functions 

too facilitate interaction between the FoxA and GR-response elements at a distance 

wheree they have difficulties contacting each other. A strict requirement with respect 

too FoxA-GRE spacing is also observed in the PEPCK gene 25. The 18 basepairs that 

separatee the FoxA-binding site (AF2) from GRE1 in this gene are critical for a full 
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glucocorticoidd response, with insertion of an additional helical turn decreasing 

expressionn levels. 

Ourr results show that the CPS GRU is not maximally compact in the wild-type 

configuration.. Instead, our data suggest that by reducing the C/EBP-FoxA spacer to 

11 basepair and the FoxA-GRE spacer to 2 basepairs (no P3), a unit would be 

generatedd that is very active, very responsive to glucocorticoids, very small, and very 

simplee since it only comprises three response elements. Clearly, a compact GRU 

doess not need P3 for activity, since P3 is redundant at a FoxA-GRE distance of 2 and 

122 basepairs and when the other GRU REs are replaced by optimal REs. The 

question,, therefore, emerges why P3 is integrated into this unit. Since the sequence 

off the GRU REs and the distance between the FoxA and GR REs have evolved in 

suchh a way that it allows the CPS GRU to be regulated by P3, it is probable that 

properr regulation of the wild type GRU requires the interplay of all four transcription 

factors.. To fully understand P3 function, it is necessary to establish its identity. DNA-

sequencee analysis suggested that P3 could be a C/EBPft-binding site. When we 

testedd this possibility by altering the P3 sequence into a consensus C/EBPli site, we 

foundd a 3-fold increase in the glucocorticoid-induced activity. However, using 

supershiftt assays, we found that C/EBPR. could not bind the wild-type P3 region. 

Althoughh P3 has resisted the elucidation of its identity so far, our South-western 

analysiss indicates that it is a 75-kDa protein. 

Ourr results have given new insights into how GRUs work. GRUs are not just 

clusterss of REs that are endpoints of regulatory pathways. Instead, the sequence, 

orientation,, and spacing of the participating REs are all crucial parameters for a 

GRU'ss effectivity. 
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