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Effects of Cofactor Tetrahydrobiopterin and Deletions on the
Regulatory Domain of Tyrosine Hydroxylase on the
Expression of Tyrosine Hydroxylase
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Background : For the treatment of Parkinson’s disease, dopamine-producing cells or genes involved in producing
dopamine or supporting neurons have been tested to replace conventiona chemical therapies. Of these, tyrosine hydrox-
ylase (TH) was the most widely used gene for the therapy. Trials using TH via various vectors yielded behavioral
improvements in animal models but the effectiveness did not last long enough. As one of the approaches for solving this
problem, the regulation of expression of the protein and mRNA of TH was studied. M ethods : Two approaches for a
higher and/or more stable expression of TH were pursued. First, the effect of cofactor tetrahydrobiopterin (BH,) on the
expression level of TH and second, the effect of deletion which enables TH protein to escape from protease attack, were
examined. Results: Cells producing BH 4 showed an approximately 10-fold higher TH expression than cells expressing
TH alone. When the in vitro modified TH was expressed in NIH-3T3, mutant THs showed elevated protein (17.5—68.6
fold) and mRNA (1.8—4.6 fold) expression levels at a steady state. Conclusions : Results suggest that an addition of
BH,4 has a more positive effect on mMRNA expression levels than protein. However, the del etions seem to have a tremen-
dous effect on the translation and/or protein stability, but asmall effect on the mRNA level.
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1. THO 00000 000 O0O(deletion)d OO0
retroviral vector 0O 0O

00000 000 000 00 TH (ATH)O 000
subcloningd 0000 OO OOO PCR OO O Hind
dill 0000 OO0 O00D0ODO. O serine/threonine
00 0000 000 000 O primerd wTHxh (5
GCGCACCTCGAGGCGCAC 3)0 OOoOo PCRO O
gdd. Primerd 0000 O Hind dlO initiation
codon0 00 O0OCemplate)d 00000 OO0 OO
OO0 PCRO OO 2—3cyclel 00O 0O0O(5 @O
annealingD 0 PCRODO OO0 25 cyclel OO0 O
03 [C) 0000 0ooo.

- Serine 1900 O0OOO OO

dTH19D; 5° ACAAGCTTGCCATGGAGCTG-
GACGCCAAGCAGGCA 3

- Serine 3100 00O0OO OO

dTH31D; 5 ACAAGCTTGCCATGCCGCGGT
TCATTGGGCGCAGG 3

OO0 0O PCRO OO UO0OUOO PCROOO pCR2.1
(Invitrogen, U. S. A.)O subcloneC 0 OO0OOO O
00 0O Hin dlNO OO0 OO OO0 QOO
pLNCX(retroviral vector)O subcloned 00O .

2. Transfectiond 000 retrovirusd 00O

5x 10°0 PA317 (virus producing cell line)0 6
cnm 00000 HAT O0OO0O0O0 00000 transfection
O OPTI-MEMO O OOOOO. 12 00 DNAO 500 O
0 cCaCl./HEPES (125 mM CacClz, 0.74 mM
NaHPO,, 140 mM NaCl, 25 mM HEPES) 000 OO
000000 300 U0 00 00D ooo ooo. oo
o0 00 b ObU00 00 Uob oo b bbb 400
00 37 [CO0O DOOO phosphate buffered saline
(PBS)O O 0O ODOOOOOOOMHATOODOYYID OO
O00. 000000000 00000 0000 oo o
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000 D0O0O00O 0000 8o oo Ooooogd.

3. 0000 000 OO(virus O0O)

1x10° 000 000 OOWMNH-3T3)O 00 00 10
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media 1 miO polybrene (4 O/m0 OO00O0O. 37 [C
00000 00O oood O viral mediad OO0 PBS
0 000.000 000 00 0 0oo o goooo
(400 O/ml G418 OO 200 O/ml hygromycin B)O
OO0000. 00 virusD O0O0O0O OO0 NH-3T300 O
O 000000 00 000 00 0 00 o0 ooo o
0000000000000 00O000.00o0o0 oo
OO0 1000 200 0D0oOoo.

515



ooo ooo ooo 0o 0 oobo o 0 ooo

4. 0000 OO

GC/AgHCO 0O0O0O0O OO0 OO0 retrovirustd
NIH-3T30 00000 hygromycin BO selection O
0 single colonyll OO0OO0O. THO ODOOO OOO
0 TH/pLNCXO 0000 OO0 000 retrovirusD O
0000 G-4180 OO0 O OO0 colonyll OO OO
00 (bulk selection). 00 GTPCH IO THO OO O
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5. 000 000 00 (Western blot analysis)

000 trypsind 0 0000 hemacytometerd OO
0 OO0 OO0 1x10° OO0 100 OO SDS lysis
buffer (62.5 mM Tris, pH 6.8, 10% glycerol, 5%
B-mercaptoethanol, 2.3% sodium dodecyl sulfate
(SbS)d O0O0O0 1000 sonicationddd . Sodium
dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE)0J 10%, stacking geld pH 6.8,
running geld pH 8.80 O0O0. Polymerizell gell
500 00 000 20 O@x 10° celld 00)O loadd
O glycine running buffer (200 mM glycine, 30
mM Tris-B, pH 8.3, 1% SDS)O O 120 V, 18 mA
0 3—400 0000D. 000 OO0 geld Towbin's
buffer (192 mM glycine, 25 mM Tris, pH 8.3,
0.1% SDS, 10% methanol)0 0 1000 mAO 100
00 polyvinylidene difluoride (PVDF) membrane
OO0 OOD. 0000 000 membraned 5% skim
milk/TBST (10 mM Tris, pH 8.0, 150 mM NacCl,
0.1% Triton)UO 0O 00O OO blockO O 1:10000 O
0000 10 00 (Rabbit anti-TH, O0O000)0 OO
0O 00 00 00000. Membraned TBSTOO 40
GO, 50, 150, 150) OO OO O horseradish
peroxidase (HRP)O OO0 20 0O O(HRP-conjugat-
ed donkey anti-rabbit, 1:2000, Amersham
Pharmacia Biotech, U.S.A)0 00 O OO O00O0O0O
OO0 OO0 0ooO0O 40 0O OOO. 0O OO mem-
branedl ECL (Amersham Pharmacia Biotech,
US.A) kit 0000 X-ray filmO 000O0O0O.

6. RNA OO0 Northern blot analysis

RNA 00O OO0 OO0 OO0O pBSO OOOO 10
cm JO0O0O O 1 mlO Zol B (Gibco BRL, U. S.
A)NOO0O 00 000 O0Oo0oo. 000 ooo ooog
OO0 000 100 OO chloroformd 00O vortexd O
lipidD O0O0O0O 000000 00 0000 O oood
OO0 0O0OD0O.00 000 isopropanolll OOOO -80 O
CO 100 00O Ooooo O 4 ©, 12,000 xgd O 50
O O0O0O0O0OO RNADO OOOO0O. 000 RNACO
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0.1% SDs 0000 OO0 OO0 0O0O0O0 Oooo.
Nylon membranell UVO RNADO cross link 00O
25 ngD OO0 DNA (Xho I-Bst Xl fragment, 1.3
kb)O 50 pCill [0-**P]dCTPO OUOOO random
primingd (Random primed DNA labeling Kit,
Boehringer Mannheim)J O O0000O0. 000O0O0O
000 0000 1—5x 10° cpm/mi0 00O 5X SSC,
2X Denhardt's, 100 O /ml carrier DNA, 0.2%
SDS, 5% Dextran sulfated 00 42 [COO0 1600
00 hybridizationO OO . Hybridizationd 00O
membraned 2X SSC, 0.2X SSC/0.1% SDsO0 O
OO0 000 X-ray filmO OOO0OO.
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0 00000 OO 0ooo ood Molecular Cloning,
2nd ed.*0 Cells™0 000 O00O0O0O.
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Figure 1. Schematic diagrams of wTH, d19TH, and d31TH.
PCR amplification is used to remove the phosphorylation site
from the regulatory domain of TH. Four S denote for serine
#8, 19, 31, and 40, respectively. Amino acids #2~#19 covering
serine #8 and serine #19 are deleted in d19TH and #2~#31
covering serines at #8, #19, and #31 were deleted in d31TH.
RD; regulatory domain of TH protein, CD; catalytic domain of
TH protein, TH; tyrosine hydroxylase, wTH; wild type TH,
d19TH; TH with amino acids #2-#19 are deleted, d31TH; TH
with amino acids #2-#31 are deleted.
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#310 00000. d19THO d31THO O Hind I-Xho |
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THWTH/pLNCX)O Hind lll-Xho | 000 000 sub-
cloneD 0 OOO0O0O OO0 OO d19TH/pLNCX OO
d31TH/pLNCXOD 00000 . 00 O000 0O OOod
retrovirus] 00000 NH-3T30 00000 OO0OO
000 000 d19THNO d31THNO 00000 (Fig- 1)
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00 0000 00 D000 RNADO OO0 O0OO OO
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OO0 0ooo 0 0 o0.00 boooo oog oo
00000 000 00000 U OO0 ooo oo oo
0 OO0 western blot analysis] 00000. 00O
0000 000 OO 00 000 10% PAGEDD OO
OO0 0O-THOUODO OO0 00 0ODO0O0 0Dooo ooog
O 000000017 THOOOO 00O O 100 OO
O00(Fig. 2A). 00 00000 deletiond deletion
0O 00000 THDO OO0 OO0 00000 d19THN
O 00 wTHNO 00 e8.60, d31THNO 17.500
OO0 THO 0000 O00(Fig. 2B). 00O d19THO
d31THO deletiond OO0 OO wild type THOO

B

Figure 2. The effect of cofactor and deletions on the expression level of TH proteins. A. Protein samples equivalent to 2x 10° cells
are loaded in each lanes, separated on 10% PAGE, transferred to PVDF membrane, and blotted with o-TH antisera (1:1000). Lane 1
contains samples from wTHN and lane 2 from wTHGCN. B. Same asin panel A except that samples are from 5x 10° cells of
d19THN (lane 1), d31THN (lane 2), and wTHN (lane 3). TH; tyrosine hydroxylase, PAGE; polyacrylamide gel electrophoresis,
PVDF; polyvinylidene difluride, wTHN; NIH-3T3 cells expressing wild type TH, WTHGCN; NIH-3T3 cells expressing both wild
type TH and GTPCH |, d19THN; NIH-3T3 cells expressing d19TH, d31THN; NIH-3T3 cells expressing d31TH

Figure 3. The effect of cofactor and deletions on the expression level of TH mRNA. A. To determine the steady state expression lev-
elsof TH mRNA 20 O of total RNA isolated from d19THN (lane 1), wTHN (lane 2), WTHGCN (lane 3) are separated on 1%
agarose gel and probed with 2P-dCTP labelled full length TH cDNA after transfer to Nylon. B. Same as above except that the lane 1
contains RNA isolated from d31THN. TH: tyrosine hydroxylase, WTHN; NIH-3T3 cells expressing wild type TH, WTHGCN; NIH-
3T3 cells expressing both wild type TH and GTPCH |, d19THN; NIH-3T3 cells expressing d19TH, d31THN; NIH-3T3 cells
expressing d31TH
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TH mRNAO OO0O0O Northern blot analysisd O
good. oo 0 00 0ob0ob 00 oooo ooo
wTHN 0000 00 d19THNO 4.60 (Fig. 3A),
d31THNO 1.800 TH mRNAO OOOO OOOO
(Fig. 3B) THO OO0OO0O OO wTHGCNO wTHNO
00 4.9—-6.800 TH mRNAO 0000 0Odd(Fig.-
3). 000 OO0 000 densitometric readingd 0 O
00000 Table 20 OOOOO.
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00000 00 000000 THOO OO0 BDNF,*
GDNF,*?* fetal tissue*** 00O 0000 OO0 OO
o0 oooboo 0obO oobbb oooob booo
THO GTPCH IO OO O0OOO0O THO OO OO0 OOO
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goobh b0oobo ooobb oooo.
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0 000 000 U000 0obooo. THDO OOd BHO
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GTPCH IU 000 DOO0DOD BH.O OO0 O O O
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Table 1. Comparison of expression level of TH protein with
deletions on the regulatory domain.

Cdll line Ratio to wild type TH
d19THN 68.6
d31THN 17.5
WTHN 10

d19THN; NIH-3T3 cells expressing d19TH

WTHN; NIH-3T3 cells expressing wild type TH

WTHGCN; NIH-3T3 cells expressing both wild type TH and
GTPCH |

TH O0O0OO0O OO0 100, TH mRNAO OO0
4.9—-6.80 000O0O0O. 0O OOODO OOO ODOOO
GTPCH IO 00000 O OO0 OO0O BH,O OO O
OO0 O 0O 0O0.0 0000 mRNAD OO0 OoOd
00000 000D 0000000 000 oOo o
OO0 BH,O0 THOOO OO0 OO0 THO OO0 phos-
phatased] OO0 OOO THO O OOOO0OOO pro-
teased] OO0 OO O OO0 OO mRNAO OOO
translationd 00000 OO0 OOO.

000 0000000 THO 0000 000 O pro-
teased 00O OO, THOOO OO OO, OO0 DOO
OO0 000 000 00O o000 00 ooooo ooo
0000 00000 00 000 OoU0 oooo ooo
0000000 0O00MO000 THOOOO OOO
Oo0000 THO OO0 000 OoOo THOOOoO oo
00 0000 OO0 00 OO0 oDOoOo. DO ooo
0000 THO 0000 0000 THO 0000 ogo
00 wild type THO OODO0O0O serined OOO 18
0 (amino acid #2-#190 0, d19TH) 00 300 (amino
acid #2-#3100, d31TH)O O0O0OO0O OOOCOO.
d19THO 0000 NIH-3T3 (d19THN)O OO0 OO0
000 00 0000 D00 0000 wTHNO OO0 O
68.60 U0 TH OOODO OOOO 0OOO d19TH
mRNAO wTH mRNAO 00 4.60 00 00O 0O0O
O00. 00 D000 wTHGCNO wTHNO O O 100
00 THOOO OOO 000 ooooo oo ooo o
d19THO wTHGC 000 O 7000 OO THODOODO
000 000 00.0 000 0000 ooo o ooo
00 OO0 transcription OO mRNAD 000 OO
0000 000 00 translationd 000 O OO0 OO
O 000000 Qo0o.U0o oo wrHO wTHGCO
0000 000 BH4O OOUOOOO TH mRNAOD OO
00 4.9-6.80 THOOOO 100 OO0O0O OO OO
ooCQ 000 Oooo ooo oooo ooo oo
translation 0 00O OO0 0O0O0O OO0 DOOO.
0O 000 d31THO O 000 00000 d31TH OOO
O wiTHOOODO 00 17.500 OO OOOO OO0
000 d31TH mRNAO wTH mRNAODO 00 1.800
0000 000 000 Ooooo ooo oog ooo
THO RNAOO 0000 OQO OO0 OoOo o o oo
0 0000.00deoTHOOOO d31THOOOO O

Table 2. Therelative expression levels of TH mRNA with cofactor or deletions on the regulatory domain.

Cell line Ratio to wild type TH Cell line Ratio to wild type TH
d19THN 46 d31THN 18
WTHN 1.0 WTHN 1.0

A WTHGCN 6.8 B WTHGCN 4.9

d19THN; NIH-3T3 cdlsexpressng d19TH
WTHN; NIH-3T3 cdlsexpressng wild type TH
WTHGCN; NIH-3T3 cdlsexpressng both wild type TH and GTPCH |
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d31THN; NIH-3T3 cdlsexpressng d31TH
WTHN; NIH-3T3 cdlsexpressng wild type TH
WTHGCN; NIH-3T3 cdlsexpressng both wild type TH and GTPCH |
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00O site directed mutagenesis 00 00O OO0 OO
0 00 0d obo ooo boo booo. oo o g
00 000 THO 00000 000 oboo ooooo
Jo0oon0 THO steady statel 0 OO0O0O OO0 OO
00000 00 THO 000 0oooo booooo g
0dd oouo oo oooo oooao.

REFERENCES

1. Brundin P, Nilsson OG, Lindvall O, Astedt B, Bjorklund
A. Behavioral effects of human fetal dopamine neurons
grafted in arat model of Parkinson's disease. Exp Brain
Res 1986;65:235-240.

2. Bjorklund A: Better cells for brain repair. Nature 1993;
362:414-415.

3. Nichol CA, Smith GK, Duch DS. Biosynthesis and metab-
olism of tetrahydrobiopterin and molybdopterin. Ann Rev
Biochem 1985;54:729-764.

4. Li XM, Juorio AV, Boulto AA. Reduction in glid fibril-
lary acidic protein mMRNA abundance induced by (-)-
deprenyl and other monoamine oxidase B inhibitors in C6
gliomacells. Neurochem Res 1993;18:915-919.

5. Nelson TJ, Kaufman S. Activation of rat caudate tyrosine
hydroxylase phosphatase by tetrahydropterins. J Biol
Chem 1987;262:16470-14675.

6. Kwon NS, Nathan CF, Stuehr DJ. Reduced biopterin as a
cofactor in the generation of nitrogen oxides by murine
macrophages. J Biol Chem 1989;264:20496-20501.

7. Anastasiadis PZ, States JC. Imerman BA, Louie MC,
Kuhn DM, Levine RA. Mitogenic effects of tetrahydro-
biopterin in PC12 cells. Mol Pharmacology 1996;49:149-
155.

8. Ichinos H, Ohye T, Takahashi E, Seki N, Hori T, Segawa
M, Nomura Y, Endo K, Tanaka H, Tsuji S, FujitaK,
Nagatsu T. Hereditary progressive dystonia with marked
diurnal fluctuation caused by mutations in the GYP cyclo-
hydrolase | gene. Nature Genetics 1994;8:236-242.

9. Fukuwara Y, Shimadzu M, Rajput AH, Shimizu Y,
Tagawa T, Mori H, Yokochi M, Narabayashi H,
Hornykiewicz O, Mizuno Y, Kish S. GTP-cyclohydrolase
| gene mutations in hereditary progressive and dopa-
reponsive dystonia. Ann Neurol 1996;39:609-617.

J Korean Neurol Assoc / Volume 19 / September, 2001

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

000 OO0 tyrosine hydroxylasel 000 OO0 OO

Williams AC, Levine RA, Chase JN, Lovenberg W, Calne
DB. CSF hydroxylase cofactor levelsin some neurological
diseases. J Neurol Neurosurg Psychiatry 1980;43:735-738.
Lewitt PA, Miller LP, Levine RA, Lovenberg W,
Newman RP, Papavasiliou A, Rayes A, Eldridge R, Burns
RS. Tetrahydrobiopterin in dystonia: identification of
abnormal metbolism and therapeutic trials. Neurology
1986;36:760-764.

McDonald JD. The PKU mouse project: its history, poten-
tial and implications. Acta Paediatr 1994;407:122-123.
Hyland K, Gunasekera RS, Engle T, Arnold LA. Tetrahydro-
biopterin and biogenic amine metabolism in the hph-1 mouse.
Neurochem 1996;67:752-759.

Kumer SC, Vrana KE. Intricate regulation of tyrosine
hydroxylase activity and gene expression. J Neurochem
1996;67:443-462.

Sambrook J, Fritsch EF, Maniatis T. Molecular cloning.
Cold Spring Harbor Press. 1989.

Spector DL, Goldman RD, Leinwand, LA. Cells, Alabo -
ratory manual. Cold Spring Harbor Press. 1998.

LeeYJ, Han IS, Yi SD, The effect of GTP cyclohydrolase
I on the activity and expression of tyrosine hydroxylase
and cell growth. J Korean Neurol Assoc 1999;17:122-130.
Yoshimoto Y, Lin Q, Collier TJ, Frim DM, Breakefield
X0, Bohn MC: Astrocytes retrovirally transduced with
BDNF elicit behavioral improvement in arat model of
Parkinson’s disease. Brain Res 1995;691:25-36.
Choi-Lundberg DL, Lin Q, Chang Y-N, Chiang YL, Hay
CM, Mohajeri H, Davidson BL, Bohn MC: Dopaminergic
neurons protected from degeneration by GDNF gene ther-
apy. Science 1997;275:838-841.

Mandel RJ, Spratt SK, Snyder RO, and Leff SE: Midbrain
injection of recombinant adeno-associated virus encoding
rat glial cell line-derived neurotrophic factor protects
nigral neurons in a progressive 6-hydroxydopamine-
induced degeneration model of Parkinson’'s diseasein rats.
Proc Natl Acad Sci 1997;94:14083-14088.

Cheng FC, Ni DR, Wu MC, Kuo JS, ChiaLG: Glial cell
line-derived neurotrophic factor protects against 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced neu-
rotoxicity in C57BL/6 mice. Neurosci Lett 1998;252:87-90.
Hauser RA, Freeman TB, Snow BJ, Nauert M, Gauger L,
Kordower JH, Olanow CW: Long-term evaluation of bilat-
era fetal nigral transplantation in Parkinson disease. Arch
Neurol 1999;56:179-187.

Bencsics C, Wachtel SR, Milstein S, Hatakeyama K,
Becker JB, Kang UJ. Double transduction with GTP
cyclohydrolase | and tyrosine hydroxylase is necessary for
spontaneous synthesis of L-dopa by primary fibroblasts. J
Neurosci 1966;16;4449-4456.

519



