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Background : Various vectors have been developed and tried for the delivery of tyrosine hydroxylase (TH) in order
to supplement dopamine, which is severely deficient in Parkinson’s disease, however, none of the protocols tried have
yielded fruitful results that can be applied directly to humans. One of the problems revealed from previous trials was a
short duration of expression of the delivered gene, that is, tyrosine hydroxylase. M ethods : To extend the stability and
to improve the enzymatic characteristics of the protein, part of the regulatory domain was deleted via PCR technique.
The cDNA for regulatory domain-deleted THs (dTH) were sub-cloned into a retroviral vector and the resulting recom-
binant retrovirus was used to infect NIH-3T3. After selection, expression levels of TH were determined by Western blot
analysis and the enzymatic characteristics were examined. Results : The deletion increased steady state expression level
of TH protein by 7-fold for d19TH (TH with amino acids #2-19 are deleted) and 3-fold for d31TH (TH with amino
acids #2-31 are deleted. The elevated expression level of d19TH islikely due to the enhanced stability of the protein as
determined by a treatment of cycloheximide. The activity of d19TH was also increased approximately by 3-fold but no
increase of the L-dopa production was observed. However, the production of L-dopa was dramatically increased when
GTP cyclohydrolase | (GTPCH |) was co-transfected suggesting that the activity of d19TH is dependent on the presence
of cofactor. d19TH seem to be free of feedback inhibition at low concentration of dopamine (10 nM~1 uM) but more
sensitive to the inhibition at high concentration of dopamine (10 mM). Conclusions: The deletion of 18 amino acids on
the regulatory domain increases the stability of the protein, reduces the activity, and frees it from the feedback inhibi-
tion by the end product.
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00000 000 0o oo oooo,0b0oooo
0000 ODO. 00 ODoOOoOoOO Ooog oooo(fetal
mesencephalic tissue),** 00000 (carotid body),’
microcarrierd 00 0000 (adrenal medulla) 00°
OO0 0000 00000 000 000 O oo oo
oo0oo. 000 000 oo, oooo oo oo oo
0 000 000 00 00000 00 000 00 00
OO0 00000 OO0 OO0 OoO good. Tyrosine
hydroxylase (TH)O OO0 OO0 O0OOOO OOO
OO0 THOOODO OODOD 000 0O0.

0000 000000000 0000 catecholamine
0000 O 000 tyrosine hydroxylase (tyrosine 3-
monoxygenase, EC 1.14.16.2)0 00O tyrosinel O
oo00d. O 00 (L-dopa, L-3,4-dihydroxyphenylala-
nine)J 00O aromatic amino acid decarboxylase
(AADO)D 00O 00000 OOO00 norepinephrinedd
epinephrine 00 000 00000 OO0O0OOJC O OOO
0000 THO OO O OO ODDODO OO0 ooo
(tetrahydrobiopterin, BH4)[0 OO0 OO tyrosine,
L-dopa, catecholamine, 00O OO0 OO0 OO0 OOO
0O oooos

THO N-terminall 00000 C-terminal OO OO
000 0000 000 sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) 000
0O 60 kbOO OO0OO. OO O0O0OOOO O OO ser-
ine/threonine (amino acid # 8, 19, 31, 40)0 OO
000 00 00 kinaseD 00O 0O0O0O0OO.2° Ser80
cell cycle dependent kinase (cdc2/cyclinA)O OO
00000 000 THOOODOODO OO0 000 00000
0.° 00 Serl9d calmodulin-dependent protein
kinase Il (CaM-PKI11 00 MAP-kinase activated
protein kinase (MAPKAP kinase)d 00O O0O0OOO
0% 00 00 00 000 000 00 O0. Ser310
protein kinase C (PKC)O mitogen-activated pro-
tein kinase (MAP kinase 1) MAP kinase 20 0O
0 0000 O 000 Haycock*O Mitchell 00
PC12 cell0O PKCO O0O0O0O phobolesterd OO
Ser310 00000 OO OO0 O OO0 2000 OO
000 00000 00 00 phobolesterd] 00O PKC
0O 000,00 00 THO OO0, PKCO OO MAP
kinaseDll OO0 OO THO 000 OO O0OOOO0OOO
“cross-talk’'00 0O0O0O0O O0OUOO ODOOO OOOO.
Ser400 000 kinase (PKA, PKC, CaM-PKIDO OO
0000 0 000 DO 000 kinasel OO0 OO OO
0O OO0ODO DO0OO.D00000 protein kKinase A
(PKAD OO Ser400 0OOO0O CDOOBH»O OO O
0000 OD0KwO 000 OO0 O catecholaminel
O00000)O 000 0000 000 000 ooo
000 000 00 000 THO PKCO CaM-PKIIO
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tease J0O0O O O OO0 0OO0O. 0O ODOOOO TH
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0O steady state0 00O 0OO0O0O, OO O L-dopa
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1. THO 00O0OO0O OO0 OO0 OO0 retroviral
vectord 00O

0o0do o000 Ooo o0 TH (dTH)O Oo0
subcloningd 0000 OO0 OO PCR OO O Hind
N oood 000 0000. 0 serine/threoninel O
0000 000 OO0 O primerd wTHxh (5
GCGCACCTCGAGGCGCAC 3)0 O00OOo0O PCRO O
O0. Primer0 OOOO O Hind IO initiation
codonO 00 OO(emplate)d] OO0OO0OO0 OO0 OO
00 PCRO OO 2—~3cyclel 00O O0OG5S)O0
annealingd 0 PCROO OO0 25 cyclel OO0 O
0(@@3©) ooodo ooo.

-Serine 19 00O O0OO0O OO

dTH19D; 5° ACAAGCTTGCCATGGAGCTG-
GACGCCAAGCAGGCA 3

-Serine 31 00O O0OO0O OO

dTH31D; 5 ACAAGCTTGCCATGCCGCGGTT
CATTGGGCGCAGG 3

00 0O PCRO OO O0OOO PCR OOO pCR2.1
(Invitrogen)l subcloned O OOOOO OO0O O
Hind IO 000 OO0 000 000 pLNCX (retrovi-
ral vector)d subclonel 0. 0 0000 wTHO wild
type THO O0O0O0O PCRO OO serine 1900 OO0
0000 THO d19THO serine 3100 OO0 OO0
0 THO d31THO OO0O0OO00d.

2. Transfectiond O0O0O retrovirusd OO

5x 10°0 PA317 (virus producing cell line)d 6
cn 00000 HAT 00000 00000 transfection
O OPTI-KMEMO O 0OO0O0O. 12 g DNAO 500 dO
CaCl,/HEPES (125 mM CaCl2, 0.74 mM N&HPO,,
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140 mM NaCl, 25 mM HEPES) OO0 0000 OO0
0300 0000 000 oobo ob.ob0 oo oo da
000 0000 D00 00 0 00400 00 37cOd
oobOOo pBSO O O OO DO OO ODOOMHATOOO)
00 ooobo. o0o0 ooob oo oboooo oooo
0000 0O OO0 O viral conditioned mediall 0.45 p
mO 0000 D000 0000 -8ocun oood.

3. 0000 000 O0virus 00O)

1x10°0 OO0 OO(NH-3T3)O 00 OO0 10 cm
00000 DOO0DO DOO wviral conditioned media
1 miO polybrene(4 wo/mh0 00O0O. 37C 0000
0 00 0000 O viral mediadl 000 PBSO OO
0.000 0000000000 THOOOd virusO
000 OO 400 pg/ml G4180 GTPCH I 0DOO
virusl 000 OO0 200 pg/ml hygromycin BO O
00 00O OO0 (selection media) OO OOO0OO. OO
00 THO GTPCH IO 000000 ODOO wTHGCN,
d19THGCN, d31THGCNO 00 00 0O 00 0000
00 000 OD000 0o0O00. 00 00O oooo 1-
00 200 OoD0O0O.

4. 000 OO0 O0O(Western blot analysis)

000 trypsinO 0 OO0 O O0O0O0O hemacytome-
terfd] OO0 OO0 OO 1x10° 00O 100 dO SDS
lysis buffer (62.5 mM Tris, pH 6.8, 10% glyc-
erol, 5% p-mercaptoethanol, 2.3% SDS)0 0000
100 O sonication O . SDS-PAGEL 10%, stacking
gell pH 6.8, running geld pH 8.80 0O0O.
Polymerized geld 250 g0 total proteind OO0O0O
000 loadd O glycine running buffer (200 mM
glycine, 30 mM Tris-B, pH 8.3, 1% SDS) 00O
120V, 18 mAl 3—400 O00O0O. 000 OO geld
Towbin’'s buffer (192 mM glycine, 25 mM Tris,
pH 8.3, 0.1% SDS, 10% methanol)J O 1000 mA
0 100 OO0 polyvinylidene difluoride (PVDF)
membranel] 0 O000. 0000 OOO membranel
5% skim milk/TBST (10 mM Tris, pH 8.0, 150
mM NaCl, 0.1% Triton) 00O O OO OO blockd O
1:10000 0 OOO0OO 10 OO0 (anti-TH, OOO0O)O O
00 00 00 0000. Membraned TBSTO O 40
(O, 50, 150, 150) 00O OO O horseradish per-
oxidase (HRP)O 000 20 OO (Goat anti-rabbit,
1:2000, Amersham)d 00O O OO O0O0OO OO O
O 000040 00 0O00. 0 OO membraned ECL
kit (Amersham)d 0000 X-ray filmO OO00OO.

5.THO 00O OO

000 5x10°0 OO0 300 gdO lysis buffer (10
mM potassium phosphate, pH 6.2, 0.2% Triton-
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X100)O lysel 0 100 0 sonicated 0. 12,0000 xg
0 4C 00 1500 0O0O0OO O O0OO0O OO0 oo
0 oogb.db0 000 oboo 00 b oobo
bovine serum albumine (BSA) standardC 0 OO0
0O 00 O OO0 OO0 Bio-Rad protein assay kit
(BIO RAD)D 0000 OOOO OOOOOCO. 000 O
00 0000 00 000 5 (il L-[3,5°H] tyrosine
0O 0000 000 3000 000. 000 radioactive
tyrosinel 00 O 50 WO O0O0O0O OOOO. 0000
5 mM DTT, 1 mM D,L-6-methyl-5,6,7,8-tetrahy-
dropterin (6-MPH4), 165 (M tyrosine, 50 mM 2-
[N-morpholino] ethanesulfonic acid, 3,000
units/ml catalasel] OO0O0O. OO0 50 O OO0
0dgd 50 O ODOO0O OO 37tcO0 2000 OoOOO
O IN HCIO 00 7.5% charcoal suspension 1 mid
000 000 00000 . Reaction/charcoal mixture
O vortexdd O 000000 hydroxylationd OO 0O
00 *HO tyrosined DOOO. OO tyrosined char-
coall 000 O0O0OO0O O0DODD O0OOO OOO ®*HO O
OO0 0 O0O000.0 wbeD0O OO O@GOOWOO)ND
go0o0O O0gd scintillation counting fluidd 00O O
000 O0000. Feedback inhibition 000 0000
OO0 0000 O0O00 0000 1000 incubation O
0000 000o.

6. L-dopall OO

00000 00 0oO0og 25 mM HEPES, 100 mM
EDTAO OO0 Earl's balanced salt solution
(EBSS)O0 37CO0 3000 extract OO . OO0
celld 00O harvest 00 0.4 M perchloric acid/0.1
mM EDTAOO O 0O -80CO0O 0O0OOO. Alumina
extractionO OO OO OO 300 gd 20 mgd alumi-
nal 315 Y0 Tris 00 (3 M Tris-base, 10 mM
EDTA, 100 mM sodium sulfite, pH 8.0)00 O0O0O
0200 vortex 00 OO0 3000 ODO0O0O0OO. 00O
0O 000 pelletD OO0OO 40 OO0 OO O 300 dO
0.1 M perchloric aciddl OJO0O0O. OO 200 wvortex
0 01500 0O00oooOo 100 o ODDOOO €18 col-
umnd 0000 reverse-phase HPLCO 0O0O0O0O
ESA Coulochem Il electrochemical detector] [0
00 L-dopall OO OOOO.

7. Stability 00O

1x 10° 000 p600 00000 OO0 O 70%
ethanoll OO cycloheximide (5 w/mh0 O00O0O0O
400 00O 1000 OO0 000 trypsind 0000 OO
O0. Pelletd PBSO OO 50 O SDS lysis solution
0 OO0 O sonicatedl O lysedd . Cycloheximide
OO0 0 0O 0000 D000 THOOOO 00 west-
ern blot analysisO] OOO0O.
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Throsine Hydroxylase D0 000 OO0 OO0 O00O0 O0OOO0 OO0 OO0 OOO OO

WTH @isTH d31TH

Figure 1. The effect of deletions on the expression of TH pro-
teins. In order to see the effect of aremoval of phosphorylation
sites on the regulatory domain on the steady state expression
level of TH protein, 18 amino acids (amino acid #2 through
amino acid #19, d19TH) or 30 amino acids (amino acid #2
through amino acid #31, d31TH) are removed from the regula-
tory domain using PCR technique and the resulting cDNAs
were expressed in NIH-3T3 cells using retroviral transfection
system. Total amount of TH proteins in each cell lines are
determined using western blot analysis and densitometric
analysis of the band intensities shows that d19TH expresses
approximately 7-fold and d31TH approximately 3-fold more
proteins than wTH. Shown above is the typical of 7 separate
experiments. TH: tyrosine hydroxylase, wTH: wild type tyro-
sine hydroxylase, d19TH: tyrosine hydroxylase with amino
acids #2-19 are deleted, d31TH: tyrosine hydroxylase with
amino acids #2-31 are deleted, PCR: polymerase chain reaction
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Figure 3. The activities of TH with deletion on the regulatory
domain with or without GTPCH |. To measure the activities of
both TH proteins with or without GTPCH 1, cell lysates equiv-
alent to 250 pg of total protein are used from each cell lines as
enzyme source. The assay reveales that either deletion of 18
amino acids or presence of GTPCH | increases the activity by
approximately 3-fold. However, effect of the deletion and the
presence of GTPCH | are not additive, suggesting that deletion
alone can increase the activity up to a maximum level which
cells can tolerate. TH: tyrosine hydroxylase, GTPCH I: gua-
nine triphosphate cyclohydrolase |
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ooO0oOoCO OO0 OoooO OO0 o000 steady
state OO0 OO0 OOO Western blot analysisO
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Figure 2. The effect of deletion on the stability of TH protein.
To examine stability of TH proteins, cells are treated with
cycloheximide and were harvested 4 or 10 hours after the
treatment. After lysis, approximately 250 pg of total protein,
measured using Bradford reagent, from each time point is
loaded and the leftover TH protein is determined via western
blot analysis. The deletion on the regulatory domain enhances
the stability of the protein that approximately half of the
d19TH protein isleft 10 hrs after the treatment while wTH
protein is almost completely degraded 4 hrs after the treat-
ment. TH: tyrosine hydroxylase, wTH: wild type tyrosine
hydroxylase, d19TH: tyrosine hydroxylase with amino acids
#2-19 are deleted

ooooo.dooo ooo, 00D oog o O oo
0,000 0 00@—600)0 D00 oUog 7vooOo
0000 OO0 0000 di19TH 0000 000 wTHO
OO0 0 70 OO0 COOOO@Fgure 1). OO OOOO
O 000 000 0O 000 000 OO0 THO 00O O
00 00000 d31THDO OO0 wTHO 00 O 300
TH OOOO OOOO DOOO(Figure 1). 00 steady
stated OO0 O0OO0O OO OO0 translationO
degradation] 0000 0O0OO0O OO OOO OO0
steady stated 00000 OO0 O0OO0O0O OOOO.
00 0000 000 wTHO di19THODO 0000 000
cycloheximide (CHX)O 0OOOO 400 OO 1000
00 000 0000 ODo0oo THOODOO 00 ooo
OO0 wTHO CHX 00 400 0O 0D 00O O OO0 O
00 00000 10000 OO 0O OO OO0 CoOooo
000 (Figure 2). 000 d19THO OO CHX OO 4
00 000 o000 Oooo oo ooob 10000 O
OO0 00 0O OO0 OO0 OO0 distTHOOOO
wTHO 00 0000 000 000 000 ooooo.
OO0 THO OO0 000 di1oTHO OO0 wrTHO OO
0 30 OO OO0 OO0 OO0OO(Figure 3). 00O
wTH, d19TH 00 d31THO O 0000 0000 00
00 00 L-dopa (45—80 nM/mg protein)d 00O
0O0OC 0000 0000 D000 0UDO0o0 oooo
(Figure 4). 00 0000 OO0O0O0O ODOO OOOO O
000000 0000 O00Do0oOo.0o0owrHeC OO
d19THGC D 0OU0O0OO GTPCH IO 00O OO0O ODOOO
OgoO0O00 0O L-dopal OO0 7—90(320—450
nM/mg protein) OO0O0O0O. 00 THOOOO OOO
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Figure 4. The effect of deletions and GTPCH | on the L-dopa
production. Cells grown in a similar condition are harvested,
lysed in 0.4 M perchloric acid, and filtered through 0.4 uM fil -
ter. Catecholamines are extracted using alumina and the puri-
fied samples are analysed in HPLC using C18 column fol-
lowed by a detection with ESA Coulochem |l electrochemical
detector. Cells expressing wTH, d19TH or d31TH produce a
basal level of L-dopa but a supply of cofactor BH4 by GTPCH
| dramatically increase the intracellular L-dopa levels. The
inability of the cells producing L-dopa without GTPCH |
could be due to the shortage of cofactor. TH: tyrosine hydrox-
ylase, wTH: wild type tyrosine hydroxylase, d19TH: tyrosine
hydroxylase with amino acids #2-19 are deleted, d31TH: tyro-
sine hydroxylase with amino acids #2-31 are deleted, GTPCH
I: guanine triphosphate cyclohydrolase I, BH4: tetrahydro-
biopterin

god0 00 obo bob0o oo bbb oo booo
(Figure 5). 0 00O wTHO OOOO OO feedback
inhibitionD 00 OO0 0000 DOODO OO OOO
o0oo00O 000 oo oodo 1onMO OOODO O
OO0 OO0 0000 00 D000 og 78%w0 OO0 OO
oo0O 1 MO O0O0OO OO0DO OO 73%0 0OO0OO.
000 d19THO 10 nMO 0000 OO0 OO0 96%0
000 0000 0000 000 00O o0o ooo@oo
pM) O 000 O 000 56%0 0000.

g O

goddb 00 o0b 0b0ob boboo oo o
OO0 OO0 Od(cell therapy) O OOOO OOO O
OO0 0 OO0 OO0 O0(gene therapy)Dl OOO0O O
Oo0oo0o. 0000000 ooo oooo oo oo o
000 O0d(fetal tissue graft)d 00O OO0 OOO0O0O
000000000000 000000 0000 o
000 8—1200 00O 100 OO0 OOOO** 0000
0000 0000 U000 000 o000 oooo o o
O00. 000 0000 00O0,° carotid bodyll 000
00°00 000000 0ooU000 0 ooo. oo o
000 000 OD00OU00O 0D0D0O OoD0Oo Ooog ooog
0O BDNF?* 00 GDNF** 00O 000000((neu-
rotrophic factor), OOO0O OO0 OOO O OO
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Figure 5. Feedback inhibition of TH activity by exogenously
added dopamine. Modulation of TH activity by dopamineis
examined using a wide rage of dopamine concentration added
10 minutes prior to the initiation of TH activity assay. At
lower concentration of dopamine added, d19TH is more resis-
tant to feedback inhibition but at higher concentration of
dopamine, wTH becomes more resistant to the inhibition. The
squares represent the activities of d19TH with a various
amount of dopamine and the rhombuses represent those of
wTH. The activity at each point is expressed as percentage of
the activity without dopamine as 100%. TH: tyrosine hydroxy-
lase, wTH: wild type tyrosine hydroxylase, d19TH: tyrosine
hydroxylase with amino acids #2-19 are deleted

TH*O AADC” 00 00000.0 000 00 00 O
OO 00 THOOO U0 OO0 OO OO0 OO0 ooog
gooob 0obb0o. 00 oo boob oo boo
OO0 0000 000 o000 oo oooo oooo o
0O OD0O(vector OO liposomel OOOO), O0O0O0O
0O 00000000000 Ooo0Ooboooo gooo
000 OO0 OD0O00 000 D00 oDopoo oo o o
000 00000 00000 0 ooo.
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OO0 0000 00 wTHO 00 70 0000 OO OO
000 O 30 000 00 000 OooOo.ooo THO
000 00O 000 0O 0000 00 oo oDoog o
0 0000 0 000 000 ooooood dioTHO
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000 0000 000 ooodo ogo ooog oo
0 000 000 000 0000, 00 o000 ogo
0O THO 000 0O 000 0000 0O000.00000
000 000 00 THO 0000 00 feedback inhi-
bitionO OO cell lysateDl 0 OO0 OO OO0 OO0O0O
0000 THO OO0 O0DOO0.0 OO0 d19THO O
OO0 OO0 000 0O000 OogOd feedback inhibi-
tion0 00O OO0 OO0 OO0 00O O0OO0OO OO0
OO0 000 DOogo o0 wrtHOO feedback inhi-
bitionD 0 OO0 OO. 00 d19THO O OO0 OOO
0000 OO0 ODOO0 OO feedback O OOO0O O
0000 000 0 0o0o o0 Ooooo oo 0 ogo
000 o000 o ooo.

0 00000 00000 000 000 THOOOO
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