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3.5. 2 3 ) whlch catalyzes the rever51b1e cyclizatlon of N~;'

carbamyl-L- aspartate to L dlhydroorotate has been purlfled T

‘, from orotate grown CZostrzdzum orottcum. ~The enzyme_ls.;

'stable in 0 3 M sodlum chlorlde and 10 uM Znsou Sodiﬁm"

L

Qodecyl sulfate gel electrophore81s 1ndlcates the enzyme to zl"

be composed of tWO 1dentical subunlts each w1th a moleculan

welght of 58 OOO + 6000 Dlhydroorotase is shown to ‘be_a-

21nc-conta1n1ng metalloenzyme w1th 2 g atoms of zinc per

58, OOO g of proteln. The role of 21nc in dlhydroorotase is ;f

discussed _’ S . ~“
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INTRODUCTION

Dihydroorotase (4,5-dihydroordtate amidolyase, EC
3.5.2.3) catalyzes the“reversiple c&clizafion of. N-carbamyl-

L-aspartate to L-dihydroorotate.

COOH g
HoN'  NCH, HN" CH,
l c. . +-):—)-~? ‘ (l: AH o+ 'H20
B /C ~CH et . :
-o/ \N/ \COOH o// \g/ \c 00H
o coc

N~  N-carbamyl-L-aspartate §~dihydroor5ta£e
This reaction is intermediate in the biosynthesis and-de-
gradation of pyrimidines. The pathway for orotate cata-
boiism:was first demonstrated by Liebermaq.and Kornberg
(11, 12,,13)—who studied the“drotét;~ferﬁenting bacterium
Clostridium oroticum. . This oréanism,'isgiatedfbyAKornberg
in Dr. H..A._Banker's laboratory, has been‘the source of
most of the study on the degradation:of pyrimidines.

Yates and Pardee (26) ‘showed thét dihydroorotaﬁé de-
hydrogenasé was préauced in large qhantities when C1.
oroticum was cultured on media containing 6f6tatefcarbon
soﬁrce; but not when g}uédsé was the carbon source. Sub-
sequently, they investigéted_@hg regulaforyiproperties of
pyrimidgne biosyntﬁesis in E. coli B: ‘Tﬁeif_work has been
expaﬁded éy Beckwith et al. (2) and-Taylor et al. (20),
who conclusivély deﬁdnstrated that”the.enzymes for pyrimi-

dine biosynthesis in E,.caii B dre undeér represéion control.



Derepression of a hﬁtaﬁt of E. coli K—lQ; which requires
uracil for gréwth on minimal media, yieiﬁeﬁ gncreased
quantities of'dihyﬁroproéate dehydrogenase. “Cﬂaracterizad
tion and~partial ﬁﬁrification of this enzyme by Taylor et
al. (21, 22) suggested that the biosynthetic dihydroorotate
dehydrogenase was significantly different from the enzymé
produged when an organism is grown on orotate. Examination
of the propertieé of boéh the biasynthgtic and degfaaaﬁive
aihydroorotaﬁe dehyérégénaéeé'fromra,pseudomoﬁad isclated

- by Tayior*et al. (22) cﬁnclusivéiy éhowgd thét‘there we%e
twc‘distinct enzymes.

Although dihydroorotate dehydrogenase has been in-
‘Qestigated extensively; very 1i§t1e attentiph has been
focused on the remaining enzymes of the pathway. ~Among
these enzyﬁes is dihydfﬁérofase, Firét described by
Lieberman\and Kornberg (12), it was partially purifiled from
Cl. oroticum by Sander ét al. (18). .They were able to
demonstrate a meéal ion(reqpire&emt (prpbably zinc) for
: enzyﬁatic activity. Bélch (1) pﬁrified'the enzyme to pome—
géneity, and.defermined a mole‘ratib of zine to protein of
four, but did not study the role of Zinc in enzymatic acti-
vity.

The present study waseundertakeﬁ to purify dihydro-
orotase from extracts of CI. oroticum in éfder to: 1) pro-~
yide a stable enzyme with an improved yield, and 2) study

the relationship of enzyme activity to metal ion requirements.



MATERTALS AND METHODS

Chemicals .

All chemicals were obtained éommercialiy.and, unless
otherwise stated, they were either analytical orhréagent
grade. The following .were optained'ffom éiémé'Chemical
Company : streptomycin sulfate, tris(hydroxymethyl)ramino—
methane (Tris),‘é(N—mofpholiho)ethanelsulfonic acid (MES),
1,10-phenanthroline (OP), N-carbamyl-D,L-aspartate [D,L-
turcidoéuccinafé (p,5-US)], L-dihydroorotate (L-DHO), D-
dih?droorotate (§~DHO),'COomassie‘Bfilliant Blue R, 2-
mercaptoethanol (2-hydroxymethyl-mercaptan), sodium dodecyl
sulfate (SDS), ethyiepediaminetetraacetic acid,‘disodium
salt (EDTA), and sodium orotate. Sodium chloride was ob-
tained from-Mallinkrodt Cheﬁical,Co. Hydroxyapatite (Bio
‘Gel HT) was burchgsed;from BiovRad‘ Acrylamide, N,N'~
'methylenebisacrylamidé, ammomium persulfate and' N,N,N' ,N'-
tetramethylenediamine (TMEDA) were Bio-Rad elec;rOphgresis
gradg. éephadex G-25—300.andLDEAE Sephadex A-50 were ob-
tained from Pharmacia. 'Diéceﬁylmonoxime (2,3 butanediocne
Monoxime) aﬁd 1,S-dimethyl—2ibhenylf3fpyrazolone (antipyrine) -
weré'products'of Méthesgn doieman &.Bell. .Ribqflavin was
puréhased from Mann Research Laboratories, Inc. Protein
'stanéé}ds were-obﬁained~ésAfoilow§: bovine serém albumin
(Fraction V powder), Myoglobin (Type II), Qvaibumin (Grade
Vi, pepsin (2X crystallized and iyphbﬂized),frOm Sigma
Chemical Co.; trypsin (TPCK) from Worthington and catalase

and Blue Dextran 2000 from the Pharmacia calibration kit.



-All reagent solutions. were made with g@asé distilled

water.

Enzymenﬁssays
‘ "Dihydroorotase activity ccuId ge‘measured in either
the‘biésynﬁhetic or dggfadati§e<direatioh as outlined below.
The bilosynthetic conversion -of SjadUé to L-DHO was measured
using‘a modification of the method-of'Sander;ét al. (18).
The reaction mixtufeAcontainéd 67 umoles/ml MES-NaOH buffer
(pH 6.0), 6.7 pmoles/ml D,L=US,, and unless otherwise
specified, 50 ul enzyme {(approximately 1-2 unigs'per ml).
The reaction was initiated by the addition of substrate.
Unless otherwise stated, the total volume of‘ﬁhe reaction -
mixture was 1.5 ml. Thé enzymatic.féac£ion was carried out
at room temperature and at pH 6.0, the'pH optiﬁgm for this
reacﬁiéh as determined by Balch (1). In contrast to the
finding of Sander (18) iﬁéubgtion of engyme with buffer
:pfior to the init%ation of the reaction with substrate~Was;
~found not to"be necessary. :Tﬂé linear iricrease in absorb-
ance’ at 230 nm due te the formation of L-DHO was followed
for ét least three minu%ss ﬁsing a Cary 14 recording spectro-
photometer. The @xtinctioh céefficiehfvfo:~ﬁwDHG of 1.17
mM~lecm™l as reported by Séndé? {lS)uwag Lséd in all calcula-
tions. |

A unit of dihydroorotase -activity is defined as that
quantity of engyme which will catalyze the production of 1

mmole of L—DHé per minute under the conditions-given for



the biosynthetic assay. Specific activity is listed as
pnits of enzyme per milligramiof pratein:and:refers to acti-
vity when D,L-US is used as substrate. o
The‘procedure of Prescottuahd Jones (;?3 wés used to -
measure the quaﬁtity of - L-US enzymatically formed from IL-
DHO with time. The enzyme reaction mixtﬁre contained 100
umoles/ml Tris-acetate buffer (pH 8.0) and‘1.2 ymoles/ml L=
.DHO' The enzy@atic~reéction ﬁ&s carried out at roé& temperaé ‘
ture and pH 8.0, the pH optimum for this reaction as deter-
mineé by Balch (1). Tﬁe reac¢tion was initiated by the addi-
tion of enzyme (50 ui, 1-2 units per ml). Fér termination
of the enzymatic reacﬁion, aliquots (0.1 ml) were removed
at desired time intervéls and‘diluted into'miétures con-
taining 0.9 ml water and 1.0 ml antipyrine-oxime reagent.
Standard curves were included in each run.~‘fﬁe color was
develéped by the more sénsitive method, Method4II (17). &1i
precautions pertaining to the light,sensitivity'of the color
reagent were oﬁserved. Color intensity at 466 nm was meas-
ured using a Cary 14 recording,speétrophotometér; “
Saturating-leveis of - substrates were used in all
enzymegassays,.andlcarnecxionsmwene“mademfoywanyﬁactivixyw.
not dependent on the addition.of épbstrate. ﬁ
Solutions of the sodium salt of L-US (0.1 M) were
prepareg by saspénding the solid in wate}, followed by
addition of 1 ﬁ NaOH to .pH 6.0. It was necessary to keep

the solution of L-US in an ice bath to prevent spontaneous



décarboxylation. The solution-waé“Broughf,tovfinal volume
with wéter, aliquots were giépeﬁsed into-test tubes and
stored at -20°C. Solutiohs of the sodium salt of L-DHO (0.1
M) were prepared by suspending thé solid in water, féllowed
by addition of 1. N NaOH to pH 6.0. The solu?ian was brought

to volume with water and stored at Q°C.

<

Cultﬁre Methods

Largé quantities of Clostridium oroticum cells were
obtained by'culturing“the'ofganisms in:lB{liter carboys at
30°C using the followinglmedidm: éryptoﬁe,TSO g;: yeast ex-_
tract, 5 g; sodiﬁm thioglycollate, 5 g; KHyPOy, 13.6 CH
K HPOYy, 69.5 g; sodium orotate, 51.3 g; water, 10 liters.
The final pH of the medium wasé7.5f [Stock cultures were
maintained invthe'sameimedium:plus O.S%Vagar.] Three‘litefs
of activel& fermentihgﬁcl; 5rbticuﬁ were inocﬁiated into 10
liters of fréshly autociaved mediéeand maintained uﬁder
intermittent swirling unﬁil gas production ceased-and the
orotate waé nearly depleted. Subseguently, 38 g&sodium
orotate per 13 iiteré waszaddédAin two pbrtions and the
.cells were hérgested'after VigOPOQS'géssing had resumed and
most of the orotate had di;appeéred. Cells were harvested
at 4000 rpm gsing a CEPA continuous-fldw:centriﬂuge (Carl
Padberg GMBH, 7630 Lahé/thwarzwalg) with a type K head.
The flow rate was maintained at~400.ml/min. Thé cell pellet -
_ was washed with 250 ml 0.05 M potassium éhosphate buffer

(pH 7.0) or TZ buffer [0.025 M Tris-HC1l buffer (pH 7.6),



. ) 7
10~° M ZhSOQ],and centrifuged at516,OOO x g for 30 minutes
at 4°C. The supernatant was discarded and the peliet stored
at -20°C. Cell yield was épﬁrogimately 38.5 g wet weight

per 13 liters of media.

Preparation of Cell-free Extracts

Washed cells whiéh héd been stgregrét.420°c were sus-
pended in OhOS M‘potassiumiphosphéte buffer (pH 7) of TZ
buffer and disrupted usihg'é French Pressure céil (American-
Instrument‘Co., Inc.) at 7000 psi. The ‘crude éxtrébt was
centrifuged for 90 minutes'éﬁ 150,000 x g in a Beckman Model
L. Preparative Ultracentni}uge. " The pellét was discarded and
the supernatant was used as'the starting material for sub-

sequent enzyme purification.

purficiation of Dihydroorotase

x So;id streptoﬁypih-sulfatéx(z.S g per 100 ml of super-—
natant) ﬁas added slowly to £he 150,000 x g suﬁernatant at
heg with stirring. Stirring was‘éontinued for 15 minutes
after the final addition of'streptomycin sulfate. The pre-
cipitated nupleic’acidé &eretéemoved byféentrifugation at
16,000-x g'foru2ﬁmminuteswat ﬂECL¥~Thewihselubieﬁma%ef%aly
was discarded and the ciear>éxtract.(3é ml) was layered onto
a Sephadex G-25 column‘ﬁz.S,by;SQ.cm) at pdom temperature.
The column had previously.been’equilibréted with TZ-buffer.
Protein was eluted ffom.tﬂé colémn with the eQuiiibrating

buffer using a flow rate of 1 ml per.minute. The:



enzymatically actiye~fractioné weré combined and solid
sodium chloride wasvadded to‘g}vé a final cohcentraﬁioﬁ of
0.3 M. ) L ’

After -storage at 4°C overﬁight, the enzyme fraction
was éilﬁted with TZ buffer to give 0.15 E;sodium‘chloride
and adsorbed (at room:temperatﬁre) onto -a. cake of ﬁEAE‘
Sephadex A-50 equilibrated with TZ buffer- (5 g éry weight).
The protein was eluted with a,minimum améﬁnt;of TZ buffer ‘
}containing 1 M sodium chloride. - The elua?e.was'diluﬁed with
T7 buffer to less than 0.3 M sodiﬁmiéhlorideiaﬁd'adsorbed'

" onto a cake of DEAE Sephadex A-50 §5Ag dry weight) equili-
brated with TZ buffer. The cake was washed wifh approxi-
mately 200 ml TZ buffer containihgéO.25 M sodium chloride.
"The enzyme‘was then eluted with a minimum voluﬁe of Tz
buffer»céntining'O.SS M sodium'chléride. "

The proﬁeinsrecdéered from DEAE (diiu?ed to give 0.1
M sodium chloride5 was absorbed onto an hYdroxyépafité‘
‘column (1.6 by 8 cm) at 4°C. The column was washéd{with
0.1 M potassiuﬁ phosphate buffer (pH:6L8) until ﬁé protein,
as measured at 220'nm,,waé founa;in thé eluate. fhe~adf
sorbed proteinwwas.eluted with a linear. gradient. deVélopgdﬁ
in a LKB gradient mixer (LKB*instrumehts,.Inc.) froﬁ:lSO ml
volumes of 0.1 M and O.é’ﬂ potassium phosphate buffer (pH
6.8). .

The column was eluted with a fiow rate of gO to 60

ml per hour. The gradient was followed- by conductance



readings using a conducfiy;ty'bri&ge (Mddp1‘3l, Yellow
Springs Instrument Co.,»%nc.)._;Prbﬁein elutién“wasAmoni—
tored by absorﬁancé.at 220 nm uéiﬁg p.l.M po€éssiumiphos~
phaté buffer (pﬁ 6.8) as a blank. Dihydroorotase was found
to elute bétweén 0.1 and 0.13 M potassium‘phOSphate buffer
(pH 6.8). Active fractions_wefe éombinéd»és soon as pos-
sible and applied to a Sephadex G-25 column (2.5.by 34 cm)
previouély'equilibrated wiéh TZ buffer at room temperature.
The phosphate-free énzyme was bo}lgg?ed With the void volume.
Knowing that barium ﬁitraté is sligﬁtii'soluble in aqueoﬁg‘
solutiods; énd aiéo kﬁowing that Harium‘phosphaﬁe-is com-
pletely insoluble, a sensitive spoé»test'was developed to
check for the presence of phosphéfe in enz&mé preparétioné.
A>drop of éaturated bafium nitrate solution and é drop of
the column eluate from fractions on the tai;ing'side of the
void vélume were mixed in a spot blate} -A'poéitive reaction
for the presence of phosﬁhate Was‘indiqated-by a white pre-
cipitate of barium phosphaée. Using this spot test, we
could insure that’phosphate'and—the.enzyme“had beén ade-
quately separated. Protein fractibns qdntaininé no phos-
phaté‘were cpmbiﬁéd”hédé”OfB M'ébﬁium chioride and con-
cenﬁrateq to apbroximafely 10 ml.uéing an Amicon ulfra—
filtration apparatus (Amicoﬁ Corp.);with a.PM—lO membrane.
The final:solution was-sterilized_by‘filtrétidn'and stored

in a sterile serum vial to_pfevent the growth of bacteria.
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Preparation of Hydroxyapatite Columns

Approximately 8-cm of hydyoxyapatite)(zo ml of sus-
pended crystals) was layeredﬁint§¢a K16/30 Pharmacia column
according to the method”désérgbed by Bérnardi (3). In addi-
tion to the»déséribed préca;tions of Bernardi, it Qas neces—
sary to place thé hydroiyapatité over a layer of Sephddex
G-25 to prevent clogging of the nylon screen. The flow
adaptor screen was protected similarly by a 1 to 2 e¢m layer
of Sephadex G-25 placed between thé'h&droxyapatite_and the
screen. Prior to‘use the>célumn was équilibrated with 0.01
M potassium phosphate buffer (pH 6.8).

Careful handiing of thg hydroxyapatite~crystals pro-
vided consistently good flbw rates. Stofagé ‘of the hydroxya-
patite suspengion‘in a>commercia1 refrigerator was found to
be unsatisfactory due ‘to vibratiOnS'whiqh degtfoyed_the
crystal structure of the hydroxgapatite. Thus, for repro-
ducible flow rates, the hydroxyapatite.sugpension wasiétoréd
at 4°C under Vibration;free cgnditidﬁs provided by a walk=in

refrigerator,

Acrylamide Gel Electrophoresis

Analyéical disc géi élgcfrophoréSis wag”carried out -
using a Hoefer Model EF301 electrophofesis apparatus (Hoefer
Scientific Inétruments, inc.) mairitained at 4°C by an ex~
ternal circulating water Qath. ‘Thg‘general procedures of
Davis (5) were used throughout. The gel tubes wére prepared

by washing with detergent and soaking in sulfuric-nitric



11
acid (60:40, v/v) before final rinsings witﬁ'Watér and coa£~
ingAwitthpoto—Flo. Tﬂe uppér and’ioWer-gei-compasit}on
and the TriS'bufferlsystem were as describegAby JoVin et
al. (9)-. ‘Puriéy of- the finél.énzymé preparatign was deter-
miged in 7.5% pol&écrylamide gels. Protein bands in the
gels were located using Coomassié Brilliant Blue R as des-
cribed by Fairbanks et al. (S}f The final destaining step
was performed using a Hoéfe}’diffusion:ﬁeétaiher (Hoefer
Scientific Instruments,"inc;). ‘Deqsify tracings of protein
profiles of the gels were obtained using-a Chréﬁoscan.Mk.

II (Joyce, Loebl & Co., Ltd.).

Subunit Analysis

~ Subunit analysis was perférhed ugipg polyacryiémide
gel electrophoresis- in the presence-of‘SﬁS. ;Composition
and molecular Weight of the subunit st;ucture of -dihydro-
orotase was determined by:a mpdifiCatibn of" the procedure
described by Weber and Osborn ~(25) as developed by Loehr
(14). Protein -standards and -dihydroorotase were -treated
with-the same conceﬁtraﬁion.of SDS. ,Perein'stgﬁdards (2
mg/ml) were prepared and an-aliguot (0;2 ml) of fﬂe-proteih'
was incubated with'Q;S ml. of a buffered solution (0.04 M
Tris-acetate (pH 8.0), 0.002 M EDTA, 1% SDS, 1% é-mercapté—
ethanol, and 40% sucrose) for:15 minutes in’a 50°C water
bath. After incubation, .the $tanda?ds“were diluted*with
water to 1.0 ml to give a protein concentration of 0.4

mg/ml. Dihydroorotase (0.1 mg/ml) was incubated with an
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equal volume of.the buffered. solution. ?For gel electro-
phoresis, 20 pg of each standard or 10 jg of the dihydro-
onotaée wés appliedjto:the geif Polyacrﬁlamiﬁe gels con-
tained 8% acrylamide and 0.2% N;N'—ﬁethyleéébiéaéfylamide
in a solution‘contaiﬁing 0.2:E'Tris—acetaﬁe‘buffer'(pH 8.0),
Otobl M EDTA, 0.5% SDS, 0.08% TMEbA; and Q:i% amménium per-—
sulfate. Approximately 2 ml of the gel solution was neces-
sary to fill a 12.8'by’0.6'cm‘gel tdpe{: Inmmediately after -
aispensing the gel~solution; a few dropsfof isoﬁutanol were
layered over the gel to provide é flat surface. Aftér~pol§~
mefization, the isbbﬁtanoi was removed, the gel surface
washed several times with water and finally rinsed with
reservoir buffer. Upper and lower reservoir buffers coﬂ;
tained 0.03.M Tris-acetate buffer (pH 8,0), 0.001 M EDTA,
and 0.5% SDS.' After filiing the résgr&oirs,,the samples
were layered'carefully under the ﬁuffer'énto~tﬁé surfaces
of the gels, and 25 ﬁl O.Ql% Brom phenol blue in 20% sucrose
was added. Electrophoresis was carried out at 5 mA ‘per tube
until the tracking dye was visible as a diéc in‘each gel,
at which time the currgnt was raiseﬁ to 8 mA per:tube for
the -duration -of - the—experiment..-. Pnotei§~bamds_inwthe“geLs»m
were located'hsing‘Coomassie BrilliantABiue R as déscribed
by Falrbanks et al. (8). and final destaining was~§erformed
in a Hoefer diffusion destainer (Hoefer écégnbific Instru-
ments, Inc.) for 24-48 héuré. The molecular weiéhﬁ'of the

subunits of dihydroorotase was determined from a standard
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curve prepared by plotting log mblegularsWeight versus
mobility of the protein. standards reldtive to the tracking
dye. ‘The-subuﬁitvmoiécdlar weight of the standards used was

taken _from the work by Weber and Osborn (25).

Protein Determination

Protein elution profiles from DEAE Sephadex chromato-
graphy,‘Sephadex G-25 gel filtr&tioﬁ'and‘hydroXyapatite
chromatography were followed by ménitgring'aQsérbance at
220 nm. -This procedure was e?tremely useful for dgtection
of proteins in dilute éolutiéﬁ. After,rembvai of'most
flavoprotéins with DEAE Sephadex cﬁromaﬁography, protein
concentration was determlned by the spectrometrlc method of
Warburg and Christian (24). . Protein concentratlon for
determlnatlon of spe01fic act1v1ty was measured by the useée
of the Folin phenol reagent as descrlbed by Lowry et al.
(15) with bovine serum albumin as the standard The inter-
ference of Tris buffer was corrected for by maklng the
initial dilution of the-standard (bov1n§ serum albumln)
into TZ buffer and,by.making sambleé aﬁé‘sténdards to 1.0

ml volume with TZ buffer.

Atomic Absorption Spectroscopy

The - zinc concentration at each enzymg»pgrification
.step was determined as follows: Qll ml sample was diluted
to 1.0 ml and dialyzed'overnight against 500 ml 0.025 M

Tris-citrate buffer (pH 7.8) or 0.025 M Tris-HCl buffer
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(pH 7.65 using-a Crowe—Englandgr.MiCro—Dialyzer Model MblOl
(Hoefer Scientific Instruments, Inc.). After dialysis -the
zinc content was measuréd ét 2138§,using a Pépkin~Elmer
Atomic AbsorptionASpectPophdfqmetef Model 305B. Zinc nif—
rate (Harleco,.l5’mM) was used as the étock standérd.
Linear standard curves were obtained froﬁ‘l to 15 uM, each
containing a final concentration of 0.025 M Tris-HC1l buffer
(pﬁ 7.6). [Tris buffer did not intérfere with zinc deter-

minations.-]

Prevention of Contamination by Zinc

Speciai precautions were tékéh éo-avoid contamination
by zinc prior to experimenté invoiying the détermination'of
the mole rati& of zinec to protein.‘ All;glaSSware was washed
in hot detergent, rinsed weiltand soéked<in concentrated
sulfuric-nitric acid (60:ﬁb, v/v) forAseveral.hours before
final rinsingS-wiﬁh glaés'distilled water. Acid cleaned ‘
glassware was stored in Sarén Wrap‘(qu'Chémical Co.).
Standard zinc solutith'wére étoréd_in-tightly closed poly-
ethylene containers. -All reagentsiand—buffers were made
with glass-distilled Water;:'[ihe ziné concentration of all

reagents and buffers was detérmined -to be less than 0.3

uM. ]

Inhibition Studies

Inhibition studies with’l,lO;phenanthrdliné and EDTA.

were performed with either offfhe eﬁzymé substrates,AL—DHO
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or D,L-US. When L-DHO was the substraté,‘enzyme assay mix- ‘
tures contained 100 ymoles Tris- acetate ‘buffer {pH 8.0), a
given concentratlon of 1nh1b1tor and water to a final volume
of 0.88 ml. [Enzyme £2O u%3.1,8 units per mlj specific
activity 28.7) was added to the neaétion mixﬁure‘at‘stated
time intervals. After the “specified ineubation time the
enz&mabic'reaction was initiated with l.?wumoles i~-DHO. The
total ;eaction volume was 1.0 ﬁll The enzymatie reaetion
was allowed to proceed for 5 mlnutes at which time it. was
terminated by the addition of 1.0.-ml antlpyrlne oxime re-
agent. ] A reagent blank mixtuﬁe contained all components
except the enzyme. Thé conérolimixture contained all com-
ponents except.inhibitor. The quantlty of .1-US produced

was measured by the method of Prescott and JOnes (17) as

described under Enzyme Agsays.

The enzymatic feaction;mixtu?es.which would test-for
'sgbstrate prﬁtection from the inhibitors contained 0.2 mmoles
of Tris-acetate buffer (pH 8;0); 2.4 ymoles of L;DHO, and -

4 wmoles of 1,10-phenanthroline or 0.6 mmoles EDTA. The
reaction was initiated by the addition of 50 ul enzyme (1.8
units per ml, Spacifié activity 28.7). Thé.total volume

was 2.0 ml. [At 5 minufé‘intervg;s’after.the initiation of
the reaction 0.1 ml aliquots were removed from each reac-
tion mixture and added to 0.9 ml water and-1.0 freshly pre~
pared antipyrine-oxime reagemﬁ to términaté thgireaction.

Color development and méasurement of the product, L-13,
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was performed as descr1bed“prev1ously ] ~A reagent blank

-~

»mlxture contalned all components except the enzyme.,fThe;.-w

.Jcontrol reactlon mlxture contalned all components except 1n— .

'hlbltor - -

. The effect of EDTA on . the convers1on of D, L US to L-

DHO was - studled us1ng a modlfled standard reactlon mlxture
EDTA (5 pmoles per ml) was 1ncubated w1th 67 umoles/ml MES-
NaOH buffer (pH 6 O), 50 pl enzyme (l 5 unlts per ml spe01—-

: f1c act1v1ty 23 8) and water to l M ml for a. stated perlod P

ES

~of t1me The enzymatlc reactlon was 1n1t1ated by the addl— -
-+ tion of 10 umoles D, L= US (total volume i. 5 ml) The control

reactlon m1xture~conta1n1ng enzyme buffer and water was

1ncubated for the same perlod of tlme as the correspondlng

.=

'reactlon mlxture contalnlng 1nh1b1tor o ’ ;,', .

Inltlal reactlon rates were used to calculate the

percentage.of_1nh1b1t10n.



RESULTS

Preparation’of Ceil—Free.Ex£pacté

Extracts prepéred from cell pellets-which werehwashed,
suspended and disrupted ig TZ ‘buffer ¢oqpained:more soluble
protein than comparable treétment of cell pellets with
potassium phosphate buffer {(pH 7.0). Extracts prepared in
TZ buffer conéistentlyigaVé final pfeparations of dihydro-
orotase that containéd unusually high quantities of impuri-
ties and were unstable. ‘AS shown iﬁ’TaBle I, the dihydro-
orotase specific actiVity'and-yieid from Preparation‘A
(cells broken in TZ buffer) were lower-thaﬁ that from
Preparation B (cells broken in potassium phosphate buffer)
after elution from hydroxyapatite. .Addition of manganese,
chloride effecfively‘removed nﬁcleic acﬁds, but fhe enzyme

purified from this preparation was not stable.

Enzyme Purification

SDihydroorotase is unstableé in all concentrations of
potassium phésphate buffer (pH 6.8). - -This made us devisé
methods for hydroxyapatite.chfomatography'whicﬁ eiihinated
prolongéd_contact of dihydfoorotase with phosphate. We
found it uhnecessary ﬁoteQuIlibrate“thé*enzyme*fractron*“‘
with potassium .phosphate buffer (pH 6.8) priof:to applica-
tion to the hydroxyapatite columnl- Sephadex G-25 columns
were used to substitute TZ,buffer.for the potaséium phos-
phate buffer féllowing cell_disruﬁtioh and H&droxyapatite

chromatography. Elution of the protein with TZ buffer
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0.025 M Tris-HC1l buffer (pH 7.6) provided superior separa-
tion of phosphate from-the enzyhe.‘ Generally, a time period
of. four hours was,réquiféd from the. absérption of the pro-
teins onto hydroxyapatite to- the fiﬁal eiufion'bf dihydro-
orotase from the Sephédex Gl25 column. _Dihydroogotase ére—
pargtions thus obtained coqtainedrless than 20% impurities
as determined by diéczgel:electrbphqresis; As seen in Table
I (Preparatién B), 70.4%. of thé 6figian1 activityﬁwas re-
covered in the hydroxyapatite éiuafg.fh (

Table I also cqntéihs metal analyses obfained during
purification of dihydroérotasé from twofseparate prépara—
tions. The zinc content, expressed as uymoles of Zn2+ per
mg protein, riées from 0.0d3 pmoles Zn2+'pef mg prptein
found in the crude extracts, tb 0.026 ﬁmoles‘and 0.031 umoles
pér mg protein in fraqtions followiﬁg hydroxyapatite chroma-
tography. As the extraneous proteins argwfemoved, the specii
fic activity increases, and.likéwiSe,~aS‘extraﬁeous zinc 1is

removed, the ratio of zinc to protein increases.

Stabilitz
As sﬁdwn in Table I, there was;é.dropiin enzymatic
activity at the DEAE step. In preparation B, the ZnsS0y -con-
centration had béen lowered to 10;6_M at this step, aﬁd the
activity was partially recovered by the_inclpsion of 5‘x
10-5 M ZnSOy in.the buffer ,aft;ef the hydroxyapatite step.
After storage for four months at 4°C, DEAE eluates

containing 0.3 M sodium chloride,._had.the. same. enzymatic.
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activity as originally recorded. This stability was attri-
buted at least in part-to the Sodiuﬁ-chléridg_prgsenf in ‘
such fractions. -Attempts to stabilize éhe,acfivity"éf di=
hydroorotase after final purification showed that{ iﬁ addij
tion to ZnS0y (10-5 M), the addition.of sodium chloride to
a final concentration of 0.3 M was necessary foé séabiliza—
tion of enzyme aétivity;‘ Iﬁ5the presence deO.3 M sodium
chlaride, and:10"5 M ZhSOq, the eﬁzyme éctivity was‘rglan
tively stable'fof at least é montﬁ$ when stored at. l4°C. In
contrast, preparations of dihydroorotase'ih the phosphate
eluting buffer of the hydroxyapatite column were found to

be totally inactive within 24 hours.

Phosphétéysénsitivity ‘

i' Standard methods for the use of hydroxyapatite
chromatography indicate thaﬁ;the éample should be applied
in the initial eluting buffer. When-enz&me fractions con-
taining dihydroérotase;were Qialyzea overnigﬁt against 0.01
M pbtassium phosphate puffer (pH 6.8), a small precipitate“
was,observedu_-Eormationmof;this preéipitate‘cbrrelated
with loss of protein and'enzymatic4écti§ity’such that a
calculated specific activity for'the precipitated-proteiq
was equal to the specifilic activity of éhé purified enzyme
obtained after hydroxyapatite chromatography. The precipi-
tated protein could not be dissolved by dialysis against
0.025 M Tris-HCl buffer (pH-7.6): If ZnSOy was included in

the-Tris-dialysis-buffery-a larger—precipitate-was-observed.-
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fhe precipitate was not dissolved by changes in pH‘and-was
dissolvéd only by addition of 1 N NaOH to the pellet .ob-
tained foilowiqg centrifugation: iThis typé(éfybehaviof
suggests a formation of an. insoluble ziﬁc;bhosphate-protein
complex. h .

Since the enzyme  was found to.be qutable in phosphéte
buffer, an experiment'wag perféfmed-fo-check the effect. of
phosphate on’ the eﬂzymatic bonveféion of D,L;US'té L-DHO.

As shown in Table IT, When=potgséium‘phosphate buffer (pH
6.0) was substituted for MES—ﬁaOH buffefi(pﬁ'6.0)'cqﬁcentraF
tions of phosphate up to 100‘umolés/m1 showed little effect
on the rate of L-DHO formatién.‘ The additioh-of higher
concentrations of phosphatelimﬁediately décréaSed the

enzymatic activity.

Inhibitor Studies

-Dihydfoorotase catalyzes the reversible cyclization
of L-US to L-DHO involving the formation or cleavage of an
amide bond. Because of the réduiremeﬁt fof the‘presenée of
zinc dﬁring purification, the‘sensitivity‘of dihydroorotase
'towards the metal chelators,i1,lO;phenanthréliﬁe and EDTA, -
was tested. A compariSOn of the results in Tables III and
IV shows that substfate partially.protects dihydroorotase
against the effects of OP and EDTA. For example, 0.002 M
OP inhibited only 15.4% when ;ﬁﬁstréte was present ﬁriorvto
the addition.of enzyme, but as seen in Table III, when the

;enzyme'Was~incubated~with-theminhibitor~for~30-miﬁutes
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The effect of potassium phosphate on the formation of
L-dihydroorotate from N-carbamyl-D,L~aspartate

Phosphate (umoles/ml) ' "Percent
in assay .- ) activity

0 : ~~‘ 100-

67 : . 108

100 - ' T

200 “ by

333 B Y-

Reaction mixtures contained the specified amount of
potassium phosphate buffer (pH 60), enzyme and water to

a final volume of 1.5.ml: The control assay contained 67
umoles/ml MES~-NaOH buffer {(pH 60). The reactlons were
initiated by the addition of 10 umolesl,L-US and the
information of the product, L-DHO was -followed as described
in Materials and Methods. ' :
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prior to the addition of substrate, the inhibition by 0.002
M OP was 52.8%. A similar effect was seén-whéﬁ EDTA was
substituted for OP. When'the eﬁzyme was ‘incubated with in-
hibitor prior to initiatioﬁ of the feaction; Eher?nhipition
by 0.1 M EDTA_waé so great that measurement: of significantly
Iower quéntities of LfUS'predicted if ehzymg weré iﬁéubaéed
with 6.3 M EDTA wés limited by the:sénSitivitonf the assay.

Figures i and 2 shéwethe results of an experiméﬁt de-
signed to. determine if the iﬁtéréction of énzymé and*in~
hibitor was time dependent.“ Enzyﬁe (5piyl,'specific acti-
vity 128.7) was incubated with inhibitor [OP (2 ymoles or
8 ‘umole§) dr~EDTAM%5‘ﬁﬁbléé‘of 1007jimoles )] for the indi=~
cated time periods prior to th¢ initiation of the engzymatic
reaction by the addition of 1.2 ymoles L-DHO. The control
reaction mixture. contained all components éxcept'inhibitor,
As seen in Figurés 1 and 2, the effect of EDTA-and O? on the
formation of LfUS‘was,conceﬁtration—depehdent. fAlthough
dramatically inhibited, the quant{ty of L-US prbduced ih_
the presence of a given EDTA-éoneéntration.remaiqéd con-
stant regardleés‘of incubation ﬁime. in the control and
inhibited_ reaction_mixtures, thequantityzbﬁAL%U$iprbadced;‘
decreased with incubation -time.

The absorbance of OP at 230 nm prohibited its use in
inhibition studies on' the enzymaﬁic conversion-éf D,L—US to
L-DHO. Although EDTA also absorbs at 230 nm, conéentrations’

up to 0.005 M EDTA can be used. As seen in Table V, -the
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Table 5

The effect of ethylenediaminetetraacetic acid. on the.for-
mation of L-dihydroorotate from:Nécarbamyl—g,é—aspartate

-

Treatment : 1 EeDHQAproduced
| Umoles:mi_l.min-l
None, no inéubation: . o i;61‘
EDTA, no incubation S 1.62
None, 30 min incuﬂation 0.79
EDTA, 30 min incubation _v 1,01

The reéaction mixtures contained 100 .umoles Mes-HuOH buffer
(pH 6.0), 50 ul enzyme (specific activity, 28.7) and water.
The inhibitor (or additional water in the control) was
added (total volume, 1.4 ml) and the mixture incubated at
room temperature for 30 minutes. After incubation, the
enzymatie reaction was initiateéed by the addition of 10
umoles D,L-US (total reaction volume 1.5 ml) and the for-
mation of L-DHO was determined as"described in Materials
and Methods.
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rate of formation of L-DHO from»D}L—US,'using the standard
lassay procedure“as described in Materials'and Methods, wasi‘
the same in.the presence or absence of 7. 5 umoles of EDTA

In order to see if the effect of EDTA on the enzymatlc
conversion of D,L~US to L-DHO by dlhydroorotase was. time-
dependent, the enzyme was incueated’for BOlminutes‘in the
presence and absence of inhibitor. As shown-in.Table V,
dlhydroorotase activity decays w1th time when maintained at
pH 6.0. However, it would appear that“the aetivity of the
EDTA-treated enzyme did not decay-as rapidly at this pH.

Altﬁough dilution effects must be considered the @e-
cay of activity is most probably explalned by the pH at ‘
which the incubation occurred . As-seen in Figure 3,
enzymatic activity decayed rapidiy wheh dialyzed aéainst
buffer at pH 5.8, whereae’dialysie;against buffer at pH é.O w
showed a slower rate of enzymatic decay. Further;evidence”
that this deeay ispr dependent ie-shownuin Figuree 1 and
2 where control reactions at.pH'B.O exhibited only alslight
decay of enzymatic activity over-a period of 60 minT  Loss
of dlhydroorotase activity at each pH tested was greater
whemnr—the- enzyme was~dlalyzed~at theprwthanwwhen~the—pH ~-Qf--

the enzyme was changed and the act1v1ty followed w1th tlme.

Zinc Determinations

In order to determine the mole ratio of zinc to pro-
tein, the .zinc concentration of purified dihydroorotase was

determined by two separate ﬁethéds:- 1) analysis for zinec
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and correction for the known concentration of ziﬁé in the
stérage‘buffer (7Z buffer), and 2) removal of exﬁréneoﬁs
zinc by dialysis of 1 ml of purified dihydroofotasg against
500 ml 0.025 M Tris-citrate buffer. (pH "7.8). These methods
gave mole ratios of zinc to protein of 37M7;and 3.49 res-
pectively. Although neither of thé,methods a;temptéd are
innthemselves conclusive, the élose.correlation_pf the re-
sults by both methods indicétes the preseﬁce of § zinc
atoms’ in the active‘dihydroorotase after the actual protein
concentrations were corrected for the 20%'impurities’pre~
sent. | |

Attempts were made to corfelate lOSS'df enzymatic
activity with concurrent loss of %iné bx dialysis of the
enzyme at pH values ranging froﬁ 5.8 to 8.0.  Fighre 2
shows the loss of-enzymatio activi%y versuys time of
dialysis. As can be seen, the decay of act1v1ty was most
rapid at pH 5. 8 and least rapld probably between pH 7 and
pH 8. However, we were unable to demonstrate a correspond-
ing loss of zinc. After 12.hoprs Qialysis there were still
4 éiné atoms per molecule of enzyme évenithgugh there was

no enzymatic activity left.

Subunit Analysis

The number of subunits in- the acti?éudihydroorotase
molecule had been determined by SDS polydcrylamide gel
electrophoresis using ‘enzyme preparations which had- been

stored in approximately 0.14 M potassium phosphate buffer,
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DISCUSSION

It has been suspected for éome‘time that a metal ion
is required for dlhydroorotase act1v1ty..lYates and, Pardee
(26) reported that an unknown cofactor was lost during
purification of the'enzyme from C. oroticum. Sander et al.
(18) were able to reactivate EDTAfinaEti?ateé’dihydroorotase'
by the addition of acid— heat-,. or ultfaviOlet—treated ex-—-

tracts, and addltlonal experlments showed that lost. act1v1ty

2+ However

could be restored by the addltlon of Zn2+ or Co

n2+ was more effectlve at phy51ologlca1 concentratlons.
Dihydroorotase obtalned from>CZf oroticum was purlfled to
homogeneity by Balch (1), who reported U g atoms of zinc

per mole of enzyme (molecular weight 110,000).

Resul?s of this study aieo indioate the presenee of ~

2 g atoms of zinc per subunit of dihydroorotase (Subﬁnit
molecular weight 58, 000). - Metalloenzymes whlch require

zinc for catalytic act1V1ty (such as carbonic anhydrase,
-carboxypeptldase% and alkallne<phosphatase), usually con-
tain 1 g atom of zinc .per subuniE, Assuming that the metal .
ion serves only a caéalytic fuhction and further.aesuming
that there is one catalyticéeite per subunit, one would

expect to find only one zinc per subunit. Sodium dodecyl

' sulfate gel electrophoresis of purified dihydroorotase gave

evidence that the native enzyme is a dimer composed of two
identical subunits each with a molecular weight of 58,000

+ 6000. It is.poséible; however, that SDS -in the presence
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of a reducing ageﬁt;did_not‘completely‘d%ssociate the enzyﬁe‘
and that dihydrdbrotase is acﬁually a tetrgmer4compqsed of
four identical subunits each with one.atom:of zinc.

-~Alternatively, one.could“éxpléin 2 Zinc.atops per sub-
unit by using horse liver -alcohol dehydpogenase;(LADﬁ) as.a
model. Initial research with pﬁrified\LADH indicated that
the enzyme was a‘tetrgmervwith'one zinc'apomApér subunit
(6). ﬂHowever, ¥-ray diffraction. studies showed that LADH
was a dimer with two zinc atoms per subunit (4).  Differen-~
tial reactivifies of LADH”towaras various inhibitofs, ané )
two distinct rates of exqpanéé of 652n2+ for'non—radio;etive'

znet

s indicate that, of the 2 zinq'atoﬁs per subunit, .only
one is involved in Catalygié (7)."VPresumabiy, thextwOlnoﬁ—
catalytic zinc-atoms are involved. in maintaining the three-
‘dimensional structure_of the enzyme- 'Cerfain asﬁects of
this study of dihydrqorofasé also suggest that-zinc may be
required to maintain the structural integrity of the enzyme
in addition to a role a%lthg actiyeAsite'df_the¥enzyme.
Sander et al. (18) suggestea?fhaﬁAzinc might be involved in
a strucfural role in dihydroorotase sinée iﬁ was’hecessary
~to incubate the enzyme -With zinc”prior to’initiatiqn'of the
enzyme reaction with subgtrate in order to‘dbtain maximﬁm
initial velocity. Wevhavé begﬁ unable to find a stimulation
by zinc in thé4reaction mixture, but we have found'it neces-

sary to include‘zinc at each purification step 4in order to .

maintain enzyme -activity. .Our study also provides the
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following evidenee that indicates the neceseity for external
ziﬂc: 1) if the enzyme was eluted from DEAE- Sephadex in
buffer containing ten~fold. 1ess zinc than usual .a dramatlc
loss in activity. was noted, 2)-although enzymatic activity
decayed rapidly durlng d1a1y81s agalnst metal- free buffer,
we were unable to demonstrate a concurrent 1oss of zinc, and
3) the requirement for zinc 1n'the storage buffer is at con-
Acentrations greatly in-eieess of .the concentration of the
enzyme (twenty-fold excess of Zﬂz*). .'

Taylor et al. (23) have demonstrated two -distinct
dihydroorotate dehydrogenase enzymes'in the same bactegial‘
preparetiéni One enzyme is constitutive, ﬁheréas the
adaptive enzyme is formed only wheq‘the‘organiem is growe
with orotate as the carbon ana energy sdu?ce. The corn-
stitutive enzyme does not 1link to:pyridine'nubleotides and
requires bound FMN for activity. . In contrast, the adaptive
enzyme from Cl. oroticum requires FMN and FAD for activity
and links to pyrldlne nucleotldes. 1£ is\teﬁpting to .sug-—-
gest that an- analogous 51tuat10n exists with dlhydroorotase'
one enzyme that is constitutive and one*ﬁhat,ls inducible
when the organism is érowh on erotate.“»HQwever, the evi-
dence is unclear. A metal ionireQuirement has been demon-=
strated for the enéyme,isolated‘from orotate-grown -CL.
oroticum. Sander et .al. (19), Mazus' and Buchowicz (lé) and
Kennedy (iO) have isolated constitufiVe dihydrporbtase from

various sources have not demonstrated-metal reqdiremen%
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associated with enzymatic activity. Unfqrtunately, atomic
abéorption spectroscopy‘or;Other analyticai‘work to‘de—
finitely determine the presence of absence of;aAmetal ion
in constitutive dihydnoorotaseuprééarafioné has not been-
done. ‘ “ ’

It is interésting to-note that we were unable'to show
inhibition of dihydroorotase with EDTA'wheﬁ:assgyed in the
biosyntheticmdirection, whereas-the same concentratign of
EDTA definitely inhibited the enzymatic activity when
assayed in the degradatiVe‘directiqn. This could be ex-
plained if the zinc, which seems to Be necessary’ for énzy—
matic activity, isAin§olved in the binding of only one sub-
strate, dihydroorotate with’dihfdrodrbﬁate'as‘the éubstrate;
a metal chelator would negatively’effect oﬁly the rate of
binding of dihydrqorotatg{ and_remo?al of the zinc may even
enhance the rate of binding of US.  Characterization of di-
hydroorotaée, regardless of - the source'of.the enzyme, has
revealed km values which indicate'a strohgernaffinity for
L-DHO than- L-US----If zinc~is‘a-pnerequisite~forwthe~affinityv'
of the enéyme for L-DHO, removal of tﬁe>zinc may. decrease
the affinity for- L-DHO and/or increase the affinity for L-
. US. This change in binding properties»would be logical
for an enzyme functioning as a biqsynthé;ic enzymé; it
would not be desi}able to:have a stronger affinity fdf the .
produththan the substrate. “Thus}‘eveh the stim@lafory

effect of phosphate,'poted earliér;‘copld be explained
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since this effect was’néticed when asﬁéys were performed in
the biosynthetic direction. It is‘temﬁting‘tq‘speculéte.
that constitutive and inducible,dihydfoorotase éfe ciosely
: related* 1f zinc is present in the censtltutlve enzyme, it

may. serve only a structural function, whereas the zine 1n

the inducible enzyme probably is required in both catalytiCA

and structural roles..

& o e




" SUMMARY

Dihydroérotaée (M,SeL—dihydﬁoérotate‘amidolyase; EC/
3.5.2.3.) has beén purifie& fébm Giésf}idiém ofoticum
cultured on orotate: . r
Subunit analyéis show dihyﬁféérotése‘té'bé‘§omposed-
of two identical subunits, e;ch with a molecular
weight of 58,000.

Atomic absorptign Spectrogcopy 5f the enzyme show it

to be a zinc containing metélloenzyme with 4 g atoms

" of zinc per molecule of dihydroorotaSé;

The possible catalytic and structural roies of zinc

in dihydroorotase have been discussed.
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