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Tyrosine hvdroxvlase pterin cofactor hums been isolated from bovine adrenal n)e(lulla

tissue by meamis of column chromatography on Horisil amid I)owex .0�H’ columns, and

paper chromatography in several solvent, systems. ihe cofactor has beemi i(lentified as a (i-
substituted, unconj ugat ed pteridine by j)ermanganat e oxidation to pterin-fi-carboxyhic

acid. Its paper chromat ographie behavior and fluorescence speet rum are identical with

those of biopterin. 11 concentration of this pterin in bovine adrenal medulla tissue is
estimated to be ai)l)r()ximatelv 10 nmoles/g of tissue. 11w low concentration of this co-
factor in chromaffin tissue emphasizes its importance iii time regulation of tyrosine hydroxyl-

ase activity and the potential susceptibility of the enzyme systeni to erul product feedback
inhibition by catecholamines, which, accorditig to Nagatsu, Levitt , and Ldenfriend 1.1.

Biol. Client. 239, 2910 (l964)J, appear to antagonize time action of the (‘of actor competitively

in this hvdroxvlat ion reaction.

i NTIWDU(TION

The investigation of time regulation of

sympathetic neurot ransmitter svnt liesis at

the subcellular level first became possible

when Nagatsu ci al. isolated a partially puri-

fied preparation of t yrosine I mydroxylase from

bovine adrenal me(lulla (1). In studies em-

ploying isolated, perfused organs, Uden -

friend and co-workers demonstrated t hat

tvrosine hvdroxvlase cat alvzes the rate -

limiting chemical transformation iii the symm-

thesis of catecholamines (2-4). Soluble,

partially purified tyrosine hydroxylase ap-

pears to i.equi re molecular oxygen. ferrous
ion, an(l a reduced pteri(limme for optimal

activity (1-5).

This work was supported by ( rants NS 07927

and NS 07642 from the National Inst it tiles of

Health and by United States Public health Ser-

Vice Fellowship 1F1( M40.

tFlme phenvialanine hv(lroxvlase cofactor

has been isolate(l an(l characterized by Kauf-

maim (6) as (lihvdro-2-amimmo-4-hvdroxv-(i-

(1,2 - dihydroxypropyl) - m�(eryihro) - pteri-
(line (dihvdrobiopt erin). Several studies have
demonstrated t ii at ot her reduced pt eridi ties

can serve as cofactors in both the phenylala-

time and tyrosine hvdroxvlatioti systems.

Because of its commercial availability, 2-
amino - 4 - hydroxv - 6,7 - dimethvltetra-

hvdropteridine has been time pteridmne most

commonly employed as cofactor in investi-

gat ions of tyrosine lmydroxylase. However,

the importance of time specific properties of

tItt’ endogenous I yrosine hydroxylase co-

factor becomes obvious in light of its partici-

pation in the rate-limiting step of catecimol-

amine biosynthesis. The purpose of this

studs’ imas been the isolation and characteri-

zatiomi of an endogenous tyrosine hydroxyl-

ase cof actor froni mammalian tissue.
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ilaierials. We wish to thank time Smith

Kline & French Laboratories for generously

supplying biopterin. Time fi-Imydroxymethyl-

pterin used in these studies was a kind gift
from 1)r. H. S. Forrest. DMPH1’ and 3-iodo-

L-tyrosine were obtained from the Aldrich

Chemical Company. All ot her l)terimls2 were

puchased from time Regis Chemical Com-

1Jan�’. L-Tvrosilme-’4C (�mimifom�ml�’ htbeltid; s.s
mCi/mmole) was obtained from New Eng-

land Nuclear Corporation, and m)L-3 , 4-dihv-
droxyphenvlalanine-2- 14( (25 mCi /niniole),

from Nuclear-Chicago.

Experinienial methods. Tyrosine lmydroxyl-
ase was prepared by a modification of the

method of Nagatsu ci al. (1). It was observed

that 55 % of time activity associated with the
0-40 % ammonium sulfate fraction is pre-

cipitated in the 20-40 � fraction. Time 25-

40 � fraction, resuspended iii 0.01 �m potas-
siuni phosphate, pH 7.0, was routinely used

in this investigation as the tyrosimie Imydroxy-

lase preparation. A 20 � glycerol solution

provide(l optimal stabilization to freezing at
- 30#{176}.

r1�i sheep liver diimydropteridine reductase

used in these studies was purified according

to time method of Kaufmamm and JAevenberg

(7) througim the second ammonium sulfate

step. rp� F P1�’PtL1�Lt iou \VtL5 roimtiimely desalted

on a 10 X 4.5 cm Sepliadex G-25 column

equilibrated with 0.025 .‘�i Tris buffer, pH
7.4.

Time I)rocedure for the measurememmt of

dopa format ion by chromatograph my on
aluminum oxide is a modificatioim (if the

method of ‘Weiner ci al. (5)
Protein was determied by time micro-

biuret procedure (9).
Pterins were re(Iuced catalytically by (115-

solving 2-20 �moles of time pterimm iii 2 ml of

0.01 x HCI which Cotltaiiie(l I mg of Pt02.

2H20 and bubbling time solution with a small

The abbreviations used are: 1)MPI h , 2-
amino -4 - Imydroxy - 6,7 - dintet hyl I etrahydropteri -

dine; dopa, 3 ,4-dilmydroxyplieitvl alattitie ; TIIC,

tyrosine hydroxylase cofactor.

2 :\ll nian�n�alian 1)1eridines of known si ructmmre

are 2-amino-4-hydroxy-subst ituted pteridines.

Plerini is the trivial name for 2-aniino-4-hydroxy-

pteridine.

stream of hmydrogemm iii a darkened hood. The
progress of such reductions was followed by

observing time loss of fluorescence and change
in ultraviolet spectra until conversion to the

tet rahvdro form was complete. After the
reduction was completed, usually in 10-15

miii, the hydrogen was replaced by bubbling
the solution with imitrogen, amid time catalyst

was removed by centrifugation. If not used

immediately, time preparation was promptly
frozen.

Florisil (Floridin Company), which was
used for pteridine chromatography, was

washed alternately with 3 % acetic acid and
1 % ammonium hydroxide and dried prior to

use.

RESULTS

Tyrosine hydroxylase assay system. Pre-
vious investigators generally have studied

the format ion of 3, 4-dihvdroxyphenvlala-
nine with isolated tvrosine hydroxylase only
in the presence of saturatimmg amounts of

synthetic reduced pteridine cofactor (1-5).

However, in view of Kaufman’s isolation of

0.3 /hmole of dihydrobiopterin per kilogram
of rat liver (6), the use of high concentrations
of DMPH1 in time tyrosimme imvdroxvlase

incubation mixture does not appear to be an

appropriate reflect ion of physiological sys-
tems. Our preliminary experiments on the

isolation of time emidogemmous tyrosine hydro-
xvlase cofactor indicated that it also was

present only iii mimmute amounts in adrenal
medul lae. Ti merefore, a complete tyrosine
hvdroxvlase assay system in which pteridmne
cofactors could be measured was developed
whmiclm is 500 times more sensitive than those

I)reviousl�’ reported. Thmis assay was modeled
after Kaufman’s 1)1met iv Ialani tie Imvdroxvlase
system amid utilizes simeep liver l)teridine
reductase and NAI)PH as a regenerating

system for time retluced pteritline. TIme system

is capable of measuring submicrogram
amounts of reduced pt eridi ne cofactors.

The use of tvrosimme hmydroxylase and its

substrate, L-tyrosn me, along with reduced

pteridine cof actor amid the sheep liver di-
hydropteridine reductase appeared necessary
by analogy with i he Pimenylalanine hydroxyl-
a.se system. However, the nature of the
buffer, time optinial pH, tIme necessity of a
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FIG. 1. Effeet of sheep liver (/ihy(lroplerzdine reducta.se (�S’I�Dl?) Oil lyrosine h//(irOXyiO.cC assay s//sle,,i

Each incubation contained 7.0 mg of tyrosine hydroxylase, 0.14 Mmole of UC�L_tyrosine (l0� (1pm),

1.0 �moIe of FeSO4 , 0.5 /hmole of NADPH, 4.0 mg of the redmictase preparation, either 10 or 20 nmoles

of cofactor, and water to 1.0 ml. Dopa was isolated as described in the text. Similar results were ob-

tainted whemi 2.5 times as mitch rednictase preparation was enmployed.
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reduced pyridine nucleotide, and the possible

roles of ferrous ion, glucose, glucose dehydro-

genase, and mercaptoethanol required eval-
uation. The previously used components of

the phenylalanine Imydroxylase system of

Kaufman (6) and Kaufman atmd Levenberg

(7), and of the tyrosine hydroxylase systems
of Nagatsu ci at. (1), Ikeda ci at. (10), and

Brenneman and Kaufman (5), were all

examined.
The influence of time dihmydropteridine

reductase on dopa formation was found to

depend upon the concentratiorms amid activi-

ties of the tyrosine hydroxylase, the pteri-
dine reductase, and the cofactor used. An
experiment designed to examine the effect of

various amounts of l)teridine reductase in the
presence of two concentrations of cofactor

was performed using either no added reduc-
tase or a dihydropteridine reductase prep-
aration containing 4.0 mg of protein. Very
low levels of cofactor (1)MPH1), 10 nmoles
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amid 20 nmoles/incubation, were employed,
and time activity of tyrosmne hydroxylase was

examined over a 2-hr period (Fig. 1). With
10 mimoles of cofactor per milliliter of incuba-

tion mixture, 4.0 mg of reductase increased

time amount of dopa formed by 100 % at 30

miii amid by 350 % at 60 mimi.

Systematic analysis of each of tue con-

stituents of the assay system indicated that
time following components were required in

time standard incubation mixture for optimal

assay of pteridine cofactor activity: 200

��moles of sodium acetate (l)H 6.1), 0.14

�mmo1e of 14C-i�-tyrosine (containing 106

dpm), 1.0 /.Lmole of FeS() , 0.5 Mmole of

NADI�H, 3.0 mg of shieej) liver pteridimie
reductase preparation, 7.0 mg of tyrosine

hydroxylase l)rel)ar�ttiomi, and water to 1.0

ml.
Isolation. /)rOcedtLIi’. Bovi tie adrenal glands

were obtained at slaughter, packed in ice,

and taken to the laboratory for immediate
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TABLE 1

I

fl/I/Oils ,iil cpu cpu

Tet flthydrobiOl)teninl 10 0.01 4,070

30 0.03 8,031)

60 o.t�; 17,370

Florisil fraction I (0-to ml) 0.01

0.03
0.06

1340

2,320

3,470

Florisil fractioni II (It) 201) nil) 0.01 600
0.03
0.06

1,090

1,650

Fl onisil fraction III (200-500) nil) 0.01 420

0.03

0.06

420

1,160

159,001)

74,001)

44,000)

58

27

15
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Preparatiolm. After time niedullae had beemm
(hissecte(l, timey were weighed and hmomog-

etmized in 4 volumes of cold, glass-distilled

water at full speed in a Wariimg Blemmdor for

3 mimi. The proteimms iii time imomogeimate were

(lenatured either by slowly addiimg time
homogenate to an equal volume of boiling
water and allowing time mixture to remain

above 90#{176}for 5 mimi, or by time additiomi of

100% trichloroacetic acid to a fiuial concent ra-
tiomm of 3 9�. When no difference was found in
ti ie nature or amount of ty rosmne lmvdroxvlase

cofact or isolated fromit hmomogemmates treated
in these two ways, tricimlom’oacetic acid was

rout imiely used. lime demmatured mixture was

centrifuged at 16,000 X q for 30 mimi, time

supernatant fluid �vas (lecatited, and time

residue WItS discarded. IrOn) thus point, all

steps were carried out at 3� 5#{176}either in sub-

(hued light or in time dark.

Plorisil ehrollIaioUIa/)/!tI. Thw pH of thie
yellow supernatammt solution was checked and

adjusted to 5 with I x H2SO.1 if necessary

before it was introduced into a 20 X 4 cm

1’horisil (694 oo) column. After addition of the

t richmloroacet ic acid superimatant fraction, the
� rate of the columum was adjusted to 10-

15 ml/min an(l tIme column was rinsed with
1 liter of 3% acetic acid, followed by 1.5-2

liters of glass-distilled water. Elution of the

pterins was accomplished wit ii 20% acetone

after the flow rate of time column had been
adjusted to 1-2 ml mimi.

Most of the endogenous tvrosine hydroxyl-

ase cofactor activity was eluted in the first

20-50 ml of eluate (Table 1). This fraction
exhibited a fluorescence spectrum consistent
with 6-alkyl-substitimted pterins.

Dowex 50 column it chroiii atOf/raphlj. The
ehmate from Florisil whmicim fluoresced at 450

Distribuiwn of Iyro.s ii((’ /1 !,(lroxylase cofaetor activity after Florisil column chromatography

The supernal anit fract ion front 100 g of bovine adrenal medullae was chronnatographed on a Florisil
lunmn as described iii I lie text . After collect toni atmd pooling of the eluted fract ionS, each fract 1011 W�S

condensed to 2.0 ml oft a rotary evaporator at 35#{176};0.10 ml ()f 2 N FICI and 1.0 nig of Pt022112() were

added, and each fractioni was subjected to catalytic hydrogenation. The activity of each fractiorm has

been corrected for enulogenous activity by subtraction of the counts produced in incubationms lacking
ad(Ied cofactor but to which appropriate volumes of ‘‘hydrogenated’’ 0.01 s iIC1 were added. The values
are not corrected for dopa recovery (80-90� ) or for scirmtillation counter efficiency (70-75�’� ). The use

(if known amounts of tel rahydrohiopterin pertmmit ted est itnat ion of the total amount of cofactor activity

iii each fractioim. Based onu these results, 1 nimole of tetrahydrobioptenin cant provide cofactor activity

suflicient to produe 295 (pnlI of dopa. If it is assumed that the enidogenous cofactor is a compound

of about time same nmolecular weight and specific activity as biopterini, an estimation of the amount of

enidogenous material may lIe nmtade as follows. Total corrected counts per nminute (tyrosine hydroxylase

activity) of fractions I, II, and 111 = 277,(XX)/295 corrected cpin/nmole = 94() nnnoles. On the basis

of a molecular weight of 241, the ani((unit of cofactor would be 213 �g, or 2.1 �g g of original tissue.

Radioactivity

Volume -- - - - - ---- --
( ofactor .�mount

added I otal per I ercentage
( orrected

fraction of total



CHARACTERIZATION OF TYROSINE HYDROXYLASE CO1ACTOR 573

rim (fraction I) plus time first port ion of the
subsequent fraction (fraction II), equal in
volume to fraction I, were combined and

condensed to near dryness before being
applied to a 10 X 2 cm Dowex 30-XS (H�)

column. Time column was rinsed successively
with 250 ml of glass-distilled water, 230 ml of

0.05 N H(’l, arid a second 230 ml of glass-
distilled water, and finally was stripped with
0.OS u XH1OH. All the THC activity was

found in the amrnonium hydroxide fraction.

Paper c/i romaioqra ploy. Time ammoniUm

hydroxide eluate from Dowex ;�0 was con-

densed amid further purified by J)reparative
paper chromat ography. In general, 1 -prop-
anol-1 � NH1OH, 2:1 (solvent system 1),
antI 1-butanol-acetic acid-water, 20:3:7

(solvent system 2), were used. What man No.
3MM paper was used for preparative pur-

poses, and Whatman No. 1 paper for analyti-
cal purposes. The chromatograms were ue-

veloped in descending fashion in glass tanks

at room temperature (approximately 22#{176}).

Man��anese dioxide oxidation. Initial

studies revealed that when a THC prepara-

tion, purified successively on Florisil and
DOWeX 30, WaS chromatographieti in solvent
system 1 or 2, the cofactor activity was dis-
tributed among four to six bands, eacim of
whichi exhibited blue fluorescence. Four t() six

other blue- or yellow-fluorescing bands were
observed which did not exhibit cofactor ac-
tivity after catalytic hydrogenation. Furt hier

chromatography of any given band resulted
in time productiomi of one to four additiommal

bands. Hatfield ci at. (11) reported a similar
problem whien they discovered that four

pterins previously isolated and identified
from blue-green algae (12) were artifacts

of isolation. Imi a later study, these workers
demonstrated that biopterin was the only

pterin actually present and that thie artifacts
were produced by reoxidat ion of time partially
reduced forms of biopterin. Rather than

attempting to isolate the several active co-

factor emit it ies from paper cii romatograms,

experiments were designed to oxidize all

pterin coml)ounds to aroniaticity prior to

Dowex 50 chiromatography. Time oxidatiorm

was riot performed before Florisil chiroma-

tography, simice a considerable amount of time

epinepimrine present at this stage is oxidized

and the colored products obscure time fluores-
cence of time Florisil eluates. After time Florisil
eluate imad been comideimsed to 5-10 ml, time

pH was adjusted to 3.5 withi glacial acetic
acid, and 300 mg of MnmO2 were added. This

mixture was stirred for 30-90 mimi at 30#{176}in
subdued light, and time Mn02 was removed

by centrifugation and rinsed once with 10

ml of glass-distilled water. Time supernatant
solution and rinse were combined amid reconi�

densed to 5.0 ml before being applied to the
Dowex 30 column.

When the pterins in time Dowex 50 eluate

were separated by paper chromatographmy in
solvent system 1 or 2, two to six blue or

yellow fluorescent bamids were observed. In

contrast to time earlier IaIer chiromato-
graphic separations, time THC activity WaS

localized in one blue fluorescent band. Table

2 summarizes time distribution of time cofactor
activity regularly observed after a prepara-

tion had been carried through Florisil chmro-

matographmy, Mn02 oxidation, I)owex 50
cli romatograpimy, and J)mtper chromatography
in solvent systems 1 amid/or 2. Time amount

of cofactor recovered was estimated by
assuming that the enmdogenous cofactor has a

sI)ecific activity and molecular weight similar
to thmose of tetrahmvdrobiopterin. In four

similar preparations in wimichm the amount of
startimmg material varied from 62 to 210 g, the

recovery was found to be 0.99 ± 0.2S pg of
tetrahydrobiopteriti equivalents per gram of
adrenal medullae.

Characterization of cofacior. Time THC iso-
lated in this study has beemm characterized by
chromatograpimie, spect roscopic, and eimzv -

niatic techiuques.
Paper cutout aio��raph y. Ti me cli romimat o-

grapimic characteristics of time THC are com-

pared in Table 3 witim those of authentic bio-

pterimi amid 6-hmydroxymethvlpterimm. Prehimi-
imary ci mromat ogra�)h ic studies had indicated
thiat thme enmdogemmous cofactor closely re-

sembled one of these compounds. Time 1?,

values for rI1H(i in Table 3 are somewimat

different from those given in Table 2, pre-

sumablv bec:umse salts retarded time niobilit y
of the pterins (lescribed in Table 2. Support
for thus imiterpretatiomm was gaimied whemi 0.2 -

2.0 mug of authemmtic biopterin were added to

one half of several cofactor preparatiomms as
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I

(hromatographic R�

System I System 2
4. Cofactor 5. Cofactor

j.zg/g tissue

507 651 155 1.55

(‘onnpound
R1 in solvent system

1 2 3 4 5

F:iiimt- tlimoresceimt sf)ots at I imese posit ionis.

6

I
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T�nsI�E 2

A ctiiities of a tyro.sine hydroxylase cofactor preparation

The cofactor activity data siiowni were calculated in the same manner as in Table 1. The starting

nimaterial was 1(X) g of nimedulla tissue. All calculations were corrected for the activity in appropriate non-
cof actor l)lanks. The total corrected counts per minute per fraction is nit average produced by Summing

tine activity fornied with three concentrations of enidogenous cofactor (0.01, 0.03, anmd 0.06 ml) and

dividing by 0.10 to give activity per milliliter, which was then multiplied by the volume of the fraction

in milliliters. The tyrosine hydroxylase assay system was calibrated iii each experiment by assaying
10, 30, and 60 nmoles of tetrahydrobiopterin. The assay system could then be normalized, as in Table 1,

with respect to tyrositie hydroxylase system activity (i.e., counts per minute per nanomole of tetra-

hydrobiopteriti). The aniounmt of endogetious cof actor was estimated by dividing column 1 by column 2,

yielding iiaimoumiole equivalenit of cofactoi (column 3). By assuming a molecular weight of 241 for the

endogenous cofactor, the micrograms of endogenous cofactor per fraction and per gram of tissue in

each experiment could be estimated. All cimromatographically separated bands listed exhibited blue
fluorescence, except timose noted by “V,’ which exhibited yellow fluorescence. The bands cotmsidered

“itmactive’’ produced less than 1l5�( of time corresponding blank value in time tyrosine hydroxylase assay

systenn.

2. l’vrosine
I. I otal corrected hvdrox�lase 3. ( ofactoractivity activity

cpu nazole
cp?lz /ractwn 114-biopleri;z n,,zo e eq

0.09 0)24 Inactive

0.24Y OY Inactive

0.31 0.24 331,000

0.32 0.37 Inactive

0.36 OY Inactive

0.54 0.24 Inactive

TABLE 3

C/i romatogra ph ic characteri.�tics of tyrosine hydroxytase cof actor

The TIIC used mm this study was purified as described in the text through the two paper chroma-
tographmy steps and t imeti chromatographed ott Wimatman No. 1 paper for analytical purposes. The sol-

vemmt syst enns used were: No. 1, 1 -propanol-11 - N IT4OH (2: 1); No. 2, 1 -butanmol--acet ic acid-water (20:3:7);

No. 3, 3( N H4CI ; No. 4, 2-but aniol-formic acid-water (4: 1: 1); No. 5, 1 -butanol--acet ic acid-water

(4:1:1); No. 6, 4( � sodium citrate.

Biopteri ni

TI1(’

6-IIydroxvnnethvlpterini

0.42 0.33 0.66

0.41 0.3() 0.64

0.42 0.3t) 0.54

0.59 0.32 0.65

0.33 (0.411 0.64 (0.42)’

0.64 0.42 0.42

an intermmal statm(Iar(l and subsequetmt pre-

parative cimromatograpiiy of time biopterin-
emmricimed fractiotms always demommstrated

more itmtemmsely fluorescetmt bitt similarly

retar(Ied bands.

On time basis of their paper chiromato-

grapimic mobihities itt time solvent systems

listed imm Table 3, hiopterimi amid time pterini

isolated from beef adremmal niedullae itt this

study may be dist it mguisimed from neopt cnn,

sepiapterimi, xammtimopterin, isoxanthiopterin,

ervthropteritm, amid leucopterin.

Perinanqa itaic o.ridai ions. Potassium per-
manganate has been used frequently to

oxidize 6- or 7-alky I-substituted pterins to

t heir eorrespondi mmg pterin carboxylic acids



TABLE 5

I�1 uorescence spectral c/i (Iracterisi ies of �fth /

synthetic pterins

A solution of 1.0 nng of pterinm per milliliter of

0.10 N NaOH was made of each conmpoumtmd, and

successive dilutions iii 0.1 x NaOIl were made 1(1

produce solutions of 1.0, 0.1, atmd 0.01 �Lg/mI.

The fluorescence spect runi of eacim compoluum(I

was determined wit Ii t lie 1.0 �zg nil sol ut-ioti on

an Aminco-Bowmanm recordi nig spec 1 rophoto-

fluorometer equipped with a xenon arc lamp aim/I

an 1P28 photomuultiplier tube. The fluorescence

emission intensity of eacim (Ill itt bum wis deter-
mined and plotted agaitist concetit rat ion on mm

log-log scale, after subtract ionm of the NaOJI

blank. The fluorescence of each conipound was

found to be a linear funct ion of t lie conmcent rat ion

over t-he range 0.010-1.0 ,�g/ml. All data were �or-

neeted for molecular weight di fierences.

l:xcit�u- l;n�is-
Uon sion

t ompounds . . I luuircsccncc
maxn- maxi-
mum mum

(6, 13-15). Iii our studies time compound or
solutiomm to be oxidized was made 0.1 N with
respect to NaOH, and 2O-pl ahiquots of a
solutiomm of saturated potassium permanga-

nate were added until a purple color per-
siste(l after shaking. The samples were

heated for 5-10 miii in a boiling water bath;

additional permanganate was added if the

purple color disappeared during heating.
Subsequently the excess permanganate was
destroyed by additiomi of 0.20 ml of absolute
ethaimol, and time maimganese dioxide was
removed by centrifugation. The chromato-

graphic characteristics of the permanganat e
oxidation product of time THC were com-
pared in six solvent systems with those of

pterin-6- and -7-carboxyhic acid (Table 4).
The permanganate oxidation pro(luct of time

endogenous cof act or exit ibit ed clmromato-
graphic characteristics similar to those of

pt-erin-6-carboxylic acid. Further identifica-
tion of this acid was made on the basis of its

ultraviolet amid fluorescemmee spectra.
Fluorescence sJ)eCira. Fluorescence spectral

studies were conducted with several avail-

able synthetic pterin compounds for the pur-

pose of identifying the cofactor witim a spec-

troscopic method more sensitive thmami

absorptiomi spectroscopy. Tbl 5 simm-

niarizes time results of a fluorescence spectral
study of eigimt synthetic pterins. Nomme of the

synthetic compounds displayed more than

T�BI.E 4
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Ch ROll? (i/ogre ph Ic characteristics of ti,rosin e

hydroxylase cofactor permanga note

oxidation product

Permammgaimate oxidationis were carried out- as

described in I he text, and the products chronnato-

graphed on Whatniani No. 1 paper. Time solvent

systems used were the sanne as those described

in Table 3.

in solvent system

�0I�p0un�(1 --�- - -

1 23 4 5 6

Pteriti -6-carboxyl ic

acid 0. 16 0. 150.49 0.440. 22�0.40

THC KMnmO4 oxida-

I iou product 0. 16 0. 16 0.46 0.43 0.23,0.42

Pterin -7-carboxvl ic
acid 0.160090.400 0.08046

Isoxaumt hmopt cnn
IX anthopteri ti

6,7-1)imet hylpterin

Ptenin -6-ca rboxyl ic

acid
Biopteri ii

Pterin -7-carboxyl ic

acid

Pterinm
Leunc pt en ii

units X
lii?! Ill?! -

i,,,oie i�zi

351) 405 l9,(KX)

401) 475 8,751)

365 450 8,400)

365 44.5 3,200

360 450) 2,160

375 475 1 350

365 450) 854)

345 430 23.5

one emission peak, amid altimougim tmmosl of

timem had either a second excitation peak or a
shoulder at 260 rim, it was always less thmatm

5 #{182}�of the intemmsity of t-ime priiicipal peak.

Ummfort unately, time fluorescemmce spect ma (If

6-alkvlpterins are very similar and cantmot be

used to (lifferetmtiate pterin compoutmds.

Whiemi time structure atm(l time purity of tIme

compound Imave heemm established by other

methods, ii owever, flim )reseence speet roscoi v

may be emplove(l for time quantitative est i-

mation of time pterimi, simmee it is 10� tinmes

more setmsitive timami ultraviolet absorptiotm

speet roseopy of these compounds.

Fluorescence spectra of pteriiis vary tic-

cording to the state of reduction of the com-

pourm(l, just as their ultraviolet- spectra
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change aeeorditmg to time state of reduct ion.

Figure 2 illustrates t lie eummission spectra of
TI-IC ttIi(l (Iii mydr0bi0�)t (‘liti before ttfl(l after
immeubatioum iii a boilimmg water ba-tim. Time ex-

citation timid emission iwaks for dihmydrobio-

1)terili were 340 amid 415 tim, respectively, in
contrast to 360 mind 45() tim for time fully

oxidized form. The exeit :ttioti and emission

spectra of time reduced etmdogenous cofaetor
and its batimochromie simift after oxidation

are ident ica-l with those of a- re(luced G-a-ikyi-

pterimi before and after oxi(lat ion. In ad(litiomm
to the major peak at 415 tim, time emission

spectrum of time re(luced TIIC exlmibits a
simoulder at 450 tim, l)resl1mabl� because of

time presetmee of some menmaimiimmg oxidize(1

form.

Li/ratio/el .speeires(1)p!J. .\ I tony exatimi tma-

tiotms ot time ultraviolet spectra of time endog-

enous cof act or \\(��(‘ nmade tim rough mont this

study, and in all cases time spectrum of the

purified cofactor exhibited a simmgle peak in
0.10 N HC1 at 254 tim, whicim shifted to 265

nmii in 0.10 N NaOH. The spectrum re-

sembled thmat of a puriuie, and studies were

carried out to determimie whether or not the
endogenous cofactor contaimied both a pterrn

an(i a purine moiety, perhaps covalently

linked. The THC was subjected to hydrol-

vsis (2 N HC1 in a sealed vim-il at 100#{176}for 6
hr), amid, after purification by paper clmrorna-
togra-pimy (solvent systems 1 and 2), was

found to have retaimmed its ultraviolet- spec-

tral, chmromatographmic, amid cofactor activity

cii aract erist ics. H( )wever, after permanga-
mmat(’ oxidtttioti of THC, an ultraviolet-ab-
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(‘ytidiume

Guauiosiuie

0.25

0.30

0.73

0.35

0.45

0.97

2.06
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0.51
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0.50
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S. Kaufnsann, Persoimitl con�nluunicat iou.

TUlLE 6

Chroma/ographic and spectral characteristics of aden me, cytidine, guanosine, xanthine, h ypoxant/i Inc

tyros me h-ydroxylasc cofactor, and biopterin

Ea(h conmpotmnid (20 �g) was spotted on Whatman No. 1 paper, chromatographed in the system

listed, located after dryiuig unider ultraviolet light, and eluted with 5.0 ml of 0.1 N HCI. Ultraviolet-

absorptioum spectra were determined with a Ilitaclmi 124 recording spectrophotometer. The solvent-

svstenms are defined in Table 3.

RF in sotvcnt system Utiraviotet absorption
Compound - - � � - - --

1 2 3 A260:A,so A,so:A2(n .i2�o:A,eo

sorbitig spot \I,�5 present on time cimromato-
gratit in addition to time pterin-()-earboxylic

acid spot. Elutiomt amid examination of this

spot revealed tiiat it displayed all time ultra-
violet absorption pn’operties of time THC
solution before permanganate oxi(lation. A

study of time ultraviolet absorption of this
compound at several wavelengths imidicated
that it- � probably lmypoxantlmme. The

cimromatographic an(l spectral clmaract erist ics

of several purines, including imypoxanmthmine,
and of biopterin and THC tire summarized in
Table 6. From thiese results, we have con-

eluded t limit t lie ultraviolet -absorbing prope’-
ties of the THC appear to be due to hypo-
xantimitie contamination. The presemice of
hvpoxanthine in the purified cofactor prep-
aration was comilirmed by separation of the

triniethiylsil�’l (lerivative of hmvpoxantiiimie by
gas-1i 1uid chromatography and examinat ioui

of this derivative by mass spectrometrv. A

similar problem was encountered by Kauf-

man,3 whmo found that time ultraviolet spec-

trum of time phmenylahtnimie imvdroxylase co-

factor after 10,000-fold purification was due

essent hilly to guanosine. Preliminary experi-

merits wit-hi autimentic hy�)oxant imimie indi-

cated that it cannot futiction as a tvrosine

hydroxylase cofactor and that, in sufficiently

high concent rat ions (greater than 100 �g,

incubation), it may have some inimibitory

effect.

T�HLE 7

LJjec/ of p/en di ne-re(Ioci ng .systemii ‘(fl (ic/i(’i/// of

tetrah �Idrobiop1ermn are! ji urified, re/lured

/yrosmne /i !/droxyla.se (Of actor

THC was putified Ihroughi t lie two preparative

paper chromat ographv steps (lescnihled in tine text.
Time tvrosiume hydroxvlase assay was carried out

as described in tile text. (Tue amounit (If sheep

liver di h�d ropt end i ume ned Oct use used or wit hheld

was 3.0 mg, and time amotitit of NAI )Ph1 used on

wit hnhmeldwas 0.5 �Lmole bmw ubat ions.) I ncubat iouns

were conducted for 3() miii at 37#{176},auid dopa was
isolated as described iii the text.

Cofactor Amount SLDR’ NADPtL

Biopt et�ius 4 0.01

4 0.01

T1IC 0.05 - - 0.96

0.05 + - 2.65

0.05 + + 3.75

Siieep liver dibydroptenidine neductase.

Enzyinaiic siw/ics. It imad beemm simown pre-
viously t imat reduced, (i-alk�l-simbst ituted

pterins fumiction as time most eflicient cofac-
tors for tyrosine lm�droxvlase (16). Further

evidence timat THC is such a pterimi is pre-

sented mm Table 7, �vhmieh indicates that time
catalytically reduced etidogenous (of act or,



TABLE 8

P’4/imn (111(111 of on (en-/ration of tyrosine h ydroxylase cof actor by ii rcc methods

The ‘I’Ik’ used thn(I(mginotmt this study was purified through the two paper chromatography steps.

Fime fltioresceuice inteumsities of knowti amounts of bioptenin were compared with those of ummknown

anmmoimunts of Ti1(. Pernsiaunganmate oxidatiotns were carried out as described inn the text. The products
were chirotnmatographed in solvenmt system 5, and the isolated ptenin carboxylic acids were eluted from

ime cinronnat()gnatmls with 2.0 ml of 0.1 N NaOH. Fluorescence emission inteussity was detenmimmed at 445

mini with excitat iotm at 365 mm. Thne cof actor assays were conducted wit-h the 30-mimi standard iuscubat ion.

All val ties have beens corrected for nonncof actor blank activity. The activity of the tyrositme hvdnoxylase

assay system � 770 (corrected) cpnm/nmole of tetrahydrobioptenin.

(onilla O nd Amount Fluorescence Radioactivity THC concentration

I

units 2 ,ni 0.1

N Na-Oil cpm
/2I� ml

31.0 (1)#{176}

27.4 (2)

31.2 (3)b

TIIC

Nun1bers in parenmt heses inmdicate the nnimmber of indepeundent determinations.

The activity of time enndogenmous cofactor was calculated as 1015 (corrected) epm 0.01 niil = 0.132

pmole/ml = 31.2 �ag ‘nmnl.

I
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Plenum chemical assays

Fl uorescenmce

Biopt en um

TIIC
}cMumO4 oxida I i(Iti

Bi Opt cliii

TI-IC

TIIC assay

Biopt en mm

5/hg
25 /hl

5 /hg
51) ,�l

10 nmoles

30 nmoles

61) nnmoles

0.01 ml

0.03 ml

0.06 ml

5,700

880

3,100

850

8,660

22,010

46,220

1,100

3,760

5,290

although active by itself, is much more

active whemi time n’egenerating system of slice!)

liver pteridiuie reductase and NADPH is

pro Vi(Ie(l.

A (llmalflitmitive estimation of time amount
of a highly purified preparation of endog-

enous cofactor was carrie(l out by three

tecimniques (Table S). In timese experiments,
known amounts of biopterin or tetraimydro-

biopterin also were carried timrougim the i�ro-
cedure as standards and in order to deter-
mine recoveries. The commeenmtration of the

endogenous THC was calculated as follows.

First, it was assumed to have a molecular
weight and fluorescence intensity similar

to those of biopterin; thus the fluorescence of
biopteriim amid THC could be (hrectly comii-

pared. Secotid, time fluorescence intensities of

time permammganate oxidation products of

biopterin aumd of TI-IC i��o�e compared. Last,

time eof actor activities (If TI-IC ammd of let ru

livdrobiopterin were comupared. It can be
seen timat in this preparation all methods

yielded an estimate of about 30 �g-mi.

D15( USSION

This stu(lv has demuonstrated timat a 6-

alkvi-subst it itted imnmeonj ugat ed 1)tcnn,

which appears to be bioptenin, can be iso-
lated from bovine adrenal medulla and is

presumably respommsible for endogenmous co-

factor activity. Alt hmoimgh time changes in time

cimromatographic characteristics of time co-

factor preparation at tlifferetmt stages of

1)urificatiomi appear to be due to time effects of
salts, it is possible that the structure of time

cofactor changes during l)urificat ion. Several
other published studies imidicate thiat chemi-

cal modifications, other titan changes in

reduction states, occur duritig time isolation

of pteninms froni biological material. Time

stud� by (luroff atid Stremikoski (17) of tine
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biosynthesis of unconjugated pterins in Pseu-

domotias demonstrated that a cyclic phos-

phate derivative of neopterin was the prin-

cipal ptenin which could be isolated from in-

cubations lacking Mg�. In contrast, when
was added to time incubations, the Prin-

cipal ptermn which was isolated was xant-hop-

term, mind the cyclic phosplmate derivative of
neopterin was apparently no longer present.
Later work by Guroff and Rhoads (18) was

directed toward the isolation of the phenyl-
alanmine hmvdroxylase cofactor from tine same
species of Pseudomonas. These workers iso-

lated timid purified the cof actor in the reduced
state amid then characterized it after oxida-

tion as primarily neopterin.
The work of Matsubara ei al. (19) has

revealed the presence of a sepiaptenin reduc-

tase in rat liver which is separable from di-
hydrofolate reductase and dihydropterin

reduct rise. Sepiapterin reduct ase catalyzes

the conversion of sepiapterin to dihydrobio-

pterin, time phenylalanmine hydroxylase co-
factor. Itt time studies conducted by Matsu-

bara ei al., time sepiapterin was isolated from
Drosophila, and no attempt was made to

isolate this pterin from rat liver. However,

the presenmce of the enzyme in rat- liver cer-

tainly suggests the possibility that- endog-

enous pterins other than biopterin may be
present in this tissue. Guroff el al. (20) had

made similar observations about time possible

existence of other active pterin cofactors in

rat liver.

The recovery of unconj ugat ed pterins
from mammalian and bacterial sources has

been found by other investigators (6, 17,
18, 20) to be low and variable. We hiave cx-
perience(1 similar difficulties. When biopterin

was added to time adremmal homogenate as an

imiternal standard in order to estimate re-
coveries in our studies, the amount of re-

covered biopterin, as measured by cofactor

activity, was found to be 2.5-3.0 % of that

added. Guroff and Rhoads (iS) recovered

only 0.S-S.0 % of time endogenous phenyl-

alanine hmvdroxvlase cof actor from Pseu-

cloinonas. Similarly, Kaufman’s (6) isolation

of 0.07 �g of dihydrobioptenin per gram of
rat liven represents about a 1 % recovery of

this pterini when compared with Rembold’s

value of 8.0 �g of bioptenin per gram of rat

liver, which was obtained by the isotope

dilution method (20).

It is likely, therefore, timat- estimationis of

cofactor concentrations made as early as

possible in the isolation procedure will yield
the most valid estimate of endogenmous co-
factor levels. Thme amount of cofactor meas-
ured, in ternis of equivalents of biopterium

cofactor activity, aft-er the first colunmmm
chiromatograpimic step (Flonisil) was found

to be about 2.4 �Lg/g of tissue.

1mm summary, this study has established
that the tyrosine itydroxylase cofactor which
cati be isolated from adrenal medulla is a

6-alkyipterini and that it- appears to be

biopterin. The estimated concentrationi of
this cofactor itt time adrenal gland is about
10 nmoles/g (micromolar). Since such a

concentration is probably below the K5

of time cofactor for tyrosine hmydroxyhase, it
is possible that cimanmges in time concentra-

tion of cofactor may play an important role

in regulation of time rate-limiting step in time

synthesis of catecimolamines.
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