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PART 1

STUDIES ON THE CHEMICAL AND PHYSICAL PROPERTIES OF
AVIAN LIVER P-HYDROXYPHENYLPYRUVATE HYDROXYLASE

Introduction:

p-Hydroxyphenylpyruvate hydroxylasc was noted by Knox
and LeMay-Knox (1951) to be one of a series of soluble
enzymes in rat liver which oxidize L-tyrosine to acetoacetate
and fumarate. DBesides its occurance in the livers of hog,
rabbit, rat, dog, beef (Mason, 1§57), monkey, human, opossum,
and salmon and the notable absence in fetal liver tissue
(Eretchmer and McNemara, 1956, Goswami and Knox, 1961), the
only other tissue possessing the hydroxylase activity in rat,
monkey, and humen is kidney tissue (Fellman, Fujita, and
Roth, 1972). B«HPP1 hjdroxylase is an oxygenase which
incorporates one mole of molecular oxygen into one mole of
substrate, the natural substrates being p-HPP and phenyl-
pyruvate which are the products of L-tyrosine and L-phenylal-
anine transamination (for a further discussion of substrate
specificity, see part’Z, page 69 ). The reaction catalyzed
is thought to be a concerted ring hydroxylation, oxidative

decarboxylation, and side-chain migration yielding the

1ErHPP is the abbreviation of p-hydroxyphenylpyruvate.
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natural products, homogéntistic acid and carbon dioxide from
P-HPP and o-hydroxyphenylacetie acid and carbon dioxide from

phenylpyruvate.

The Reaction Mechanism. Neubauer and Falta (1904)
first noted the alkyl side-~chain migration when they demon-
strated the formation of homogentistic acid from EaHPP in rat
liver homogenates. Conclusive evidence for the alkyl migra-—
tion was presented by Schepartz and Gurin (1949) when they
described the use of & carbon-14 ring label to mark the
initial positioﬁ of the alkyl side-chain and its relative

position in a metabolite of homogentisic acid, acetoacetate.
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3.

The consumption of molecular oxygen was noted in the
early studies done on p-HPP hydroxylase. Knox and LeMay-Knox
(1951) used a manometric method, following oxygen consump-
tion, to assay for p-HPP hydroxylase activity. The consump-
tion of oxygen and evolution of carbon dioxide was found to
be balanced and correlated to substrate consumption and prod-
uct formation on a mole to mole basis (LaDu and Zannoni,
1955). '

Neubauer originally postulated a two step conversion
of p-HPP to homogentisic acid, with 2,5-dihydroxyphenylpyruv-
ic acid as the intermediate: _

step 1. The hydroxylation of p-HFP with an

accompanying alkyl migration.

O
} i

HOCH{ “\cooH 1ol HO ¥ o

c“g—Cﬂ

SCOOH
2,5~ di ‘)yd\»oxy Pheny\ pyruvic
acid -
step 2. The oxidative decarboxylation of the

resulting 2,5-dihydroxyphenylpyruvate.

HOQOH —— 'HOQOH + Co
c [o] i

Hz- C“O?CQOH CHZ_-'COOH

LaDu and Zannoni (1955) later demonstrated that 2,5-dihydroxy-
phenylpyruvate was not a free intermediate by their finding

that it was not a substrate for a partially purified enzyme



preparation which converted ngPP to homogentisic acid.
Edwards, Hsia, and Knox (1955) were the first to report a
single enzyme was responsible for catalyzing the conversion.
Their conclusion was based on the observation that purifica-
tion of the enzyme did not separate the enzymatic activities
catalyzing the two steps. It was believed that the single
enzyme could be catalyzing several separate reactions, as
expressed by Mason in a review on the subject (1957). He
described a possible mechanism where the intermediates were
held at the active site of a sinéle enzyme during a series of
reactions. The idea of a concerted hydroxylation, oxidative
decarboxylation, and alkyl migration was unprecedented at the
time. Mason suggested the use of oxygen-i8 tracers to study
the mechanism, an idea which, later, was to be of great
value.

Goodwin and Witkop (1956), while studying quinel
intermediates in the oxidation of phenols, found that alkyl
migrations could occur through the participation of the para-
hydroxyl group of aromatic rings in a quinocidal intermediate.
They proposed three possible intermediates which could
account for the alkyl migration found in the conversion of
p~HPP to homogentisic acid. One of these intermediates,
iii., involved a concerted hydroxylation, alkyl migration,

and oxidative decarboxylation for its conversion to product.
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Daly and Witkop (1963) proposed a mechanism for the enzymat-
ic reaction on the basis of the quinoidal intermediate, iii.,
which involved the electrophilic attack of molecular oxygen
on the activated aromatic ring. The resulting hydroperoxide
vould add intramolecularly to form the intramolecular
peroxide—~quinoidal intermediate, iii. This intermediate
would spontaneously lose carbon dioxide and rearrange to

product.
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6.
Lindbled, Lindstedt, end Lindstedt (1970) conducted an
oxygen-18 tracer study in which they used gas-liquid chromato-
graphic mass spectroscopy to identify the rercentage of oxygen
labelled with oxygen-18 in the product, homogentisic acid,

and its ion fragments. The product was recovered from the

incubation of p-HPP hydroxylase, substrate, and either 1802

180. 18

The 0., donated label was found in the 2-hydroxyl

or H2 5

group and i1 one position of the carboxylate group. The

18
H,

carboxylate group, and it was deduced that this label had
18

O donated label was found in the other position of the
come from the exchanging of H2 0 with the carbonyl of the
substrate before the enzyme catalyzed reaction occurred.
These data were consistent with the mechanism of Daly and
¥itkop in which both atoms from molecular oxygen are incorpo-
rated into the substrate.

Lindblad's data was supportable, even in light of
Yasunobu et al (1958) who found one atom of oxygen from
molecular oxygen and two atoms from water were incorporated
into product using the same technique of 1"80 tracers.
Lindblad found that the nuclear hydréxyl at the 2-position
of product was exchanging with watef after the initial
hydroxylation, so that only 30% of the label remained when

18

0, was used to label the product. This exchanging was

18

2

apparent when H2 0 was used. 70% of the nuclear hydroxyl
wvas, then, labelled. Lindblad proposed that the oxygen was

exchanging through a keto form of the sigma complex after



hydroxylation and alkyl migration.
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Lindblad's work did much to clarify the p-HPP

hydroxylase reaction mechanism, and new insight into the
problem was gained when he recognizéd the analogy between the
reactions catalyzed by p-HPP hydroxylase and the «(-ketoglut-
arate dependent oxygenases2, such as protocollagen proline
and QY-butyrobetaine hydroxylases. The k-ketoglutarate
dependent enzymes requiretimketogluté;ate as a cosubstrate.

The ol-ketoglutarate is oxidatively decarboxylated during the

reaction in which the substrate is hydroxylated. In essence,

this is also what appears to occur during the p-HFP hydroxyla-
tion; the A-~keto acid moiety of p-HPP is oxidatively decarbox-

ylated during ring hydroxylation. Lindblad's oxygen-18 work

2The<i—ketog1utarate dependent oxygenases are known
to include protocollagen proline hydroxylase (Hutton et al.,
1967, Kivirikko and Prockop, 1967), protocollagen lysine
hydroxylase (Hausmann, 19675, ¥-butyrobetaine hydroxylase
(Lindstedt et al., 1968), thymine-7'-hydroxylase (Abbott et
al.,)1967), and thymidine-2'-~hydroxylase (Shaffer et al.,
1968).
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on Y-butyrobetaine hydroxylase (1969) supported a concerted
reaction mechanism very similar to that mechanism proposed by
Daly and Witkop fer p-HPP hydroxylase. In the case of
’Bubutyrobetainé hydroxylation, it was proposed that the
enzyme-activated molecular oxygen attack is at the unsatu-
rated carbon of )-butyrobetaine which is to be hydroxylated,
forming the:hydroperoxide. The hydfoperoxide could, then,
add to thé &rketogiutarate, cosubstrate, in a reaction
analogous to that which forms the intramolecular peroxide-
quinoidal intermediate, iii.. The intermolecular peroxide
intermediate, thus formed, could rearrange and oxidatively
decarboxylate to give the products, carnitine, succinic acid,
and carbon dioxide.

Cardinale and Udenfriend (1971) verified Lindblad's
findings when they found incorporation of 1802 donated label

into succinic acid and proline during protocollagen proline

hydroxylation.
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Recently, Hamilton has expressed a dissatisfaction
with the proposed mechanisms for the cA-ketoglutarate defend~
ent and the p-HPP hydroxylations (1972). Tirstly, the
requirement for a para-hydroxyl group in the Daly-VWitkop
mechanism for p-HPP hydroxylase is inconsistent with the fact
that the enzyme will hydroxylate substrates with -H, -CH3,
-F, and -OH substituents at the para-position of the ring, as
demonstrated by Tanaguchi and Armstrong (1963 and 1964),
Secondly, the formation of the hydroperoxideion‘the unactiv-—
ated proline ring seemed unlikely to Hamilton. He favored
the idea of an attack of a molecular oxygen -~ metal complex
at the carbonyl of the d-keto acid moiety forming the
peracid. The peracid would, in turn, be directed to the
proline ring for an electrophilic attack. Hamilton's mechan-
ism is also applicable to the p-HPP hydroxylation. A
peracid could be formed in the same way from the keto acid
moiety, and the peracid could attack the aromatic ring.
Peracids are known to hydroxylate olefinic and aromatic com-
pounds in non-enzymatic systems, giving the NIH shift with
the aromatic compounds‘(Guroff, et al., 1967). The NIH shift
is analogous to an alkyl migration,4except that a proton
rather than a carbon side-chain migrates. The NIH shift
occufs through the arene oxide intermediate (Boyd, Daly, and
Jerina, 1972), and the alkyl migration can occur thfough the
same intermediate (Fehnel, 1972). Thus, Hamilton's

mechanism for p-HPP hydroxylation entails formation of carbon
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dioxide and peracid from A-keto acid and "activated" oxygen,
formation of arene oxide by an intramolecular reaction of
peracid and aromatic ring, and the final rearrangement of
arene oxide to product.

Widman et al. (1973) have recently shown that the
para-hydroxyl group of p-HPP does not exchange with water
during the enzymatic hydroxylation. This observation tends
to support Hamilton's argument against the Daly-Witkop
quinoidal intermediate through which water would be expected
to exchange Qith the para-hydroxyl group. Direct formation
of the arene oxide by an oxene generating mechanism would not
be expected to allow the.exchange with water. The oxene
generator could be a peracid as in Hamilton's scheme or the

hypothetical product of a reaction between enzyme bound metal

(E-Me™), 0., and the oL-keto acid moiety of the substrate.
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11.

Although the incorporation of both atoms of molecular
oxygen into substrate is well established, the nature of the
reactive oxygen and the identity of the initial intermediates
in the reaction mechanism have not been determined for either
p-HPP hydroxylase or the A -ketoglutarate dependent oxygen-—
ases. It is, however, clear that the o{-keto acid moiety of
the p-HPP side chain and of ci—ketoglutarate supply the
reducing eci1ivalents for the mixed function oxidation occur-
ing during the ovér—all reactions. In the case of p-HPP
hydroxylase, the reaction catalyzed can bé classified as an
internal mixed-function oxidation and that of the od-keto-
glutarate dependent oxygenases as an external mixed-function

oxidation (Mason, 1965).

The Putative Metal Prosthetic Group of p-HPP Hydroxylase.

The early studies by Knox and LeMay-Knox (1951) revealed a
requirement for ascorbic acid as cofactor in the tyrosine
oxidizing system of rat liver. It was later determined by
LaDu and Zannoni (1955) that the ascorbate was required for
the oxidation of.E-HPP and that this requirement for
ascorbate was a non-specific requirement, fulfilled by
catalytic amounts of reduced 2,6-dichloroindolphenol as well
as several other reducing agents:

hydroquinone, isoascorbate (LaDu and Zannoni, 1955),

reduced Coenzyme Q10, and a variety of hydro-

quinoidal compounds (Zannoni, Jacoby, and LaDu,
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1962, Zannoni, 1962).

p-HPP hydroxylase was noted fo be inhibited by excess
substrate, an effect reversed by reducing agents (LaDu and
Zennoni, 1955). Partial purification of the enzyme led to
the discovery that catalase was necessary for maximal enzyme
activity (LaDu and Zannoni, 1956). At first, it was felt
that the catalase may be playing an active role in the
reactionvmechanism; but the work of Hager, Gregermann, and
Knox (1957) revealed that neither the reducing agents nor the
catalase was required when conditions of low substrate con-
centration and low oxygen tension were used in the assay
medium with fresh enzyme preparations. The reason for sub-
strate inhibition became clearer when studies by Zannoni
(1959) demonstrated that substrate generated an inhibitory
product in the presence of oxygen. Lvidence has been
presented by Pellman, Fujita, and Reth (1972) that the
inhibitory product exhibits peroxide-like properties.
Presumably, catalase protects the enzyme from oxidative in-
activation by the substrate and reducing agent generated
peroxide. Goswami (1964) has shown that p-HPP hydroxylase
can be reversably inactivated by oxidation and can be re-
activated by reducing agents. The reverseable inactivation
of p-HPP hydroxylase may reflect changes in the oxidation
state of a transition metal prosthetic group. The existence
of a transition metal prosthetic group has been suspected

since the early observation that certain metal chelators,
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ol, A '-dipyridyl, sodium azide, and diethyldithiocarbamate
strongly inhibit the enzyme (LaDu and Zannoni, 1955, Hager,
Gregermann and Knox, 1957). The inhibition of p-IPP
hydroxylase by DEDTC3, & strong cupric copper chelator, sug-
gested the participation of cupric copper as the metal
prosthetic group. Zannoni noted that copper deficient dogs
were also deficient in liver p-HPP hydroxylase, but this
low enzyme level did not increase with in vitro addition of
cupric copper. LEvidence supporting ferrous iron as the metal
prosthetic group has been presented by Goswami and Knex
(1963) and Goswami (1964). Ferrous iron was allegedly re-
moved from crude p-HPP hydroxylase by dialysis ﬁgainst
o-phenanthroline and exhaustive dialysis against water,
which resulted in a loss of activity. HReaddition of ferrous
iron resulted in an increase of activity over controls.
Contradictory results were obtained by Tanaguchi and Arm-
strong (1963) who dialyzed against diphenylthiocarbazone,
& transition metal chelator which also inhibits the enzyme.
They noted that most of the enzyme activity was returned by
the removal of the metal chelator by passing the enzyme
through a bed of Sephadex G-50. Additions of ferrous iron
or cupric copper had no effect on the enzyme activity.
Recently, B.L. Goodwin has reported results similar to those

of Tanaguchi using DEDTC as the chelator (1972a). Goodwin

3DEDTC is the abbrevation of diethyldithiocarbamate.



.

14.
(1972b) proposed that Goswami's observation, that ferrous
iron stimulated‘grPh4 treated enzyme, could be explained by
its action as an agent with peroxidase activity. By catalyz-
ing the destruction of substrate generated and reducing agent
generated peroxides, the ferrous ions may be protecting the
intact enzyme from oxidation to an inactive form, rather than
acting as a prosthetic group. In my investigation of this
possibility, the Goswami experiments were repeated with
partially purified enzyme. Both o-Ph and DEDTC were used as
chelators in the attempt to remove the putative metal
prosthetic group. The results of these experiments indicated
that the enzyme activity was not‘significantly impaired after
dialysis against chelators. Thus, if a metal prosthetic
group is required for.E-HPP hydroxylase activity, it must be
tightly associated to the enzyme protein.

Accepting the thesis that a tightly bound metal
prosthetic group exists in the case of E—HPP hydroxylase,
direct analysis of the purified enzymes for transition’metals
should reveal the identity of the bound metal. It was pro-
posed that the avian liver E—HPP hydroxylase be purified,
several of its important physical characteristics‘determined,
and the purified enzyme preparation subjected to metal

analysis by neutron activation and atomic absorption spectro-

SCOpy.

42—Ph is the abbreviation of o-phenanthroline
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Experimental Procedure:

Materials. 3,4-Dihydroxyphenylpyruvic acid was pre-—
pared by the method of Harley-Mason and Waterfield (1963).
3,4-Dihydroxy (carboxy1—14C) phénylpyruvate (4.1)kcur/mmole),
p-hydroxy (carboxy1—14C) phenylpyruvate (9.3 mcur/mmole),
and (carboxyl—14C)'phenylpyruvaté (18 pcur/mmole) were pre-
pared enzymatically from the corresponding amino acids pur-
chased from New England Nuclear. 3-Methoxy-4-hydroxy
(carboxy1—14C) phenylpyruvate was chemicélly synthesized as
described by Fellman (paper in preparation, 1973).

o-Hydroxyphenylpyruvic acid lactone was prepared as
previously described by Billek (1961). The lactone was con-

verted to the acid by dissolving in 0.1 M KPO pH 7.3.

4’
2,6-Dichlorophenolindolphenol from Eastman Organic
Chemicals, reduced glutathione from Sigma Chemical Co.,
Hyamine in methanol (1 M) from Packard, Catalase (2x crystal-
lized) from Calbiochem were all purchased for the enzyme
assay system. Omniflour scintillator was from New knglend
Nuclear.
Sephadex G-25, G-150, SP-sephadex C~50, QAE-sephadex
A-50 were all purchased from Pharmacia Fine Chemicals Inc.
The hydroxyapatite (in powder form), 100 ml beaker
dialyzer with cellulose fibers, Chelex 100 and AP 50w x 8
resins were purchased from Biorad Laboratories.
Acrylamide, N,'N-methylene-bisacrylamide, N,N,'N,'N-

tetramethylethylenediamine for polyacrylamide gels were
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purchased from Eastman Organic Chemicals.

Ampholine ampholytes, pH range 6-8, 40% solution was
purchased from LKB Produkter AD.

The Calibration Kit of pfotein standards (ribonuclease
A, ci—chymotrypsinogen, ovalbumin, and aldolase) was pur-
chased from Pharmacia Fine Chemicals. Hemoglobin (human)
from the laboratory of Dr. G.V.F. Seaman (Departments of
Neurology‘und Biochemistry, University of Oregon Medical
School) and trysin (2x crystallized, Worthington) from the
laboratory of Dr. J.A. Black (Department of Medical Genetics
and Biochemistry) were gifts.

Dansyl--Cl5

from Pierce Chemical Co., commercially pre-
pared silica gel G TLC6 plates and silica gel G from
E. Merck, Darmstadt, and Ultra Pure Urea and Guanidine-HCl
from Schwartz/Mann were purchase for the fingerprinting of
Dansyl-peptides and thiol determination.

All other reagents were of analytical grade unless
otherwise specified.

Methods. PYurification of Avian Liver p-HPP.
Lindblad et al. (1971) have recently reported a purification

of human liver p-HPP hydroxylase from liver acetone powders.

5Da,nsyl--Cl is the trivial name for 5-dimethylamino-
napthelene sulfonylchloride.

60LC is the abbreviation of thin-layer chromato-
graphy.
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Their preparation gave a single protein band during poly-
acrylamide gel electrophoresis and a molecular weight of
(90—100) 103_ daltons by sedimentation equilibrium methods.
The isoelectric point, determined by isoelectric focusing,
wvas approximately pH 7. Using a fadiochemical assay system
for p-H?P hydroxylase activity which has been previously
described by Fellman, TFujita, ;nd Roth (1971), Lindblad
(1971), and Raheje et al. (1973), chicken liver hydroxylase

vas purified following>Lindb1ad's procedure,

The Radiochemical Assay System for p-HPP Hydroxylase.

f 14002 from

carboxyl—14C—labelled substrate incubated with p~HPP

hydroxylase. The 14CO2 evolved from the reaction was col-

This assay system is based on the evolution o

lected on a hyamine soaked filter paper wick suspended from
the rubber stopper of the reaction vessel, a Warburg flask,
by a nichrome wire post. During routine assay conditions,
the main chamber of a Warburg flask contained enzyme, 1000
international units of catalase, and 0.1 ml of 1:1 mixture
of 32 mg/ml freshly neutralized reduced glutathione and
1.63 mg/ml of 2,6-dichlorophenolindolphencl in 0.1 M KPO4
buffer, pH 7.3, with a total volume of 2.0 ml. 0.5 ml of
p-hydroxy (Carboxyl~14C) phenylpyruVaté in the side arm
(.32 mg/ml) was tipped into the main chamber after a 5 min.
activation period in a 37° shaker bath. The reaction was

allowed to proceed for 6 or 10 min after which 0.3 ml of
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2 M H2SQ4, previously injected into the side arm during the
reaction, was tipped-in to stop the reaction and release the
14CO2 for collection on the hyamine wick. After a 15 min
post-reaction incubation period, the hyamine wick was counted
in 19 ml of Buhler's solution7 by scintillation spectromeiry
in the Packard Tricarb. Boiled enzyme controls were run to
account for any non-enzymatic decarboxylation. During the
purification of p-HPP hydroxylase, 0.025 ml aliquots of
enzyme were assayed. The Lowry-Phenol method of Lowry et al

(1951) was used to determine protein concentrations for

specific activity calculations.,

Preparation of Chicken Liver Acetone Powders. Livers
were kept on ice after being taken. Extraneous tissue was
‘disseéted away and 2000 gm waé homogenized in a Waring blend-
er with 2 L of ice cold 0.1 M KPO,, pH 7.3. The homogenate
was filtered through two lajers of cheese cloth in the cold
room at 4°, and the filtrate was spun at 9000 rpm in the
Sorval GSA-3 head for 40 min. The resulting crude supernate
had a volume of 1850 ml. 500 ml of supernate was stirred

into 3.5 L of acetone at —150, forming a fine precipitate.

7Buhler's solution consists of 4 gm Omniflour and 2 L
of toluene and 2 L of absoluie ethanol. 62% counting

efficiency for hyamine soaked wicks and 59% efficiency for
substrate in 0.1 ml of KPO4 buffer were obtained in Buhler's

solution.
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The precipitate was filtered in a large buchner funnel, and
the resulting cake was resuspended in cold acetone and
filtered.  The cake was then washed with diéthyl ether,
crumbled, and air dried. The resulting powder was dessicgted
over phosphorous pentoxide in the refrigerator overnight,

yielding 220 gm. The powder was stored at -15° until needed.

Extraction 6f the Acetone Powder. 109 gm of powder
wvas extracted with 800 ml of .1 M KPO4, pi 7.3, stirred at
4° for 2 hr. The suspension was spun at 9000 rpm in the
Sorval GSA-3 for 30 min, yielding 700 ml of acetone powder

extract.

Ammonium Sulfate Precipitation. Solid ammonium sul-
fate was added to the stirred acetone powder extract at 8%,
The precipitate collected between 35% (24.7 gm/100 ml) and
55% (38.8 gm/100 ml) saturation by centrifugation was saved
and stored at -15°. When needed, half of the precipitate was
redissolved with 25 ml of cold H20, giving a total volume of

approximately 60 ml.

Beaker Dialysis to Remove Ammonium Sulfate. The
beaker diaiyzer from BioRad Laboratories was filled with the‘
dissolve@ ammonium sulfate precipitate and the apparatus was
capped with pasteur pipette bulbs to allow for osmotic pres-

sure. This solution was stirred in the dialyzer by a
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magnetic stirrer at 4° while 6 L of 25 mM KPO4, pH 6.1, was
allowed to flow through the dialyzer fibers by gravity feed.

The desalting process was usually completed within 4 hr.

SP-Sephadex Chromatography. A 2.5 x 40 cm column of

SP-Sephadex C-50 equilibrated with 25 mM KPO pH 6.1, was

4
loaded with the desalted ammonium sulfate fraction. The
column was then washed for 5 hr with starting bﬁffer (25 mM
KP04, pH 6.1, 25 mM KC1). The Pp-HPP hydroxylase activity was
then eluted with a 25 to 150 KC1 linear gradient with a total
volume of 500 ml. The protein elution profile was monitored
by an ISCO UV monitor. UFigure _1 . The fractions containing

enzyme activity were pooled and applied directly to the

hydroxyapatite column.

Hydroxyapatite Chromatography. After the sample was
loaded on a 2.5 x 40 cm hydroxy&patite column, equilibrated

linear gradi-

with 100 mM KPO pH 6.8, a 100 to 500 mM KPO

4? 4
ent with a total volume of 500 ml was used to elute the en-
zyme. The p-HPP hydroxylase eluted late in the gradient,
essentially free of yellow colored contaminants which eluted
earlier in the gradient. Figure _2 . The active fractions
were pooled and applied to the QAE-sephadex column, utiliz-
ing in-line dialysis to desalt the sample. The beaker

dialyzer was set-up so that the sample flows through the

fibers and the dialysis buffer (10 mM Tris-HC1l, pH 8.1,
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35 mM KC1) was allowed to flow through the stirred main cham-

ber of the apparatus.

QAE-~-Sephadex Chromatography. A 1 x 20 cm column of
QAE-sephadex A~-50 equilibrated with 10 mM Tris-HCl, pH 8.1,
35 mM KC1 was eluted with a linear 35 to 200 mM KCl gradient
of 250 ml, total volume, after the sample application. The
enzyme act ' vity eluted in several peaks, observed in the
optical density 280 nm profile as peaks superimposed on a
backround of Q-HPPS, a buffer constituent added in later
runs. Figure _3 . The active fractions were pooled and con-
centrated to a small volume, 2 ml, by vacuum dialysis. This

was the final enzyme preparation which was stored at -15° as

an ammonium sulfate precipitate under nitrogen.

Results:

Purification of p-HPP hydroxylase. The yields and
specific activities of the purification steps were found to
be low as a result of the instability of the enzyme activity.
Testing various methods of enzyme stabilization, it was found
that storage under nitrogen gas in the presence of a substrate
analogue, o-HPP, significantly increased the stability of the
enzyme. Furthermore, inclusion of 0.4 mM o-HPP in the buffer

~systems of the purification process resulted in increased

?g«HPP is the abbreviation of o~hydroxyphenylpyruvate.
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yields and a 16 fold increase in the specific activity of the
final preparation. Table _1 . The overall purification in-
creased to approximately 1000 fold over the crude supernate.
The yield and specific activity of each step in the purifica-

tion are detailed in table 2 .

Criteria of Homogeneity. Gel filtration in Sephadex

G-150 equilibrated with 100 mM NaCl, 50 mM KP04, pH 7.3,

0.4 mM o-HPP was performed to determine the degree of homo-
geneity of the purified enzyme with respect to molecular
weight. The 2.5 x 40 cm colum was calibrated with globular
protein standards, ribonucleaseVA,°€uchym0trypsinogen, oval-
bumin, and aldolase, for an estimation of molecular weight.
Figure _4 . The p-HPP hydroxylaée activity eluted with the
protein peak at a constant ratio, with no other protein

peaks observed by optical density at 280 nm. Figure _5 .

Plotting Kav (Kav _ elution volume -~ void volume )

total column volumn -~ void volume

versus log molecular weight; according to the method of
Vhitaker (1963), the elution volume of p-HPP hydroxylase cor-
responded to a molecular weight of 81,000. Figure _6 .

This value is approximate since the elution volume of a mole-
cule in gel filtration is a function of the Stoke's radius of
the molecule rather than a direct function of the molecular
weight (Ackers, 1968).

A sedimentation velocity experiment on the purified
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enzyme was conducted in the Beckman analytical ultracentrifuge
equipped with schlieren optics. A 8.7 mg/ml sample of p-HPP
hydroxylase was dialyzed against several changes of 100 mM
NaCl, 0.4 mM o-HPP at 4° for 24 hr, before the sedimentation
velocity experiment was conducted atzoo. A symetrical
boundary was observed to sediment ai a velocity corresponding
to a $50.w value of 5.2835 § | at 59,780 rpm which was
consistent with the homogeneity of the purified enzyme with
respect to molecular weight and shape. Figure _T7_.

The molecular weight of the purified enzyme was
determined by the conventional slow speed sedimentation
equilibrium method in a Beckman Model E analytical ultra-
centrifuge equipped with Raleigh interference optics. The
enzyme was dialyzed at 4° under nitrogen for 24 hr against
0.1 M KP04, pH 7.2, 0.4 mM o-HPP. The final concentration
of protein was 0.384 mg/ml, as assayed by the Lowry-Phenol
method. When the rotor, run at 200, reached speed, 6903
rpm, a zero time picture was taken. Equilibrium was reached
within 72 hr, when the final picture of the interference
pattern was taken. Figure _8 . The deflection of the
fringes was measured for the zero and 72 hr times, and the
difference between these values was defined as &Y. A
linear plot of log &Y versus r2 (r = distance from the
rotor center to the point where®Y is measured) indicated

a homogeneous solute with respect to molecular weight.

Figure _9 .
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The density of the solvent, (p), 0.1 M XP0,, pH 7.2,
was calculated as 1.0097 at 20° and 462 unm Hg from values
published in the International Critical Tables (1928). The
inclusion of 0.4 mM ¢-HPP in the solvent caused a negligible
error in the solvent density, estimated at 0.007% error. The
partial volume (¥) of p-HPP hydroxylase was estimated at
0.734 from its amino acid composition by the method of Cohn
and Edsall (1943) (see appendix, page 54). Tais method has
been shown by McMeekin and Marshall (1952) to be an accurate
estimation of protein partial specific volume for several
proteins, even though it does not consider the three dimen-
sional structure of native proteins. The molecular weight
was calculated from the following formula according to
DeCamelli et al (1970):

M apparent = d(log AY) 4.606 RT

a2 {r?) (1-7) e

97,320 I 4,900

Polyacrylamide gel electrophoresis conducted according
to Davis (1967)9 revealed an underlying heterogeneity of the
purified enzyme preparation. Approximately 40 Mg of protein
were applied per gel in 40% sucrose to the top of the stack-
ing gel. The heterogeneity of the sample became clear when
the electrophoresis was run at 5 ma per gel at pH 8.9 for

longer times, 2 and 3 hr. Four bands of protein were

9The procedure followed was that published in the
~ Buchler Polyesnalyst Imstruction Booklet, 1966, '
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observed aftér staining of the gels with amido black and
destaining. Figure _10 . An attempt at elution of enzyme
activity from the gels by rapid freezing of the gels by
rolling them on a block of dry ice, slicing the frozen gels
into 1 mm slices, and incubating the slices in assay medium,
was frustrated by the instability of the enzyme during
electrophoresis. This problem was overcome by inclusion of
0.4 mM o-HF” in the upper buffer, prerunning the gels for
15 min before application of the sample, and rﬁnning the
gels at 40, utilizing an electrophoresis apparatus with a
cooling jacket to maintain the low temperature. By assaying
one gel and staining the other of a pair of gels, it was
possible to demonstrate that all four protein bands possessed
enzyme activity. It was important to compensate for gel
swelling during the staining and destaining process by multi-
plying the migration distance of the protein bands in stained
gels by the gel length Bifgii staining. In figure _11_, the

after :
optical density profile obtained by a scan in the Gilford gel
scanner was correlated with the enzyme activity in gel slices.
The multiple banding of purified p-HPP hydroxylase was ob-
served consistently, in several different enzyme prepara-
tions. Furthermore, preincubation of the enzyme with 1%
B -mercaptoethanol and running the polyacrylamide gel
electrophoresis with 0.1% P -mercaptoethanol in the upper
buffer did not alter the multiple banding of the enzyme.

Polyacrylamide gel electrophoresis in sodium dodecyl-
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sulfate was performed on the purified enzyme by the method
of Weber and Osborn (1969) and Neville (1971). 5 Mg of
purified protein standards (hemoglobin, o -~chymotrypsinogen,
ovalbumin, catalase, and bovine serum albumin) and p-HPP
hydroxylase were applied to gels iogether and in separate
gels. Only one proﬁomer wvas observed for the purified en-
zyme preparation, with some mihor contamination. Figure _12 ,
The protomer had an estimated molecular weight of 49,000 o
3,000 daltons as determined from a plot of relative mobility
versus log molecular weight. Figure _13 . From the pro-
ceeding information and the molecular weight of the holo-
enzyme, 98,000, it appears that p~HPP hydroxylase is a
dimer composed of two subunits of the same molecular weight,

49,000.

| Studies on the Multiple Molecular Forms of p-HPP
Hydroxylase. Isoelectiric focusing in a sucrose density gradi-
ent was performed on the purified enzyme as described by
Vesterburg and Svensson (1966), using ampholytes from pH 6.0
to 8.0 and 0.4 mM o~HPP in the light solution of the gradient
to stabilize the enzyme. The o-HPP was found to be essential
for the recovery of enzyme-activity from the focused column.
A 10 ml cushion of heavy sucrose solution (2.2 ml of 40%
ampholytes, 32.7 g of sucrose made'up to 7C ml) and 0.1-m1 of
phosphoric acid was placed at the bottom of a 120 ml electro-

lysis column with cooling mantel and a 20% sucrose solution
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plus 0.2 ﬁl phosphoric acid was used to fill the inner
electrode. The top electrode was covered with 5 ml of light
solution (0.7 ml of 40% ampholytes made up to 70 ml with 0.4
mM QTHPP) plus 0.2 ml ethylenediamine. The sample, 10 mg of
p-HPP hydroxylase, was applied in one of the middle fractions
of the gradient after it was dialyzed against 1% glycine,

0.4 mi o-HPP for 24 hr, according to Ellfork snd Siever
(1969). The column was focused for 26 hr at 4% with the
anode at the bottom, starting at 300 volts and slowly in-
creasing the voltage to 750 volts in the first 3 hr. After
focusing, the final current was 0.7 ma, dropping from an
initial current of 2 ma. The gradient was drained and
collected in 1 ml fractioné. The pH was measured in every
fifth tube, and the enzyme activity wes essayed in every
third tube, using both p-HPP and phenylpyruvate as sub-
strates. Optical density at 280 nm was measured in several
fractions which were dialysed to remove the o-HPP. The
purified enzyme preparation was resolved into four components
with isoelectric points ofI - 6.0, II = 6.2, III - 6.4, and

small amounts of IV - 6.7. Figures _14 and _15 . The ratio

of ErHPP/phenylpyruvate activities were very similar for all
components, approximately 45. The fractions containing I, II,
and III were separately pooled and dialyzed for 30 hr against
three changes of 50 mM Tris-HC1, pH 7.6, to remove the
ampholytes and buffer glycine.

Amino acid compositions of the three components of



[N

28.
p-HPP hydfoxylase wvere determined, using the Beckman auto-
matic amino acid analyzer to analyze the 20 hr hydrolysate
(6 N HC1 at 110°) by the method of Stein and Moore (1963).
The total of ¥ cystine plus cysteine was determined by per-
formic acid oxidation of the enzyme before hydrolysis and
automatic amino acid analysis (Moore, 1963). The amino acid
compositions were expressed as ratios between éomponent I and
the other two components. Table _3 . The ratios, II/I and
I11/I, were very similar and approxim&tély equal to 1 for
most of the amino acids, indicating very similar compositions
for the three components. The total emino acid composition
of p-HPP hydroxylase was determined by hydrolysis of the en-
gyme with 3 M p-toluenesulfonic acid, 0.2% 2-aminocethyl-5-
indole, at 110° for 20, 48, and 72 hr and’automatic amino
aéid analysis by the method of Liu and Chang (1971). The
basic amino acids, including tryptophan, were separéted on &
short column (0.9 x 16 cm) of Aminex~5 eluted with 0.12 M
sodium citrate, pH 5.2, preserved with a trace of octanoic
acid (1 ml/16 L). Table _4 . It was noted that no glucosa-
mine or galactosamine, which both elute before tryptophan on
the short column, were found in the bydrolysates of the en-
zyme, This reaffirmed the suspicionrthat this cytosol enzyme
is not a glycoprotein, since glucosamine and galactosamine are
common hexosamines found in glycoproteins (Gottschalk and
Graham, 1966).

Tryptic peptide mapping was performed on the three
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components of p-HPP hydroxylase isolated by isoelectric
focusing, I, II, and III, in order to obtain some criteria
by which the extent of their structural differences could be
assessed. Because of the small amount of these components
available, 1 mg of each componént, a method utilizing dansyla-
tion of the tryptic peptides and separaticn ot these dansy-
lated peptides by two dimensional TLC was attempted. The Dan-
syl-peptides can be detected by their flourescence under long
wvave ultraviolet light, making it possible to detect peptides
representing as little as 1 nmole of protein during peptide
mapping (Seiler, 1970). The procedure described by Zanetta
et al (1970) was followedrsince their chromatographic solvent
systems gave the best resolution of Dansyl-peptides (see
appendix, page 54 , for a detailed description of the Dansyl-
peptide mapping procedure). The peptide maps of components
I and II were extremely similar, and only one spot differ-
ences were detectable. The peptide map of III was also sim-
ilar, but more than one spot differences were noted. Figure
_16 . A control map of tryptic peptides from bovine pancre=~
atic ribonuclease A, gave a much differeni map with tewer
spots. The numbers of peptides discernable on the maps of
p~-HPP hydroxylase I, 1I, and III were less than the sum of
arginines and lysines per subunit of enzyme, 50, This re-
sult is consistant with the hypothesis that two identical
subunits exist per holoenzyme molecule. If more than 50

tryptic peptides were obtained on the maps, dissimilar
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subunits would be indicated.

It was suspected that non-enzymic deamidation of the
nascent p-HPP hydroxylase could be the cavse of the observed
microheterogeneity. Flatmark observed that the process of
non-enzymic deamidation was accelerated by high pH and high
ionic strength (1966); therefore, the effect of these condi-
tions on p-HPP hydroxylase waas examined. Three 0.75 mg por-
tions of 1 rophylized p-HPP hydroxylase vas dissolved with 2.6

ml of 0.5 M K2P0 pH 9.0, in 5 ml tubes. The tubes were then

4)
gassed with nitrogen and sealed with rubber stoppers. One
tube was immediately frozen and stored at =15°. The other
two tubes were allowed to stand at rcom temperature, 230,

for 40 hr, after which one tube was frozen and stored at
-15°.  The remaining tube was incubated for an additional

30 hr at 37°. Polyacrylamide gel electrophoresis was
utilized‘to characterize the enzyme from each of the tubes.

A mixture of 0.1 ml, approximately 30 HE of protein, of
dialyzed enzyme solution and one drop of glycerol was applied
to the tops of stacking gels and electirophoresis was con-
ducted as previously described on pagee4 . The time of
electrophoresis wgs 3 hr, with the current set at 4 ma per
gel. After electrophoresis, the gels were removed from the
tubes, fixed in 10% trichloroacetic acid for 30 min, and
stained with Coomassie Brilliant Blue for two hr. The pat-
terns obtained after 7 days of destaining in 7.5% acetic acid,

0.5% methanol solution are illustrated in figure 17 . A
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progressive loss of protein from the bands of lower mobility
and a relative increase of protein in the bands of higber
mobility was observed in the stained gels. From the enzyme
incubated for a total of 70 hr, the gels revealed the ap-
pearance of an additional protein band of higher mobility
than those observed in the unincubated control. This new
band was labelled f in figure _17 . Preincubation of the
treated enzyme with P -mercaptoethanol and inclusion of
P -mercaptoethanol in buffers during electrophoresis did not

alter the results.

Studies on the Putative Metal Prosthetic Group of
p-HPP Hydroxylase. An gttempt was made to remove the al-
ledged transition metal prosthetic group from p-~-HPP hydro-
xylase by dialysis against buffers conteining either o-Ph,
a ferrous iron chelator, or DEDTC, a cupric copper chelator.
Partially purified enzyme eluted from hydroxyapatite, was
used in this study. The enzyme was in 100 mM KPO4, pH 6.8,
0.4 mM o~-HPP at a concentration of 1.07 mg/ml and an activ-
ity of 44 units/ml. 5 ml of enzyme was placed in a 25 ml
flask with 0.3 ml neutralized ascorbate (88 mg/ml in 100 mM
KPO,, pH 7.3) and 50 jrg of catalase. After addition of
5 mg of o-Ph or 5.6 mg of DEDTC in 0.25 ml of 40% ethanol,
the enzyme was incubated for 10 min at 37°, The<enzyme vas
then dialyzed for 20 hr against three changes of buffer,

1.0 mM chelator, 10 mM Tris-HCl, pH 7.6, 0.4 mM o-HPP, in a
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chamber gassed with nitrogen at>4°. Inclusion of o-HPP in the
buffer and anaerobic conditions were two precaustions taken to
prevent enzyme denaturation. The inhibitory effects of o-Ph
and DEDTC on p-HPP hyroxylase specific activity after the
preceding treatment are presented in table _5 . Treatment
with o~Ph resulted in enzyme with 34% ot the control specific
activity. The control was subjectedvto the same treatment
without inclusion of chelator in the buffer. The observed
inhibition was partially reversed with Fe(NH4)2(SO4)2 at 0.4
mM in the assay medium, increasing the enzyme activity to 55%
of control. Treatment with DEﬁTC resulted in enzyme with 12%
of control specific activity which Qas activated to 58% of
contrel by 0.4 mM CuSO4.

1 ml of chelator treated enzyme was then run through a
bed of Sephadex G-25 (1 x 20 cm) equilibrated with 10 mM Tris-
HC1, pH 7.6, 0.4 mM o~HPP. It wgs then assayed with or with-
out ferrous iron or cupric copper additions to 0.4 mM. The
results, presented in table _6 , indicated that removal of the
chelator from the enzyme by gel filtration was sufficient to
reverse the inhibition of the enzyme almost completely, and
the addition of ferrous iron and cupric copper to the assay
medium had no activating effect over controls. The ﬁctiva—
tion of chelator treated enzyme, before the removal of the
chelator, by the iron and copper ions was probably the result
of competition of these ions with the enzyme binding site for

chelator. Thus, the preceding results are consistant with
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the conclusion that a metal prosthetic group is tightly bound
to the enzyme; it is not removed by dialysis against metal
chelators under the conditions described ir these experiments.

The steady-state kinetics qf ©0-Ph and DEDTC inhibition
of p-HPP hydroxylase were determined by the Lineweaver-Burke
method of plotting reciprocal reaction velocity versus
reciprocal substrate concentration. The plots were doﬁe for
experiments in which the inhibitor cohcentrations were O,
0.01 mM for DEDTC, or 0.08 mM for o-Ph. The inhibitor was
added simultaneously with substrate by inclusion in the same
sidearm of the Waerburg reaction vessel. The enzymic reaction
wvas assayed by the standard radio-chemical method described
earlier on page _16 . The results, depicted in figures _18
and _19 , demonstrated the competitive inhibitory kinetics,
with respect to substrate, exhibited with DEDTC and o-Ph

inhibition.

Analysis of p-HPP Hydroxylase for associéted transi-
tion metals was performed by neutron activation analysis. A
purified fraction of p-HPP hydroxylase, eluted from QAE-
sephadex, and a fraction of lower purity, a fraction eluted
from SP-sephadex, were dialyzed for 24 hr against two changes
of 50 mM Tris-HC1, pH 7.8, at 4° in a nitrogen gassed cham-
ber. Both of the samples, designafed QAE (3.9 ml, 1 mg of
protein/ml, 463 units/mg protein) and SP (2.75 ml, 2.6 mg of

protein/ml, 17 units/mg protein), were irradiated along with
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separate aliquots of their dialysates in the Triga Mark I re-
actor at Reed College (Portland, Oregon). The samples were
then anelyzed for their gamms emission energy spectrum using
e Kicksort 4096 channel pulse height analyzer equipped with
lithium drifted germanium semiconductor detector from Nuclear
Diode. On the basis of the gamme emission speetrum, it was
possible to semiquantitatively determine the transition metal
content of each sample (Lederer, Hollander, and Perlman,
1967). Zinc, cadmium, gold, and arsenic were present in trace
amounts, at the nanogram level. Only copper wgs found to be
present in amounts greater than the dialysate level which
approached & stoichiometric relagtionship te the amount of
enzyme in the samples, at the microgram level. Activation
analysis proved inadequate for the detection of iron at the
microgram level; thus, no information on the iron content
of the samples was obtained from this method.

The copper and iron content of p-HPP hydroxylase was
quantitated by atomic absorption spectroscopy. The Varian-
tectron AA-5 atomic absorption spectrophotometer was em-
ployed for the metal analyses utilizing an acetylene flame
for atomization of samples. The procedure used for sample
preparation was that used for the analysis of iron and
copper in blood serum (Berman, 1965, and Zettner et al.,
1966), since the atomic absorption analysis of the samples
from the activation analysis studies required the separation

of metals from precipitated protein. 1 ml of sample, 1 ml
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of 10% trichloroacetic acid, and 0.25 ml of 0.05% o-Ph and
0.25 ml of 0.05% DEDTC were stirred together for 20 min at
room temperature. The precipitated protein wvas centrifuged
down and wgshed with 0.5 ml of 10% trichloroacetic acid. The
total sample dilution was 1 to 3. For the copper and iron
analyses, the spectrophotometer was calibrated with standard
(so

solutions of CuSO4'5H20 and Fe(NH '6H20 from 5 to

4)2 4)2
15 ILM. The samples were aspifated into the spectrophoto-
meter without extraction into an organic phase. The results
are presented in table _T7_ where they are expressed as the
difference in metal content between the dialysate and the
enzyme samples. DBased on the concept of equilibrium
dialysis, unbound metal ions should be distributed randomly
between the dialysis buffer and the enzyme sample. Protein
bound metal ions should be restricted to the enzyme sample by
the dielysis membrane. Thus, the dialysate buffer was the
control for unbound metal in the enzyme sample. The amount
of bound iron found in the QAE fraction was 12 times the
amount of the bound éopper found in the same fraction. The
iron/protein mole ratio wgs 0.88. The mole ratio calculation
wvas based on the subunit molecular weight of 50,000 daltonsg
thus, the iron/protein mole ratio of the DAE fraction ap-
progched one iron atom per enzyme subunit molecule. As
depicted in figure _20 , the increase in the iron/protein

"mole ratio correlated well with the purification of the en-

zyme specific activity. The copper/protein mole ratio,



36.
howvever, remained unchanged.

Vhen special precautions were taken tb eliminate non-
specifically bound metal ioms from the enzyme samples, a
decrease in the iron/protein mole ratio was noted with an
accompanying decrease in the enzyme specific activity. The
QAE fraction’was dialyzed against 0.1 oM EDTA, 10 mM Tris-
HC1 (pH 7.6), 0.4 mM o-HPP for 24 hr, and 2 ml of both this
QAE fraction and 2 ml of the SP fraction were run through
separate beds of Sephadex G-25 (1 x 20 cm), equilibrated with
10 mM Tris-HC1 (pH 7.6), 0.4 mM Q-HPP to remove the chelator
and chelated metal. The collected QAE fraction was 8 ml in
volume, 1.01 mg protein/ml, and 267 units/mg protein in
specific activity. The collected SP fraction was 6.3 ml in
volume, 1.05 mg protein/ml, and 2.8 units/mg protein. These
enzyme samples were then passed through Chelex 100 deionizing
resin columns (0.5 x 6 ¢m), equilibrated with the same buffer
as that used during gel-filtration. Buffer samples were
collected oft of the Chelex columns to give backround controls
for iron and copper. The QAE fraction collected off of the
Chelex column was 8 ml, 0.96 mg protein/ml, and 231 units/mg
protein. 6.3 ml of the SP fraction was collected off of the
Chelex column which was 1.0 mg protein/ml and 2.65 units/mg
protein. These samples were aspirated directly into the
atomic absorption Spectrophotometer without precipitating
the protein, since these samples were not irradiated and were

clear solutions. The data, presented in table _8 , demon-
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strated that iron was again copurified with the enzyme activ-
ity. There was a dramatic 88 fold pufification of the iron
from the SP to the QAE fraction and & corresponding 90 fold
purification of specific activity. Figure _21 . The iron/
protein mole ratio was lower for this QAE fraction, 0.55, as
compared with the equilibrium dialyzed QAE fraction, 0.88.

An EPR spectrum was run on the purified p-~HPP hydroxy-
lase. The enzyme was concentrated to 6.6 mg protein/ml in 10
mM Tris-HCl1 (pH 8.1), 0.4 mM o-HPP, 100 mM KCl by vgcuum dial-
ysis. 0.3 ml of the dialyzed enzyme was carefully frozen in
a sample tube, and the EPR spectrum was scanned. Figure _22 .
The only distinct signal was observed at the g = 4 region of
the spectrum. The exact g-value of the signal was calculated
from an integration of the signai. Figure _23 . The g-value

was found to be 4.33.
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Discussion:

The study of p-HPP hydroxylagse has been hindered by the
inability to obtain highly purified enzyme preparations which
retain their enzymic activity. The most recent report of a
purification of p-HPP hydroxylase was mpde by Lindblad et al.
(1971). They purified the enzyme to a high degree of purity,
to one band in polyeacrylamide gel electrophoresis; yet, the
purification of the specific activity was no better than 100
fold, an achievement previously reported by Edwards, Hsia, and
Knox (1955) and Zennoni and LaDu (1959). In my preparation of
avian liver p-HPP hydroxylase,:the inclusion of a substrate
analogue, o-HPP, in buffers during the purification process
resulted in a 16 fold increase in specific activity over the
purification in which no o-HPP wgs present. The use of o-HPP
to stabilize the enzyme wps found to be of primary importance
for the preparation of highly active, purified enzyme which
possessed a specific activity increased 1000 fold over crude
avian liver supernatant. o-HPP wgs also found to be a re-
quired constituent of buffers used in electrophoretic pro-
cedures which depend upon the preservation of enzyme active
ity to mark the position of the enzyme. VWithout the inclu-
sion of o-HPP, electrophoretic procedures such as polyacryla-
mide gel electrophoresis and isocelectric focusing resulted in
proteins which were distributed in the same patterns but
without enzyme activity. The use of o-HPP hgs allowed the

applicatidn of these techniques of protein separation to the
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study of p-HPP hydroxylase.

My final preparation of avian liver p-HPP hydroxylase,
the QAE fraction, was found to be homogeneous with reépect to
molecular weight by the criteria of gel-filtration in Sepha-
dex G-150, sedimentation velocity and sedimentation equili-
brium in the analytical ultracentrifuge. The more sensitive
method of SDS polyacrylamide gel electrophoresis and staining
with Cooma-sie Brilliant Blue revealed a single, principle
protomer and some minor contamination. A conservgtive
estimate of the contamination was less than 5% of the total
protein, and, by this criteria, the purity of the preparation
was estimated at greater than 95% pure. A more serious
challenge to the homogeneity of the enzyme preparation was
raised when polyacrylamide gel electrophoresis demonstrated
an underlying microheterogeneity, denoted by multiple, close
banding of protein in stained gels. Since each of these
bands possessed enzyme activity, as demonstrated by elution
of the activity from sliced gels, the microheterogeneity was
that of p~HPP hydroxylase and not that of contamination.

The initiél finding of the microheterogeneity of avian liver
p~HPP hydroxylase made in polyacrylamide gels wps confirmed
by the separation of the purified p-HPP hydroxylase into at
legst four active forms by iscelectric focusing in a sucrose
gradient. It wags also noted that, during the purification of
the enzyme, QAE-Sephadex chromatography resolved the enzyme

activity into multiple peaks, an observation that had been
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previously puzzling. These peaks can now be interpreted as
representing different forms of the enzyme,

The nature of the difference distinguishing each of
the multiple molecular forms of p-HPP hydroxylase must be
that of charge, since this is the basic physical property by
which electrophoretic and ionwe;change chromatographic methods
separate proteins of the same molecular weight. The possibil-
ity of subuiit polymerization through dissulfide bonds wgs
obviated by the lack of g -mercaptoethanol dissassociation of
the microheterogeneity and by the homogeheity of the enzyme
with respect to molecular weight., The possibility of grossly
different primary structure of the multiple molecular forms
of the enzyme was ruled out by the similarity of the amino
acid compositions and tryptic peptide maps of three forms
isolated by isoelectric focusing. N-terminal analysis by the
method of Gros and Labouesse (1969) failed to detect a free
N-terminal amino acid in the three forms of enzyme, while the
method gave the expected aspartic acid as the N-terminal
amino acid for bovine serum albumin. This finding was also
consistent with the other data indicating similar primary
structure for the multiple molecular forms of p-HPP hydroxyl-
ase. Since amino acid analysis by the method of Liu and
Chang (1971) revealed that the enzyme contained no hexosa-
miﬁe, the possibility that the microheterogeneity of p-HPP
hydroxylgse wgs due to a heterogeneous carbohydrate moiety

wgs ruled out. Almost all glycoproteins contain at least
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one residue of hexosamine (Gottschalk and Graham, 1966). The
existence of multiple alleles for p-HPP hydroxylase was deémed
unlikely to occur in the small population of chickens from
whom the liver enzyme was taken, especially in the high pro-
portions found for the multiple molecular forms. An alterna-
tive explanation was that a single nascent enzyme is synthe-
sized and the progressive non-enzymic deamidation of the
asparagine and glufamine residues :esults in multiple mole-
cular forms of the enzyme. Deamidétion of gsparagine and
glutamine groups has been noted to occur for many proteins
{(Robinson, McKerrow, and Cary, 1970) resulting in the micro-
heterogeneity of these proteins. The phenomena has been
thoroughly studied by Flatmark in the case of beef heart
cytochrome C (1966). Flatmark's‘observ&tion that high ionic
strength and high pH accelerate the process of non-enzymic
deamidation was utilized as a test to determine whether this
phenomena was occuring in the case of p-IPP hydroxylase. It
was found +that the conditions of high ionic strength and
high pH caused an interconversion of the multiple molecular
forms of p-HPP dyroxylase. There seemed to be a conversion
of forms of lower mobility in polyacrylamide gel electiro-
phoresis at pH 8.9 to forms of higher mobility. This con-
version of lower to higher mobility corresponds to an in-
crease in the net negative charge of the protein, neglect-
ing possible changes in protein size. Non-enzymic deamida-

tion of the enzyme could account for the increase in nega-
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tive charge, as was noted in the case of cytochrome C by
Flatmark. The increase in mobility cbuld not be explained by
the formation of intramolecular dissulfide bridges since
£ -mercaptoethanol had no effect on the mobility of the
treated enzyme forms. Thus, the availéble evidence and
precedent indicate non-enzymic deamidetion as the cause of
the multiple molecular forms of RfﬂPf hydroxylase; the |
significance of this phenomena is unclear, since it may be
occuring both in vivo and as a purification artefact.

The search for & metal prosthetic group for the oxygen
metabolizing enzyme, p-~HPP hydroxylase, has both historical
and theoretical roots. Otto Warburg (1949) took the position
that cells must contein "ferments", enzymes, capable of
"activating" oxygen for respiratory processes and that these
enzymes must require a heavy metal for their catalytic func-
tion. His theory was bagsed on the observation that certain
metal ions can catalyze the air oxidation of a number of
organic compounds such as amino acids, thiols; ete., at
physiological temperature. Since Warburg first presented his
proposal, it has been found that almost every known oxygen
metabolizing process requires an enzyme with a heavy metal
prosthetic group to catalyze the terminal reaction with oxy-
gen, The theoretical need for oxygen activation lies with
the ground state configuration of ithe valence electrons in
the oxygen molecule. The oxygen molecule has a diradical

nature in the ground state with two unpaired electrons. The
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reaction of a diradical with a singlet substrate such as a
ground state organic compound is, energétically, highly un-
favorable. The quantum physical law requiring the "conserva-
tion of spin" dictates that the product of such a reaction be
& radical, which is a high energy species. The formation of
radicals usually occur only at high)temperatures or under the
influence of high energy radiation. At physiological temper-
ature and conditions,’catalysts are necessary to allow the
reaction of molecular oxygen to occur, and the catalysts are
thought to "activate" the oxygen molecule. The empty and
partially filled d-orbitals of the metal prosthetic group can
overlap with orbitals of the oxygen molecule, forming a new
configuration for the valence electrons around the oxygen
molecule metal complex and destroying the diradical nature of
the molecule. In this way, the metal prosthetic group of an
enzyme can lower the energy barrier for oxygen reaction,
“Mactivating" the oxygen molecule.

Crandell (1965) had classified p-HPP hydroxylese with
a group of iron activated oxygenases. Crandall wrote, " (p-HPP
hydroxylase) ... gives no evidence of either requiring iron
or containing it. Nevertheless, it appears to belong in this
group, because of the nature of the substrate reaction.”" -~
The similarity in substrate reaction lies with the observation
that both atoms of moleculagr oxygen participate in the reac-
tion with substrate without the apparent need for external

reducing equivalents. This is also true for other iron
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activated oxygenases: Homogentisate oxidase, 3-hydroxyenthran-
ilate oxygenase, tryptophan oxygenase, heme o -methylene
oxygenase, and inositol oxygenase. There has since been evi-
dence presented which indicates that the of{-ketoglutarate
dependent oxygenases, i.e. collagen proline hydroxylase and
7 -butyrobetaine hydroxylase, may also fit into this same
group. The of -ketoglutarate dependent oxygenases are also
ferrous iron activated enzymes.

The information available @nbother oxygenases indicate
that iron should be the prosthetic group for p-HPP hydroxylase
but the experimental evidence for this proposal has been
fraught with ambiguity. Goswa@ifs evidence for ferrous iron
activation of p-IPP hydroxylase was dependent on the prepara-
tion of apo~enzyme by the dialysis of active enzyme with o~Ph
(1964). One weakness in his date is that he assumed that
dialysis ageinst o-Ph removes the putative iron prosthetic
group. My studies, which were done on the effect of
dialyzing p-HPP hydroxylagse with buffers conitaining o-Ph or
DEDTC, indicate that the inhibition caused by these chela-
tors is removed by the removal of the chelator by gel-
filtration. There appeared to be no loss of any component
reéuired for enzyme activity, and the addition of ferrous
iron to the treated enzyme had no activating effect over
controls, which were dialyzed against buffers not contain-
ing any chelator. Furthermore, the steady-state kinetics of

both o-TPh and DEDTC inhibition were found to be strictly
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competitive with respect to substrate, a finding made earlier
by LaDu and Zannoni, 1954. The compétitive kinetics are con-
sistant with a totally reversible inhibition where the
chelators are binding at the active site, at or near the
substrate binding site. The inhibitor binding site may or
may not be the putative metal prosthetic group. It is very
possible that the chelator, DEDTC aéts as & substrate ana-
logue since the thiocarbamate moiefy of the chelator is
chemically and sterically analogous with the pyruvate moiety

of the substrate.

A
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o-Ph is less likely to be acting in this same manner, as a
substrate analogue, because of its bulky aromatic rings, but
the competitive kinetics by which o~Ph inhibits the enzyme
indicates that there must be some overlap with the substrate

binding site.
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It, thus, appears that o-Ph and DEDTC do not remove the puta-
tive metal prosthetic group from avian liver p-HFP hydroxylase
as reported by Goswami for the crude rat liver enzyme.

Attempts at identifying the putative metal prosthetic
‘group of p-HPP hydroxylase by neutron activation analysis of
the purified enzyme revealed that copper and iron were the
only transition metals which could be present in significant
amounts. The éuantitation of the iron and copper by atomic
absorption analysis demomstrated that only iron was present
in amounts which approached a mole to mole relationship with
enzyme protein. 1.8 moles of iron were found per 1 mole of
enzyme (100,000 daltons), or approximately 1 mole of iron
per 1 mole of enzyme subunit (50,000 daltons). The specific
essociation of iron to p~HPP hydroxylase wgs demonstrated
by the correlation of the purification of enzyme activity
with the purification of iron content. It wss also found
that the loss of specific activity incurred during treatment
of the enzyme with EDTA and Chelex 100, a deionizing resin,
was accompanied by & corresponding loss of irom content.
This observation may prove to be of importance when further
work is done on the preparation of an apo-enzyme. On the
other hand, the loss of enzyme activity and iron may be the
result of non-specific enzyme denaturation and, subseduent,
removal of the iron from buffer by the EDTA and Chelex 100
resin, The proof that iron plays the catalyic role of the

metal prosthetic group is yet to be unambiguously accomp-
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lished, but the evidence for the specific association‘of i;on
to B—HPP hydroxylase is quite direct and unambiguous.

A confirmation of the atomic absorption data support-—
ing an iron prosthetic group for p-~HPP hydroxylase was ob-
tained by EPR spectroscopy. A single strong signal was ob-
tained at g = 4.33 for scans of the purified preparation of
enzyme. The signal obtained in the regiﬁn of g =4.3 is a
common ferric iron EPR characteristic of high spin ferric
iron in a rhombic ligand field (Blumberg, 1967). A similar
signal has been observed for iron associated to transferrin,
g = 4.14 (Aasa et al., 1963), and for pyrrocatechase which
is an iron activated oxygenase, g = 4.2 (Hayaishi, 1969).
Ferric-EDTA is a model system which also has been noted to
give the 4.3 EPR, The EPR of p~HPP hydroxylase was probably
due to the ferric form of the enzyme, since either the high
or low spin configuration of ferrous iron would be expected
to be diamagnetic giving no EPR. Activation of the enzyme
with escorbic acid or reduced dichlorophenolindolphenol would
result in reduction of the enzyme to the férrous form, which
is, apparently, the active form of the enzyme. Thus, the form
of the enzyme observed by EPR spectroscopy is probably the |
inactive form of the énzyme and only a portion of the total
iron present in the sample of enzyme.

The identity of metal ligands in metallo-enzymes is a
question which has been satisfactorily answered in only a few

cases. The enzymes having an iron-heme prosthetic group are
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some of these cgses. Many of the non-heme iron activeted
oxygenases are thought to have thiol ligands. The evidence
for this proposal comes from the lability of these enzymes

o and the need for gluta-

to thiol reagents such as ngMB
thione during the reactivation of apo-enzyme with iron ions.
Unlike these iron activated oxygenases, B»HPP hydroxylase

was not found to be inhibited by thiol reagents (Tanaguchi

and Armstrong, 1963, and Goswami and Knox, 1963). My own
investigation of this question was consistent with previous
findings. p-CMB, N-ethylmaleimide, and mercuric chloride

had no inhibitory effect on p-HPP hydroxylase activity.

Figure _24 . Silver nitrate had an inhibitory effect, but

the mode of action of this reagept may be that of a general
oxidizing agent rather than a specific thiol reagent. It was
possible that the thiol groups of p-HPP hydroxylase are
sequestered in & region of the enzyme molecule inacessible to
the thiol reagents. A spectrophotometric method for the
determination of the extent of the reaction between p-CMB and
protein associated thiol groups (Boyer, 1954) was used to
determine the acessibility of the thiols in p-HPP hydroxylase.
A control of ovalbumin was run to check the quanitation of

the method. As depicted in figure 25, the enhancement of
Dp-CMB absorption at 250 nm by p-HPP hydroxylese was followed

over a time course which indicated that approximately four

TQQ-CMB is the abbreviation of p-chloromercuriben-

zoate.
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equivalents of thiol were reactive per subunit of enzyme.
Since the enzyme subunit conteins only 3 equivalents of
thiol, it appears that the lack of p-CMB inhibition could not

be due to a lack of reaction.

In an attempt to obtain some information on the nature
of the metal ligands of p-HPP hydroxylase, some preliminary
experiments were done on the effect of carboxyl, amine,
arginine, and histidine reagents11 on p-HiYP hydroxylase
activity. The effect of EDAC12, a water soluble carbodii~-
mide, was tested on the enzyme. EDAC is a reagent which re-
acts with carboxyl groups, forming é reactive ester. The re-
‘active ester can, in turn, react with any nucleophile; in
this case, the principle nucleophile would be water. p-HPP
hydroxylase, partially purified to the hydroxyapatite stage,
was preincubated with 0.2 mM EDAC in 100 mM KPO4, pH 6.0,

1 mg/ml bovine serum albumin from O to 60 min at 37°. The
enzyme was then activated with ascorbic acid and assayed as

described in figure 26. There was no detectable inhibition

of p-HPP hydroxylase by EDAC.

11'l‘he selectivity and reaction conditions of the
carboxyl, amine, arginine, and histidine reagents have been
compiled by Means, G.E., and Feeney, R.k., 1971,
12BDAC'in the abbreviation for 1-ethyl-=3 (3'-dimethy—
laminopropyl)=-carbodiimide.
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The reaction of an amine and histidine reagent,

0.2 mM diethylpyrocarbonate, with the enzyme in the same way
as that described for EDAC resulted in an entirely inactive
enzyme. The lack of eny inhibition by the amine reagent,
N-ethylmaleimide (20 mM) at pH 7.5, seems to indicate that
there are histidine residues involved in the mechanism of
p-HPP hydroxylase catalysis. Figure _gﬁ_. The arginine

and amine reagent, phenylglyoxal (33 mM), strongly inhibited
the enzyme., Steady-state kinetics of the phenylglyoxal
inhibition indicated non-competative inbibition when the
inhibitor was preincubated with the enzyme. With simul-
taneous addition of substrate and inhibitor, weak competa-
tive inhibition was observed. Figure _27 . Although phenyl-
glyoxal is structurally similar to p-HPP, the principle
mechanism of inhibition appears to be noncompetitive, as an
afginine reagent.

O0f the reagents tested, those which react with
histidine or arginine were the reagents vhich inhibited
p-HPP hydroxylase activity. Notably, the thiol reagents and
a carboxyl reagent, EDAC, did not at all inhibit the enzyme.
If either of these two, thiol and carboxyl, groups were metal
ligands, reaction of the enzyme with reagenis attacking these

groups would be expected to inactivate the enzyme. Since it
was demonstrated spectrophotometrically that the thidl reagent,
p-CMB, does react with the thiol groups, they cannot be

ligands., It is still possible that the carboxyl is involved
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as a ligand and is unreactive or protected from the EDAC by
inacessibility to the reagent. The probability that histidine
and arginipe are involved with p-HPP hydroxylase catalysis is
high, but the involvement of either of these residues as
ligands is still speculative., It is, however, an interesting
consideration since two histidine residues appear to serve
as ligends in transferrin, with the participation of three
tyrosine residues (Line, Grolich, and Bezkorovainy, 1967).
Some valuable information on the identity of the iron ligands
in p-HPP hydroxylase may be obtained by determining the
effect of specific histidine and arginine reagents on the iron

content of the enzyme.



52,
Summery and Conclusions:

Avian liver p-HPP hydroxylase was purified to a 1000
fold increase in specific activity over crvde supernatant,
utilizing & substrate analogue, o-HPP, to stabilize the en-
zyme. The preparation was found to be homogeneous with
respect to moleculaf weight. The molecular weight of the
holo-enzyme was determined to be 97,350 -2 4,900 by sedimen-
tation equilibrium, and the molecular weight of the subunits
was determined to be 49,000 i 3,000 by sodium dodecylsulfate
polyacrylamide gel electrophoresis. It was concluded that
theenzyme is & dimer consisting of subunits of the same mole-
cular weight. Tryptic peptide maps of the enzyme gave a
number of peptides consistant with tryptic cleavage of the
enzyme at each arginine and lysine in 49,000 daltons of
enzyme, based on the amino acid composition; thus, the maps
were consistant with an identical subunit model for the en-
zyme .

Polyacrylamide gel electrophoresis revealed an under-
lying micro-heterogeneity of the p-HPP hydroxylase. This
micro-heterogeneity was probably -due to charge differences
between the multiple molecular forms of the enzyme since the
enzyme was homogeneous with respect to molecular weight. The
multiple molecular forms were separable by isoelectric focus-
ing, and their isoelectric points ranged from pH 6.7 to 6.0.
After it was observed that conditions which are known to ac-

celerate the non-enzymic deamidation of other proteins
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caused the conversion of enzyme with lower electrophoretic
mobility into enzyme with higher mobility, it was concluded
that the microheterogeneity of p-HPP hydroxylase appears to
be due to non-enzymic desmidation of a single nascent enzyme.

The only transition metal present in the purified p-HPP
hydroxylase at significant levels was iron. The amount of
iron present in equilibrium dialyzed samples was equivalent
to 1 atom of iron per enzyme subunit molecule or 2 atoms of
iron per holo-enzyme molecule. The purification of enzyme
activity correlated with the purification of protein bound
iron. It was also observed that the decrease in iron content
of the enzyme, caused by EDTA and Chelex 100 treatment, was
‘accompanied by a corresponding decrease in the specific
activity of the enzyme. It was concluded that the iron was
specifically associated with p-HPP hydroxylase, perhaps, as
a prosthetic group involved in oxygen "activation". An EFPR
scan of.the enzyme gave a signal at g = 4.33 which is
characteristic of high spin ferric ironm in a rhombic ligand
field, supporting the preceding conclusions.

The inhibition of p-HFP hydroxylase activity by his-
tidine and arginine reagents suggested that these two resi-
dues participate in the catalysis of p-HPP hydroxylation.

The lack of inhibition by thiol, carboxyl, and amine re-
agents suggested that they do not participa{e. It was con=~
cluded that the question of the identity of.E—HPP hydroxylase

iron ligands requires further investigation in order to arrive
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at a meaningful conclusion.

Appendix:

Calculation of the Partial Specific Volume of E-HPP
Hydroxylase by the method of Cohn and Edsall (1943). The
method of Cohn and Edsall is based on the assumption that the
partial specific volume of a protein is approximately equal
to the summation of the partial specific volumes of the resi-
dues of which it is cdmposed times their weight fractionﬁl
contribution to the total weight of the protein. Thus, if
the partial specific volumes of the amino acid residues are
known, the partial specific volume of a protein can be cal-
culated from its residues and from the partial specific
volumes of the amino acids, which can be experimentally de-

termined. Using the following formula,

Vp = 2:iviwi , where Vp = partial specific vol-
E:iwi _  ume of the protein
v; = partial specific vol-

ume of the amino acid
residue 1

v, = percent weight of
residue i in protein p
L v, = 100%

the partial specific volumes of the amino acid residues, and
the amino acid composition of p-HPP hydroxylase, the v of

p-HPP hydroxylase was calculated to be 0.734 ca/g.

Procedure for Dansyl-peptide Mapping of p-~-HPP Hydroxy-

lase, Each component off of the isoelectric focusing column
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was reduced and s—carboxymethylated by the method of Crest-
field, Moore, and Stein (1963) to prevent disulfide bridging
in the protein to be trypsinized. After it was dialyzed for
24 hr against water and lyophylized, 1 mg of protein was
rlaced in a 5 ml vial gassed with nitrogen. The protein was
dissolved with 0.06 ml of EDTA solution (50 mg/ml, disodium
ethylenediaminetetraacetic acid) and 0.6 ml of Tris buffer,
pH 8.6 (5.23 g of Tris and 9 ml of 1 N HC1 to 30 ml total
volume). Deionized urea, 0.480 g was added and the solution
made up to 1.0 ml with water. The nitrogen gassing was
monentarily discontinued while 0.02 ml of £ -mercaptoethanol
was added to the solution. The space above the solution was
‘gassed with nitrogen for & short period of time, and the vial
was sealed with parafilm. The reduction was allowed to pro-
ceed for 4 hr at room temperature. The solution was again
gassed with nitrogen, and 0.2 ml of a solution of 0.269 g of
iodoacetic acid in 1 ml of 1 N NaOHl was added. The thiol
groups react rapidly with iodoacetic acid, and within 15 min
the reaction should be complete. The reaction wasbstopped by
the addition of 4.0 ml of acetone - 1 N HC1 (39:1) at 4°
which precipitated the protein (Jirgensons and Ikenaka, 1959).
The precipitate was washed three times with the same solvent
and, finally, with cold ether. Evaporation of the ether
leaves the powdered, reduced S—carboxymethylated p-HPP
hydroxylase, free of urea. This form of the protein was

found by Crestfield, Moore, and Stein (1963) to be a better
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substrate for trypsin than the preparation in which cystine
and cysteine are oxidized to cysteic acid.

Trypsin digestion was performed according to Hirs
(1956). 1 mg of reduced S-carboxymethylated p~HPP hydroxy-
lase was dissolved in 0.5 ml of 0.2 NaP04, pH 8.2. 0.05 ml
of trypsin (Worthington, 2x crystallized, 1.2 mg/ml in 0.001
N HCl) was added to the solution which was incubated at 37o
for 20 hr, 0.05 ml aliquots of the digest were placed in 5
ml ampoules for dansylation, and the remaining digest was ac-
idified to pH 3.5 with formic acid to stop the digestion be-
fore being frozen for storage.

The tryptic peptides were:dahsylated according to
Gray and Hartley (1963). To the 0.05 ml aliquots of protein,
were added 300 ML of 0.2 M NaPO4, pH 8.85, buffer and 300
pL of Dansy1~Cl12 in acetone (1 mg/ml). After 2 hr, 4 drops
of 1 M KOH was added to hydrolyze excess Dansyl-Cl, allowing
at léast 10 min for cbmplete hydrolysis., The pH was then
adjusted to 3.5 with glacial acetic acid. The Dansyl-
peptides were then desalted and the Dansyl-OH removed by ab-
sorption of the peptides onto Dowex 50w x 8 (0.5 x 2.5 cm)
equilibrated with 0.01 M acetic acid. The blue-green fluor-
escence of the Dansyl-OH was washed from the column with at

least 100 ml of 0.01 M acetic acid. The Dansyl-peptides

2Dansyl-0H is the trivial name for 5-dimethylamin-
onapthalene sulfonic acid.
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were then eluted with water—acetone-25% ammonia (80:20:4)
until all yellow fluorescence was washed off. The eluate
vas lyophylized, and the residue was redissolved in a small
volume of acetone-water (1:1) for spotting on 20 x 20 cm silic
gel G plates. The silica gel plateé were developed in the
first dimension by methylacetate-~isopropanol-25% ammonia
(9:6:4) for 60 min, and in the secohd deminsion by isobutanol-
acetic acil—water (15:4:2) for 140 min with a 10 nin active-
tion at 110° in between the two runs. All three forms of the
p~-HPP hydroxylase and a control of bovine pancreatic ribo-
nuclease A were chromatographed simultanecusly in the same
tank to insure comparable chromatographs. Acceptable resolu-
‘tion of the Dansyl-peptides during two-dimensional TLC was
difficult to achieve, and conditions for analytical TLC
should be strictly followed (Stahl, E., 1965). Commercially
prepared silica gel G plates were found to require excessive
running times for solvent fronts 1o reach the ends of plates.
Thin layers prepared on glass plates according to Zanetta et

al., (1970) proved satisfactory.
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Stabilization of p-Hydroxyphenylpyruvate Hydroxylase
during Purification by o-Hydroxyphenylpyruvate

Step | Ammonium Sulfate
Step 11 SP-Sephadex
Step 111 Hydroxyapatite

Step 1V QAE-Sephadex

Table 1.

Specific Activity
(units/mg protein)

0.0 4000  o-HPP
1. 86 .5
7.50 19.2
15. 90 179.8
27.% 510.0

Stabilization of p-HPP Hydroxylase®

&The assay of enzyme samples containing o-HPP
required adequate dilution (1 into 100) to reduce the

o-HPP inhibition to an insignificant level.

A unit of

enzyme activity was defined as 1 f&mole of product

formed per hr at 37°.



Isolation Step

1 Crude Supernalant
2. Acelone Powder Extract

3. 35-55% Ammonium
Sulfate precipitation

4. -SP-Sephadex C-50
celumn

5. Hyd roxyapatité
celumn

6.. QAE-Sephadex A-50
column

Table 2.

Total Enzyme
{units, umole/hr) (%)

Purification of Avian Liver p-RPP-hydroxylase

24,188 100
13,608 56
10,192 “
9,245 3
7,500 gy
4,200 Y

Yield

Total Protein

{mg)

49,025
15,225

5,880

4817

418

85

Specific Actlvity
{units/mg protein)

0.5
0.9
L5

19.2
179.8

510.0

68

Purification
lover crude supernate)

Lo
L8

3.0
39,2

3%7.0 -

Purification of Avian Liver p—H?P Hydroxylase



11
Lysine .94 .94
Histidine 1.13 L3
Amide-N 1.26 1.07
Arginine 1.02 .92
Aspartic acid 101 106
Threonine .92 1.04
Serine .95 1.02
Glutamic acid 0.89 97
Proline 1.3Z 0.92
Glycine .97 L2
Alanine .94 .99
/2 Cystine? 0.76 0.79
Valine 1.10 1. 06
Methionine .83 . 83
|soleucine 0.92 .92
Leycine 1.0l 52
Tyrosine 1.10 1.05
Phenylalanine L0 .96

a. Value from oxidation of cystine and cysteine to cysteic
acid by performic acid and hydrolysis in 6 N HCl at

110° for 20 hr (Moore, S., 1963)

Table 3. Comparison of Amino Acid Compositions of

p-HPP Hydroxylase Fractions I, II, and III.
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Lys
His

. Arg

|
|
i

Trypb
Amide-Na

Val®
Met

© Ile

Table 4.

Leu®

Tyr

Phe

12 Cysﬁned
Cysteine®

n‘mo'leslmg protein Moleslew, 000 gm protein

0.630
0.28
0.392
0.102

L2201

0. 890
0.504
1157
0.375
0.663
0.489
0.627
T, 0159
0.370

0.743

0.352
0.492
0. 064

- -

30.8

14.0

19.2. :
4.9

58.9

43.6

22.4

4.7

56.7
18.8
32.5
26.8
30.7
1

18.
36.
M.
24,

e A e
O © W I = G

i D

[ n
-

a. Value estimated from 22 hr hydrolysis

b.  Values extrapolated to zero time from 22, 48and 72 hr
hydrolyses in 3 N p-toluenesulfonic acid, 0.2% -
3-(2-aminoethyl)-indole at 110° (Liy & Chang, 1971)

|80

Vatues from 72 hr hydrolysis
Value from oxidation of cystine and cysteine to cysteic

~ acld by performfe gcid and hydrolysis in 6 N HC1 at

110° for 20 hr (Moore, S., 1963).

e.  Value estimated from enhancement of p- CMB absorption

at 250 nm by thiol (Boyer, P., 1959).

Hydroxylase.

Amino Acid Composition of Avian Liver p-HPP
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INHIBITION OF p-HPP-HYDROXYLASE BY
DIETHYLDITHIOCARBAMATE AND o-PHENANTHROLINE

Fe++4(10’4)M Spec. Act. (%) Control

(units/mg)
Enzyme Control + 22.9 —
o= 19.1 e
Enzyme + DEDTC (10~3M) + 2.6 11
B Bl 14
Enzyme + o-Phen (1072n) +, 12.6 55
o= 6.4 34

cutta(10”)u |
Enzyme Control % 26.6 -
= 20.3 s
Enzyme + DEDTC (107°M) % 15.4 58
- 2.37 12
Enzyme + o-Phen (107°M) # 8.5 32
: = 6.0 29

Table 5. Inhibition of p-HPP Hydroxylase by Diethyl-
dithiocarbamate and o-Phenanthrolinel

bThe addition of ferrous iron, cupric copper, and
chelators to the assay medium was made prior to the 10
- min preincubation period with enzyme.
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ATTEMPTS AT REMOVAL AND REPLACEMENT
OF Fe' AND cu™ BY DIALYSIS AND GEL-FILTRATION

Spec. Act.
Fe++4(10-4)M (units/mg % Control
prot.)
Enzyme Control t gZ'g -
Enzyme, DEDTC o+ 20.9 82
treated - 21 .6 89
Enzyme, o-~Phen + 20.5 80
treated - 20.0 82

cu™t4(10"*)M Spec. Act. % Control

Enzyme Control f gg'g : ::

Enzyme DEDTC + 23.3 82
treated - 20.2 91.8

Enzyme o-Phen + 19.3 68
treated - 17.4 79

Teble 6. Attempt at Removal of Ferrous Iron and Cupric
Copper from p-HPP Hydroxylase by Dialysis
against chelators and gel filtration".

®The addition of ferrous iron or cupric copper to
the assay medium was made prior to the 10 min preincu-
bation period with enzyme. No additional chelator was
added to the assay medium.



Table 7.

QAE-Fraction
Dialysate
SP-Fraction
Dialysate

QAE-Fraction
-Dialysate

SP-Fraction
-Dialysate.

QAE-Fraction

SP-Fraction

QAE-Fraction

SP-Fraction

Table 8.

Atomic Absorption Analysis of Equilibrium
Dialyzed p-HPP Hydroxylase Fractions.

Atomic Absorption Analysis of Equilibrium Dialyzed p-HPP Hydroxylase Fractions

Valume {ml} I Cu (M)

11.7 3.7
- 3.25
3.75

- 3.00 |

Fe (uM)
1.7 7.2
- 13

5.25 3.25
- 24

} Atomic Absarption Analysis of EDTA and Chelex 100-Treated p-HPP Hydrox’yiase Fractions

I Bound Cu  {uM)
t

05

0.75

Bound Fe  (zM)]

59

0.74

Total Bound Cu |
{n mala) i

585

3.94

Total Bound Fa
(n mole)

63.03

3.88

Total Protein Cu/Protein
(n male) {moie ratio)
78 0.075
91 0.043 ,
3
E
|
Fa/brotein |
(mo!e ratia) !
78 0.8 !
!
91 0.04 |

| Valume {ml) [ Bound Cu {uM) Total Bound Cu Total Protain I Cu/Protein f i
(n maole) {n mala) {mole ratie) |
. ‘ !
35 09 3.15 67 0.047
30 |, 1.0 30 €0 0.045 ’
1
Bound Fe  (uM) Total Bound Fe Fe/Protain
(n mole) {mole ratio} :
35 10.5 36.8 87 0.55
3.0 0.12 0.38 " 60 0.008

Atomic Absorption Analysis of
100 treated p-HPP Hydroxylase

EDTA and Chelex—
Fractions.
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Moleculqr Weight Determination using Gel-filtration in G-150

Elution Volume
Kavr

13,700 Ribonuclease A
@ 24,700 aChymofrypsinogen

43000 Ovalbumin
81,000 p-HPP hydroxylgse

Q3—

- 158,000 Aldolase
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40 1 2 3 A 5 & 1 8 .9 50 .0 .2 3 Log Molecular Weight

Figure 6. Molecular Weight Determination using Gel-
filtration in G-150.
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Sedimenting Boundary of p-HPP Hydroxylase Ob-

served through Schlieren Optics.

The photo-

graphs of the boundary were taken at 0, 1§,

and 32 min.




Figure 3.

81

Sedimentation Equilibrium of p-HPP Hydroxylase
Observed through Raleigh Interference Optics.

The final photograph of the sedimentation run

wgs taken at 72 hr.
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Figure 9.
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Sedimentation Equilibrium Plot of Log AY versus r
The slope of the Plot of log AY versus r? was
determined by the method of least squares

g 12 AY - 0.1173 and the Y intercept = -8.374
r

2

.
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| hr. 2 hrs. | 3 hrs.

Figure 10. Polyacrylamide Gel Electrophoresis of p-HPP
Hydroxylase.
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Figure 11. Elution of p-HPP Hydroxylase Activity from
Polyacrylamide Gels. The polyacrylamide gels
wvere sliced into 1 mm slices, and the individual
slices were incubated in the assay medium for
the 10 min preincubation period.
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Figure 12. SDS Polyacrylamide Gel Electrophoresis of p-HFPP
Hydroxylase. The SDS polyacrylamide gel elec-.
trophoresis was conducted according to the meth-
0d of Weber and Osborn (1969).
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| SDS gel electrophoresis
Mobility
Rf [

Hemoglobin 16,000
[

Aldolgse 40,000
dimer

92-104,000
49,000+ 3,000 (6%) K :

Catalase 60,000 .

BSA 68,000

—
e
-

-

J
4.\ 2 3 4 5 6 T 8 9 50 Log Molecular Weight

Figure 13. Molecular Weight Determination of p-HPP Hydroxy-
lase Subunits by SDS Polyscrylamide Gel klectro-

- phoresis., The method utilized was that of

"t v Neville (1971). The relative mobility of the
various proteins was determined by marking the
bromophenol blue, dye, migration distance by
insertion of a nichrome wire and measuring the
protein and dye migration distance in the stained
gels. The relative protein mobilities were ex-
pressed as Rf values (protein migration distance/
dye migration distance? and plotted versus log
molecular weight.
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Figure 14, Isoelectric Focusing of Phenylpyruvate Hydroxy-

lase Activity in a Sucrose Gradient.

pH and

phenylpyruvate hydroxylase activity were meas-
ured at regular intervals in the sucrose gradi-

ent.

0.D.

tions which were dialyzed free of o-HPP, a UV
absorbing compound.
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280 nm was measured in selected frac-
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Figure 16, Dansyl-Peptide Maps of Reduced, Carboxymethy-
lgted p-HPP Hydroxylase, Fractions I, II, and
I11. The two dimensional TLC was run 60 min
in solvent I, methyl acetate - isopropanol -
25% ammonia (9:6:4, v/v/v) end 140 min in
solvent 2, isobutanol-acetic acid - water
(15:4:2, v/v/v) with a 10 min activation at
110° in between runs.
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CBA ABC

=M. OOT O

Figure 17. Attempt at Chemical Deamidation of p-HPP
Hydroxylase.
A. stored at ~15° for 70 hr.
B. incubated at 239 for 40 hr.
C. incubated at 23° for 40 hr and 37° for 30 hr.
The protein bands in the stained gels were
labeled & 40 f in order of increasing mobility.
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Figure 18. Lineweaver~Burke Plot of Diethyldithiocarbamate
Inhibition of p-HPP Hydroxylase. The enzyme was
activated for 5 min with 0.44 mg/ml of neutra-
lized ascorbic acid instead of dichlorophenolin-
dolphenol and glutathione. The standard assay
procedure was, then, followed. The addition of
DEDTC to the assay medium was simultaneous with
substrate tip-in.
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Figure 19, Lineweaver-Burke Plot of o-~Phenanthroline
Inhibition of p-HPP Hydroxylase. The o~Fh
vas added simultaneously with substrate
tip-in.
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Figure 20. The Iron and Copper Content of Equilibrium
Dialyzed p--HPP Hydroxylase.



94

, . Specific Activity
i "‘ Fe - 500
[ ] e

-1 400

0
(4]
T

-1 300

-1 200

727%
el

%

Mole Rafio mefal/profein

7

o

&
|

uratord buy spun K1iangoy 214198ds

7

- 100

EP _,.-'7/
/%?

1N L In

QAE-fraction . - _W_WSP'-f raction

.-'/- 4“_

Figure 21. The Iron and Copper Content of EDTA and Chelex
100 Treated p-~HPP Hydroxylase.



Figure 22. The EPR Spectrum of p-HPP Hydroxylase.

instrument settings:

modulation amplitude -~ 3200

time constant - 1

gain - 100

field range - 1000 gauss

scan time -~ 5 min

klystron freq. (Kv) - 9.143 Emegacycles
p-HPP Hydroxylase concentration - 6.6 mg/ml

in pH 8.0, Tris-HCl 10 mM

o-HPP 0.4 mM

KC1 100 mM
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Figure 23, Integration of p-HPP Hydroxylase EPR Signal.

_ 0.71379 x Kv where signal H is

~ signal H in K gauss the value of H at
the peak of the
integration.




0sLl

062l

09
02
08!
0v2

00¢

— 09t



100

Ve

N N o
O '®) O
| | 10

)
O
i

Percent of Control/ Activity

97

O p-CMB

i ‘ A Hg++

O N-E Mal, pH 6.8

@ 1&g+

i 1 | ] I I

Figure 24.

10 20 30 40 50 60 min

Effect of Thiol Reagents on p-HPP Hydroxylase
Activity. The enzyme wps incubated at 37¢ in
50 mM KPO, buffer, pH 6.8, 2% glycerol with
inclusion of either p-chloromercuribenzoate
(p-CMB) 5 mM, N~ethylmalimide (N-EMal) 20 mM,
silver nitrate 0.01 mM, mercuric chloride 1 mM,
or nothing (control) for times of 0, 10, 20,
and 30 min. The p~HPP hydroxylase assay was
then initiated by activation with 0.44 mg/ml
neutralized ascorbic acid for 5 min, followed
by substrate tip-in.
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Figure 25. Enhancement of p-CMB Absorption at 250 nm by
p-HPP Hydroxylase and Ovalbumin. To p-HPP
hydroxylase, 0.31 ng/ml, and Ovalbumin, 0.33
mg/ml, in 50 mM KPQ4q, pH 7.0, 0.1 ml of p-CMB,
3.22 mg/ml, was added, and the regction was
allowed to procede at room temperature. O0.D.
250 nm was followed over a time course. Con-
trols of buffer plus p-CMB and enzyme plus
buffer were also run. Control values were
substrated from reaction values, and the
representative equivalents of thiol reacting
with the p-CMB were calcutated from the

0.D. 250 nm using molar extinction coefficient
given by Boyer_ (1954) for the thiol-p-CMB complex
THM = 7.6 (103).

p-CMB wps reacted with ovalbumin and p-HPP
hydroxylase in the presence of guanidine-HC1,
1.1 g added to 3 ml of protein plus p-CM3
solution. The addition of the guanidine- HC1
resulted in a new pH of 5.5 The controls were
protein plus guanidine and p-CMB plus guani-
dine and guanidine, all in buffer.
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Figure 26. Effect of Amine and Arginine Reagents on p-HPP
Hydroxylase Activity. The enzyme was incubated
at 37% in 50 mM KPO, pH 7.5, with the inclusion
of either N—ethylmalimide (N)EMal) 20 mM
phenylglyoxal 33 mM, or nothing (controls for
times of 0, 20, 40, and 60 min. The p-HPP
hydroxylase assay was then initiated by activa-
tion with 0.44 mg/ml neutralized ascorbic acid
for 5 min followed by substrate tip-in.
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Figure 27. Lineweaver-Burke Plots of Phenylgloxal Ianhibi-
tion of p~HPP Hydroxylase. The enzyme assay
was conducted as in figure 26 with phenylgly-
oxal added simultaneous with substrate tip-in
and preincubated with enzyme for 10 min at 37
before activation by ascorbic acid.
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PART 2
THE ROLE OF P-HYDROXYPHENYLPYRUVATE HYDROXYLASE
IN THE LIVER METABOLISM CF

L=3,4-DIHYDROXYPHENYLALANINE

Introduction:

Interest in the metabolic fate of L«DOPA1 has expanded
since the introduction of this amino acid as a therapeutic
agent for the tréatment of Parkinson's disease (Cotzias et
al., 1969; Yahr et al., Mawdsley, 1970). A review of L-DOPA
metabolism reveals 3,4—dihydroxyfhenylpyruvic acid as ean
intermediary metabolite of L-DOPA. The initial contributions
to this subject come from Shaw et al. (1957). They adminis-
tered 0.5 grams of L-DOPA, orally, to human volunteers and
observed the major urinary metabolites to be:

1. DOPAmine (3,4-dihydroxyphenylethylamine) from
the decarboxylation of L-DOPA by DOPA decarboxy-
lase.

2. DOPA acetic acid (3,4-dihydroxyphenylacetic
acid) from the oxidative deamination of dopamine by
monamine oxidase and subsequent oxidation to the
acetic acid by aldehyde dehydrogenase.

3. Homovanillic acid (3-methoxy-4-hydroxypheny-

lacetic acid) from the O-methylation of the DOPA
acetic acid by catechol O-methyl-transferase,

1DOPA is the abbreviation for 3,4-dihydroxyphenylala-
nine. ' :
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vhich can also O-methylate L-DOPA to form L-3-
methoxytyrosine (Axelrod, 1962).

Under the heavier loading of L-DOPA which is orally
administeréd to patients suffering from Parkinson's disease,
up to 9 gm/day, Calne et al (1969) were able to identify a
minor urinary metabolite, vanillectic acid (3-methoxy-4-
hydroxyphenyllactic acid). Their observation indicated that
L~DOPA was being transaminated to 3,4—DHPP2, reduced by a
lactic dehydrogenase to DOPA lactic acid, and O-methylated by
COMT3 to the vanillactic acid. Calne's finding was consistent
with the findings ot Gjessing (1963) who observed vanillactic
acid in the urines of a patient suffering from a neuroblastoma
of the sympathetic nervous system. These tumors tend to
overproduce DOPA and its metabolites, as well as those of
norepinephrine, which spill over into the urine. Gjessing
and Borud (1965) later reported the appearance of 3,4-DHPP
and vanilpyruvic acid in the urines of a patient with a simi-
lar affection. These collected findings affirmed the suspi-

‘cion that L-DOPA is trensaminated in vivo.

L-DOPA was demonstrated to be a substrate for tyrosine
aminotransferase, a soluble liver enzyme, by Cammarta and

Cohen (1950) and Fellman and Roth (1971). They found that

2DHPP is the abbreviation of dihydroxyphenylpyruvate.

3éCMT is the abbreviation of catechol O»methyltrahsfer—
ase, :
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L-DOPA was a better substrate than L-phenylalanine and that

L-3-methoxytyrosine was also a substraté. The transamination
products are 3,4-DHPP and vanilpyruvic acic, The presence of
these transamination products in liver presents the possibil-
ity that they are further metabolized by the enzyme,_p-HPP4
hydroxylase, which normally handles the product of tyrosine
transamination.
Gjessing (1966) predicted that a trihydroxyphenyl-

acetic acid could be formed from 3,4-DHPP through the fore-

mentioned system.

p-HPP hydroxylase is an enzyme of moderate substirate
specificity which is capable ot oxidizing a number of sub-
stituted phenylpyruvic acids, besides p-HPP:

phenylpyruvic acid (Tanaguchi and Armstrong, 1963)
to o-hydroxyphenylacetic acid,

p-fluorophenylpyruvic acid and p-methylphenylpyru-
vic acid to 2-hydroxy-5-fluorophenylacetic acid and
2-hydroxy-5-methylphenylacetic acid (Tanaguchi,
Kappe, and Armstrong, 1964)
The pattern of ring substitution for substrates is more
flexible than side-chain structure. The pyruvate moiety is
an essential component of substrate structure, and any modifi-
cation of the side-chain seems to destroy the enzyme's ability

to oxidize the compound for reasons that become apparent when

the reaction mechanism is considered (see Part 1, pg. 4 Y

4E-HPP is the abbreviation of p-hydroxyphenylpyruvate.
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The structural requirements for competitive inhibitors are
less restrictive. o- and m-HPP (Hager et al., 1957, Tana-
guchi and Armstrong, 1963), 2,4DHPP and p~hydroxybenzaldehyde
(Hager et al, 1957) and salicylaldehyde (Zannoni and LaDu,
1959) are strong competitive inhibitors.

; 3,4-DHPP was found to be a subsirate for p-HPP hydrox-
ylase by Fellman et al (1972). They co-purified the p-HPP
and DHPP hy 'roxylase activities, measuring the DHPP/p-HPP
ratio of activities at each step of the purifiéétioh. A new
method of radiochemically assaying the activity was utilized.

i-carbon 14-labelled substrates release 14002 when incubated

14

with p-HPP hydroxylase. This 002 evolution and homogentis-

ic acid formation correlated on a mole to mole basis for the
1-14C-B-HPP substrate, after the appropriate boiled enzyme
controls were subtracted. The DHPP/p-HPP ratio of activities
remained constant through the purification. Lineweaver-
Burke plots indicated that DHPP was a competitive inhibitor
of the hydroxylation of p-HPP when added to the reaction mix-
ture simultaneously with the substrate. It was concluded that
DHPP and p-HPP were mutually competitive substrates for p-HPP
hydroxylase. Vanilpyruvic acid was tested as a substrate by
Fellman and Wada {in preparation, 1973) using the chemically
synthesized 1—14C~vanilpyruvic acid. This compound was not

a substrate, but it was a competitive inhibitor of slightly

lover apparent affinity, judging from its Ki,
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substrate activity (relative to p-~-HPP)

p-HPP 1.0 5.0 (10"5) M Km
3,4-DHPP 0.125 2.5 (10‘5) M Ki
vanil~ =5

pyruvate 0.0 10.65(1077) M Ki

The putative product of the hydroxylation of 3,4-DHPP
is 2,4,5—THPAA5 by analogy with the established formation of
homogentisic acid from the enzymic oxidation of p-HPP. How-
ever, since the metabolism of 3,4-DHPP by p-HPP hydroxylase
vas demonstrated only by following the rate of decarboxyla-
tion of the substrate, there is no evidence for ring hydroxy-
lation and side-chain migration. The following work vas
undertaken to provide evidence for the thesis that the THPAA
is, indeed, the product of this enzymatic event: (1) the
chemical synthesis and properties of 2,4,5—THPAA, (2) evi-
denge for its formation from 3,4-DHPP by the enzyme

p-HPP hydroxylase.

>THPAA is the abbreviation for trihydroxyphenylacetic acid.
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Materials: see part 1.

Methods: Synthesis of 2,4,5-Trihydroxypherylacetic Acid.

An attempt was made to synthesize the 2,4,5-THPAA through the
hydrolysis and reduction of the corresponding benzyloxy-
aceto nitrile. The nitrile was prepared by a nucleophilic
substitution reaction with 2,4,5-tribenzyloxybenzylbromide

as the subs:irate (prepared according to Ong, Creveling, and
Daly, 1969) and NaCN. The procedure followed was adapted
from Daly's method for the synthesis of 2,5-dihydroxy-4-

methoxyphenylaceto nitrile (Daly, 1965).

BZW: ~'CEN!

el Yl > { Jowcen 87

"o“lHO'R
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+'NHz + RO-R L : ‘D"FR

2,4,5-tribenzyloxyphenylaceto nitrile. 3 gms of
2,4,Swtribenzyloxyb?nzylbromide (0.012 mole) is added to
3.25 gms of NaCN (0.12 mole) in 60 mls of dimethylsulfoxide.
The mixture is stirred without heating for 2.5 hrs and then

poured into 300 ﬁls of water. The reaction vessel is washed



107

with a small volume of DMSO. The water slurry is refrigerated
overnight. The solid is separated by filtration and is air
dried. The solid is dissolved in a small volume of benzene
and treated with activated charcoal to decolorize. After the
charcoal is filtered off onto Whatman No. 2 filter paper, the
filtrate is titrated with hexanes. Long tan needles were
obtained, with a melting point of 93-95°, The yield was 1.64
gm, 63% of theoretical yield.

2,4,5-tribenzyloxyphenylacetic acid. The method of
Buchler and Pearson (1971) is used to saponify the nitrile.
435 mgs of 2,4,5~tribenzy10xyphenylaceto nitrile (10 nmoles),
100 mls of diethylene glycol, and 285 mgs of KOH (5 mmoles)
is heated together for 3 hrs under N, at 190°. After cooling
to room temperature, the emulsion is diluted with water and
extracted four times with half volumes of dichloromethane.
The aqueous phase is titrated to pH 2 with 6 N HCl and ex-
tracted twice with half volumes of dichloromethane. Both
fractions are pooled and dried over anhyd. Na2804, filtered,
‘and evaporated down to an oily residue by rotary evaporation.
The residue was redissclved in water and reextracted using
three half volumes of ethylacetate. This was done to remove
diethylene glycol which partitioned into the organic phase
during the frirst extraction. The organic phase was dried
over Na2SO4 and treated with activated charcoal to decolorize
the dark red extract. The mixture was filtered through

WVhatman No. 2 and evaporated down to a solid on the rotary
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evaporator. This procedure yielded a tan solid containing
the 2,4,5-tribenzyloxyphenylacetic acid and the 2,4,5-~
tribenzyloxybenzaldehyde. The benzaldehyde was separated
off using silica gel column chromatography.

A 3 cm column of silica gel was poured into a 4 cm
scintered glass funnel. The silica was carried in hexane.
the products of saponification were dissolved in a small
volume of ethylacetate, and hexane was titrated in until the
solution became cloudy. The solution was then applied to the
column and eluted with diethyl ether:hexane (70:30). 7 ml
fractions were collected, and the phenylacetic acid and
benzaldehyde forms of the desired product were monitored
using TLC (silic gel support with ether:hexane, 70:30). 'The
fractions containing 2,4,5-tribenzyloxyphenylacetic acid
were pooled, and the solvent was evaporated on the rotary
evaporator. A white solid was obtained with a melting range
of 148-154°. The yield was approximately 30 mg, 7%. The
yield was less than satisfactory for a preparative method.
Identity of the product was established by mass spectrométry

done on the methyl esterified product.

Methyl—(2,4,S—tribenzyloxyphenyl)-acetate. Etherial
diazomethane is added in excess to an ice cooled solution of
2,4,5-tribenzyloxyphenylacetic acid, 10 mgs/4 mls of ethyl-
acetate. After two minutes, a stream of N2 is used to blow

off the diszomethane while the reaction vessel is warmed in
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a water bath. The methyl esterified product had to be sepa-

rated from impurities due to the low purity of the starting
material., Separation was achieved by chromatography on
Alumine with ethylacetate as the solvent. Mass spectral
analysis of the product gave parent mass ions of 468 and 346,
and fragments of 453, 255, 181, and a base of 91. This
fragmentation and parent masses are consistent with methyl-
(2,4,5-tribenzyloxyphenyl)-acetate and small amounts of the

lactone of 2-hydroxy-3,4-dibenzyloxyphenylacetic acid.

A Villgerodt rearrangement of 2,4,5-tribenzyloxyaceto~
phenone by a modified method of Wolkowitz and Dunn (1955) was
found to be a shorter and more effective scheme for the

- synthesis of 2,4,5-tribenzyloxyphenylacetic acid. The latter
was reductively debenzylated with H2/Pd on carbon to the de-

sired 2,4,5-trihydroxyphenylacetic acid.

2 + < ; 3 ~chSH
Bro /N c\gCHS —— ﬁ\'cﬂs PRy C;\S

o : N S
O‘BZ ‘R‘ R‘
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2,4,5-Tribenzyloxyphenylacetic acid. To two gms
(2.28 mmole) of 2,4,5-tribenzyloxyacetophenone, synthesised
by the method of Daly et al (1965), was acdded 0.22 gm of
sulfur and 1.2 gm of redistilled morpholine. The reaction
mixture was refluxed gently for 7 hours and cooled to room
temperature. At this point 3.8 ml ethanol, followed by
1.6 ml of 50% NaOH was added. The mixture was shaken
vigorously and theﬁ refluxed for 42 hours. The ethanol
(3.5 ml) was distilled off and 10 ml of vater was added to
the residue. The cooled residue was extracted with three
volumes of ethyl acetate. The extract was dried over anhy-
drous Na2804, and the solvent removed. The brownish residue
was recrystallized from ethylacetatehexane and yielded 1 gm
of product (48% yield): Mp=152-154°,

The product, when examined with TLC on Silica gel
(Kodak 6060) in anhydrous ethylether—hexane (70:30),
exhibited & major component Rf=0,15 which gave & methyl ester
with etherealdiazomethane Rf=0.72. 2,4,5-Tribenzyloxy-
phenylacetophenone under the same conditions had an Rf=0.61.
The esterified product wgs examined with TLC on Silica gel
with a benzene, methanol, acetic acid (45:8:4) solvent system.
Two components were resolved. The major component Rf=.93 was
scraped from the plate and a mass spectrum was obtained on
Dupont 21-110B high resolution mass spectrometer. Its
spectrum was Eonsistent with the expected 2,4,S—tribenzyloxy—

phenylacetate methyl ester. A minor component of Rf=0.78
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exhibited a mass spectrum consistent with the lactone of 2-
hydroxy-4, 5-dibenzyloxyphenylacetic acid.
2,4,5-Trihydroxyphenylacetic Acid. 10 mg of 2,4,5~
tribenzyloxyphenylacetic acid was dissolved in 8 ml of
anhydrous ethanol in a 10 ml serum bottle. 15 mg of 5%
palladium on carbon and 0.025 ml of 2 N HCl was added and the
suspension stirred with a small magnetic stirring bar. The
vial wgs s%oppered‘with a rubber serum bottle cap and puri-
fied hydrogen was bubbled through the mixture. A second
needle, just penetrating the rubber cap, provided a vent for
the slow stream of hydrogen. The reduction was allowed to
proceed for 3.5 hours. The mixture was filiered and the.
solvent evaporated under a stream of nitrogen. The residue

7 for

gave & single TMS6 derivative when treated with BSTFA
30 min at 60° and analyzed with an LKB 9000 GC/MS8 (see re-
sults for details).

Avian p-hydroxyphenylpyruvate hydroxylase was prepared
from chicken liver acetone powder by the method of Lindblad

et al (1971).

The enzyme activity assay was carried out using condi-

6TMS is the abbreviation for trimethylsilyl.

TBSTFA is the abbreviation for N,O-bis—{trimethyl-
silyl) trifluoroacetamide.

SGC/MS is the abbreviation for gas chromatographic/
mass spectrometry.
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tions employed in radiochemical procedures of Fellman et al

(1971).

Results.

Enzymatic Formation of 2,4,5-Trihydroxyphenylacetic Acid.

Hydroxyquinone product. From our observations of the
behavior of 2,4,5-THPAA in buffer solutions at pH 7.3 (the pH
at which 1he enzymétic assays are conducted), we concluded
the the TBPAA is unstable and oxidizes rapidly to the
hydroxyquinone. This property has been described for the
trihydroxyphenyl compounds, 2,4,5-trihydroxyphenylethylamine
(Senoh and VWitkop, 1959, Adams et al, 1972), and 2,4,5-
trihydroxyphenylacetic acid as an intermediary metabolite of
p-hydroxyphenylacetic acid in Penicillium chrysogenum (Isono,
1958). Figure _1_ illustrates these properties. At pH 4.5
the 2,4,5~-THPAA has an absorption maximum of 290 nm. Vhen
the pH of the solution was adjusted to 7.3, the colorless
solution rapidly turned pink and the specirum exhibited a
maximum at 278 nm and the characteristic hydroxyquinone
absorption peak at 480 mm. The addition of acid to this
solution suppressed the dissociation of the hydroxyl group
and the absorption spectrum shifted to peaks at 262 nm and
375 nm.

These absorption spectra were used to identify the
enzymatic formation of trihydroxyphenylacetic acid from

3,4-DHPP., The enzymatic reaction mixture contained 0.05 mg
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of 3,4-DHPP, 0.88 mg of freshly neutralized ascorbic acid,
9

5000 units of catalase, 3 units’ of purified avian p-HPP
hydroxylase in & final volume of 2,0 ml (0.1 M phosphate buf=-
ter, pH 7.3 was routinely employed). A boiled enzyme control
vas run with all experiments. The substrate was tipped in at
zero time and the reaction mixture incubated in air at 37°
for 30 min. The wisible absorption spectra of these reaction
mixtures were determined with a Cary 15 spectrophotometer.
0.3 ml of 2 N H2504 was added to bring to pH down to 2.0 and
the precipitated protein separated by centrifugation. The
visible absorption spectra were identical to those obtained
with synthetic THPAA. The broad absorpticn maximum at 480
nm appeared only in the reaction vessels containing active
enzyme. No change in optical density in the visible region
was observed in the reaction vessels containing boiled en-
zyme. Again on adding acid, the 480 nm peak shifted to
375 nm, as did the synthetic hydroxyquinone of TIHPAA.

In another series of experiments, we varied the amocunt
of enzyme which we added to the reaction mixture and demon-

strated that the appearance of the peak at 480 nm was line-

arly related at the amount of enzyme added. Figure _2 .

Finally, we studied the effect of a known inhibitor

of B—HPP hydroxylase, o-hydroxyphenylpyruvate (Tanaguchi and

9Unit of enzyme activity is defined as 1 )Amole of
p-HPP oxidized/hr at 37°. |
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Armstrong, 1963, and Fellman et al, 1971), on the rate of
formation of the product which exhibited the 480 nm absorp-
tion peak and 14002 evolution. The results of these experi-

ments shown in Table _1 clearly demonstrate inhibition of

product formation by this inhibitor.

Isolation of the product and identification by GC/MS.
An attempt was made to unequivocally identify the formation
of THPAA by GC/MS. The reaction mixture contained 8 units of
purified p-HPP hydroxylase, 0.15 mg of 3,4-DHPP, 5000 units
of catalase, 1.8 mg neutralized ascorbic acid in a final
volume of 4.0 ml containing 0.1 M phosphate buffer pH 7.3.

A boiled enzyme control wps run identically as above, save
the addition of a heat inactivated enzyme., The incubation
at 37° in air wvas allowed to proceed for 30 min; 0.6 of

2 N ]{2804 was added, followed by a small amount of zinc
dust. The pink solution turned yellow with the addition of
acid and colorless after shaking with the zinc dust, indi-
cating reduction of the quinone.

The solution was extracted 3 times with an equal
volume of ethyl acetate, after saturation with NaCl. The
combined ethyl acetate extracts were dried briefly over
anhydrous Na2804, and the solvent evaporated under a stream
,Of nitrogen. The dried residue was treated with 200)41
BSTFAsilylatiﬂgagent at 60° for 30 min. The material was

injected into the inlet port of a LKB 9000 GC/MS instrument.



, 115
A 1% OV-1, 12 foot column with helium flow 38 ml/min, pro-

grammed at a 3°/min temperature rise was employed. A single
product was observed to emerge ai 195° whose column reten-
tion and mass spectrum was identical to that exhibited by the
synthetic 2,4,5-THPAA silylated under identical conditions.
These results arevdiagrammed in Figure _3 . The boiled en-
zyme did not contain any product. Similar results were
obtained with & 1% 0V-25, 12 foot column. The product from
the enzyme reaction emerged from the column at approximately
200° and precisely 20.04 methylene units, as did the synthe-

tic standard. Their mass spectra were identical.

Discussion:

Earlier studies of 3,4-DHPP as a substrate for liver
p~-HPP hydroxylase employed an assay procedure that left doubt
as to the nature of the product. This doubt has been elimin-
Aated ﬁy the results of the present studies. I have clearly
established by two means, the identity of 2,4,5-THPAA as the
enzymic product of the action of p-HPP hydroxylase on the sub-
strate 3,4-DHPP, in vitro.

The possibility that the rearrangement proceeded to
the alternative product, 2,3,6-THPAA was set aside when the
mass spectrum and gas chromatogféphic methylene units of this
isomer (prepared by alkaline oxidation of homogentisic acid
in & manner similar to that described for the alkaline oxi-

dation of 3,4-DHPP by Wada and Fellman, 1973, and illustrated
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in figure 6) was compared to those of the enzymic product.
Comparison of their respective behévior with GC/MS revealed
many similarities, but some distinguishiny fragment ions,
diagrammed in tigure 4, and the different gas chromatographic
properties (2,4,5-isomer 20.04 methylene units, 2,3,6-isomer
20,27 methylene units) led to the conclusion that the enzymic
product was the 2,4,5-THPAA isomer.

Urine Studiés. The urines of three patients with
Parkinson's disease who were being treated with large amounts
of L-DOPA were examined by Fellman for the presence of
2,4,5-THPAA (VWVada and Fellman, 1973). At the time of the
urine collections, these patients were ingesting a total of
5-8 gms of L-DOPA per day. The urines were collected in
acid, and a sample was treated with zinc dust and extracted
with ethylacetate as described for the in vitro studies.

The silylated residue was injected into an LKB 9000 GC/MS,
using an 0V-25, 12 toot column with a He tlow of 18 ml/min
and a 4 deg/min temperature rise. A number of DOPA-derived
products were observed including, prominently, 3,4-dihydroxy-
rhenylacetic acid, 3~-methoxy-4-hydroxyphenylacetic acid, 3=
methoxy~4-hydroxyphenylpyruvate, 3-methoxy-4-hydroxyphenyl-
lactic acid, and the 2,4,5-THPAA. Figure _5 . The latter
product emerged at approximately 200 deg, as didAthe synthe-

sized standard. It too was identified by its mass spectrum.

A number of attempts were made to demonstrate the



17
formation ofv2,4,5—THPAA from 2,4,5-trihydroxyphenylethyla-
mine, using mitochondrial monaminoxidase preparations. In no
instance was any THPAA observed to be tormei in this system
(unpublished communication from Fellman and Roth, 1973). The
observation was made that 3,4-dihydroxyphenylacetic acid, a
prominent DOPA metabolite, could spontaneously oxidize and
rearrange to 2,4,5-~THPAA at pH 12, Figure _6 . However, it
appears that this process occurs to an insignificant extent
at physiological pH or in acidified urine samples (Wada and
Fellman, 1973). Thus, the principle source of the 2,4,5-
THPAA found in the urine of patients undergoing L-DOPA
therapy is most likely to be that formed by metabolism of
L-DOPA through the liver and kidney tyrosine aminotransfer-
ase and p-HPP hydroxylase enzyme systems.

In support of this conclusion, it is noted that urin-
ary levels of p-hydroxyphenyllactic acid (Calne et al, 1969)
and p-HPP (Honos et al, 1970) were elevated by L-DOPA
therapy, suggesting in vivo inhibition of p-HPP hydroxylase
by a DOPA metabolite. Since past (Fellman et al, 1971) and
present findings show that 3,4-DHPP is a co-substrate with

p-HPP for the enzyme, the inhibitory metabolite could be the

DHPP.

Relative to other L-DOPA metabolites, there were small
amounts of 2,4,5-THPAA defected in urine samples from patients

undergoing L-DOPA therapy. The quantitetion of these amounts -
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of THPAA and its corresponding hydroxyquinone from urine sam-
ples would be of questionable significance, because of the
instability of these products. Even in frozen samples, it
was noted that storage resulted in loss of the THPAA. Using
rat liver tissues in an in vitro system, Fellman and Roth

(in preparation) have estimated the relative amount of

14

C—~L-DOPA metabolized through the tyrosine aminotransfer-
ase and p- 1PP hydroxylase pathway versus the total L-DOPA
decarboxylated as 14% of the total. This work was based on
the relative amounts of decarboxylation taeking place in the
presence and absence of A& ~ketoglutarate, a cosubstrate for
the transamination of L-DOPA, in liver homogenates.

The establishment of 2,4,5-THPAA as a metabolic pro-
duct of DOPA metabolism in man is a matter of some conse-
quence, since the trihydroxy moiety is known to be quite re-
active. 2,4,5-Trihydroxyphenylethylamine (6-hydroxydopamine)
has been shown to be toxic either as a result of its capacity
to undergo oxidation.to a reactive p-quinone (Saner and
Thoenen, 1970) or by in situ oxidative generation of semi-
quinone and superoxide radicals (Adams et al, 1972, and
Heikkila and Cohen, 1973) and hydrogen peroxide (Heikkila
and Cohen, 1971). The identical capacity exists for the
THPAA. Elevation of blood urea nitrogen and serum transamin-
~ases have been reported in patients treated with L-DOPA

(M°Dowell et al, 1970). Furthermore, there have been reports

of decreases in aromatic L-amino acid decarboxylase activity
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of rat liver (Dairman et al, 1971) and catechol-o-methyl-

transferase activity of rat liver and kidney (Sharpless et
al, 1973) during chronic adminstration of L-DOPA. These ef-
fects are attributed to lower enzyme levels rather than the
presence of inhibitors or lack of adequate levels of co-
factors. The same enzymés in other tissues were unaffected
by the same treatment. These phenomena could be explained
by an increase in enzyme degradation, caused by a toxic
metabolite, such as THPAA, The 2,4,5-THPAA, generated by
liver and kidney p—~HPP hydroxylase during L-DOPA metabolism,
could explain the selective inactivation of the enzymes in
these two tissues.

Detoxification of the THPAA might occur through o-
methylation by COMT in the same way that 2,4,5-trihydroxy-
phenylethylamine is converted to 2,4-dihydroxy-5-methoxy-
phenylethylamine (Daly et al, 1961). However, the failure
of O'Gorman's effort at finding the 2,4-dihydroxy=-5=
methoxyphenylacetic acid iﬁ urines of patients receiving
L-DOPA theraepy (O'Gormen et al, 1970) may indicate the in-
ability of COMT to o-methylate this substrate before it ox-
idizes to the hydroxyquinone. Rapid autooxidation to the
hydroxyquinone may also explain the in vitro evidence that
homogentisate oxidase cannot further metabolize 2,4,5- THPAA

(Wada and Fellman, 1973).
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Summary and Conclusions: A

The product of p-HPP hydroxylase oxidation of 3,4-DHPP
exhibited a UV spectra identical to the chemically synthesized
2,4,5-THPAA. The product underwent rapid autooxidation at
neutral pH to a secondary product which exhibited the UV spec-
tral properties of the hydroxyquinonerof 2,4,5-THPAA. The
possibility of 2,3,6-THPAA being the enzymic product vas
ruled out. Mass spectral and gas chromatographic analysis
positively identified the product of the hydroxylation of
3,4-DHPP as 2,4,5-THPAA.

It was concluded that the hydroxylation of 3,4—DHPP by
p-HPP hydroxylase results in oxidative decarboxylation and
alkyi migration, yielding 2,4,5-THPAA. Since 3,4-DHPP is an
intermediary metabolite of L-DOPA, it was concluded that
p-HPP hydroxylase participates in the metabolism of L-DOPA,
and 2,4,5-THPAA is a L-DOPA metabolite. The finding that
2,4,5-THPAA was present in the urines of human patients

ingesting large amounts of L-DOPA supported this conclusion.
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TABLE I: Inhibition of 3,4-dihydroxyphenylpyruvate hydroxy=-

lase activi?x by o-hydroxyphenylpyruvate. Enzymg activity
assayed by co, evolution and 0.D. at 480 nm.

o-hydroxyphenylpyruvate

assay . 6 -5
system 0 I0°M 10 M
M‘COZ/B mins 413 cpm 276 cpm 92 cpm
evolution
% inhibition 0 33% 78 %

AQD 480/5mins| 0.055 aAbs. | 0.034 aAbs. | 0.013 aAbs.
% inhibition 0 38 % T76%

%The hydroxylation of 3,4-dihydroxy h?gylpyruvic
acid was followed by two assay systems: a CO, evolution-
concentration of assay components and assay conditions were
-the same as in Figure _2 with substitu*ion of 1-14C-labelled
substrate and twice the total volume. C0, was captured on
a hyamine wick as previously described (Fel%man et al., 1971)
b) 0.D. 480 nm -~ same conditions as in Figure _2 . Addi-
tions of inhibitor were made simultaneously with substrate
in both systems.
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125.

The absorbance spectra of 2,4,5-trihydroxyphenyl-
acetic acid and the hydroxyquinone of 2,4,5-tri-
hydroxyphenylacetic acid. 2,4,5-Trihydroxyphenyl-
acetic acid (2.94 ‘mole) wps dissolved in

20 ml of 0.1 M KPO4 buffer at pH 4.5 and at pH 7.3.
Then visible and UV absorbance spectra were scanned
in a Cary 15 spectrophotometer. The pH 7.3 solution
was acidified by 0.06 ml 6 N HCl/ml to give a final
solution of pH 2.0. Under these conditions, molar
extinction coefricients found were: 2,4,5~tri-
hydroxyphenylacetic acid pH 4.5 290 = 4,014;
hydroxyquinone pH 7.3 278 = 9,435; 480 = 1,497;

pH 2.0 262 = 12,245; 375 = 680
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Figure 2 The enzyme catalyzed formation of 480 nm absorbing

product., Assay system (1.0 ml): 44 g/ml neutralized
ascorbic acid, 35 g/ml dibydroxyphenylpyruvate, and
10 - 100 L chicken liver supernatant, dialyzed over-
night against 0.1 M KPO4q, pill 7.3. The reaction was
started by addition of substrate, and a Gilford
Recording spectrophotometer at 37° was used to fol-
low optical density at 480 nm. A supernate protein
control in addition to a control containing all
components of the assay system except the supernate
protein was run to compensate for increased turbid-
ity during incubation. 0.D. 480 = A Abs/5 min (re-
action) - {A Abs/5 min (control) + & Abs/5 min
(protein)}, .
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Figure 4 Mass spectral ion fragmentation patterns distin-
guishing 2,4,5~ and 2,3,6-trihydroxyphenylacetic
acid. A. 2,3,6-isomer {(from homogentisate
oxidation and rearrangement). B. Product fron
hydroxylation of 3,4-dihydroxyphenylpyruvate.

C. 2,4,5-isomer (synthesized standard).
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Figure 5 Gas chromatographic elution profile from a patient
undergoing L-DOPA therepy. TMS~derivatives of:
I. 3-methoxy-4-hydroxyphenylacetic acid, P=326;
II. 3,4~dihydroxyphenylacetic acid, P=384;
I1I. 3-methoxy-4-hydroxyphenyllactic acid, P=428;
IV, 3-methoxy-4-hydroxyphenylpyruvic a01d e 428
metastable 396-400; V. 2,4,5- trlhvdroxvphenyl—
~acetic acid, P= 47?.
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