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Abstract 

Winter flounder, Pleirronecres nnrericams, produces two types of antifreezr proteins (XFPs) 

to avoid freezing during winter. The expression of the liver-type AFPs (wfIAFPs) and skin- 

type AFPs (wfsAFPs) are differentiaily regulated by environmental factors and groivth 

homone. The only intron of the w fiAFP gene acts as a liver-speci fic enhancer and a more 

refined core sequence Element B interacts with a ber-ennched transcription factor C E B P u  

and a presumptive antifreeze enhancer-binding protein (AEP). In the presrnt study, the 

specific binding of CIEBPu to Element B and the presumptive AEP was confirmed in both 

rat and flounder liver extracts. Element B of the wflAFP gene [vas shown to be the core 

enhancer. Mutations of Element B significantly decreased the enhancer activity of the 

wflAFP gene intron. Recombinant CEBPu interacted specifically with Element B and 

transactivated the wflAFP gene expression, indicating its pivotal role in the liver-specific 

expression of wflAFP gene. Also, CEBP proteins were s h o w  to be present in winter 

flounder. Moreover, IGF-1 and PI3-kinase were found to inhibit the wfl.4FP gene 

expression, suggesting their involvement in wflAFP gene regulation. In addition, the intron 

of a wfsAFP gene was shown to be a ubiquitous enhancer. Element S. the corresponding 

region of Element B of the wfsAFP intron. did not interact with CEBPu,  while it still bound 



to the antifreeze enhancer-binding protein. As expected, a TA insertion in Element B of the 

wf lMP gene intron destroyed its liver-specific enhancer activity. Finally, the identity of rat 

.%EP was revealed as a novel protein with 988 residues in iength. It is homologous to 

Smubp-2Rip-1 with DNA-binding domain and putative helicase motifs. AEP interacted 

specifically with Element B and was necessary for the transactivation of the enhancer of the 

wfl.AFP gene. Funhzrmore, AEP was shown to be widely expressed in various tissues and 

its homologous gene was present in flounder. The present study provides a mechanism(s) by 

which the differential tissue distribution of the wflAFP and wfsAFP gens expression can br 

achievrd. A mode1 is proposed integrating the involvement of GH and IGF-1 signaling 

pathway as well as the roles of C!EBPu and AEP in mediating the seasonal and hormonal 

regulation of the AFP genes in winter flounder. 



Chapter One 

Introduction 



1.1 Biochemistry of fish antifreeze proteins 

Many species of marine teleosts inhabiting the polar oceans often encounter sea water 

temperature as much as -1.2OC below the equilibrium freezing point of their body fluid. 

These fish have evolved an adaptative mechanism, the production of specific protein 

molecules, to protect themselves From Freezing. These proteins, anti fieeze proteins (.kFPs) 

or antifreeze glycoproteins (AFGPs) depress the freezing point in a non-collipative manner 

(Davies and Hew. 1990; Hew and Yang, 1992; Davies and Sykes. 1997; Cheng, 1998). Also. 

different AFPs have been found in plants and insects, and their distritution appears to be 

limited to species that are exposed to cold temperatures such as winter rye, budwom and 

beetle (Hon et al, 1995; Graham et al, 1997; Doucet et al, 7000; Graether et al, 2000). 

Presently, there are four types of AFPs (Type 1-IV) and one type of AFGP been characterized 

in fish. These proteins have similar ice binding and crystal growth inhibition chmcteristics 

despi te their structural diversi ty and evolutionary divergence: type 1. alanine-nch. u-hr l ical 

proteins; type II, cystine-rich, disulfide linked proteins containing P-sheet; type III. ylobular 

proteins; type IV, glutamate- and glutamine-nch helix bundle proteins; and MGP. 

carbohydrate-rich proteins with ( Ala-Ala-Thr), repeat. Table 1 - 1 sumrnarizes the properties 

of these distinct types of fish AFPs and the species that produce these proteins. .4mong 

them, the type 1 AFPs produced from the winter flounder has been the most extensively 

studied fish AFPs with respect to protein structure and function, as well as gene regulation. 

1.1.1 Structure and function of winter flounder antifreeze proteins 

Winter flounder (Pleuronenes americanris) is an inshore, shallow-water bottom fish with 

oval-shaped and laterally compressed body. It resides along the Atlantic coast of North 



Table 1-1 Classification and occurrence of fish antifreeze 
proteins. (Hew & Yang, 1992; and Davies & Sykes, 1997) 

Type I .IFP Type II AFP Type III AF'P Type IV AFP AFGP 

Prirnary alanine-rich cys tine-ric h 
structure 1 1 a.a. repeats disulfide-linked 

(X-A-T)n 
disacchande 

Secondary mphipathic P-s heet short P strands mostly a-helix mphipathic 
stmcture u-helical polyproline II 

helix 

T e r t i q  100% u-he l i~  globulu globular with helix bundle? extended 
structure C-type lectin some tlat 

fold surtices 

Species winter tlounder sea nven ocean pout 
yellow tail smelt wolffish 
flounder Atlantic herring 
shorthorn 
sculpin 
gnibby sculpin 
longhom sculpin 

long hom 
sculpin 

h t a r c  tic 
nototheniids 
northem cods 



America From Labrador to Georgia (Scott and Scott, 1988). It produces type 1 AFPs, that 

have more than 60% alanine and high helical content with Il-residue repeat sequences 

(Harding et al, 1999). Two distinct types of type 1 AFPs are found in winter flounder: the 

livcr-type AFPs (wflAFPs), and more recently, the skin-type AFPs (wfsAFPs) (Gong et al, 

1996). The wflAFPs fiom flounder semm, which are produced from liver, were resolved by 

reverse phase high-performance liquid chromatography into several components and hvo of 

them, wflAFP-6 and 8 (HPLC-6 and 8), comprise 55% and 35% of the total plasma wflAFPs. 

respectively (Foumey et al, 1984a; Hew et al, 1984). They are both 37 amino acids in length 

and contain three 1 1 amino acid repeats of Thr-X2-AsplAsn-X7 where X is predorninantly 

Ala (Fig.1-1A). Circular dichroisrn. NMR and X-ray diffraction studies of the wflAFP-6 

have shown that it is a single, slightly curved, 100% a-helic.11 peptide stabilized by N- and C- 

terminal cap structures (Fig. l - I B) (Yang et al, 1988; Sichen and Yang, 1995; Gronwald et al. 

1996; Sonnichsen et al, 1998). The major wfsAFPs (wfsAFP-1, wfsAFP-2 and wfsAFP-3) 

isolated from flounder skin are 38 or 39 amino acid polypeptides blocked with an acetyl 

goup at the N-terminus. These peptides are also enriched with alanine and contain similar 

1 1 m i n o  acid repeats (Fig. M A ) .  

The AFPs exert their antifreeze activity by depressing fieezing point without affecting the 

equilibrium melting point, and inhibitinç ice crystal growth in a non-colligative rnanner. 

That rneans they do not follow the colligative property of the solution that depends on the 

mole fnction of solute particles present but not on the molecular m a s  or chemical properties 

of those particles. Ice can exist in several polymorphic foms, but only the hexagonal ice Ih 

is stable at normal atmosphere at O°C. Its lanice unit may be charactenzed by four axes. al .  

S. a3 and c and comprises eight faces including two basal faces normal to the c - a i s  and six 



wfl AFP-8 DTAS D-TMAKAAAKLTADNAAAAAAATAR 

wfsAFP- 1 MDAPARAAAATAAAAKAAAEAT KAAAAKElAAAT KAAAH 

Fig. 1-1 Amino acid sequences and tertiary structure of wfAFPs. A: 
Amino acid sequence cornparison of major wflAFPs (wfiAFP-6 and 8) 
and wfsAETs (wfsAFP-1,2 and 3). Conserved amino acids are in bold. 
B: The X-ray structure of wIlAFP-6 (Sicheri & Yang, 1995). 



prisrn faces (Fig. MA) .  Normally, the ice growth takes place on pnsm faces, while type 1 

AFP binds to pnsm faces and prevents crystal growth in a-axes direction. [ce grows on the 

unordered basal plane continuously with the binding of AFP to pnsm faces results in 

bipyrarnidal ice crystal, which is the typical ice morphology in the presence of AFPs (Fig. 1- 

2B) (Hew and Yang, 1992; Harding et al, 1999). Also. the antifreeze activity is measured by 

thermal hysteresis, which is the difference between the melting point and the ice groowth 

temperature. A cornparison of the antifieeze activity between wflAFP and wfsAFP is shown 

in Fig.1-ZC (Gong et al, 1996). Earlier ice-binding models for wflMP-6 assumed that 

hydrogen bondin!: was the major interaction for ice binding, while more recent studies 

suggested that Van der Waals interactions and hydrophobic interactions might be the major 

driving force instead (DeVries and Lin, 1977; Knight et al, 199 1; Chao et al, 1997; Haymet 

et al, 1998: Harding et al, 1999). Also, putative ice-binding motifs (IBM) have been 

proposed from the structure of wflAFP-6 (Sicheri and Yang, 1995). 

1.1.2 Biosynthesis and gene organization of winter flounder antifreeze proteins 

The wflAFPs are synthesized mainly in the liver as large precunor polypeptides of 82 amino 

acids. The presequences are removed cotranslationally while the prosequences are removed 

soon afier their secretion into blood (Davies et al, 1982; Pickett et al, 1984; Hew et al, 1986). 

In contrast, wfsAFP rnRNAs were found to be more ubiquitously distributed including liver 

and stomach, but mainly in exterior tissues such as skin, scale, fin and gill (Gong et al, 1992). 

Those proteins are produced as mature polypeptides without the pre and prosequences, 

indicating that they are intracellular proteins and that a distinct mechanism of freezing 

protection by wfsAFPs might exist. 



unordered 
basal plane 

basal 
plan : . 

C prism 
face 

Fig. 1-2 Binding of AFPs go ice surface and thermal hysteresis of 
MAFPs. A: Schematic representation of an hexagonal ice crystal. B: 
AFPs accumulate on prism faces of ice crystal and inhibit ice crystal 
gowth dong a-axes, resulting in the characteristic bipyramidal ice 
crystal structure (Hew and Yang, 1992). C: The concentration 
dependent thermal h ysteresis of wfl AFP-6 and wfs AFP-2 frorn flounder 
serum and skm, respectively (Gong et al, 1996). 



Flounder AFPs are found to be encoded by a family of multiple genes. Many of them are 

organized in direct tandem repeats and the rest linked but irregularly spaced (Scott et al. 

1985). Approximately 40 copies of these AFP genes encode the wflAFPs x ~ d  the majority of 

genes From the tandem repeats sequenced so far codes for the wflAFP-6 component (Davies. 

1992). The sequence of a representative wflAFP gene, ZA-7b, which encodes the most 

abundant wflAFP-6 component, is s h o w  in Fig. 1-3. It is a tandernly repeated gene with 

less than 1 kb in length and consists of two exons and a single intron of 497 bp (Scott et al. 

1985; Davies, 1992). [t contains a cap site. a TATA and C M T  boxes which are 32 bp and 

81 bp upstream from the cap site, respectively, as well as initiation and stop codons. a 

conventional splice junction sequence and a polyadenylation signal. 

Similarly, there are approximately 40 copies of wfsAFP genes in flounder genome which are 

distinct from the genes encoding wflAFPs (Gong et al, 1996). The sequences of wfsAFP 

cDNA were found to be closely related to two previously identified genomic sequences F> 

and 1 1-3, which belong to the subset of AFP genes that are linked but irregularly spaced 

(Davies and Gauthier, 1992). They were previously assigned as pseudogenes since tlvy lack 

a typical TATA box in the putative promoter region and contain stop codons in the 5' 

upstream region. Two transcriptional start sites were mapped on the F2 gene, which encodes 

wfsMP-2, and a putative TFIID binding motif AATAAAT is found 30 bp upstream of the 

first start site (Fig. 1-4). The organization of the wfsAFP genes, which also consists of hvo 

exons and an intron, is very similar to the liver ZA-7b gene. The intron of F2 shares 9joh 

identity to that of ZA-7b except that FZ intrsn i l s  an extra 241 bp insertion at position i25.l. 

The presence of two sets of AFP genes within winter tlounder that exhibit distinct tissue 



agcacgttgt 

cacaaatgtt 

gtttcagttt 

atgtgacttg 

agcccattaa 

tcatgagaag 

gtcaagcgat 

t 
accacatctt 

accttccact 
L F T  

tagtaatttg tgtctctata ctacactata ttcataatat acttttcttc 

CtttCattca tgtttcagca gagattggcg cagaaacaaa gagagccacc 

aacctcctga cgaaacgtgt tcacgacctt gtttcagaag cagcctgttg 

aaCCatCgcc gggcatcatg gtgttccaaa caggtcggga acactgtgtg 

actgggaaaa aacaaagtga ccgtggtcac acttaaacta ttgarttagt 

cgtgaacttg cacaacactg ggg9adZZT+tgctcaga t tggtcgaca 

gacccaggcc ccagtta+-+agat tccacttgac ctggatacïc 

catcttgtag tgaaccogcg ctcccracaa gccctcaaaa tggctctctc 
M A L S  

gtcggacaat tgaccttcct attttggaca atgagqtacg tgaacactca 
V G Q  L I F L  F W T  M R  

ctttqtttct tctatqaatc tqqttttact qtaaatatct tqgqaagqaa qgaaqgatat 

ccqcattacc cccqaqqqqc catttqtttt acaqccaqcq qcqaaaqacq aaqatcttca 

cccqlqttca tccgcttgac cctgatcaac acaagatqqt cacatqqacc acctctattz 

acataatqtt tcatcagcac ttcctqtttt cagcccgaaa cttaaagagg cctcatggaa 

acttcctgat qatctqgcqa cacctqctqq ttqaagqaaa caaaqtttqa gaqqcqqcaq 

aaaaaatcat tttaqtttga atqaaqaaqc tqtcatttga ttEcatqttq qqqqqgqqqq 

qqqtcatcac acacaqacat tqataactgt caccactqaq tccqqtqaaa qtqacqqacc 

aqtaaatqtt gtqatatata atattatcat aataattata ataataccac taatctcrgc 

Saatcactg aagccagacc cgaccccoca gccaaagccg ccccagcagc agctgccgcc 
I T  E A R P  D A  A K A  A P A A  A A A  

cctgccgcag ccgccccaga caccgcccct gacgccgccg ctgcagccgc ccttaccgcc 
P A A  A A P D  T A S  D A A  A A A A  L T A  

gccaacgcca aagccgctgc cgaactcact gccgccaacg ccgccgccgc cgcagcagcc 
A N A  K A A A  E L T  A A N  A A A A  A A A  

accgccagag gtcaaggatc gtggtcgtct tgatgtggga tcatgtgaac atctoagcag 
T A  R G s c o p  

cgagatgtta ccaatctgct 4 x 4  

Fig. 1-3 Sequence of a wfiAFP gene, 2A-7b. The CAAT and TATA 
sequences and polyadenylation signal are boxed. The transcription start 
site (+ 1 ) is indicated by an arrow and the intron sequences are underlined. 
Amino acid sequence encoded by ZA-7b is in capital letters and the 
mature peptide is in bold. The GenBank accession number is M62415 
(Scott et al, 1988) . 



ttacaaaac -121 

-120 aagttcatac rggcctggat ggtcgccaca ccttcctgtt gatgtgaacc agtcggagcc -61 

-60 gacgccctgc tgcgtcacaa aatcaaagtg braaa+ga ggctgctccc taaaagrttt -1 

w 
+ l  catcaggact caaacacttt tcactgccga ccactcagqt acqtqaacac tcactttqtt t6O 

r 6 l  cctcttacaa atttqtttta ctqtaaatat cttgqqaagq aaqqaaqqat atctgcatta -120 

+121 tccqaqqqqc catttqtttt acaqccagcq qtqaaagatq aaqatcttca tccgtqttcg -160 

tl i31 tatqatqqaa agtcrqttct qaaaccttca ttggaaqaaa caqattcatg tgttcaqqct 7240 

+241 taaacctgca aaaatctqaq ctctgttaaa tcatqqqaaa caaccttata atccaqtcaq -300 

-301 qqctqqaaaa ctcttttata tgcacaqaaq aagaaaaaqa tqtgatcttt aqttcatcac *360 

~ 3 6 1  catqqaaaca tcatcaqcaq ttaaagtctq rctqcttcag tatcaccqgc caqttccaqt -420 

-421 gcctqttcqa ccctqtttaa cacaaqatgq ccacctqqac catctttatt tacataatqt -480 

-481 tttacatcag cacttcctqt attcaqccct aaacttaaaq aggccccact tcctqatgat -54C 

-541 ctggtgacac ctqctggtcg aaggaaacag aqtttgaqag gcagcaqaac aaacgattct -6OO 

-661 ccacacacaq atattqaaca ctqtcatcac tqaqttcagt qaaaotqaaq aaccaqtaca e720 

-721 tqtcqtaata tataatataa ccataataat tataataata ccattaatct ctqcaqaatc -780 

-781 actgacatca acatggacgc accagccaaa gccgccgcag ccaccgccgc cgccgccaag -840 
M D A  P A K  A A A  A T A A  A K A  

+84i gccgccgcag aagccaccgc cgccgcagct gccaaagcag cagccgccac caaagccgga +900 
A A E  A T A A  A A A  A K A  A A A T  K A G  

-901 gcagcccgtt aatgatcgtg gtcgtcttga tgtgggatca tgtgaacatc tgagcagcga +960 
A  A R stop 

-961 gatgttacca atctgct&a*ctgag aagctgattg Etaaaaacca agtgtcccgt -1020 

-1021  tcatttcatc tctgaaagtc cgtcacagtt tctgtagatc atgtaoactc caggaagtga -1080 

+iO8l tgccattgtg ctgttgaacct gcaggg 

Fig. 1-4 Sequence of a wfsAFP gene, F2. The putative TFIID binding 
site and polyadenylation signal are boxed. The transcription start sites 
(+1 and +2) are indicated by arrows and the intron sequences are 
underlined. Amino acid sequence encoded by F2 is in capital letters. 
The GenBank accession number is M63479 (Davies and Gauthier, 
1992). 



specificity has raised interesting questions on how the differential gene expression is 

achieved and what DNA element(s) and protein factor(s) are involved in this regulation. 

1.1.3 Environmental and hormonal cootrol of wfAFP production 

The production of AFPs in winter flounder of the Newfoundland population exhibits 

dramatic seasonal variaticns. The serum wfAFP level, which is reflected by the thermal 

hysteresis of the fish blood, starts to increase in November and reaches its peak of 

approximately 5-10 m g h l  in February. Then it starts to decline in May to its minimal level 

through the surnmer (Fig. 1-5) (Slaughter and Hew, 1982; Chan et al, 1993). Also, the 

seasonal fluctuations of wfAFP mRNA level in liver match ciosely, but slightly precede the 

rise and fali of the AFP level (Pickett et ai, l983a; Foumey et ai, 1984b; Fletcher et al, 1989). 

The variations of these AFP mRNA and protein levels were found to be inversely correlated 

to water temperature as well as the growth rate of the fish. Several studies have been 

conducted to investigate the environmental and hormonal factors that play roles in this 

seasonal production of wfAFPs. 

En vironnt entai regulation 

Though the variations of the serum wfAFPs correlate with the annual cycle of watcr 

temperatures, cold temperature does not appear to serve as the signal to initiate the 

production of wfAFPs in the fall (Fletcher, 198 1; Price et al, 1986). When flounders were 

continuousiy maintained at 18OC, the AFP mRNA still increased above basal level in the fall. 

In contrast, the plasma AFP level did not rise in fish exposed to O°C in fa11 and even a delay 

of AFP accumulation was observed. Also, the transcription rate of wfAFPs was not affected 

by water temperature as shown by nuclear m - o n  experiments (Vaisius et al, 1989). 
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Fig. 1-5 Seasonal variations of the plasma hysteresis and liver AFP 
mRNA level in winter flounder. The thermal hysteresis in plasma and 
the AFP mRNA in liver of the winter flounder are s h o w  with a one- 
year seasonal cycle. The mRNA levels were calculated as a percentage 
of peak winter values in February (Fletcher et a1,1989; Chan et al, 
1993). 



However, flounders exposed to high seawater temperatures had low levels of plasma AFPs as 

well as mRNAs, suggesting that cold temperature is still required for wfAFP accumulation in 

the fall. Since the rate of transcription does not respond to temperature changes, its effect 

might be post-transcriptional to alter the rates of &A degradation and/or metaboiic 

clearance of the semm proteins. The presence of a temperature-dependent nuclease and/or 

more efficient translation at Iow temperature has been suggested as possible mechanisms for 

the control of wfAFP production by water temperature (Chan et al, 1993). Transgenic nies 

expressing wfAFP genes were s h o w  to have more persistent AFP and AFP mRNA levels 

when reared at lower temperature and this effect was believed to be mediated by cold- 

specific mRNA stability that increases the half-life of mRNA (Duncker et al, 1995). 

Photoperiod is the cue for triggering the activation of wfAFP synthesis in the fa11 (Fletcher, 

1981; Foumey et al. 1984~). It was shown that long day length could delay the appearance, 

and significantly suppress the liver AFP mRNA as well as plasma AFP levels. However. 

short day length did not have any effect on the onset of AFP appearance in the plasma. 

Therefore, it was suggested that it is the loss of long day length in the faII that switches on 

the AFP production on time, and this effect of photoperiod may be mediated through the 

central nervous system (CNS) on pituitary gland via a photoreceptor (Fletcher et al, 1989). 

Hormorr al reguIation 

Several studies have demonstrated that the pituitary gland and growth hormone (GH) in 

particular play important roles in controlling the AFP synthesis in winter Bouder (Fletcher. 

1979; Hew and Fletcher, 1979; Fletcher et al, 1984; Fourney et al, 1984b; Fletcher et al, 

1989; Idler et al, 1989). In hypophysectomized flounder, the plasma antifkeeze activity as 

well as the biosynthesis of AFPs in the liver remained high during sumrner. Injection of 



pi tuitary extracts si& ficantl y reduced the plasma AFP levels in these hypophysectomized 

fish. Similady, injection of the GH fractions from pituitary extracts had sirnilar results. The 

involvement of GH was further supported by nuclear run-on experiments that the AFP gene 

transcription in liver was suppressed in flounder treated with GH (Chan and Hew, 

unpublished data). In addition, the seasonal cycle of growth in flounder is inversely 

correlated with the liver AFP mRNA level. And GH mRNA in pituitary also showed a 

seasonal cycle with the lowest level occuring during the winter when liver AFP mRNA levels 

were at their peak (Giil and Fletcher, unpublished data). These results indicate that GH in the 

pituitary gland plays a direct role in regulating the synthesis of serum AFPs in winter 

flounder. 

Dif/ererttiaf regdation of the skin-iype iv fA FPs 

Due to histoncal reasons, the eiivironrnental and hormonal studies discussed above were 

mainly focused on the plasma AFP level and liver AFP mRNAs, in other words. the liver- 

type AFPs. It was interesting to find out later that the wflAFPs and wFsrZFPs are 

differentially regulated (Gong et al, 1995). In contrast to the wflAFP mRNA that exhibits 

500-700 fold diiferences benveen surnrner and winter, the mRNA of wfsAFPs only exhibit a 

modest 5-10 fold seasonal variations. Also, while the mRNA of wflAFPs in 

hypophysectomized fish increased over 40 fold, no signiticant change was found for the 

wfsAFPs upon hypophysectomy, suggesting that the skin-type wfAFPs are not under GH 

control. Table 1-2 summarizes the distinct characteristics behveen wflAFPs and wfsAFPs. 

Their differential tissue distributions as well as their diiferences in seasonal and hormonal 

regulations have provided an interesting mode1 to study eukaryotic gene expression. 



Table 1-2 Comparison of the distinct characteristics between wflAFP 
and wfsAFP. 

-- 

Tissue 
distribution 

Gene organization 

Seasonal variation 

Hormonal coutrol 

Biosynt hesis 

Cellular localization 

li ver- 
specific 

approx. 40 copies, 
tandem repeats 

dramat ic, 
500-700 fold 

inhibited by GH 

prepro AFP 

extracellular 

widel y expressed, 
maùily in exterior 
tissues 

approx. 10 copies, 
Iinked but 
irregularly spaced 

moderate, 
6-10 fold 

no significant effect 

mature AFP 

intracellular 



1.1.4 Transcriptional regulation of the liver-type wfAFP (wflAFP) gene 

It has been established that transcription is the key mechanism in regulating the seasonal 

production of wflAFPs (Pickett et al, 1983a; Foumey et al, 1984b; Vaisius et al, 1989). The 

AFP mRNA contnbutes 0.5% of the total liver RNA during winter while declining to a mere 

0.0007% during summer, which leads to the rise and fa11 of plasma AFP levels. In addition, 

the transcriptional rate and accumulation of wflAFP mRNAs in hypophysectornized fish 

were dramatically reduced by the GH treatrnent, indicating that the negative GH control is 

mainly at the transcriptional level. However, post-transcriptionai regulation cannot br  

completely excluded. One study revealed that the capacity of tRNA accepton for alanine in 

winter fish increases 40% over summer fish (Pickett et al, 1983b). Also, the alanyl-tRVA 

synthetase functions preferentially at a lower temperature. indicating that translation 

cficiency may also be controlled by season and water temperature. 

To investigaie the DNA regulatory eiernents in wflAFP Bene that are involved in 

transcriptional regulation, the 5'-upstrearn region and the only intron of the liver-type 2.4-7b 

gene were exarnined for their ability to transactivate the chloramphenicol acetyltransferase 

(CAT) reporter gene in transient expression assays (Gong and Hew, 1993; Chan et al. 1997). 

Various Iengths of the 5'-upstream sequence from 66 bp to -2.3 kb were found to drive 

similar but very low levels of expression in RTH (rainbow trout hepatoma) cells. On the 

other hand, the intron of the wtlAFP gene ( 4 0 6  to c602), when Iinked to the w W P  basic 

promoter (-143 to +32), showed more than 10 fold of transactivation activity compared to 

that O F  the basic promoter in HepG2 (human hepatoma) cells (Fig. 1-6A). The enhancer 

activity of the intron was similarly dernonstrated in flounder hepatocytes in an itz vitro 

transcription assay (Miao et al, 1998a). Moreover, it was shown that the intron acts as a 
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Fig. 1-6 The intron of the MAFP gene acts as a Iiver-specific 
enhancer and interacts with nuclear proteins. A: Results of the 
transient expression assays in HepGZ, HeLa and Rat2 cells. wflAFP 
constructs with intron sequence linked to the AFP basic prornoter and 
CAT reporter gene were used as indicated (Chan et al, 1997). B: Results 
of the DNase 1 footprinting afialysis. Regions of the wflAFP intron 
protected from rat and nounder liver extracts are indicated by dashed and 
solid lines, respectively. Element B is in bold letters (Miao et al, 1998). 



liver-specific enhancer since it only fùnctioned in cells of hepaîic origin (HepGI), but not in 

non-hepatic cells (HeLa, cervical carcinonia, and Rat2, rat embryonic fibroblast). Deletion 

of the intron sequence from +192 to + 334 completely destroyed the enhancer activity and a 

truncated intron sequence korn 1192 to i 350 exhibited similar activity to the full-length 

intron. Together, these results indicate that the intron of the 2A-7b wflAFP gene acts as a 

liver-specific enhancer, and the enhancer region is M e r  refined to the sequence + 192 to 

1334 of the gene. Regions in the enhancer of wflAFP gene intron that interact with nuclear 

proteins were mapped by DNase I footprinting assays with similar results using both rat or 

tlounder liver nuclear extracts (Fig. 1 -6B) (Chan et al, 1997; Miao et al, 1998a). One of the 

regions, designated as Element B (+303 to +323) was shown to form two specific complexes 

with both rat and flounder extracts by gel retardation assays. One of the complexes could be 

competed out specifically by oligonucleotide containing C/EBP (CCAATjenhancer binding 

protein) binding site. Members of the C/EBP family including CIEBPa, P, y, 6 and E eshibit 

similar DNA binding specificity and among them, C/EBPu is expressed only in a limited 

nurnber of tissues and is present in high concentration in terminally differentiated 

hepatocytes (Landschulz et al, 1988; Takiguchi, 1998). An antibody to C/EBPa supenhifted 

the specific CEBP complex Formed between Element B and rat liver extract (Chan et al. 

1997). These studies suggest that the liver-enriched factor C/EBPu interacts with Element B 

of the wflAFP gene and might be involved in its tissue-specific expression. 

In addition, an oligonucleotide containing activating protein- 1 (AP 1) consensus was able to 

compete with another specific complex formed beoveen Element B and rat or flounder liver 

extracts in gel retardation assays (Chan et al, 1997). However, the protein that binds to this 

"AP1 binding site" in Element B was distinct from the AP1 components (the Jun and Fos 



family transcription factars). Therefore, the presence of a novel "AP-1 like" protein has been 

proposed that interacts specifically to Element B of the wflAFP gene enhancer. This 

presumptive protein was designated as the "antifieeze enhancer-binding pmtein" (AEP) 

(Chan et al, 1997). 

1.2 Transcription of eukaryotic genes 

Eukaryotic genes utilize RNA polymerase II (pol II) to transcribe rnRNA. The processes of 

transcription initiation and transcriptional control are regulated by complex mechanisms. 

The basal transcription involves the interaction of core promoters and general transcription 

factors, whereas the transcription level of individual gene is regulated by DNA elements. 

narnely enhancers and silences, and their binding to sequence-speciftc transcription factors 

in response to the cellular environment. Rrcent identifications of many auxi Iiary complexes, 

termed coactivators and mediators, as weli as the involvement of chromatin structure in 

transcriptional regulation have added more complexity to the transcription control 

mechanism (Hampsey, 1998). 

1.2.1 Initiation of transzription by RNA polymerase II 

Initiation of transcription is the major event directing gene expression and the process of 

transcriptional initiation by RNA pol II is highly conserved arnong eukaryotic organisms. 

initiation occurs at the core promoter, which is the site for assembly of the pre-transcription 

initiation cornplex (PIC) and is defined within 4 0  to +40 nucleotides relative to the RNA 

start site. It comprises DNA sequence motifs such as TATA box, TFIIB recognition element, 



initiator element, a pyrimidine-rich sequence, and the downstream promoter element (DPE). 

A core promoter may contain one or some of these elements. Factors interact with the core 

element are defined as general transcription factors (GTFs), including TFIIA, TFIIB, TFIID. 

TFIIE, TFIIF and TFIIH (Orphanides et al, 1996). Together with RNA pol II. they are 

sufficient to direct accurate, basal-level transcription initiation. The assembly of PIC is in a 

senes of ordered steps in vilm. The TFIID complex is responsible for the promoter 

recognition. The TATA-binding protein (TBP) of the complex binds to the TATA box, 

while the TBP-associated factors (TAFs) interact with flanking sequences to confer 

additional specificity. Bending of TATA-box DNA around TBP creates a context for 

interaction with TFIIB, which in turn recruits TFIIF and Pol II complex. The additional 

recruitment of TFIIH. which includes ATP-dependent helicases that unwind the promoter 

sequence around the start site, triggers the initiation of transcription (Fig. 1-7A). In contrast, 

the Findinj that a subset of GTFs other than TFIID associates with pol II in the absence of 

DNA suggested the existence of a "RNA po[ II holoenqme" (Fig. 1 -7B) (Koleske and 

Young, 1994; Koleske and Young, 1995). Holoenzyme has been purified From many 

eukaryotic organisms but its exact composition diffen somewhat From different preparation 

protocols. A significant property of the holoenzyme is its ability to respond to activaton. 

Transcription reactions reconstituted in vitro with highly purified RNA pol II and GTFs are 

not responsive to activators; while when a SRB (suppressor of RNA polymerase B 

mutations)iMediator complex, which is a subcomplex of the holoenzyme. is supplemented. 

the holoenzyme becomes activator-responsive. 

In addition, several typical multiple recognition sites are cornmonly present at promoter- 

proximal region of many genes and are also considered as components of the basal promoter. 
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Fig. 1-7 The assembly of PIC in the RNA p~l~ymerase II-mediated 
transcription. A: The step-wise PIC assembly begins with TFiID 
recognizing the TATA rlement. followed by coordinated accumulation of 
TFIIB. Pol II (IIA) plus TFIIF. TRIE and TFIIH. B: Schematic 
representation of the basal transcription initiation with the "Pol II 
holoenzyrne" (enclosed by square brackcts) (Nikolov & Burlcy. 1997). 



They are located immediately upstream of the core elernent, about -50 to -200 nucleotides 

relative to the start site. Sequence-specific factors interact with these sites including Sp 1, 

CCAAT-binding transcription factor (CTF) and CCAAT-box-binding factor (CBF) 

(~B:ackwood and Kadonaga, 1998). 

1.2.2 Transcriptional control by enhancers and activators 

The core promoter and PIC assembly are essential to transcription initiation. while they only 

achieve minimal lrvel of transcription. Many cornplex mechanisms and factors have been 

discovered that are involved in transcriptionai control of numerous genes in a cell-type 

specific, developmentally regulated and /or hormonal-responsive manner. 

Studies of eukaryotic transcriptional control have been focused on positive DNA elements. 

known as enhancers, and proteins, known as activaton, that bind to them and stimulate 

transcription. Enhancers are defined as regulatory sequences that increase transcription 

independent of their orientation and distance to the RNA start site. They could reside either 

close to or far away From their target promoters, in introns, exons, or untranslated regions 

downstream of the promoters (Blackwood and Kadonaga, 1998). Activators are specific to 

individual genes and typically couple transcription to the physiological need of the cells. 

They are divided into distinct families with different DNA-binding and activation domains. 

The activity of these activators as well as their DNA-binding affinity and specificity are 

controlled by many parameters including dimerkation, phosphorylation and ligand binding. 

For example, the AP-I farnily of transcription factors consists of homodimers and 

heterodimers of Jun, Fos or activating transcription factor (ATF) basic regiodleucine zipper 

(bZIP) proteins (Karin et al, 1997). Jun-Jun and lun-Fos dimers prefer to bind to TPA- 



responsive elernent (TRE, TGACTCA), while Jun-ATF or ATF homodimers prefer to bind to 

c.W-responsive element ( C E ,  TGACGTCA). Phosphorylation of cJun by the lun kinase 

(M) significantly increases its transcriptional activity (Smeal et al, 1994). 

Enhancers are believed to carry out their functions through interactions with KVA pol 11, 

though the interaction is indirect and involves coactivators (discussed in 1.2.3). Several 

hypotheses on how enhancer-binding proteins and associated coactivators establish an 

cffectivç interaction with their cognate promoter were proposed that include DNA looping 

and DNh scmning models (Wu, 1993; Ptashne and Gann, 1997). More recently, a 

"faci.cilitated tracking" mechanism that incorporates both rnodels has been proposed (Fig. 1-23) 

(Blackwood and Kadonaga. 19%). An enhancer-bound complex containing DNA-binding 

factors and coactivators tracks via small steps (and perhaps scanning) dong the chromatin 

until it encounters the cognate promoter. at which a stable looped structure is established. An 

important feature of this mode1 is the chromaiin structure of the template. Coacrivators with 

chromatin remodeling and rnodi fication ac tivities may facilitate the interaction of DNA- 

binding factors with the enhancer and the enhancer-promoter communication. 

1 J.3 Involvement of coactivators and mediators 

Numerous coactivators have been subsequently identified to interact with the DNA-bound 

activators ihat stimulate transcription activation. They are proteins dispensable for basal- 

level transcription in viïro and are either not directly bound to DNA or not in a sequence- 

specific marner with the binding (Hampsey, 1998). 
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Fig. 1-8 h facilitated tracking mode1 for enhancer function. X 
complex containing activators and coactivators binds to enhancer and 
tracks via small strps. perhaps scanning. dong the chromatin until it 
encounters the cognate promotrr. .A stable looprd structure with 
enhancer-promoter connection is then established (Blackwood & 
Kadonaga. 1998 ). 



Histotre modifcation compler 

Several coactivaton were discovered to possess catalytic activities directed at the histones, 

indicating a role of chromaiin structure in transcription control (Kadonaga, 1998). DNA is 

wrapped around histone octomer in nucleosome and packaged into chromatin structure where 

transcription is repressed. To tum on transcription, one has to overcorne this chromatin- 

mediated repression. Coactivators such as CBP (CAMP-responsive-element-binding 

(CREB)-binding protein) and p300 that interact with activators which are involved in many 

cellular activities. stimulate transcription by acetylation on the lysine residues of the histone 

tails. Histone acetylation is a modification characteristic of trmscribed chromatin and it has 

been suggested that the charge neutnlization by acetylation causes a reduction in the affinity 

of histone-DNA interactions and thus leads to increased access of factors to the repressed 

chromatin template (Kadonaga, 1998). The histone acetylation transferase (HAT) activity 

has since been found in many coactivator complexes including SAGA (Spt-Ada-GcnS 

acetyltransferase) and PCAF (P300/CBP-associated factor). Coincidentally, the histone 

deacetylase (HDAC) activities were found in corepressor complexes such as mSin3 and 

NURD (nuc1eosome remodeiing histone deacetylase cornplex). Thus, it is established that 

one transcriptional control mechanism is achieved by coactivators with HAT activities which 

acetylate the histone tail to relieve nucleosome repression, whereas corepressors with HDAC 

activities deacetylate histones to re-establish repression. 

Chromaiin-remodeling eornpia 

In addition, multiproteins with ATPase component, such as S WVSM (switchisucrose non- 

femienting) and RSC complexes from yeast; and NURD, NRD (nucleosone remodeling and 

deacetylating) and RSF (remodeling and spacing factor) from human, were found in some 



coactivator complexes that can remodel the structure of chromatin and facilitate transcription 

(Burns and Petenon, 1997; Bjorklund et al, 1999). They are able to perturb the core particle 

of the nucleosome in an ATP-dependent rnanner as demonstrated by increased suscep t ibility 

of the DNA to nuclease attack or shifted location of nucleosornes on DNA. Thus, these 

chromatin-remodeling complexes can mediate the Formation of nucleosome-hyposensitive 

sites that the enhancers and promoters of genes are exposed to various factors for 

transcriptional activation. Also, a connection of the chrornatin-remodeling complex with the 

RNA pol 11 holoenzyme was suggested since the SWYSNF complex was found to be an 

integral component of the holoenzyme (Wilson et al, 1996). 

SRBMediaior cot~tplex 

Also, as mentioned above, the presence of Mediator complex was revealed by its role as an 

important interface behveen activators and RNA pol II holoenzyme in vivo (Bjorklund and 

Kim, 1996). Mediators form a specific complex with the C-terminal domain (CTD) of RNA 

pol II and stimulate activator-mediatcd transcription as well as CTD phosphorylation by the 

TFIIH kinase. The complex has been purified frorn yeast, and its counterpart in mammals 

has been identified in mouse and in the human Medl-containing coactivator complexes 

including SMCC (SRBMED-containing cofactor complex) and CRSP (cofactor required for 

SPI activation complex). 

T..L F-containing compler 

TAFs were found to be associated with TBP in the TFIID compler and were considered to be 

essential for the initiation of transcription (Pugh and Tjian, 1992). However, studies revealed 

that depletion of several TAFs did not compromise transcriptional activation in vivo 

(Hampsey and Reinberg, 1997). A TEP-fiee TM-containing cornplex (TFTC) contains a 



subset of TAFs and proteins known as components of the PCAF/SAGA complex can 

substitute for TBP and TFIID in vitro in supporting transcnptional activation for TATA- 

containing and TATA-less promoten. These studies suggested that TAFs may function as 

coactivators for transcription of a subset of genes that is independent of their association with 

TBP (Albnght and Tjian, 2000). Moreover, one subunit of T FIID, TAFIIîSO, was shown to 

be a protein kinase as well as a histone acetyltransferase. It appean to play multiple roles in 

transcription activation including phosphorylation of TFIIF and acetylation of histones 

(Dikstein et al, 1996; Mizzen et al. 1996). In addition, some TAFs are structurally similar to 

histones. though the significance of a histone octarner-like structure present within TFIID is 

unclear (Hoffmann et al, 1997). 

More and more factors have been identified thar play imponant roles in transcriptional 

control. A simpli fied mode1 was proposed to illustrate the complex regdatory mechanism 

(Fig. 1-9) (Kornberg, 1999). An activator may stimulate transcription by interaction with a 

coactivator, which recruits an acetyltransferase to acetylate the histone [ails. or a chromatin- 

remodeling factor to alter the chromatin structure, as well as by interaction with mediator. 

Convenely, a repressor interacts with corepressor, which recruits a histone deacetylase. 

1.2.4 Liver-enriched transcription factors and the ClEBP family 

Liver exhibits a variety of tissue-specific functions including gluconeogenesis, urea 

synthesis, bile acid formation, choiesterol synthesis, dmg metabolism, as well as plasma 

protein synthesis. Regulation of liver-specific genes at the transcriptional level serves as one 



Fig. 1-9 Mode1 for the regulation of eukaryotic gene transcription. A 
transcription factor (TF). rither an activator or a repressor. binds to a 
regulatory rlement while RNA polymrrasr II  and genrral transcription 
hctors binds with a promoter. An activator stimulates transcription both 
by interaction with a coactivator. which recruits an acetylasr to acrtylatr 
the histone tail. and by direct interaction with Mediator. A rrprrssor 
intrracts with a CO-rrpressor. whic h recruiis a histone dttacety lasr 
( Kornberg. 1999 ). 



of the most important steps to control these processes and a number of hepatocyte-specific 

transcription factors have been identified participating in these functions. 

Liver-specific factors can be classified into five groups based on the propenies of their DNA- 

binding domain: the CCAAT/enhancer-binding protein (C/EBP) family contains a basic 

regionileucine zipper (bZIP) dornain; the hepatocyte nuclear factor-1 (HNF-1) family 

contains an extra large horneodomain; the HNF-3 farnily has a winged helix domain; the 

HhT-4 family belongs to the steroid recrptor superfamily; and another bZIP farnily is 

characterized by a proline-and acidic-arnino-acid-rich (PAR) domain adjacent to the basic 

region. These factors are highly ennched in liver, however, they are not exclusively 

expressed in hepatocytes, but in a lirnited number of tissues and ce11 types. Also, they are 

usually capable of dimerizing with other memben of proteins in the same fmily (De Simonc 

and Cortese, 1992). 

The CiEBP farnily is characterized by the bZIP domain consist of a basic DNA-binding 

region and a dimerization interface, the leucine zipper. located in the C-terminal of the 

protein (Takiguchi, 1998). The basic region interacts with the major groove of DNA in a 

sequence specific manner. A C/EBP binding consensus sequence RTTGCGYAAY (R=A or G; 

Y=C or T) was postulated (Osada et al, 1996). though many actual DNA binding site 

sequrnces are denved fiom this sequence. The îeucine zipper is an amphipathic a-helix with 

a hydrophobic surface containing repeated leucine residues at intervals of seven arnino acids, 

and electrostatic interaction between charged residues flanking the hydrophobic surface 

contributes to determination of the dimerization specificity (Vinson et al, 1993). In addition. 

activation and inhibition domains have been found in the N-terminal portion of the proteins. 



Their capability of homodimenzation and heterodimerization contnbutes to their differential 

DNA binding speci ficity and ability to modulate transcriptional activity of targeted genes. 

There are six memben of the CEBP family found so far that include CiEBPu 

C/EBPB, CfEBPy, CIEBPG, CEBPE and CHOPIGADDl53 (Leksüom-Himes and 

Xanthopoulos, 1998). ClEBPa is largely expressed in differentiated liver and adipose tissues 

and is involved in many hepatocyte and adipocyte-specific gene expressions (Birkenmeier et 

al, 1989; Umek et al, 199 1). Two isoforms of C/EBPu have been found due to di fferent 

initiation codon usage. The full-length protein is a 42 kDa polypeptide containing 

transactivation domains that mediates its binding to TBP and TFIIB. The truncated 30 kDa 

Fonn retains its dirnerization and DNA binding domains; however, ii exhibits altered 

transcriptional activity compared to the full-length isoform (Ossipow et al, 1993). Changes 

in the relative abundance of the two CiEBPu foms were observed during liver development 

and preadipocyte differentiation (Lin et al. 1993). C/EBPP is found mainly in hepatocytes 

with three isoforms. The 32 kDa full-length form was named as the liver-enriched 

transcnptional activator protein (LAP), whereas the shortest form of 20 kDa CiEBPP (liver- 

enriched transcriptional inhibitor protein, LiP) possesses only the DNA-binding and leucine 

zipper domains but lacks activation dornains. Heterodimenzation of the LIP with LAP 

attenuates transcriptional activity, indicating a dominant negative rnechanisrn of 

transcnptional regulation (Descombes and Schibler, 199 1 ). CEBPy is a 16.4 kDa ubiquitous 

factor most abundant in non-differentiated cells with dimerization and DNA-binding regions. 

It also plays a role in dominant negative transcriptional regulation since heterodimerization 

with ClEBPa and CEBPP reduces transactivation (Cooper et al, 1995). CEBPG is present 

in a limited number of tissues including liver with the ability to heterodimerize with CiEBPu 



and CIEBPP. The sequence difference in its DNA binding domain may contribute to its 

diminished DNA binding affinity (Cao et al, 1991). Three CEBPE species have also been 

fiound encoded by four mRNA isoforms by alternative promoter usage in myeloid and 

lyrnphoid lineages and differential splicing and distinct transactivation activity was observed 

(Yarnanaka et al, 1997a; Yamanaka et al, 1997b). CHOPlGADD153 is ubiquitously 

expressed and heterodimerizes with other CEBPs.  However, it acts as ÿ. dominant negative 

inhibitor of C/EBP transactivation by preventing heterodimer binding of C!EBPu and 

C!EBPP to classic C/EBP enhancer sequences (Ron and Habener, 1992). 

Moreover. phosphorylation/dephosphorylation is a significant feature in regulating CiEBP 

hmily function. Dephosphorylation of C/EBPa by insulin in 3T3-L1 adipocytes is thought 

to result in reduced expression of the target gene, glucose transporter 4 gene (MacDougald et 

al. 1995; Hemati et al. 1997). Also, C/EBPP is phosphorylated in various cells by distinct 

stimuli through pathways containing different kinases such as protein kinase A (PM), 

protein kinase C (PKC) and mitogen-activated protein (MAP) kinase (Nakajirna et al. 1993: 

Trautwein et al, 1994; Takiguchi, 1998). These phosphorylation events generally cause 

nuclear accumulation and transcriptional activation, while irt vitro phosphorylation was 

found to result in attenuation in DNA-binding activity. Increased DNA binding and 

transactivation has also been reported upon CEBPG and CHOPIGADD 153 phosphorylation 

(Ray and Ray, 1994a; Ray and Ray, 1994b; Wang and Ron, 1996; Lacorte et al. 1997). 

In addition, transcriptional regulation by CEBP farnily members is carried through their 

direct and/or indirect interactions with other factors. For example, CEBPu, C/EBPP and 

CEBPG were al1 found to bind directly to NF-&. When cooperating with other liver- 

enriched factors, CIEBPu and HNF-4 or HM-1 can synergistically activate the 



apolipoprotein B and alburnin gene promoters, respectively (Metzger et al, 1993; Wu et al, 

1994). Cooperation of CEBP proteins with ubiquitous factors was also reported. 

Synergistic activation by C/EBPa with NF-Y was implicated in drarnatic activation of the 

albumin gene in the late fetal stage that the role of NF-Y is believed to generate an open 

chromatin configuration before the appearance of CiEBPu (Milos and Zaret, 1992). 

1.2.5 Helicase domain-containing proteins in transcriptional regulation 

DNA and RNA helicases are defined as a diverse group of enzymes with capacity to separate 

two complernentary strands of a duplex nucleic acid molecule. They are involved in many 

aspects of nucleic acid metabolism in both prokaryotes and eukaryotes including DNA 

replication, repair and recombinaiion as well as transcription, RNA processing and 

translation (Matson et al, 1994). Helicase unwinds duplexes using the energy produced from 

the hydrolysis of a nucleoside S'-triphosphate O\ITPs) to catalyze the breakage of the 

h ydrogen bonds holding the strands together. Sequence anal ysi s of helicases from diverse 

organisms have revealed a series of short. conserved arnino acid motifs, the so-called 

helicase motifs. An important notion is that while several proteins with the helicase motifs 

have been demonstrated with in viwo helicase activity, some of them do not exhibit helicase 

activity or the activities have not been tested. Thus, they are called the helicase domain- 

containing proteins (HDP). 

Models to explain the mechanism of how helicases catalyze the unwinding of duplex nucleic 

acids have been proposed. The "rolling" mode1 is observed From a helicase dimer that nvo 

subunits bind to single- and double-stranded DNA altematively using cycles of ATP binding, 

hydrolysis and product release to "roll" through duplex DNA (Wong and Lohman, 1992; 



Lohman and Bjomson, 1996). In contrast, in the "inchworm" model, which is based on a 

monomeric helicase, the ATP binding, hydrolysis and product release cycle the protein 

through a series of conformational states as the protein moves along one step at a time 

(inches) the DNA substrate (Velankar et al, 1999). 

Four superfamilies of helicases and HDPs have been classified based on the extent of arnino 

acid similarity and the organization of these conserved regions (Hall and Matson, 1999). 

-4mong these, superfamily 1 contains seven conserved amino acid motifs found from viral. 

prokaryotic to eukaryotic organisms (Fig. 1-10). The first and third motifs of the 

Superfamily 1 and 2 (motifs 1 and II), also known as Walker boxes A and B, are not specific 

to helicases and were believed to bind NTP (Gorbalenya et al, 1989). Also, crystal structure 

studies and mutational analysis have demonstrated that the seven conserved motifs are 

clustered in tertiary structure. They bind to and hydrolyze an NTP molecule and couple the 

resulting energy to activity that is directed towards the ligand in the nucleic acid binding site. 

However, distinct function has not been able to be assigned to a particular motif (Hall and 

Matson, 1999). 

The involvement of helicases in transcriptional regulation has been established (Eisen and 

Lucchesi, 1998). In the RNA pol II basal transcriptional machinery, ïFIIE and TFIIH are 

necessary for full-length transcription (Holstege et al, 1996). Arnong the nine subunits of 

TFIIH, at least two of them, XPB and XPD (the xeroderma pigmentosum B and D gene 

products), were demonstrated as ATP-dependent DNA helicase. Antibodies specific to XPB 

and XPD inhibit transcription in vitro (Drapkin and Reinberg, 1994). TFIIE recruits TFIM 

to the transcription initiation complex for open complex formation and DNA melting, which 

is mediated by XPB. Also, TFTIH is involved in promoter clearance to stimulate escape of' 
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Fig. 1- 10 Schematic presentation of the Superfamily I helicase famiiy 
of proteins. Open boxes represent the conserved helicase motifs and 
letters inside the boxes are the consensus amino acid sequences of each 
motif. The relative positions of motifs and spacing between motifs are not 
to scale. +: hydrophobic residue; O: hydrophilic residue and x: residue 
that is not restricted to be hydrophobic or hydrophilic (Hall & Matson, 
1999). 



transcription elongation complexes. Both promoter melting and escape involve single- 

stranded DNA and it has been suggested that TFIM fùnctions through a conventional DN.4- 

helicase mechanism with direct interactions between TFIW and single-stranded DNA 

(Robert et al. 1998). Altematively, a recent study on XPB has revealed that i t  does not 

interact with the promoter region which undergoes melting but instead it interacts with DNA 

downstream of this region. Therefore, it is proposed that TFIIH functions as a molecular 

wrench that rotates downstream DNA relative to fixed upstream protein-DNA interactions. 

thereby generating torque, and melting the intervening DNA (Kim et al, 7000). In addition. 

studies have demonstratrd that seguences outside of the helicase motifs of XPD are required 

for transcription, indicating the possible interaction between helicase and other transcription 

factors (Guzder et al, 1995). p53, a key protein involved in transcriptional activation and 

apoptosis. was shown to interact with both XPB and XPD and inhibited their helicase 

activities (Leveillard et al, 1996). 

Interestingly. HDPs are found in many complexes, known as facilitators or coactivaton. 

They are required to regulate unrelated genes and are found in a variety of organisrns from 

yeast to mamrnal, suggesting that they play a common role in transcriptional regulation. The 

SWVSNF complex in yeast consists of at least I l  components and one of the subunits. 

SWWSNFZ is a HDP. Its related protein in Drosophila, ISWI, was found in many facilitator 

complexes involved in chromatin remodeling including nucleosome remodeling factor 

(NURF), chrornatin-accessibility complex (CHRAC) and ATP-utilizing chromatin assembly 

and remodeling factor (ACF) (ElFnng et al, 1994; Ito et al, 1997; Varga-Weisz et al. 1997). 

It is believed that these complexes use the energy generated by the hydrolysis of ATP to alter 

chromatin structure and increase the accessibility of DNA to the promoter by transcription 



factors. It was shown that binding of TBP to TATA box and GAL4 to its promoter were 

promoted by S W S W  cornplex in an ATP-dependent manner (Cote et al, 1994; Lrnbalzano 

et al, 1994). Models have been presented for the HDP action in these complexes that HDPs 

could target the coactivator cornplex to its site of action by associating with the DNA 

template, the nascent mRNA, or some other component of the chrornatin. or they bind to 

newly-transcribed mRNA molecules and stabilize them (Fig. 1 - 1 1 ). Facilitator complexes 

may aid the transcnptional rnachinery in targeting a promoter and then move with or ahead 

of the poiymerase, altering chromatin structure to enhance transcription (Eisen and Lucchesi, 

1998). Furthermore, a number of proteins that contain both helicase and DNA-bindinj 

motifs have been identified. .4 homolog to S N F I S W I ,  HLTF (helicase-like transcription 

factor) was found to bind and activate plasminogen activator inhibitor-l genr and to 

physically associate with Sp 1 (Ding et al. 1996; Ding et al, 1999). Also, Rip- 1 was found to 

be involved in the binding of rat insulin II gene (Shieh et al, 1995). CHD1. a SNFZ-related 

protein, has affinity to tg promoters and is conserved from yeast to mammals. It was s h o w  

to contain a chromo (chromatin organization modifier) domain in addition to helicase and 

DNA binding domains. and c m  alternate gene expression (Woodage et al, 1997). Together. 

these studies further support that the HDPs play important roles in transcriptional reguiation. 

1.3 Growth hormone and IGF-1 actions 

Grow-th hormone exerts irs wide effects on body growth and metabolism control via multiple 

and complicated mechanisms. GH binds to its receptor (GHR) and causes GHR 



Fig. 1-11 Models for the action of HDPs in the context of 
transcription facilitator complexes. A: HDPs within the complex alten 
chromatin structure to make it more accessible to other transcription 
factors. The jagged line indicates inactive chromatin. B: HDPs target the 
complex by binding either prornoter sequences, nascent RNA, or the 
chromatin components indicated with white ovals. C: HDPs bind mRNA 
and help stabilize and perhaps, transport it (Eisen & Lucchesi, 1998). 



dimerization, activation of the GHR-associated JAK2 wosine kinase, and tyrosyl 

phosphorylation of both JAK2 and GHR. These events recruit and/or activate a variety of 

signaling molecules including MAP kinase, insulin receptor substrates, phosphatidylinositol 

3' phosphate-kinase (PI3-kinase), diacylglycerol, protein kinase C, intracellular calcium and 

STAT transcription factors, and contribute to the GH-induced regulation in enzyrnatic 

activity, transport function and gene expression (Carter-Su et al, 1996). Furthemore, the 

insulin-like growth factor-l (IGF-1) has been found to represent a major route of GH action. 

GH stimulates IGF-1 synthesis, mainly from the liver, and consequently increases the 

circulating [CF- 1 level (Daughaday and Ronvein, 1989; Pankov. 1999). Studies in teleosts 

have also demonstrated the liver as a major site of IGF-1 production in response to GH 

(Duguay et al, 1994; Sharnblott et al, 1995; Shepherd et al, 1997). Other tissues including 

adipocytes and chondrocytes also exhibit increased IGF-1 rnRNA expression in response to 

GH, suggesting that local IGF-1 contributes to some GH responses. IGF-1 has a high affinity 

for a farnily of [GF-1-binding proteins (IGF-BPs), which c m  modente its biological actions. 

Regulation of the IGF-BP genes by GH adds another level of complexity to the relationship 

between GH and iGF- 1. 

The IGF-1 b c t i o n  is mediated via its receptor (IGF-1 R). IGF-1R is a heterotetrarnenc 

protein that consists of two u- and two P-subunits. Binding of IGF-1 to the extracellular u- 

subunit Ieads to the phosphorylation of tyrosine residues on the P-subunit. Subsequently. 

IGF- 1 R phosphorylates insulin receptor substrate- 1 (RS- 1 ) and IRS-2. Tyrosine 

phosphorylation of IRS- 1 provides binding sites for several distinct Src homology 2 (SH2) 

proteins and mediates multiple signal pathways. RS-I binds the 85 kDa subunit of PI3- 

kinase through interaction with Tyr-X-X-Met motifs, thereby activating the pl 10 catalytic 



subunit of PI3-kinase, which phosphorylates the 3'-hydroxyl goup  of phosphatidylinositols 

and leads to the downstream signaling events. IRS-1 also binds growth factor receptor bound 

protein 2 (GRBZ), a 23 kDa protein with one SH2 domain and two SH3 domains. GRBî 

associates with IRS-1 by its SH2 domain and associates with SOS with its SH3 domain. This 

sigaling activates the RadRaUMAP kinase cascade. Moreover, IRS-1 has binding sites for 

a tyrosine-specific phosphatase Syp, Nck and the 14-3-3 proteins, which interaction requires 

receptor kinase activity (Lopaczynski, 1999). In addition, IGF- 1 R directly phosphorylates 

Shc and Crk, which also activate the GRB2 a d o r  SOS that leads to the RasIRaf7MA.P kinase 

pathway (Fig. 1 - 12) (Blakesley et al, 1996; Petiey et al, 1999). Similar to IRS- 1, the tyrosine 

phosphorylated IRS-2 has been identifisd to interact with both p85 of P13-kinase and GRBZ 

(Tobe et al, 1995). In IRS-1 deficient mice, the insulin-stimulated PI3-kinase as well as 

MAP kinase activities was reduced in muscle, consistent with reduced glucose transport. 

glycogen synthesis and protein synthesis in these animals. However. the amount of IRS-2 in 

the liver of the IRS-1 deficient mice was equal to that of IRS-1 in wild-type mice. with 

normal PI3-kinase and M M  kinase signaling and glycogen synthesis. This work suggests 

that RS-2 may play a distinct role in the liver (Kadowaki et al, 1996; Yamauchi et al. 1996). 

Disruption of [RS-2 impairs both peripheral insulin signalling and pancreatic beta-cell 

iunction. IRS-2-deficient mice show progressive deterioration of glucose homeostasis 

because of insulin resistance in the liver and skeletal muscle and a lack of beta-ce11 

compensation for this insulin resistance (Withen et al, 1948). 

IGF-1 stimulates cell proliferation via the Ras/Ra€MAP kinase pathway and ce11 

differentiation via the PI3-kinase pathway in several systems including myoblasts and 

adipocytes (Coolican et al, 1997). However, contrasting results For mitogenic and myogenic 
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Fig. 1-12 General outline of pathways stimulated by IGF-1 in target 
cells. The most widely described intermediates are presented in these 
pathways. Al1 the pathways shown here may not occur in al1 ce11 types 
and cross-reaction between individual members of the pathways is 
possible (Petley et al, 1999). 



responses to IGF-I were obtained From studies in other ceil types such as breast cancer and 

neuroblastoma cells, suggesting that there is no obvious generalization to predict the 

signaling pathway that will be involved in a specific cellular response to IGF-1 (Petley et al, 

1999). 

1.4 Objectives of the present study 

Previously. a model was presented to illustrate the seasonal and hormonal regulation of the 

AFP genes in winter flounder based on the AFP gene expression studies discussed in 1.1.3 

and 1.1.4 (Chan et al, 1993, Fig. 1-13). The expression of AFP genes is controlled mainly at 

the transcriptional level, which is affected by photoperiod. GH represses transcription of the 

wfl.4FP genes in the summer and with the loss of long day length during the fall. this 

repression is removed. resulting in active transcription of the wflAFP genes. The liver- 

specific expression of the wflAFP gene is mediated by a tissue-speci fic enhancer located in 

the intron of the wflAFP gene. This enhancer interacts with nuclear proteins. one of them 

being the liver-enriched factor CIEBPa, which is considered to be responsible for its tissue- 

specificity. In addition, the discovery of wfsAFPs, which have similar gene structure but are 

differentially regulated, has added additional complexity to this model. Questions have been 

raised on what is the GH signaling pathway(s) that control the wflAFP expression and how 

the differential regulation of wflAFP and wfsAFP is achieved. Together with the 

investigation on the biochemical identity of the presumptive AEP, these studies should lead 

to a better understanding of the transcriptional control of the winter flounder AFP genes. 



Fig. 1-13 Working mode1 for the hormonal and tissue-specific 
regulations of the MMFP and wvfsiîFP genes. During summrr. GH 
causes the transcriptional inhibition of the wtlAFP genrs. During winter. 
the production of GH is inhibited. hencr releasing the transcription 
rrpression. C/EBPa and the presumptive AEP bind to Elemrnt B and 
activate the wt1AFP g n e  expression. The wfsAFP grnes are ubiquitously 
rxpressed and are Iess intluenced by GH and srasonal change. The 
questions on what the molecule(s) is in mediating the GH signaling. what 
the identity of AEP is. how C/EBPu and AEP are involved in the wf.WP 
sene regulation and whltt the role of the wfsAFP grnr intron is in iü 
difkrential re_oulation rrmainrd to br answered. 



There fore, the snidies undertaken in this thesis have the fo llowing objectives: 

1. To further establish the role of the enhancer and ClEBPa in the transcriptional 

regulation of the wflAFP gene. 

1. To investigate the signaling pathways and intermediate molecules involved in the 

hormonal regulation of the wflAFP gene expression. 

3. To examine the mechanism controlling the distinct skin-type wfAFP gene expression. 

4. To characterize the biochemicai identity of the presumptive antifreeze enhancer- 

binding protein (AEP) and its role in antifreeze protein gene regulation. 



Chapter Two 

Liver-specific and hormonal regulated expression of the liver-type AFP gene 

in winter flounder 

Etlr J Biochem ( 1997) 247:44-5' 1. Chan, S. L., Miao, M., Fletcher. G. L. and Hew. C. L. 

.tlol Mar Biol Biotechnol(1998) 7: 197-203. Mao, M., Chan, S. L.. Hew, C. L. and Fletcher. G. L. 

*Results presented in this chapter were the authour's conmbutions to these publications. 



2.1 Introduction 

The biochernistry and gene structure of the winter flounder AFPs have been studied 

extensively. However, due to the Iack of an appropriate fish liver ce11 line and minimal 

knowledge on fish transcription factors, our understanding of the molecular machinery that 

regulates the expression of these genes was lirnited. To elucidate the molecular 

mechanism(s) of AFP gene expression, a rnammalian mode1 system was used as the first step 

to characterize the DNA reguiatory elements and protein factors that confer its tissue 

specificity. The only intron ( i l 06  to +602) of the flounder w flAFP gene ?A-7b was s h o w  

to contain cis-acting elements important for its liver-specific transcription and a core 

sequence. Element B (+303 to +322), was found to interact with liver-ennched transcription 

hctor C/EBPa, and a novel "AP-I like" protein. Interactions benveen the enhancer and liver 

nuclsar extracts have been demonstrated fiom both rat and flounder by DNase I footprinting 

assays (Chan et al, 1997; Miao et al. 1998a). The objectives of the studies in this chapter 

were to further delineate the transcriptional mechanism of the liver-specific wflAFP gene. 

DNA-protein interaction was further examined by gel retardation and methylation 

interference assays. Structural and functional analyses were carried out to study the 

important residues for DNA-protein interactions and their roles in transactivation of the 

wflAFP gene. .41so, the involvement of C/EBPa in wflAFP gene regulaiion was 

invesiigated. 

Several earlier studies have established that the wflAFP gene is regulated under GH control. 

During sumrner, GH blocks the transcription of the AFP gene. With the reduction of day 

length in the fall, the release of GH was decreased or inhibited. thus allowing AFP gene 

transcription in the liver to proceed (See 1.1.3 and references within). Since GH-stimulated 



IGF-1 synthesis and consequent increase in the circulating IGF-I level represents a major 

route of GH action, IGF-1 appeared to be a plausible intermediate in the GH signalins 

pathway in controlling the wflAFP gene expression (Daughaday and Rotwein, 1989). 

Studies have also demonstrated the liver as a major site of IGF-1 production in response to 

GH in teleost (Gray and Kelley, 1991; Duguay et al, 1994; Shamblott et al, 1995; Shepherd 

et al. 1997). There are two major pathways downstream of the IGF-1 signaling, the PI3- 

kinase pathway and the MAP kinase pathway. The involvement of IGF-I and its 

downstream molecule P13-kinase in the control of wflAFP gene was investigated in transient 

expression assays in this study. 

2.2 Experimental procedures 

2.2.1 Preparation of nuclear extracts 

Cnide liver nuclear extracts were prepared as described by Gorski et al (1986) from male 

Spngue-Dawley rats (150-200 g) and male winter flounden (400-500 g). Briefly, minced 

liver was homogenized in hornogenization buffer containing 10 mM HEPES, pH 7.6, 22 mM 

KCl, 0.15 mM spermine, 0.5 mM spermidine, 1 mM EDTA, 2 M sucrose, 10% glycerol. 0.5 

rnM DTT, 0.5 rnM PMSF, 2 p g h i  of aprotinin. 0.5 ppiml of leupeptin and 1 mM 

benzamidine. The homogenate was centrifùged at 24,000 rpm for 60-90 min at -20C. The 

pelleted nuclei were resuspended in nuclear lysis buffer containing 10 mM HEPES, pH 7.6, 

100 rnM KCl, 3 rnM MgCI2,O.l mM EDTA, 1 mM DTT, 0.1 m M  PMSF, 10% glycerol and 

2 pg/rnl of aprotinin. The nuclear suspension was diluted to approximately 10 A260 units/ml 

followed by the dropwise addition of one-tenth volume of 4 M ( N H ~ ) z S O ~  (brought to pH 

7.9 with NaOH). After 30 min of gentle shaking, the viscous lysate was centrifùged at 



40,000 rpm for 60 min at OOC to pellet the chrornatin. Solid (-NH4)2SO4 (0.3 @ml) was 

added to the supernatant and was slowly dissolved. Afier an additional 30 min on ice, the 

samples were centrifuged at 35,000 rpm for 25 min. The protein pellet was resuspended in 

dialysis buffer consisting 0125 rnM HEPES, pH 7.6, 40 m M  KCI, 0.1 rnM EDTA. 1 mM 

DTT and 10% glycerol and dialyzed for 4 h. Protein concentrations of liver nuclear extracts 

were detennined in the range of 8- 10 mg/rnl and 5-8 mglm1 for rat and flounder, respectively. 

2.2.2 Gel retardation assay 

Single-stranded oligonucleotides were annealed, and end labrled using [ y - 3 2 ~ ] ~ ~ ~  (25000 

mCi/ml, Amersharn Phmac ia  Biotech. Baie d'Urfé, PQ) and T4 polynucleotide kinase 

(New England Biolabs, Beverly, MA). In the binding reaction mixture, 8 pg of nuclear 

extract was preincubated in a 20pl reaction. containing 25 mM HEPES, pH 8.0. 12.5 mM 

MgCl.>, 20% glycerol, 15 m M  KCl, 1 pg calf-thymus DNA and various arnounts of 

unlabeled cornpetitor DNA as indicated for 10 min. Then 5000- 10.000 cpm of 5' end-labeled 

probe was added for another 10 min on ice. Free DNA and DNA-protein complexes were 

resolved on a 4% polyacrylarnide gel in 0 . 5 ~  Howley buffer (lx Howley contains 40 mM 

Tris, 1 mM EDTA, 20 mM sodium acetate, pH 7.2). Double-stranded oligonucleotides used 

as probes or cornpetitors were as follows (only the sense strand sequences in 5' to 3' direction 

are shown): 

Element B: ATAATGTTTCATCAGCACTT ( ~ 3 0 3  to +322) 

AP 1 consensus: CGCTTGATGACTCAGCCGGA (Hai and Curran, 199 1 ) 

C/EBP site in SV40 prornoter: TGTCAGTTAGGGTGTGGMGTCCCCAGGC (Johnson et al. 

1987) 



m l  site in the rat albumin promoter: TGTGGTTAATGATCTACAGTTA (Cereghini et al, 

1987) 

HNF3 site in the transthyretin gene: CCTGATTCTGATTATTGACTTAGTCA (Costa et ai. 

1989) 

In the supershifi assay, antibodies (Santa C m  Bioteclmology, Santa Cruz. CA) were 

preincubated with nuclear ertracts for 10 min on ice before the probes were added. 

Recombinant rat CiEBPu was produced fiorn the pMal-CIEBP-CRI construct (rat C!EBPu 

fused with maltose-binding protein), kindly provided by Dr. C. Mueller. Queen's University. 

Kingston, Oniano. The plasmid was transfonned into E-coli strain D H h  and the tùsion 

protein was induced with IPTG at a final concentration of 0.3 mM. Cnide protein extract 

atier lysozyme and sonication treatment was checked for the presence of CiEBPu on SDS- 

PAGE by antibody against rat CiEBPu and used in the gel retardation assay. 

2.2.3 Methylrtion interference assay 

Single-stranded oligonucleotides (Element B of upper or lower strand) were Iabeled with [y-  

3 2 ~ ] ~ ~ ~  (>5000 rnCi/rnl, Arnersham Pharmacia Biotech) and T4 polynucleotide kinase 

(New England Biolabs) before annealing with I x  unlabeled cornplementary oligonucleotides. 

The 5' end-Iabeled, double stranded oligonucleotide probes were partially rnethylated with 

dimethyl sulfate as descnbed by Maxam and Gilbert (1980) and used for preparative gel 

retardation assays. Protein bound and free probes were extracted from the polyacrylamide 

gel of the mobility shift assay and recovered by filtration ont0 a NA-45 DEAE membrane 

(Schleicher & Schuell, Keene, Mi). The probes were then treated with 1 M piperidine at 

900C for 30 min for the cleavage at methylated guanine residues. The cleaved probes were 



lyophilized, separated ont0 a 15% polyacrylamide-8M urea gel and siibjected to 

autoradiography. 

2.2.4 Site-directed mutagenesis 

In vitro site directed mutagenesis was performed by the method of Deng and Nickoloff 

(1 992) on the In( 193-350)-/AFP-CAT constmct which contains the defined intron enhancrr 

sequence From +192 to +350 linked with the basic promoter of the ?A-7b AFP genr and the 

c hloramphenicol acetyltrans ferase (CAT) reporter gene (Chan et al, 1997). A selection 

primer (ATCGATCCCCGGATCCCGAGCTCTCG~T) was used to convert the unique SrmI 

and KpnI sites in the plasmid into a BantHI site. The mutagenesis primers are (substituted 

nucleotides are indicated in bold): 

d: CTTTATTTACATAATTTTTCATCAGCACTTCCTG 

mc: TTACATPFATGTTTCATCAGCAATTCCTGSTTCAG 

mA+C CTTTATTTACATAATGTTTAATCAGCACTTCCTGT 

m3: TTACATAATTTTTTATCAGCAATTCCTGTTTTTCAG 

The In( 192-350)$4FP-CAT plasmid was denatured and anneaied with the selection primer 

and a mutagenesis primer. AAer elongation and ligation by T4 DNA polyrnerase and TJ 

DNA ligase (Clontech, Pa10 Alto, CA), the DNA pool that contained the circularized wild- 

type and mutated plasmids was used to transform the repair-deficient BMH 7 1 - 18 ntuiS strain 

of E. coli. The plasmid pool isolated from transformed cells was digested with Kpd and 

used for another round of transformation to ampli fy the mutated plasmids. In al1 cases' the 

mutations were venfied using the T7 DNA sequencing kit (Arnersham Pharmacia Biotech). 



2.2.5 Ce11 culture and transfection experiments 

HepG2 and HeLa cells were maintained in Minimum Essential Medium (MEM) with 0.1 

mM nonessential arnino acids and MEM, respectively, supplemented with 10% heat- 

inactivated fetal bovine semm and 100 IU of penicillin and streptomycin/ml. For 

transfection. cells were plated at 50% confluence and cultured for 24 h ptior to transfection 

with a change of medium after 22 h of incubation. DNA was transfected into cells by 

calcium phosphate precipitation method (Graham and Eb, 1973), glycerol shocked at 4 h and 

harvested at 48 h post transfection for analysis. A reference plasmid containing the bacterial 

P-gaiactosidase gene under the control of SV40 early promoter was cotransfectrd with the 

test plasmid to normalize the efficiency of transfection. CAT assays were performcd by the 

method of Eastman (1987) and Morency et al (1987), and the P-galactosidase activity \vas 

determined by the method of Hall et al (1983). Al1 transfection experiments were repeated at 

l e s t  three times, and for each construct at least two independent plasmid preparations were 

tested. The fold enhancement relative to the activity achieved with the fAFP-CAT construct 

is show.  Treatment of IGF-l (human IGF-1, Sigma Biosciences. St. Louis. MO) 

with/without wortmannin (Sigma B iosciences) was perfonned 4 h afier tram fection. The 

thymidine kinase promoter (TK) Iinked to pBLCAT3 was used as positive control and the 

fAFP-CAT activity was approximately 5% of TK-CAT. 

2.2.6 Western blot analysis 

Cnide rat and winter flounder liver extracts were separated on 12% SDS-PAGE. Then the 

proteins were transferred to the Hybond ECL nitrocellulose membrane (Amenham 

Pharmacia Biotech) using the Bio-Rad electroblotting system. The membrane was blocked 



in 2% miik and 5% bovine s e m  albumin in TBS-T (10 MM Tris, 150 mM NaCl and 0.1% 

Tween-'>O) and incubated with antibodies against C/EBPa or CIEBPP (Santa Cruz 

Biotechnology) for 1 h at room temperature. The specific signals were detected by ECL 

cherniluminescence ( h e r s h a m  Pharmacia Biotech) following the manufacturer's 

instructions. 

2.2.7 Ultraviolet crosslinking 

UV crosslinking was perfomed as described by Chodosh et al (1986). Briefly, Upper and 

tower strands of Element B with Brorno-dUTP substitution were annealed and end labeled as 

probes. The binding mixture was 5x the arnount used in gel retardation assay as described in 

2.2.1 and incubated on ice for 30 min. A UV transilluminator of 305 nrn was used to 

irradiate the mixture for 60 min. The proteins were precipitated and analyzed on 12% SDS- 

PAGE. 

Al1 oligonucleotides were synthesized by the Centre of .4pplied Genornics, Hospital for Sick 

Children, Toronto, Ontario. 

2.3 Results 

2.3.1 Specific complexes are formed between Element B and flounder liver extracts 

Gel mobility shifl assay was employed to test for specific protein-DNA interaction of 

Element B with flounder nuclear proteins. Previously, it has been s h o w  that rat liver 

nuclear extract fomed complexes with Element B which could be competed out specifically 

by an excess of unlabeled Element B, while oligonucleotides for HNFt and HNF3 were 



ineffective (Chan et al, 1997; Fig. 24A, lane 3,4, 7 and 8). Formation of the lower complex 

was prevented by an excess of AP-1 oligonucleotide, indicating that a protein with similar 

binding specificity as  AP- 1 was involved in the formation of the complex (Fig. 2- 1 A, lane 5). 

Similarly, a protein with binding specificity related to that of CEBP was involved in the 

formation of the upper complex since its formation was competed out by an excess of 

oligonucleotide containing the C/EBP binding site found in the enhancer of Simian Virus 40 

(Fig M A ,  lane 6). The type of CiEBP involved in this complex was detennined by using 

antibodies specific to C/EBPa (no cross-reaction with other CiEBP family of proteins). The 

upper cornplex was supershiRed by the antibody that recognizes CIEBPu . but not the 

preimmune. non-specific antibody (Fig. M A ,  lane 9 and 10). To confirm that the specific 

binding was also present in winter flounder, mobility shift assays were performed using 

flounder liver nuclear extracts. In a titration experiment, a distinct band was found at lower 

part of the gel when less nuclear extract was added. By increasing the amount of nuclear 

rxtracts, this band becarne difhised and a strong upper band appeared (data not shown). 

Therefore, two separate mobility shifi assays were carried out at low and high concentration 

of flounder extract from a winter fish (Fig. 2-IB). Both the lower and upper bands that 

appeared at low and hi& amount of extract, respectively, were specific to Element B since 

they could be competed out by an excess of cold Element B but not by HNF3 consensus (Fig 

2-1 B, Lane 3, 6, 9 and 12). Moreover, formation of the lower complex was prevented by an 

excess of AP1 consensus but not by CEBP consensus. Similarly. formation of the upper 

band was prevented by an excess of CEBP consensus but not by APL consensus (Fig.2-1 B. 

lane 4,5, 10 and 11). These data revealed that comparable to the complexes formed between 



rat winter flounder 

W W X K X X * X  
0 0 0 0  0 0 0 0  
O O C O  O 0 0 0  

Fig. 2-1 Element B forms specific complexes with rat and 
flounder liver extracts in mobility shift assay. Gel retardation 
assay was camed out with (A) rat liver nuclear extract and (B) 
flounder liver nuclear extract. XS: molar excess of cornpetitor; 
Comp.: cornpetitors; Ab: specific antibody; NS Ab: non-specific 
antibody. Arrows indicate specific complex formation. Supershifted 
band 1s indicated by an asterisk. 



Elernent B and rat liver extracts, proteins with similar binding specificity were also present in 

the winter flounder liver nuclear extracts. 

2.3.2 Element B mediates the enhancer effect of the intron 

To lunher identiS the nucleotides in Element B which were in close contact with rat liver 

nuclear proteins, Element B (+303 to +322) was analyzed by methylation interference assay 

(Fis. 2-2) .  Binding of the "AP-1 like" protein was affected by methylation of guanine 

residues at positions +308 in the upper strand and +3 12 in the lower strand. Interference of 

ClEBP binding was observed by rnethylation of guanine residues at positions +3 12 and -320 

in the lower strand. This methylation interference pattern showed that these factors 

recognized overlripping sites of Element B, but did not make exactly the sarne contacts. The 

results of methylation interference are summarized in Fig. 2-3A and mutagenesis of Element 

B was designed accordingly. These substitutions were shown to disrupt the DNA-protein 

interaction of ClEBPu and/or the putative AP-1 since mutated Element Bs with these 

substitutions were unable to compete effectively for binding of rat liver nuclear proteins with 

Element B (data not shown). In addition, In(192-350)-fAFP-C.4T constructs containing 

these mutations were generated by site-directed mutagenesis to examine the roles of these 

residues in the enhancer activity. In transient expression assays, substitutions in these three 

guanine positions indicated by rnethylation interference in the m3 construct totally abolished 

the enhancer effect of the 159 bp intron fragment (+ 192 to +350) (Fig. 3-3B). Moreover, the 

single G->T mutation at +308 of the upper suand (mA) and +320 of the lower strand (mc) 

also decreased the activity to a basal level. The mA+C construct has a single G->T mutation 



Fig. 2-2 Methylation interference assay of Element B and rat liver 
eutract. Preparative gel-shift assays were performed with oligonucleotide 
B labeled in the 5' end of either the upper or lower strand and partiaily 
methylated. DNA recovered from the putative "AP-1" and C/EBP 
complexes were analyzed. The triangles and astensks indicate the 
position of guanine (G) residue which interferes with binding in the "AP- 
1 " and CEBP complexes, respectively, when rnethylated. 



+308 
A 

FvT ATAATGTTTCATCAGCACTT 
TA'ITACAAAGTAGTCGTGAA 

A ATAATTTTTCATCAGCACTT 

mC ATAATGTTTCATCAGCAATT 

ATAATGTTTAATCAGCACTT 

Fig. 2 3  The effect of mutated Element B in the enhrncer activity of 
the wflAFP gene intron. A: Summary of the methylation interference 
study and site directed mutagenesis. Mutants of In(192-350)-fAFP-CAT 
were constmcted based on the interference results. B: Transfection 
studies. HepGZ cells were transfected with In(192-350)-jAFP-CAT (WT) 
and the various mutation constructs. The fold enhancement relative to the 
activity achieved with the fAFP-CAT construct is shown. The mean 
values and standard erron of three independent experirnents are given. 



at +312 (methylation at this guanine residue interfered both Ael and CEBP binding). A 

significant reduction in enhancer activity was observed when this mA+C construct was 

introduced into HepG? cells in the transient expression assays. These results clearly 

indicated that the binding of Element B to nuclear proteins is important to its transactivation 

ability and an intact Element B is indispensable for the enhancer activity in the wflAFP gene 

intron. 

2.3.3 C/EBPa interacts specifically with Element B and traasactivates the wfL-IFP 

gene intron 

In ordrr to verify the interaction between Element B and C/EBPa, a gel shitt assay was 

camed out using recombinant rat C/EBPcr expressed in bacteria. Interaction between 

Elemerit B and CiEBPu became prominent as the arnount of extract increased. This cornplex 

could bç cornpçted out by Elemen! B and CiEBP consensus, but not by AP1 consensus (Fig. 

2-1). These data indicated that Element B of the wflAFP gene interacts specifically with the 

liver-enriched factor C/EBPa. Furthemore, the e ffect of C/EBPa on transactivation of the 

wflAFP genes was investigated by transient expression assays. Rat C/EBPa expression 

vector (pMSV-CEBP) was cotransfected with the wflAFP intron construct In(192-350)- 

/AFP-CAT (Fig. 2-5). CEBPu was able to increase the enhancer activity of the wflAFP 

intron dramatically in HepGZ cells while no significant increase was observed in HeLa cells. 

These results showed that C/EBPa is involved in the transcriptional regulation of the wflAFP 

gene, that it interacts with the core wflAFP enhancer, and transactivates the wflAFP gene in 

cells of Iiver otigin. 



Probe Element B 

Comp. 

C/EBP 

+ 

Fig. 2-4 Element B forms a specific complex with recombinant rat 
CIEBPa in rnobility shift assay. Gel retardation assay was carried out 
using crude extract of bacteria expressed rat CEBPa.  Specific 
oligonucleotide competiton (100x molar excess) were added into the 
reaction mixtures as indicated. The arrow indicates the specific complex 
formation. 



In(192-350)-/AFP-CAT - BP I CAT 1 

ClEBPa (ng) O 50 200 

Fig. 2-5 Cotransfection of ClEBPa stimulates the wfiAFP gene 
enhancer activity in HepG2 cells. HepG2 cells were transfected with 
In( 192-350)-fAFP-CAT. The amounts of DNA (pMSV-CEBP) used in 
cotransfection are indicated. The fold enhancement relative to the activity 
achieved with the fAFP-CAT consmict is shown. The mean values and 
standard errors of three independent experiments are given. 



2.3.4 The ClEBP family of proteins is present in the liver of winter flounder 

Since the AFP gene is expressed in the liver of winter flounder, it is important to show that 

the transcription factors implicated in its regulation are present in the hornologous systern. 

Immunoblot analysis was performed using rat and winter flounder liver extracts with 

antibodies raised against rat C E B P a  or CiEBPP (Fig. 2-6). The C/EBPu antibody raised 

against the arnino acid sequence from 253 to 265, which is unique for the CIEBPu sub family. 

was able to recognize proteins in rat liver (rat C!EBPa is 42 kDa with srnaller isoforms) but 

not in the winter flounder liver. However. the CfEBPP antibody was able to recognize 

proteins in rat (rat C/EBPP is about 32 kDa) as well as in winter flounder with rnolecular 

mass approximately 34 kDa and 29 kDa. This antibody was raised against a longer peptide 

from 199 to 345, that is conserved among the CEBP family. and was cross reactivc to 

C/EBPu, 0, 6 and E. These data suggest the existence of CiEBP family of proteins in the 

liver of winter flounder. 

2.3.5 Two proteins of approximately 43 kDa and 80 kDa in rat liver interact with 

Element B 

UV crosslinking was carried out to further charactenze the proteins interacting with Eiement 

B (Fig. 2-7). Two complexes of approximately 80 and 43 kDa were detected. No specific 

bands were shoivn in reaction mixtures without the rat liver nuclear extracts or no UV 

irradiation (Fig. 2-7, lane 1 and 2); however, high background was observed in lane 2 which 

may be due to the exposure of sample to light during experimental manipulation. Lrpon UV 

irradiation, hvo protein complexes were visible. These two bands were cornpeted out by cold 



Antibody 

CIEBPU 

,vinter 
flounder rat 

Fig. 2-6 The ClEBP family proteins are present in winter flounder 
liver. Western blot analysis was performed using winter flounder or rat 
liver extracts. Antibodies used in the assays were raised against rat 
ClEBPa (specific to CIEBPa) and CEBPP (cross reactive with C!EBPu. 
p, 6 and E) as indicated. 



Fig. 2-7 W crosslinking assay of Element B and rat liver extract. End 
labeled Bu-dUTP substituted Elernent B was incubated with rat extract and 
CTV irradiated for 60 min. Proteins were precipitated and separated on 12% 
SDS-PAGE. lOOx molar excess of specific cornpetitors were used as 
indicated. ï h e  arrows indicate the specific binding complexes. 



Element B but not by HNF3 consensus, suggesting that the binding of these proteins to 

Element B was specific (Fig. 2-7, lane 3 to 5). The rat C/EBPa is known as a 42 kDa protein 

with several srnaller isofoms. Mobility shifi data demonstrated the C E B P  and Element B 

complex was able to be supershifted by antibody specific to C/EBPa. Therefore, the 

crosslinking studies again suggested that one of the rat liver nuclear proteins interacting with 

Element B was C/EBPa. The upper band with a molecular mass of approximately 80 kDa 

could be competed out by AP-I consensus (Fig. 2-7, lane 6), and might represent the 

presumptive antifreeze enhancer-binding protein (AEP). 

2.3.6 The involvement of IGF-1 in w M F P  gene regulation 

The mechanism of how the wflAFP gene is regulated by GH is an interesiing topic to study. 

Since IGF-1 mediates a major part of GH action, the effect of IGF-1 on wflMP gene 

expression was investigated in HepG2 cells by transient expression assays (Fig. 2-8). Cells 

transfected with the whole intron of wflAFP gene construct In-fAFP-C.4T were treated with 

human IGF- 1. IGF-1 was able to decrease the transactivation ability of the wflAFP gene 

intron in a dose-dependeni manner, but had no effect on the basic promoter of the wflAFP 

gene (-143 to +32). This result suggested that IGF-1 might be an important factor in 

mediating the GH effect on the wflAFP gene regulation. 

2.3.7 Element B mediates the effect of IGF-1 on the wfi4FP gene expression 

To hrther define the enhancer region that mediates IGF-I response, the truncated intron 

construct In(192-350)fAFP-CAT was used in transient expression assays. [GF-I was able to 

inhibit the transcriptional activity of this more refined intron construct containing Elernent B. 



Fig. 2-8 IGF-1 decreases the wtlAFP gene expression in transient 
expression assays. HepGî cells were transfected with InfAFP-CAT or 
fAFP-CAT with IGF-1 treatment as indicated. The fold enhancement 
relative to the activity achieved with the fAFP-CAT construct is show. 
The mean values and standard errors of three independent experurients 
are given. 



However, when cells transfected with mSIn(192-350)- fAFP-CAT, which contains a TA 

insertion in Element B and is not interactive with C E B P a  (see 3.3.3), little effect was 

observed with IGF-1 treatment (Fig. 2-9). These results suggested that the inhibitory effect 

of IGF- 1 on the enhancer activity of the wflAFP gene intron is mediated by Element B. 

1.3.8 The involvement of PI3-kinase in the wfiAFP gene regulation 

As mentioned above, PI3-kinase is one of the downstrearn signaling molecules in the IGF-1 

pathway. To explore its possible involvement in wflAFP gene regulation. an inhibitor 

speci fic for PD-kinase, wortmannin, was used in the transient expression assays ( Fig. 2- 10). 

Drarnatic inhibition was observed in HepGî cells transfected with In(192-35O)-/AFP-CXT 

when treated with IGF-1. Addition of wonmannin was able io restore the transactivation 

activity of the wflAFP gene enhancer in a dose-dependent manner, indicating that PU-kinase 

was also involved in the signaling pathway for the control of the wflAFP gene expression. 

2.4 Discussion 

In this study, the regulation of the wflAFP gene was first examined using a mammalian 

system. Several studies have suggested the conservation of regulatory processes dictating 

liver specificity between phylogenetically diverse vertebrate species. For exarnple. the 

promoter of the Xenopus vitellogenin gene was able to direct efficient and accurate initiation 

of transcription in reaction mixture containing transcriptionally active extracts derived from 

rat liver nuclei (Kaling et al, 1991). Moreover, the structure of transcription factors is 

generally conserved among species. The basic region of the Drosophila CEBPu shares more 

than 90% identity with the rat sequence and is able to bind DNA with a similar specificity 



Fig. 2-9 The effect of IGF-1 on the wfiAFP gene expression is 
mediated by Element B. HepG2 cells were transfected with In(192- 
350)--AFP-CAT or mS In(L92-350)fAFP-CAT with IGF-1 treatment as 
indicated. The fold enhancernent relative to the activity achieved with the 
fAFP-CAT constnict is shown. The mean values and standard errors of 
three independent experUnents are given. 
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Wortmannin (nM) O O 20 

Fig. 2-10 Wortmannin treatment restores the A A F P  gene enhancer 
activity. In( 192-350)-fAFP-CAT construct were transfected into HepG2 
cells with various IGF-1 and wortrnamin treatment as indicated. The fold 
enhancement relative to the activity achieved with the fAFP-CAT 
construct is shown, The mean values and standard errors of three 
independent experiments are &en. 



(Montell et al, 1992). Also, studies on the regulation of wflAFP gene have provided 

evidence that the mechanism for wflAFP gene regulation is very conserved between 

marnmals and flounder. In addition to the mamrnalian ce11 lines, the enhancer activity of the 

wflAFP intron has been demonstrated in flounder hepatocytes in an in vitro transcription 

assay (Miao et al, 1998a). Similar enhancer regions were shown to interact with nuclear 

proteins fiom both rat and flounder liver as demonstrated by DNase 1 footprinting assays 

(Chan et al. 1997; Miao et al, 1998a). In this chapter, the interaction between nounder 

CiEBP and the presumptive AEP to the core enhancer Element B was shown to be consistent 

with what was observed earlirr from rat in gel retardation assays. There is other supportive 

evidence showing that the AFP genes. which are present only in a subpopulation of fish 

species, c m  be expressed in other fish species including Atlantic salmon, goldfish, as well as 

in Drosophila and tobacco by transgenic technology (Hew et al, 1992; Wang et al. 1993; 

Rancourt et al. 1987; Kenward et al, 1993). Also, the tissue-specificity of the wflAFP gene 

was demonstrated in salmon. Transgenic salmon harboring the wflAFP gene exhibited liver- 

specifk ruid seasonal wflAFP expression (Hew et al, 1999). 

Since C/EBPu is well characterized to be a liver-enriched factor mediating the 

transactivation of several liver-specific genes, the involvement of CiEBPu in the wflAFP 

intron is suggested to be responsible for the liver-specific expression of the wflAFP pne .  

CiEBPu c m  forrn homodimers or heterodimers with other members of the CXBP family of 

proteins. Our data does not exclude the possible involvement of other C/EBPs. Three 

C/EBP isoforms have been found to regulate the gluconeogenic enzyme 

phosphoenolpymvate carboxykinase (PEPCK) gene transcription in the liver (Croniger et al. 

1998). The CEBP protein family has been found from Drosophila to mammal (Montel1 et 



al, 1992; Landschulz et al, 1988), while it has not been demonstrated in fish. Our data 

predicts that the CEBP protein family is present in flounder liver. However, the identity of 

flounder CEBP interacting with Element B would require further investigation. 

Previous stiidies have shown that the protein that binds to the "APl binding site*' in Element 

6 is distinct from the API components (the lun and Fos family transcription factors) (Chan 

et al, 1997). Antibodies raised against the DNA-binding domains of Jun and Fos which 

specifically recognize Jun family (cJun, JunB and JunD) and Fos family (cFos, Fra-1. FosB 

and Fra-2) proteins, respectively, were unable to supenhifl or abolish the putative ".V-1" 

cornplex formed behveen protein(s) found in the rat liver nuclear extract and Element B. 

.And more specifically, Element B was incapable of forming specific complexes with the 

DNA binding domains of cJun and cFos heierocomplex. This presumptive "API-like" 

binding protein was designated as the antifkeeze enhancer-binding protein (AEP). According 

to the W crosslinking result, AEP is a fairly big protein with a molecular mass of at least 80 

kDa. AEP is able to interact with both AP-1 consensus and Element B, however, Element B 

interacts with AEP but has no affinity for the M-1 protein. The identity of the presumptive 

.4EP and its involvernent in wflAFP gene regulation will be discussed in Chapter 4. 

This study has further demonstrated that IGF- 1 and one of its downstream signal molecules 

PI3-kinase may play an important role in the regulation of the wflAFP gene expression. 

Also, the core enhancer Elernent B appean to mediate the IGF-1 action, possibly via the 

interaction with C/EBPu. IGF-1 and insulin have been dernonstrated to cause CIEBPa 

dephosphorylation, which is correlated with the repression of GLUT4 gene transcription in 

adipocytes (Hemati et al, 1997). Together with the fact that GH regulates the seasonal 

expression of the wflAFP gene and IGF-1 is a major route of GH action, a working mode1 



has been proposed to explain the hormonal regulation of the wflAFP gene via IGF-1, P13- 

kinase and CEBPa through a repression mechanism (Fig. 2-1 1). The inhibitory mechanism 

is turned on during surnmer when GH stimulates the production of IGF-1, and through the 

P13-kinase signaling, C E B P a  becomes dephosphorylated and inactivated, resulting in the 

transcriptional inhibition of wtlAFP gene. On the other hand, the active f o m  of 

C E B P a  and/or other factors, such as the presumptive AEP, interact with Element B and 

activate the wflAFP gene expression dunng winter. 

In addition to causing dephophorylation of C/EBPa, insulin also stimulates a decline in 

C/EBPa mRNA and protein levels via the MAPK pathway. At the same tirne, it increases 

the expression of a dominant-negative form of C/EBPP (LIP) that competes for the CiEBP 

binding site (Hemati et al, 1997). Whether IGF-1 exhibits the sarne effects remain to be 

determined. Also, the effect of IGF-1 and insulin on dephosphorylation of C/EBPu was 

shown to be more drmatic on the truncated 30 D a  isoform than the 42 kDa full-length 

protein, irnplying that the two isofoms may have differential roles in transcriptional 

regulation. 

C!EBP has been shown to participate in hormonal responsiveness of other genes. The 

amount of ClEBPu protein in liver was found to be rapidly and transiently decreased by GH. 

and the binding of CEBPu to the promoter of the hepatocyte nuclear factor-6 gene inhibits 

its expression (Rastegar et al, 2000). Moreover. the stimulation of thyroid hormone (T3) on 

the PEPCK gene was shown to require its binding to C/EBPa or P (Park et al, 1995; Park et 

al, 1999). 



GH KGF-1 PI3-kinase CIEBPa Inhibition of 
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Fig. 2-11 Signaling pataway of the growth hormone regulated 
wflAFP gene expression. GH stimulates the production of IGF- 1 and 
through the PU-kinase signaling, CIEBPa becomes dephosphorylated 
and inactivated, resulting in transcriptional repression of the wflAFP 
gene. The specific PI3-kinase inhibitor, wortmannin, blocks the signaling 
pathway. 



Much evidence supports the notion that phosphorylation of CEBP factors is a common 

mechanism in regulating their transcnptional activation ability. Phosphorylation of C!EBPu 

iri vitro by  protein kinase C (PKC) results in an attenuation of C/EBP binding to DNA 

(Mahoney et al, 1992). Glycogen synthase kinase 3 (GSK3) was shown to phosphorylate 

C/EBPu both in vitro and irl vivo and it was suggested that the insulin stimulated 

dephosphorylation of C/EBPa is mediated through the inactivation of GSK3 (Ross cr al. 

1999). Furthemore, in virro phosphorylation of C/EBPP by PKC or c AiMP-dependent 

protein kinase A (PKA) was shown to alter its binding aftinity. The increase of 

phosphorylation within the activation domain of CiEBPP by the stimulation of PKC pathway 

was shown to enhance its transcnptional efficacy (Trautwein et al. 1993; Trauttvein et al. 

1991). In pituitary cells, C/EBPP is phosphorylated by the activation of a calcium- 

calmodulin-dependent protein kinase and this was s h o w  to confer the calcium-regulated 

transcriptional stimulation of a promoter containing C!EBP binding sites (Wegner et al. 

1992). Phosphoryiation of CEBPP by TGFa-induced activation of the p90 t-ibosomal S 

kinase (RSK) is also concomitant with the proliferation of differentiated hepatocytes (Buck et 

al, 1999). 

Other signaling pathways may also be involved in the hormonal regulation of the wflAFP 

gene. As mentioned earlier, GH exerts regulatory effects on CEBPs, which may be 

independent of' the IGF- 1 signaling pathway, while the MAP pathway down Stream of IGF-1 

may also be involved in the regulatory process. Other inhibitors, such as PD098059. a MEK 

inhibitor, c m  be used to further investigate the role of other signaling molecules involved in 

the seasonal and hormonal controi of winter flounder AFP genes. 



Chapter Three 

Differential regulatioo of the skin-type AFP gene in winter flounder 

FEBS let? ( 1998) 426: 12 1-5. Miao, M.. Chan, S. L.. Hew, C. L. and Gong, Z. 

*Resulrs presented in this chapter were the authour's contributions to this publication- 



3.1 Introduction 

The presence of AFPs in tissues other than liver has been reported in winter flounder. The 

wfs.4FP mRNAs are found mainly in extenor tissues including skin, fin, filaments and 

scales, and to a lesser extents in stomach, intestine, kidney, spleen as well as liver (Gong et 

al, 1996). They are encoded by a distinct set of genes from that of the wflAFPs and their 

expression is under differential seasonal and hormonal control (see 1.1.3 for details). The 

presence of two distinct AFPs within flounder has raised important questions on the relative 

role of these proteins in freezing protection. their evolutionary relationships, as well as their 

regulatory mechanisrns. The tissue-specific expression of the ber-type AFPs is conferred 

by its enhancer element, Element B, which interacts with the liver-enriched CjEBPu. and the 

presumptive antifreeze enhancer-binding protein (AEP). The present investigation was 

undertaken to examine the di fferential molecular rnechanisrns controlling the expression O f 

the skin-type AFP genes and in particular, the contribution of CIEBPu, if any, in activating 

these genes. 

3.2 Experimental procedures 

3.2.1 Plasmid construction 

The F2 genomic clone encoding a representative skin-type AFP gene (Davies and Gauthier. 

1992) was kindly provided by Dr. P. Davies, Queen's University, Kingston, Ontario. To 

generate constructs of the skin-type intron with CAT reporter gene, the 1.3 kb Pst1 fia-ment 

of the F2 genomic clone was subcloned into pBluescnpt (Stratagene, La Jolla, CA). The 750 

bp PstVHincII intron fragment From the 2.3 kb fkagment was further purified and ligated to 

the Pst1 site of the fMP-CAT construct which contains the basic promoter sequence from - 



143 to + 32 of ZA-7b AFP gene upstrearn of pBLCAT3 (Chan et al, 1997). Constructs with 

the 750 bp FZ intron Fragment in forward and reverse orientation were designated as FZIn- 

/AFP-CAT and RF2In-fAFP-CAT, resprctively. Al1 constructs were verified using the T7 

DNA sequencing kit (Amersham Phamacia Biotech). 

3.2.2 Ce11 culture and transient expression assay 

New boni rat keratinocytes (NBRK) were rnaintained in Dulbecco's Modified Eagles's 

Medium (DMEM) supplemented with 10% calf semm and 1.5% fetal bovine serum. HeLa 

cells in Minimum Essential Medium (MEM) with 10% calf serum and HepGl cells in MEM 

with 10% letal bovine serurn. DNA was transfected into cells by calcium phosphate 

precipitation method (Graham and Eb, 1973) and cells were glycerol shocked 4 h and 

harvested 48 h after transfection. CAT assays were performed using a rnixed-phase assay by 

the rnethod of Eastman (1987) and Morency et al (1987). A P-galactosidase gene dnven by 

SV40 early promoter was used in transfection and the P-galactosidase activity was 

determined as the intemal control (Hall et al, 1983). 411 transfection experiments were 

repeated at least three times and pBLCAT3 with or without TK promoter was used as a 

positive and negative control, respectively. The fMP-CAT activity was approximately 75%. 

10% and 4% of the positive control TK-CAT activity in NBRK cells. HeLa cells and HepG2 

cells, respectively. 

3.2.3 Gel retardation assay 

Cnide liver nuclear extract from male Sprague-Dawley rats was prepared as described in 

2.2.1. Recombinant rat CEBPa was expressed from pMal-CXBP-CRI consmict (rat 



CXBPa fused with maltose-binding protein) by bacterial expression system. Single- 

stranded oligonucleotides were annealed and end-labeled using [ y - 3 2 ~ ] ~ ~ ~  (Amersham 

Pharmacia Biotech) and T4 polynucleotide kinase (New England Biolabs). In the binding 

reaction, rat liver nuclear extract or bacteria expressed MBP-CEBPa was incubated with 

unlabeled cornpetitor DNA as indicated for 10 min in binding buffer containing 25 m M  

HEPES, pH 8, 12.5 m M  MgClz, 20% glycerol, 25 mM KC1 and 40 ngp l  calf-thymus DN.4. 

Antibody specific to CfEBPa (Santa Cruz Biotechnology) was also added to the nuclear 

extract I O  min before the probe was added. Then the 5'-end-labeled probe (15,000 cpm) was 

added and incubated for another 20 min on ice. Free DNA and DNA-protein complexes 

were resolved on 4% polyacrylamide gel in 20 mM Tris, 0.5 m M  EDTA, 10 mM sodium 

acetate, pH 7.2. Double-stranded oligonucleotides used as probes or cornpetitors were as 

follows: 

Element S: ATAATGTTTTACATCAGCACTT 

Element B: ATAATGTTTCATCAGCACTT 

1 consensus: CGCTTGATGACTCAGCCGGA (Hai and Curran, 199 1 ) 

CfEBP consensus: CTAGGCATATTGCGCAATATGC (Osada et ai, 1996) 

3.2.4 Site-directed mutageoesis 

Itt vitro site-directed mutagenesis was perfonned by the method of Deng and Nickoloff 

( 1992). The mutant mSIn(192-350)WP-CAT was constructed using In( 197-3 5O)- f 'P -  

CAT with a selective primer which converts the KpnI site into a BamHI site 

(ATCGATCCCCGGATCCCGAGCTCTCGAAAT) and a mutagenic primer which has a TA 

insertion in Element B (ATTTACATAnTGTTTTACATCAGCACTACTTCCTG). The In(192- 



350)-fAFP-CAT plasmid was denatured and annealed with the selection and mutagenesis 

prirnen. AAer elongation and ligation by T4 DNA polymerase and T4 DNA ligase 

(Clontech), the DNA pool that contained the circularized wild-type and mutated plasmids 

was used to transform the repair-deficient BMH 71- 18 rniirS strain of E. d i .  The plasmid 

pool isolated from iransformed celk was digested with KpnI and used for another round of 

transformation to amplify the mutated plasmids. The mutation was confirmed using the T7 

DNA sequencing kit (Amersham Pharmacia Biotech). 

Al1 oligonucleotides were synthesized by the Centre of Applied Genomics, Hospital for Sick 

Children, Toronto, Ontario. 

3.3 Results 

3.3.1 The skin-type AFP intron is homologous to the liver-type AFP intron 

To explore the different mechanisms controlling skin-type and liver-type AFP gene 

expression, the gene organization of a representative wfsAFP gene, FI, was compared with 

the wflAFP gene, ZA-7b (Fig. 3- 1 ). Despite their distinct tissue expression patterns, the hvo 

types of AFPs have similar gene structures with hvo exons and a single intron (Fig. 3-l A). 

The sequence of the skin-type intron shared 95% idenrity with the liver-type intron except 

that it contains an extra 211 bp insertion at position 1254 (Davies and Gauthier, 1992) (Fig. 

3-1 B). The region of skin-type intron corresponding to the Element B of the liver-type intron 

was designated as Element S. Interestingly, a TA dinucleotide insertion was found within 

this element. Since the Element B was known to mediate the enhancer activity of the liver- 



Element S 
Skin-type (F2 ) l t i 

Exon 1 \ Exon 2 
ATAATGTTTTACATCAGCACTT 
ATAATGTTTf*CATCAGCACTT 

Exon 1 Exon2 
Liver-type (2A-7b) - - - - - l- 1 

Element B 

FZ gaagatgtgatctttagttcaccaccatggaaacatcatcagcagtcaaagtccgtctqc 
î A - 7 b  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

Fig. 3-1 Comparison of the skin-type F2 gene and the liver-type 2A- 
7b gene. A: The homologous introns in wflAFP and wfsAFP genes and 
the additional intron in wfsAFP genes are indicated by dotted and 
striped boxes, respectively. B: The sense strands are presented and 
individually nurnbered. Dashes indicate sequences identical to F2 and 
astet-isks represent gaps. Element S and B are boxed (Scott et al, 1988; 
Davies and Gauthier, 1992). 



type intron, it is possible that there is a specific effect for the presence of the TA insertion in 

Elernent S of the wfsAFP gene. 

3.3.2 The intron of the skin-type AFP gene acts as a ubiquitous enhancer 

To study whether the skin-type AFP intron, like the liver-type AFP intron, also exhibits 

transactivation activity, the F2In-/AFP-CAT and WZIn-fAFP-CAT constructs which 

contained the skin-type F2 gene intron in the natural or reverse orientation, respectively. 

upstream of the /AFP-CAT, were constructed (Fig. 3-2.4). The transient expression assay in 

NBRK (new born rat keratinocytes) revealed that the F2In-fAFP-CAT exhibited a three fold 

enhancer activity (Fig. 3-ZB). However, the revened F2 intron had little effect on 

transactivation, indicating that the enhancer activity might be orientation-dependent. The 

enhancer activity of the skin-type intron was hirther tested in non-skin denved cell lines. 

Significant enhancer activity was also observed using the skin-type intron in the HeLa 

(cervical carcinoma) cells. In contrast, the liver-type intron exhibited no transactivation 

activity in both NBRK and HeLa cells. Together, these studies suggested that the skin-type 

intron, like its homologous liver-type intron, also hinctions as an enhancer. However, the 

transactivation activity of the skin-type intron was not limited only in skin cells. 

3.3.3 Element S of the slün-type intron does not interact with ClEBPa 

Since Element B of the liver-type intron is known to mediate its liver-specific enhancer 

activity, we speculated that the TA insertion in Element S of the skin-type intron rnay alter its 

transactivation ability and tissue-specificity. First, gel retardation assays were carried out to 

investigate the interactions between Element S and rat liver nuclear extracts (Fig. 3-3). In the 



Fig. 3-2 The intron of the wfsAFP gene is a ubiquitous enhancer. A: 
Schematic illustration of the Iiver-type AFP intron constnict (In-JAFP- 
CAT) and the skin-type intron constructs in nature and reverse orientation 
(F2IngAFP-CAT and W2In-fAFP-C AT, respective1 y). B : The 
constructs were transfected into N B M  and HeLa cells and their 
activities normalized for transfection eficiency using P-galactosidase 
activity. The mean values and standard erron of the fold of enhancement 
relative to the activity achieved with the /AFP-CAT construct is shown. 



Probe Element S Element B 

e r t  
P s i ;  

Comp./Ab - - 
n œ œ * L i I  

XS 8 8 8 8 8  
Extract - + + + + + + + 

Fig. 3-3 Element S does not form any CIEBP-specific cornplex 114th rat 
Iiver extract in mobility shift assay. Gel retardation assays were carried 
out with rat liver nuclear extract. Comp, cornpetitor; XS, molar excess: Ab, 
specific antibody; NS, non-specific antibody. Arrows indicate specific 
complex formation. Supenhifted band is indicated by an asterisk. 



control experiment using Element B as probe, a specific band was competed out by an excess 

of unlabeled Element B or the oligonucleotide containing the C E B P  binding site, and was 

supershifted by antibody specific to rat CIEBPu (Fig. 3-3, lanel 1, 13 and 14). In contrast, 

though Element S was able to form DNA-protein complex with the rat liver extracts which 

c m  be competed out by oligonucleotides containing API consensus (Fig. 3-3, lane 5 ) ,  excess 

of U E B P  consensus oligonucleotide was ineffective in competing for binding with any of the 

complexes. Furthenore, none of the complexes was recognized by antibody specific for 

C!EBPa (Fig. 3-3, lane 5 to 8). These data indicated that there was no interaction between 

Element S and C/EBPa. To further examine the C/EBPa binding specificity. rai CiEBPu 

protein (fused with maltose binding protein) was also used in gel-shift assays (Fig. 3-4). 

Lsing the liver-type Elrment B as a probe, a shift was gradually forrned with increasing 

amounts of extract (Fie. 3-4. lane 2 to 4). This specific band was competed out by an excess 

of cold Ekment R or C/EBP consensus but not API consensus, in contrast, there was no 

specific shift when Element S was used as probe (Fig. 3-4, lane 5 to 7 and 9 to I l ) .  

Therefore, these results further confirmed that Element S of the skin-type gene does not 

interact wi th the liver-enriched transcription factor CEBPa. 

3.3.4 The TA dinucleotide insertion in Element B of the liver-wpe intron decreases its 

liver-specific en hancer activity 

To further sîudy the effect of Elernent S (Element B with a TA insertion) in transactivation. a 

mutated constnict, mSIn(l92-350)-fAFP-CAT, was generated by site-directed mutagenesis to 

insert a TA dinucleotide directly into the Element B sequence of the h( l92-350)WP-CAT 



B S 
Probe ' 1- 

a 

Fig. 3-4 Element S does not interact with recombinant rat C E B P a  in 
the mobility shift assay. Gel retardation assays were carried out using 
increasing arnounts of crude extract of bacteria expressing rat CEBPa. 
Speci fic oligonucleotide cornpetitors ( 100x molar excess) were used as 
indicated. The arrow indicates the formation of specific compiex. 



construct (Fig. 3-SA). Transient expression assays revealed that the TA insertion 

drarnatically decreased the enhancer activity of the liver-type intron in HepG2 (human 

hepatorna) cells (Fig. 3-5B). Moreover, the enhancer activity of these nvo constructs was 

examined in two non-liver ce11 lines. Both the wild-type (WT) and the mutated (mS) 

constructs exhibited no significant transactivation activity in HeLa and NBRK cells. 

implying that the sequences responsible for skin-type intron activity might reside outside the 

-191 to +35O region. Together, these data suggested that the TA dinucleotide insertion in 

Element S, which destroyed the C/EBPa binding site, diminished the liver-specific rnhancrr 

activity of the skin-type intron. In cornparison, the interaction between Element B and 

CjEBPu would confer the liver-specific enhancer activity of the liver-type AFP intron. 

3.4 Discussion 

Our study has demonstrated that the overall gene structures of the skin-type AFP and the 

liver-type AFP are sirnilar. The major differences between the only intron of the skin-type 

AFP gene and the liver-type AFP gene include an insertion of a TA dinucleotide in the skin- 

type gene corresponding to Element B and the presence of a 141 bp large fragment in the 

skin-type AFP gene. Like the liver-type intron, the skin-type AFP intron aiso exhibits 

enhancer activity. However, its transactivation ability is ubiquitous, which is consistent with 

previous Nonhem analysis studies that the skin-type AFP mRNAs are widely distributed in 

many tissues including skin, gill, fin, and scales, as well as in liver, stomach, intestine, 

kidney and spleen (Gong et al, 1996). Therefore. i t  is postulated that the intron of the hvo 

respective wflAFP and wfsAFP genes plays an important role in regulating their differential 

tissue expression. 



il HeLa 

4 
NBRK 

Fig. 3-5 TA dinucleotide insertion of Element B destroys its liver- 
specific enhancer activity. A: Schematic illustration of the In( 192-3 50)- 
/AFP-CAT (WT) and mutated mSIn(192-350)-fAFP-CAT (mS) 
constructs. The constructs were transfected iiito HepG2, NBRK and 
HeLa cells. The enhancement relative to the activity of the fAFP-CAT 
construct is shown. The mean values and standard errors of three 
independent experiments are aven. 



In addition, the observation of a TA insertion in the skin-type intron was ofparticular interest 

because it is located within Element B which mediates the enhancer activity of the liver-type 

intron. This dinucleotide insertion effectively destroys the CIEBPa binding specificity, as 

dernonstrated by mobility shift assays using both the rat liver nuclear extract and the C/EBPu 

fusion protein. ln the transfection studies, the dinucleotide insertion in Element B of the 

liver-type intron substantially reduced its expression in HepGl cells, Further confirming the 

role of ClEBPa in liver-specific transactivation ability. Since C/EBPu is present primarily in 

teminally differentiated cells such as hepatocytes and adipocytes (Birkenmeier et al, L989), 

the presence of the C E B P a  binding motif in Element B is believed to mediate the liver- 

speci ficity of the liver-type AFP intron. In contrast, the skin-type intron losses its interaction 

to C/EBPa in Element S and a broader tissue expression pattern is observed for the wfsAFPs. 

The disruption of CEBP binding site has also been reported in the clotting factor IX 

prornoter of haemophilia B patients that signi ficantly reduced its transactivation activity 

(Crossley and Brownlee, 1990). 

However, it should be pointed out that the additional 241 bp fragment in the skin-type intron 

might be important in its transcriptional regulation. It is possible that sorne other cis-acting 

sequences in this skin-type Fragment interacts with transcription factor(s) to dictate the skin- 

type AFP expression. It is interesting to note that, similar to F2, another skin-type AFP 

genomic clone (1 1-3) shares common features including an additional 288 bp kagrnent 

cvhich is 97% identical to the 231 bp fragment in the F2 gene and the presence of Element S 

in the corresponding region (Davies and Gauthier, 1992). Sequences simiiar to GRE and 

Oct-1 consensus binding sites were found in these additional fragments of the wfsAFP 



introns. The role of these additional fragments and factors involved, if any, would require 

hnher investigation. 

In addition to the distinct tissue distributions between the wflAFPs and wfsMPs, their gene 

expressions are differentially regulated by season and hormone (Gong et al, 1995). There is 

a 500-700 fold of increase in the wflAFP mRNA level in winter cornpared to that in sumrner 

tirne. And the wflAFP mRNA elevation is inhibited by growth hormone. The wfsAFP 

rnRNAs, however, only exhibit a 10 fold seasonal variation and are refractory to growth 

hormone treatrnent. 

The presence of two distinct types of AFPs within a single species is intnguing. With the 

prcsumed intracellular localization, protection of intemal organeIIes has been proposed to be 

one of the physiological roles of the wfsAFPs. In conjunction with the extracellular 

wfiAFPs, they might act to protect ce11 membrane and maintain its stability which are 

rspecially important at peripheral tissues for protection from freezing (Low et al, 2000). 



Chapter Four 

Identification and characterization of the antifreeze enhancer-binding protein 

Eur J Biocliem (2000) 267:7237-16. Miao, M., Chan, S. L.. FIetcher, G. L. and Hew. C. L. 

*Results presented in this chapter were the authour's contributions to this publication. 



4.1 Introduction 

As described in the previous chapters, we have postulated the presence of the antifreeze 

enhancer-binding protein (AEP) that interac ts speci fically with the core enhancer Element B 

of the wflAFP gene. The nucleotides important for these interactions were identified by 

rnethylation interference assays (see 2.3.2). Also, in addition to CIEBPu, a protein with 

rnolecular mass of approximately 80 kDa was shown to interact specifically with Element B 

by W crosslinking assay (see 2.3 S). The interaction between the liver-enriched CiEB Pu 

and Elernent B is believed to contnbute to the liver-specificity of the wflAFP genes. 

However, the nature and mIe of the presumptive AEP was unhown. 

The present study was undertaken to investigate the identity of AEP. Due to the lack of 

appropriate fish celi lines expressing the AFP gene and limited information on fish 

transcription facton, we have earlier successfully utilized mammalian ceIl lines such as 

HepG2 to dissect the cis and trans facton controlling AFP gene expression. The n t  onholog 

of the AEP was obtained from a re! b e r  cDNA expression library screened by its binding to 

Element B. It is a novel helicase domain-containing protein homologous to Smubp-ZiRip-1 

and exhibits a strong binding specificity to Elernent B. Its potential role in AFP gene 

regulation is proposed. 

4.2 Experimental procedures 

4.2.1 Library screeoing and RT-PCR 

Upper and iower strands of Oligonucleotides (Element B: ATAATGTTTCATCAGCACTT. or 

Element S:  ATAATGTTTTACATCAGCACTT, o d y  the upper strands are shown) were 

concatenated by phosphorylating the 5' termini of two complernentary strands using T1 



polynucleotide kinase (New England Biolabs), followed by annealing and ligation using T4 

polynucleotide ligase (New England Biolabs). Then the concatenated oligonucleo tides were 

"P-labeled using Nick Translation system (Life Technologies, Gaithersburg, MD) and used 

to screen a rat liver hgtl 1 cDNA expression library (Clontech, Pa10 Alto, CA) as descnbed 

by Vinson et a1 (1988) with minor modification. Briefly, LB plates containing phage gown 

for 2.5 h at 47OC were overlaid with nitrocellulose filters that had been soaked with IPTG 

and air-dried. These plates overlaid with filters were subsequently incubated at 37OC for 4 h. 

The filters were lifled and air-dried for 15 min and blocked in Blotto buffer (5% milk, 50 

mM Tris-HCI, pH 7.5, 50 m M  NaCl, 1 mM EDTA and 1 mM DTT) at room temperature for 

1 h. ARer washing with Binding buffer (BB, 10 mM Tris-HCI, pH 7.5, 50 mM NaCl. 1 m M  

EDTA and 1 mM DTT), the filters were incubated with "P-labeled, concatenated 

oligonucleotide (lob cprdml) and denatured calf thymus DNA (5 pglml) in BI3 for 1 h and 

washed twice with BB for 4-5 min. AAer air-drying, the filten were subjrcted to 

autondiography. The EcoRI Fragment of a positive clone aRer three screenings ( M E P  1.6) 

was released from the phage arms and ligated into the EcoRI site on pBluescript (Stratagenc, 

pBluescript-AEP1.6). Purified plasmid was subjected to DNA sequencing analysis using the 

T7 DNA sequencing kit (Amersha. Pharmacia Biotech). 

To obtain the full length cDNA sequence, RT-PCR was performed. Total RNA from various 

tissues of male Sprague-Dawley rats were isolated using TFüzo~~"  reagent (Life 

Technologies). For the 5' sequence, a degenerate AEP left primer. 

ATGGCCTT / CGTC / ACACCGTGGAGAGC / TTT, corresponding to the start si te based on the 

alignment of the cDNA sequences of its homologs, and a AEPI.6 nght primernll, 

CTGAGCAGATCCACCTGAAGGTTG, were synthesized. And for the 3' sequence, two rat EST 



sequences (EST2 16459 Normalized rat lung and EST2 102 10 Normalized rat brain) were 

found in the Non-redundmt Database of GenBank non-mouse and non-human EST entries of 

NCBI by their homology with Rip-1. The two cDNAs are mostly overlapping with identical 

sequences and a rat EST nght primer, ATGGCTAGCTGGCCATGCAAGGCA, was synthesized 

accordingly. An AEP 1.6 le fi primer, CCATGTACCACGGACAGCTCACTG, was ais0 

synthesized for the 3' sequence. Eight pg of total RNA From rat liver were incubated with 

the AEPl.6 right primer#l, or the rat EST right primer, together with 0.5 mM of each dNTP, 

15 U R'IAguard (Amersharn P h m a c i a  Biotech), and 400 U M-MLV revene transcriptase 

(Life Technologies) in 20 pl of lx  reverse transcriptase buffer (50 mM KCI. 3 mM MgCl:. 

0.1 rngirnl BSA. 10 rnM DTT, 20 mM Tris-HCl, pH 8.4) at 37'C for 1 h. The PCR was 

camed out in 50 pl reaction volume containing 4 pl of revene transcriptase reaction mixture. 

50 miLI KCl. 10 m i  Tris-HCI, pH 8.8, 1.5 mM MgCl?, O. 1% Triton X-100, 0.2 mM each of 

dNTP, 2 pl of DMSO and 5 U Pfu DNA polymerase (Stratagene). One pM each of the 

AEP 1.6 right prime* 1 and the degenerate AEP lefi primer, or the rat EST right primer and 

the AEP lefi primer, were also added into the AEP1.6 nght pnrnerXl or the rat EST right 

primer reaction mixtures, respectively. The PCR reaction was started by denatunng DNA at 

95°C for 1 min, followed by 35 cycles of 9S°C, 30 sec and 6 8 T ,  3 min, and a 68OC for 3 min 

to complete the reaction. Purified PCR products were ligated into the pT7Blue vector 

(Novagen, Madison, WI) to obtain the pT7-AEP-G#5 (5' cDNA fragment) and pT7-AEP- 

Dg2 (3' cDNA fragment) constructs. Purified plasmids were sequenced by the Centre of 

Applied Genomics, Hospital for Sick Children, Toronto, Ontario. 



4.2.2 Southwestern binding assay 

A pMal-AEP 1.6 construct was made by cloning the 1.6 kb EcoRI fragment from pBluescnpt- 

AEPI.6 into the EcoRI site of pMal-cZ (New England Biolabs). The plasmid was 

transformed into E.coli strain DHSa and the fusion protein was induced with IPTG at a final 

concentration of 0.3 mM. Afier lysozyme and sonication treatment, the presence of MBP- 

AEP 1.6 in crude protein extracts was confirrned by Western blorting analysis using antibody 

against MBP (Santa Cmz Biotechnology). Bactena expressed maltose-binding proiein 

(MBP), MBP-AEPI .6 and MBP-Smubp-2 (pMal-c-Smubp-2 construct was kindly provided 

by Dr. T. Honjo, Kyoto University Faculty of Medicine, Kyoto, Japan) were spotted onto 

nitrocellulose filters and air-dried for 15 min. The filters were blocked in Blotto buffer at 

.I°C for 1 h and washed with BB. The filten were incubated with '?~-labeled Element B (10' 

cpmml)  and denatured calf thymus DNA (5 pgiml) with or without cold competitor in BI3 

For 2 h and washed three times in the same buffer for 5 min each. An oligonucleotide 

containing the C/EBP consensus sequence: CTAGGCATATTGCGCMTATGC, was used for 

control as a non-specific competitor (Osada et al, 1996). Filten were air-dned and subjected 

to autoradiography. 

4.2.3 Gel retardation assay 

Complementary single-stranded oligonucleotides (Element B, or Element BmA) were 

annealed, "P-labeled with T4 polynucleotide kinase (New England Biolabs) and used as 

probes. In a 10 pl binding mixture, crude protein extract was incubated with competitor 

DNA and 100 ng of poly dI-dC for 10 min. Then the probe (1 .6xlo4 cpm) was added and 

incubated for another 20 min on ice. Cold cornpetitors used were as follows: 



Element B: ATAATGTTTCATCAGCACTT 

Element S:  ATAATGTTTTACATCAGCACTT 

Element BmA: ATAATTTTTCATCAGCACTT 

AP consensus: CGCTTGATGACTCAGCCGGA (Hai & Curran, 199 1 ) 

C/EBP consensus: CTAGGCATATTGCGCnATATGC (Osada et al, 1996) 

HNF3 consensus: CCTGATTCTGATTATTGACTTAGTCA (Costa et ai., 1989) 

Free DNA and DNA-protein complexes were resolved on 4% polyacrylarnide gel. 

1.2.4 Methylation interference 

Single-stranded oligonucleotides (Element B of the upper or lower strand) were "P-labeled 

with T1 polynucleotide kinase (New England Biolabs) before anneaiing with 2x unlabeled 

complernentary oligonucleotides. The 5' end-labeled double-stranded oligonucleotide probes 

were partiaily methylated with dimethyl sulfate (Mêuarn and Gilbert, 1980), and used for 

preparative gel retardation assays with the MBP-AEPl.6 protein extracts. Protein bound and 

Free probes were extracted From the polyacrylarnide gel, recovered by filtration ont0 a NA-45 

DEAE membrane (Schleicher & Schuell, Keene? NH) and treated with 1 M piperidine at 

90°C for 30 min. The cleaved probes were lyophilized, separated onto a 15% 

polyacrylamide-8M urea gel and subjected to autoradiography. 

4.2.5 Cell culture and transient expression assay 

HepGZ cells were maintained in Minimum Essential Medium (MEM) supplementrd tvith 

10% fetal bovine serum. To make an AEP expression vector, a PCR fragment was obtained 

using AEP-BarnHIstart left primer, ATGGATCCATGGCCTCGTACACCGTGGAGAGTTT, and 



AEP-Avrn right primer, AGCCTAGGGGCTTCTCACTTGGCTT, then digested with BamHI 

and AvrII. This fragment was ligated into the BamHI and EcoRI digested pcDNA3 vector 

(Invitrogen, San Diego, CA) together with the AvrtI and EcoRI digested fiagrnent from pT7- 

AEP-DE to make the pcDNA3-AEP construct. DNA was transfected into cells by the 

calcium phosphate precipitation method and cells were glycerol shocked aAer 4 h and 

harvested 1 8  h afler transfection. A P-galactosidase gene under the control of SV40 early 

promoter was used as intemal control. CAT assays were perfonned by the method of 

Eastman (1987) and Morency et a1 (1987). and the B-galactosidase activity was determined 

by the method of Hall et al (1983). Al1 transfection experirnents were repeated at least three 

times, and for each construct at least two independent plasmid preparations were tested. The 

fold enhancement relative to the activity achieved with the /AFP-CAT construct is shown. 

The TK promoter linked to pBLCAT3 was used as positive control and the fMP-CAT 

activity was approximately 5% of TK-CAT. 

1.2.6 Northern analysis 

Thirty pg of total RNA From rat liver and skin were separated in a denaturing 1% agarose gel 

and transferred to HybondTM-N (Amershain Pharmacia Biotech) nylon membrane. After UV 

crosslinking, the membrane was prehybridized in 50% formamide, 1 M NaCI, lO?6 dextran 

sulfate, 1% SDS and 200 pg/ml denatured calf thymus DNA for 3 h. The AEP cDNA probe 

(106 cpdml) ,  a "P-labeled HincIYPstI fiagrnent from the pBluescnpt-AEP1.6 construct. 

was added into the prehybridization bag and incubated at 42°C ovemight. The membrane 

was washed hvice in 1 x SSC, 1% SDS at room temperature for 5 min, twice at Q°C for 15 



min, and in 0 . 5 ~  SSC, 1 % SDS at 50°C for 15 min, at 60°C for 15 min, and was subjected to 

autoradiography. 

4.2.7 RT-PCR and Southern analysis 

For reverse transcription, 4 pg of total RNA fiom various tissues was combined with a 

AEP 1.6 right primer#& CTGAGCAGATCCACCTGAAGGTTG, dNTP, RNAguard, and M-MLV 

reverse transcriptase in 20 pl of Ix reverse transcriptase buffer as described above and 

incubated at 37OC for 1 h. PCR was perfonned as described above with 6 pl of reverse 

transcriptase reaction mixture, the AEP 1.6 right primerX2 and the AEP 1.6 leR primer without 

DMSO. The reaction was started by denaturing DNA at 94°C for 10 min. followed by 30 

cycles of annealing (70°C, 1.5 min), extension (7Z0C, 2 min) and denaturation (94'C. 30 

sec), then 72OC for 10 min to complete the reaction. Electrophoresed PCR products were 

transferred to HybondTM-N nylon membrane (Amersharn Pharmacia Biotech) and the filter 

was prehybridized for 2 h and hybridized with the "P-labeled AEP cDNA probe ( lob  

cpmiml) in 50% formamide, 1% SDS, 1 M NaCl, 10% dextran sulfate and 100 pgml of 

denatured calf thymus DNA at W C  for 18 h. The blots were washed with 2.u SSC at room 

temperature for 15 min, 2x SSC and 1% SDS at 65°C for 30 min, and 0.21 SSC and 0.5% 

SDS at 65°C for 30 min, then subjected to autoradiography. 

4.2.8 Genomic Southern ana1ysis 

Genomic DNA was isolated Erom winter flounder testis by the method Blin and Stafford 

(1976). DNA was digested with restriction enzymes and separated by electrophoresis on a 

0.7% agarose gel. The gel was soaked in 0.4 M NaOH, 0.6 M NaCl for 30 min and blotted 



onto HybondTM-N membrane (Arnersham Pharmacia Biotech). Prehybridization and 

hybridization procedures were performed as described in 4.2.7. The membrane was 

subjected to autoradiography for 72 h. 

4.3 Results 

4.3.1 Isolation of a partial cDNA clone that binds to Element B 

The presence of the presumptive AEP and its interaction with the core enhancer Element B 

has been dernonstrated in both mammalian ce11 lines and flounder hepatocytes (see 2.3.1). A 

screening procedure was carried out using a rat cDNA expression library to identify the 

presumptive AEP. Using concatenated, double-stranded Elernent B as probe, approximately 

380,000 plaques fiom a rat liver Agtl 1 cDNA expression library were screened. There were 

14 positive clones afier the first screening, however, only one clone (ÀAEP1.6) was positive 

aRer the second screening. In addition to Element B, Element S (Element B with a TA 

insertion, known to interact with AEP but not C/EBPa) (see 3.3.3) was used as probe on the 

third screening. As expected, the clone interacted with Element B. Furthemore. its binding 

to Element S suggested that it did not encode CfEBPa (Fig. 4-1). Sequence data of the 

hAEP1.6 clone revealed that it is 1644 bp in Iength. It encodes a partial open reading frame 

of 548 amino acid residues without the initiation and stop codons, suggesting that it was not a 

complete cDNA clone. Sequence search using BLAST from NCBI revealed that it is a novel 

protein with high level of sequence identity to hamster Rip-l. human and mouse Smubp-2 

and a mincated human Smubp-2, GF-1 (Shieh et al, 1995; Kerr and Khalili, 199 1 ; Fukita et 

al, 1993; Mizuta et al, 1993). 



Element B Element S 
ATAATGTTTCATCAGCACTT ATAATGTTTTACATCAGCACTT 

Fig. 4-1 Library screening of the rat AEP clone using Element B and 
S as probes. Screening of the rat liver Àgt 1 1 library. Binding of Element 
B and S to the hAEP1.6 clone at the third screening. Individual plates and 
filters were used for Element B and S as probes, and 100% of plaques 
were bound to Element B or S, respectively. 



4.3.2 Cloning of the full AEP open reading frame sequence 

To obtain the complete AEP open reading frarne, RT-PCR was ernployed. Two PCR 

products approximately 1.6 and 1.9 kb in length were obtained. These PCR fragments 

overlapped with the AEPl.6 cDNA clone and together provided a complete open reading 

frame and 3'-untranslated sequence of 3266 bp in total (Fig. 4-2). The deduced polypeptide 

sequence of rat AEP is 988 amino acid residues in length with srven putative helicase motifs 

(Fig. 4-3). It shares 91.5%, 89.1 % and 76.1% sequence identity with its counterparts in 

mouse, hamster and human, respectively, and the putative helicase domains are characteristic 

to this family of proteins (Fig. 4-4). Most of the N-terminus of the protein (bvo-thirds of the 

sequence, including helicase motifs I-IV) is highly conserved among species. The DNA 

binding domain (DBD), as mapped in human Smubp-2 (Fukita et al. 1993) and containing 

helicase motifs V and VI. however. is less conserved. The nuclear localization signal (NLS) 

is located C-terminus to the DBD and the region between DBD and NLS is the most variable 

segment of the polypeptide chain. 

4.3.3 The AEP forms a specific complex with Elemeot B 

The rat AEP I .6 cDNA clone (arnino acid residues 3 14-86 1 ) was found to contain the DBD 

based on its homology with Smubp-2 (arnino acid residues 638-786) (Fukita et al. 1993). To 

confirm its specific binding ability to Element B, a fusion protein (MBP-AEPI .6) containing 

the maltose binding protein and AEP1.6 was produced in bactena. Southwestern analysis 

was carried out using cmde ce11 extracts from bacteria expressing MBP-AEPI -6 as well as 

MBP- human Smubp-2 and MBP (negative control) (Fig. 4-SA). The MBP-AEP1.6 bound 

strongly to Element B while weaker binding was observed with MBP-Smubp-7 fusion 



ATGGCCTC~ACACCGTGCAGA~IK;GCCCAGCAGCTACAGCn;~GAGCTAGAGCGCCiACGCCCACCTGGACCA 
A AEP lefi primer 

- 
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nt EST nght pnmer 
GACGTGAGGC~~CCçTK;GGGACGG~TC;'TGGGCGAGAGTCAG~GCTGGW~~GTCCTACnCT~cTA~tTC 3040 * 

Fig. 4-2 cDNA sequence of the rat ortholog of the presumptive AEP. 
The sequence obtained from the LAEP 1.6 clone is in bold. Primen used 
in RT-PCR to obtain the full OW and the 3'-untranslated region are 
underlined. The start and stop codons for the ORF are indicated by 
triangle and asterisk, respectively. The GenBank accession number for 
the rat AEP is Ml9941 1. 



AQSQLWSRPqKAPQ~PKGPAMALPSEEDFDALVSAWKADNTCSFTKCSASTT 900 
NLS 

1 Ia II IIIIV V VI 988 

ATPIGTP DNA binding NLS 

Fig. 4-3 The presumptive antifreeze enhancer-binding protein (AEP). 
A: The amino acid sequence of the rat AEP. NLS, nuclear localization 
signai. B: Schematic representation of the rat AEP. The DNA binding 
domain and the NLS are shown as stnped boxes. Locations of the seven 
putative helicase motifs are defined by their homologous sequences to the 
motifs in mouse Srnubp-2 (Mizuta et al, 1993). 
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Fig. 4-4 Cornparison of the rat AEP with the homologous mouse 
Srnubpt, hamster Rip-1 and human Smubp-2. Identical amino acid 
residues are indicated as dashed lines. To maximize the alignmenr. gaps 
were introduced shown by dots. 
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Fig. 1 5  Element B interacts specifically with MBP-AEPl.6 fusion 
protein. A: Southwestern analysis. End-labeled Element B was used as 
probe. Ten pg of MBP, MBP-AEP1.6 or MBP-Smubp-2 crude extracts 
were loaded onto a nitrocellulose filter. The arrangement of those dots is 
illustrated by circles. Non-labeled Element B and C/EBP consensus 
oligonucleotides with indicated excess arnounts were used as competitors. 
B: Gel retardation assay. MBP-AEP 1.6 protein extracts and end-labeled 
Element B were used. lOOx and 200x molar excess of oiigonucleotides 
were used as competitors. Arrow indicates the specific complex formation. 
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protein. MBP alone did not interact with Element B. Moreover, increasing molar excess of 

unlabeled Element B was able to compete the binding between MBP-AEPl.6 and Element B, 

while the oligonucleotide containing CEBP consensus was ineffective. 

Complex formation between MBP-AEP1.6 fusion protein and Elernent B was also 

demonstrated by gel retardation assays (Fig. 4-58. lane 2). Molar excess of unlabeled 

Element B, API consensus and Element S were able to compete out the complex (Fig. 1-5, 

lane 3 to 6, 11 and 1 3 ,  while excess of C E B P  and HNF3 consensus were relatively 

ineffective (lane 7 to 10). These results demonstrated that AEPI.6 consists of a DNA 

binding domain that c m  interact specifically with Element B. 

To further investigate its binding specificity, methylation interference was camed out to map 

the nucleotides important to complex formation in Element B (Fig. 4-6). Thesr results 

indicated that the G residues at position +308 of the upper strand and position +3 13 of the 

lower strand of the intron enhancer Element B were invotved in its interaction to AEP. 

Previous methylation interference data has demonstrated that G residues +308 and -3 1 1  were 

crucial for binding between Element B and the presurnptive AEP in rat liver nuclear extract 

(see 2.3.2). Together. these results confinned the identity of the rat ortholog of the antifreeze 

enhancer-binding protein (AEP) and its specific interaction with the enhancer Element B of 

the wflAFP gene. 

4.3.4 The AEP is esseotial for the transactivation activity of wfiAFP enhancer 

To snidy the role of AEP in the wflAFP gene expression, transient expression assays were 

conducted in HepG2 cells. The wild-type (WT) enhancer of the wflAFP gens showed strong 

transactivation activity, while overexpression of AEP, however, did not increase the activity 



Oligo B 
upper strand 

Element B 

Oligo B 
lower strand 

A 
ATAATGTTTCATCAGCACTT 
TATTACAAAGTAGTCGTGAA 

A 

+312 

Fig. 4-6 Specific nucleotide residues in Element B are important to 
its interaction with MBP-AEPI.6 protein. A: End-labeled upper or 
lower strand Element B were partially methylated and used as probe in 
the methylation interference assay with MBP-AEP 1.6. Free and shified 
band (AEP) fiom the preparative gel shifi assay were recovered and 
analyzed on a polyacrylamide gel. Methylated residues interferhg with 
the Element B and protein binding are indicated by triangles. B: 
Methylated nucleotide residues interfered the binding of Element £3 to 
MBP-AEPl.6 protein and the presumptive AEP complex in rat liver 
nuclear extracts are hdicated by niangles and dots, respectively. 



to any significant extent (Fig. 4-7A). The AEP levels may be sanirated in these cells since 

there is endogenous AEP expression in HepG2 cells (Chen et al, 1997). The level of AEP in 

these transfected cells should be verified when antibody against rat AEP becomes available. 

Also, no significant effect was observed when AEP was CO-transfected with C/EBPa (data 

not shown). In contrast, a single point mutation at position +308 (rnA:G->T) of the wflAFP 

enhancer drarnatically decreased the activation ability of the enhancer. The position at ~ 3 0 8  

was s h o w  to be an important residue for the DNA-protein interaction behveen AEP and the 

enhancer Element B by methylation interference assay. Elernent B with a mutation ai the 

corresponding position (Element BmA) was unable to compete out the specific binding 

between AEP and Element B (Fig.4-7B, lane 2-4), while AEP did not interact with Element 

BmA when the latter was used as probe in the gel retardation assays (Fig. 4-7B, lane 6). A 

single mutation in Element B of the wflAFP gene enhancer was therefore able to intempt the 

specific interaction between Element B and AEP, and destroyed the transactivation activity 

of the enhancer. Together, these data suggested that the interaction behveen AEP and 

Element B is required for the activation ofthe wflAFP gene enhancer in HepGî cells. 

4.3.5 The AEP is ubiquitously expressed and its gene is present in nounder 

To investigate the expression of AEP in rat, Northem analysis was performed (Fig. M A ) .  A 

major transcript of approximately 3.7 kb was found in liver and skin which is comparable 

with its homologs in hamster (3.7 kb), mouse (3.7 kb) and human (4.3 kb) (Shieh et al. 1995: 

Minita et al, 1993; Mohan et al, 1998). Moreover, AEP was ubiquitously expressed in al1 the 

tissues that were examined including liver and skin as demonstrated by RT-PCR (Fig. 4-8B). 

This result also agrees with the earlier findings that virtually al1 the ceIl lines and tissues 



B 

Probe 

Cornp. 

Element B Element BmA 
t 1 I I 

B BmA B BmA 

Fig. 4-7 Binding of AEP to Element B is required for the 
transactivation activity of wflAFP enhancer. A: Transient expression 
assays. pcDNA3-AEP was cotransfected with In( 192-3 50)-jAFP-CAT 
(WT) or mutated rnAIn(192-350)-fAFP-CAT (mA) into HepGZ cells. The 
arnounts of DNA (pcDNA3-AEP) used in cotransfection are indicated. The 
fold of enhancement relative to the activity achieved with the flZFP-CAT 
construct is shown. The mean values and standard errors of three 
independent experirnents are given. B : Gel retardation assay was carried 
using MBP-AEP1.6 protein extracts (lane 2-4 and 6-8). End-labeled 
Element B or Element BrnA were used as probes and lOOx rnola. excess of 
oligonucleotides were used as cornpetitors as indicated. Arrow indicates the 
specific complex formation. 
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Fig. 4-8 The AEP is ubiquitously expressed in the rat. A: Northem 
analysis was performed using 30 pg of total RNA from rat Iiver and skin. 
B: RT-PCR was camed out using total RNA from various rat tissues as 
indicated. The 651 bp HincWPstI fragment of rat AEP cDNA was used as 
probe. 



exarnined expressing these proteins (Fukita et al, 1993; Mizuta et al, 1993; Shieh et al, 1995; 

Mohan et al, 1998). 

Lastly, the presence of the AEP gene family in the winter flounder was examined. Genomic 

Southem analysis was camied out using the rat AEP cDNA as probe (Fig. 4-9). Unique DNA 

frqments upon enzyme cleavage were hybridized with rat AEP sequence. suggesting the 

existence of AEP gene in flounder. Its simple banding pattern indicates that it rnay be a 

single copy gene. This is also supported by the chrornosomal mapping data thüt human 

Smubp-2 is localized to a single locus on chromosome I l  at position q13.2-ql3.4 and rat 

Catfl (cardiac transcription factor-1) is localized to mouse chromosome 19 (Fukita et al, 

1993; Sebastiani et al, 1995). Catfl was identified by its interaction with the enhancer of the 

annal natriuretic factor gene and is also homologous to Smubp-2. whethrr it is identical to 

rat AEP is unknown. In addition, it has been demonstrated that this family of genes is 

present in various vertebrates including chicken and salmon, but not yeast and Drosophila 

(Mizuta et al, 1993). 

4.4 Discussion 

in this study, we have identified the rat ortholog of the presumptive flounder antifreeze 

enhancer-binding protein (AEP) as a helicase domain-containing factor. It exhibits specific 

binding ability to the core wflAFP gene enhancer. The protein is ubiquitously expressed but 

plays an role in the liver-specific enhancer activity of the wflAFP gene in conjunction with 

C/EBPa and possibly other proteins. 

The AEPISrnubp-ZIRip-1 have been found to interact with DNA sequences including the 

single-stmnded human and mouse immunoglobin p chain switch region (Fukita et al, 1993; 



Fig. 4-9 The homolog of rat AEP gene is present in winter flounder. 
Genomic DNA (20 pg each lane) from flounder testis was digested with 
restriction enzymes as indicated. The 65 1 bp HincIVPstI fragment of rat 
AEP cDNA was used as probe. 



Mizuta et al, 1993), rat insulin II promoter and airial natriuretic factor gene enhancer (Shieh 

et al, 1995; Sebastiani et al, 1995), and human Apo-1 promoter, neurotropic virus JCV and 

Epstein-Barr virus lytic switch promoter (Kerr and Khalili, 199 1; Mohan et al, 1998; Zhang 

et al, 1999). Together with the flounder AFP enhancer sequence reported here. no apparent 

sequence similarity between their binding elements could be identified. It was suggested that 

they may recognize the structure or conformation rather than the sequence of DNA (Shieh et 

al. 1995). Altematively, different DNA binding domains may exist. The DNA binding 

domain of human Smubp-2 to the immunoglobin p chain switch region was mapped to 

amino acid residues 638 to 786 (Fukita et al, 1993). Similady, the rat AEP1.6 clone. which 

contains arnino acids 3 14 to 861 and has specific binding to wflAFP enhancer, overlaps with 

the DNA binding domain of human Smubp-2. These data indicate that at least one of the 

DN.4 binding domains resides in this region, although sequences in this region share less 

identity among these proteins. More detailed mapping to the DNA binding domain(s) and its 

preferences for different DNA elements is required to understand the structural/functional 

relationship between DNA and AEPISmubp-2/Rip-1. The conservation of AEP/Smubp- 

Z/Rip-l in vertebrates from human to fish, as well as its wide tissue distribution indicates that 

it may hold significant functional importance. A mutation of Smubp-2 was identified in mrd 

mouse that causes neuromuscuiar degeneration (Cox et al, 1998). The pnmary structure of 

AEP/Smubp-ZtRip- 1 indicates potential helicase and A n a s e  activity, although neither of 

these activities has been demonstrated. It is known that DNA helicases c m  utilize nucleotide 

triphosphate hydrolysis as energy to break hydrogen bonds between base pairs and to unwind 

duplex DNA. Factors with helicase activity andior helicase motifs have been found to 

regulate transcription including XPB and XPD of the TFIM and SWWSNF2 of the 



chromatin remodeling complex SWVSNF complex (see 1.2.5 and Cairns et al, 1994; Drapkin 

et al, 1994; Petenon et al, 1994). It has been proposed that helicase domain-containing 

proteins facilitate transcription by altering chromatin structure, thus increasing the 

accessibility of other transcription factors to the basic transcription apparatus (Eisen and 

Lucchesi, 1998). The flounder AFP genes are arranged in tandem repeats or with multiple 

linked copies (Scott et al, 1985). The AEP might function to alter these well-packed 

chromatin structures, in order to promote the accessibility for other transcription Bcton such 

as CiEBPu to DNA, and to achieve rapid and efficient çene expression. 

The predicted molecular weight of the rat AEP is approximately 110 kDa, while Our 

previously W crosslinking data showed that the presurnptive AEP was approxirnately 80 

kDa (see 1.3.5). It  is possible that there was some error in estimating the size of DNA-bound 

protein in the gel. Altematively, full-length form (Smubp-7) and N-terminal tmncated form 

(GF-1) of human Smubp-2 has been reported. The existence of different foms of 

AEPISmubp-ZRip-1 proteins may add additional complexity to its function in transcriptional 

regulation. The Smubp-2 and GF-1 have no significant differences in transactivating the 

apoA-1 promoter in HepGZ and Hep3B cells (Mohan et al, 1998). We did not observe 

notable variations in the transient expression assay when Smubp-2 or GF-1 was 

overexpressed with w M P  enhancer in HepGZ cells (data not shown). In contrast, GF-1 

stimulated the JCV early promoter while Smubp-2 had no effect, and GF-1 had higher 

induction to Smubp-2 on the viral late promoter (Chen et al, 1997). More studies are 

required to investigate the presence of the m c a t e d  form in species other than human. and 

the sipificance of the N- and C-terminal portions of this protein in transactivation. 



We have demonstrated that the tissue-specific cnhancer of the wflAFP gene interacts with 

both AEP and the liver-em-iched transcription factor CEBPa. Moreover, it has Seen 

reported that Smubp-2 was able to associate with the basal transcription factor TATA 

binding prorein (TBP) to regulate gene expression (Zhang et al, 1999). Therefore, the 

AEPISmubp-?/R.ip-1 proteins may serve as a CO-factor that cross-talks between tissue- 

specific factors and the basic transcription apparatus. Moreover, Smubp-2 bas been s h o w  to 

activate as well as to repress specific gene promoters (Chen et al, 1997; Zhang et al, 1999), 

suggesting that the role of AEPiSrnubp-Zmp-1 proteins is versatile depending on its 

partners. 



Chapter Five 

Summary and future directions 



Studies on the seasonal and hormonal regulation of AFP gene expressions in winter flounder 

are important for our understanding of the adaptive mechanisms of many organisms to 

survive in a fieezing environment. Based on our earlier studies, we have established that the 

enhancer of the wflAFP gene confers its liver-specific specificity, and it interacts with the 

l iver -e~ched transcription factor CEBPa  and the presumptive AEP protein (Chan et al. 

1997). Therefore, the stage was set to further elucidate the role of CEBPu  and the core 

enhancer in the transcriptional regulation of the wflAFP gene. In the present study, we have 

demonstrated that the core enhancer Element B (+303 to +322) binds to C/EBPu and the 

prcsumptive AEP in both rat and flounder liver extracts. It is a crucial elernent mediating the 

transactivation ability of the wflAFP gene enhancer since mutations in Element B destroyed 

its enhancer activity. The involvement of C/EBPu has been funher demonstrated using 

recombinant CIEBPa. In addition, the identity of the presumptive AEP has been revealed. It 

is a helicase domain-containing protein (HDP) and is essential for the enhancer activity of the 

wflAFP gene. 

Our results Frorn meihylation interference studies have suggested that the CIEBPa and AEP 

share an overlapping binding site in Element B. The entire Element B sequence was 

protected From rat or flounder liver nuclear extracts in DNase I footprinting studies. Also. 

our data from transient expression experiments indicated that the enhancer of the wflAFP 

gene requires the binding of Element B with both CEBPa and AEP to achieve signifiant 

transactivation activity. Together, these data indicate that CEBPa  and AEP might occupy 

the Element B sequence simultaneously, however, no direct evidence has becn provided. To 

Further address this point, detailed footprinting analysis can be employed. The DNA 

sequences protected by recombinant C/EBPa or AEP only should be more restricted when 



compared to the footprinted regions made by both CEBPa and AEP or the cmde liver 

nuclear extract. In addition, antibody specific to C/EBPa can be used to deplete its binding 

with Element B, and a more refined footprint should be observed. A composite element in 

mouse proliferin gene was s h o w  to interact with both glucocorticoid receptor and AP1. 

which are believed to CO-occupy simultaneously the single element to achieve either positive 

or negative regulation (Diamond et al, 1990). 

The overlapped binding sites for C/EBPa and AEP suggest that there might be direct 

physical contact between these two factors. Bacterial expressed AEP c m  be used to raise 

antibody against rat AEP. Co-immunoprecipitation experiments c m  then be employed to 

determine whether there are direct protein-protein interactions between these factors. HDPs 

were Found to be members of the basal transcriptional machinery cornplex TFIIH as well as 

many coactivator complexes involving in chromatin remodeling (Drapkin and Reinberg, 

1994; Ellring et al, 1994; Ito et al, 1997; Varga-Weisz et al, 1997). It is reasonable to 

suggest that AEP and/or C/EBPa interact with other coactivators that c m  alter chromatin 

structure or act as the link between the DNA-binding proteins and the basal transcription 

apparatus. Further protein-protein interaction studies including a yeast nvo-hybnd systern. 

immunological and affinity chrornatography can lead to the identification of those important 

players in the regulation of the wflAFP gene expression. 

Also, as a tint step to dissect the signaling pathway that mediates the hormonal regulation of 

the wflAFP gene. both IGF-1 and PI3-kinase have been demonstrated to be involved in 

controlling wflAFP gene expression. Various inhibiton are available to fùrther expiore the 

GH-NGF-I signaling pathway(s) mediating wflMP gene expression. For example, in 

addition to wortmannin, LY294002 is also a P13-kinase blocker, and rapamycin works 



downstream of the PD-kinase pathway on the p70S6 kinase (Han et al, 1995; Wiederrecht et 

al, 1995). Besides, PD098059 is a highly specific inhibitor for the activation of MEK kinase 

by Raf-1 (Alessi et al, 1995). By using these inhibitors, the involvement of PI3-kinase and 

possibly MAP kinase signaling pathways cm be further delineated. 

To address the regulation of the wfçAFP gene expression, we have s h o w  that the intron of 

the wfsAFP acts as a ubiquitous enhancer. There is an additional 241 bp fragment in the 

wfsAFP gene intron, which may contain important DNA elements responsible for its 

enhancer activity (Davies and Gauthier, 1992). More studies are required to define the 

enhancer element for the wfsAFP gene and DNA-protein interaction studies c m  be employed 

to investigate the factors that are involved in the differential regulation of wfsAFP gene. 

Moreover, we have demonstrated that the intron of wfsAFP does not interact with C!EBPu. 

A TA insertion in the core enhancer Element B in the intron of wflhFP gene destroys its 

liver-specific enhancer activity. These results indicate that C/EBPu plays an important role 

in wflAFP gene regulation. However, how C/EBPa exerts its regulatory effect remains to be 

exarnined. Post-translational regulation, especially phosphorylation is a favorite mode1 since 

phosphorylation is a cornmon theme in regulating the transactivaiion ability as well as DNA 

binding affinity of the CEBP family of proteins (for review: Takiguchi, 1 998). Moreover. it 

was shown that increased IGF-1 level resulted in the dephosphorylation of CEBPu (Hemati 

et al, 1997), which agrees with our result that treatment of IGF-I suppressed the expression 

of the wflAFP gene. Alternative rnechanisms such as reduction of the CEBPu mRNA and 

its protein levels andlor the production of dominant-negative f o m  of CEBP competing for 

the CEBP binding site rnay exist to controi the effect of CEBPa  on wflAFP gene espression 

(MacDougald et al, 1995). Western analysis can be conducted to examine whether the 



CIEBPa protein is phosphorylated or dephosphorylated with cells treated with IGF-1, 

wartamannin or GH. Also, the variation of C/EBPa mRNA levels under these treatments can 

be examined by Northern analysis or quantitative PCR. These studies should provide a better 

understanding on how the expression of wflAFP gene is regulated by CEBPu. 

So far, we have been successful in using rnammalian ce11 lines and rat liver extract as tools to 

investigate the transcriptional regulation of the wfAFP genes. Studies fiorn the rnammalian 

system have been consistent with results obtained fiom flounder (Miao et al, 1998a). 

However, it is important to characterize the transcription factors in winter flounder that 

mediate the regulation of the w W P  gene expressions. The presence of C/EBP and AEP 

counterpart in winter flounder has been supported by our studies. The identification and 

characterization of these facton in flounder cm be facilitated by the application of mass 

spectrometry (Nguyen et al, 1995; Kuster and Mann, 1998). Prepantive gel retardation 

assays cm be performed using Element B and flounder liver nuclear extract to obtain specific 

protein complexes that are involved in DNA binding. AAer recovering From the 

polyacrylamide sel, these factors can be Further separated on SDS-PAGE and the protein 

bands of interest c m  be subjected to MALDI-MS (matrix-assisted laser desorptioniionization 

mass spectrometry). MALDI-MS has a practical mass range up to 300 kDa and sensitivity to 

picomole arnount of molecules. Also, sequence information of these proteins cm be 

provided by tandem mass spectrornetry. Specific PCR primen could be designed 

accordingly to screen a flounder liver cDNA library to obtain the clones encoding the 

flounder CEBP and AEP and possibly other interacting factors. Altematively, an expression 

cloning approach, which has been used for the identification of the rat AEP, can be employed 

using flounder liver cDNA library. Once these flounder facton involved in wflAFP gene 



regulation are characterized, specific antibodies against these flounder proteins c m  be raised. 

The protein levels as well as their post-translational modification such as 

phosphorylation/dephosphorylation of these factors between sumrner vs winter or betwern 

normal vs hypophysectomized fish c m  be investigated by irnmunobloting studies. These 

studies will bring much important insight on how the AFP genes are regulated seasonally and 

hormonally in winter flounder. 

In conclusion, we have established the importance of the core enhancer Element B and 

C/EBPu in the transcriptional regulation of the wflAFP gene. Also, the antifreeze enhancer- 

binding protein (AEP) has been identified and its role assessed. The signaling molecules 

involving in the wflAFP gene regulation and the differential mechanism for the regulation of 

the wfsAFP gene expression have been revealed. Based on the present studies. a working 

mode1 has been proposed to integrate the complex seasonal and hormonal. as well as the 

tissue-specific re%ulation of AFP genes in winter flounder (Fig. 5-1) (Miao et al, 2000). 

During sumrner, GH released from the pituitary stimulates the production of IGF-1, which 

may dephosphorylate and deactivate C E B P a  and/or affect the level of AEP, resulting in 

transcriptional inhibition of the wflAFP genes. Altematively, GH may exihibit direct effect 

on CEBPa.  With the shortening of day length in the fall, the production of GH is inhibited 

by the CNS, thereby releasing its transcriptional repression on AFP genes. This would result 

in the increase of the concentration or activity of CEBPa  and AEP. Their interaction with 

the core enhancer Element B would Iead to a significant increase in wf lMP gene expression. 

The liver-enriched factor, C/EBPa plays an important role not only in the seasonal and 

hormonal control, but also in the tissue-specificity of the wflAFPs. On the other hand, 



Fig. 5-1 Model for the hormonal and tissue-specific regulations of the 
MAFP and wfsAFP genes. During summrr. GH rrleasrd from rhe 
pituitary stimulates the production of IGF- 1. which dephosphorylatçs and 
deactivates CIEBPa andor affects the level of AEP. resulting in 
transcriptional inhibition of the wtl AFP genes. During winter. the 
production of GH is inhibited. hencr relrasein_o the transcriptional 
repression. CIEBPa and AEP becorne active and/or their lrvrls elevatrd. 
and their interaction with the cote enhancer Element B activates the wtlAFP 
oene expression. The wfs AFP grnes. lacking the CIEBP binding motif. are C 

more ubiquitously expressrd and less intlurnçrd by GH and sçasonal 
change. Othçr factorb) may also involvctd in the w~s;\FP gene regulation. 



lacking the CEBP binding motif, the wfsAFP is more ubiquitously expressed and is less 

influenced by GH and seasonal change. The fact that AEP also interacts with Element S of 

the wfs.AFP gene suggests that the AEP may be involved in the basal transcription of AFP 

genes while the tissue-speci ficity is achieved primarily via C/EBPa. 
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