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ARBSTRACT

The profile of the DNA-dependent DNA polymerases of

Artemia sp. has been determined at selected stages 'of de-

velopmgnt and the polymerases purified and characterized
from dormant cysts (0h) and nauplii (363) stages. A relia-
ble purification proceduré using DEAE—cellulose chromatogra-
phy has been established for the first time. Various bio-
chemical parameters including pH optima, ionic requirements,
primer-template preferences, regulation by endogeneous dinu-
cleoside polyphosphates, sensiﬁivity to specific inhibitors
and sucrose. gradient Sediméntation analyses were used to
characterize the cyst and naupliar DNA polymerases.

The DNA polymerases iq £he posgrﬁitochondrial fractions
from the cysts and nauplii separated as two distinct frac-
tions (PMFfl,PMF—2j upon DEAE-ceilulose'chromatography.
Moreover, the nuclear fraction from dormant cysts eluted as
a éingle peak'at the positﬁon of fraction 2 (NF-2) while tbe
nuclear enzyme from nauplii fractionated as two fractions
(NF-1, NF-2). The results of this study have shown that the
cyst DNA polymerase (PMé;l) and naupliar DNA polymerase
(PMF-1) probably have different functional roles in develop-—
ment, nam epair Aﬁa replication, fespectively. The

™ cyst DNA polymerase appears to resemble the low molecular

\



Qeight.IB—golymerase of mammalian cells while the naupliar
polymerase exhibited éeveral characteristics‘similar to the
a{—édlymerasa f?om,ﬁammalian cells. Tﬁe ehdogenous diﬁu~
cleoside polyphosphates, especially szG-and Gp3A uniqﬁe to
eggs and embfyos‘of Artepia, showed a marked influence in
modulating the—DNA po1ym@rase aétivity suggésting that these
nucleotides function in"the express&on of the repair and-
replication enzymes'of Artémia. The functional role of the
. s

cyst DNA polymerase suggests that this enzyme which is akin

to FB—polymerase of mammalian cells is conserved.
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Chapter I,

INTRODUCTION

In recent years, the brine shrimp, Artemia sp. has

gained importance as an useful model system for biochemical
stuéies of development (1). Duriné embryogenesis, gasﬁrulaé
of Artemia follow either one of two developmental routes.
They may give rise to swimming nauplii directly or they may
encyst and becoméldofmant.\ In the latter éése, developmént
resumes if dormant cysts are hydfated and incubated under
aerobic conditions at 15 - 30°C. At 30°C pre-nauplii (El and
E2) emerge from the cysts after 10 - 12 hours of incubation
in sea water. On further incubation, the pre-naupiii give
rise to free—swimming nauplii by a process called 'hatching'
(2). During the development of Artemia, considerable mor-—
phogenesis ﬁakes place during the pre-nauplius stage in the
absence of éell division and DNA synthesis. At the end of
lcléavage, the embryo‘enters;thé.stage of dormancy. ‘Follow—
.ing dormancy there is resumption of RNA and protein synthe-
sis, but only after-the hatching of the nauplii is DNA
syntheéis activated (3 - 6). In other words, DNA synthesis
is 'switched - off' during pre-naupliar development and then
'switched - on' as the embryo hatches into a free-swimming

larva (Fig.l). Encysted embryos of Artemia have several re-

a1
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FIG.1. Profile of the major -morphological and metabolic
changes in encysted embryos of Artemia salina
-following fertilisation. E and H refer to the
time of emergence and hatching, respectively.
(from: Warner, A.H. 1979(9) - -
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3
markable features which make them particularly attractive as
a deveiopmental model for‘molepulér biology studies. Their
state of dormancy is a remarkable-physioloéical situation
not observed in mammalian cells'qr tissues. The ;focess of
development in Artemia iq thus characterized by a comblex
serie;‘of changes in the pattern of selective gene expres-
sion. Regulatidn of DNA'synthesis could therefore be the
result of stage-specific gene éxpreésion. In Artemia, the

most direct approach to unravel this problem biochemically

would be to measure the levels of the DNA repiication en-

zyme, viz. DNA-dependent DNA polymerases and to character-

ise this enzyme(s) at differgnt stages of development. In
this thesis the DNA—dependeﬂbeNA polymerase profile has
been determined at selected stages of Artemia development
and the po;ymerases ché?acterized at two stages, dormancy'
and nauplii.

| The molecular basis of genetic information transfer re-
sides in the ‘central‘dogmaf that\defines three ma’jor pro-
cesses (namely, replication, transcription and translation)

' lJ
in the preservation and transmission of genetic information.

Replication, the copying of DNA to form identical daughter

molecules, invplves the DNA-directed DNA polymerases. These
enzymes catalyse DNA replication by adding deoxyribonucleo-
tide units to a DNA strand. The DNA polymerases catalyse
tne formation of a phosphodiester bond between the 5'- DC

%hosphate group of the incoming purine or pyrimidine deoxy-



ribonucleotide and the 3'- hydroxyl end of a 'primer'. The
incorporation of - these purine or pyrimidine deoxyribonucleo-
tides is complementary to the 'template’ (Fig.2). 1In DNA
.synthesis, the rerm ‘primer' refers to the DNA (or RNA )
chain from which growth,occuri at rts 3'-hydroxyl terminus,
and the term 'template' applies to the DNA chain that fur-
nishes direetions for the segquence of nucleotides. Thus,
polymerization of the deoxyribonucleotides occurs via the
nucleophilic attack on the:{}‘phosphate of the incoﬁing nu-
cleoside triphosphate by the 3'-hydroxy terminus of the
primer, yielding a new 3'-5' phosphodiester bond and inor-
ganic pyrophosphate. 7 B

DNA- dependent DNA polymerases have been exhaustively

studied in several prokaryotlc systems 1nclud1ng E. c011

(7-9) ,"'B.subtilis (10) , M.luteus (l1) , and S.typhimurium

(12) to name a few. -Bacteria contain three DNA polymerases’
whlch are referred to as DNA polymerage I (pol I) (7} , DNA
polymerase Il (pol II) (13,14) and DNA polymerase I1I (Pol
III) (14,15). The three enzymes are 'distinct gene products
thch differ with respect to their structure and 'in vivo'
function(leIS). Despite their differences (cf.i9) each DNA
polymerase catalyses essentially the same basic synthetic
reaction as described schematically in Fig.2. Considerable
progress has been made in establishing the function of mul-
tiple DNA polyﬁerasee in replication and'repair of proka-

ryotic chromosomes. This has been mainly possible due to
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(Yo

the relatively large amounts of these.enzymes available in

‘these systems and the ease w1th which DNA polymerase - defi-

cient mutants can be obtained in prokaryotes (20 24). Studles
on the mechanisms of DNA replication have been iimited to lower
eukaryotes or virus-— 1nfected mammallan cells (25 - 28).

Studies on lower and unlcellular eukaryotes were undertaken
since nuqlear and mitochondrial events, and the influences

of the cytoplasm, may be easier to analyse (as in unicellu-

lar fungi and protozoans) when genome sizes are only a few

timesllarger than that of E.coli and can be grown in kilo-
gram quantities (29 - 32). Emphasis on animal cells and
tissues that grow and differentiate would provide informa-—
tion on the nature and control of DNA repllcatlon. Thus,
the existence of multiple species of DNA polymerases came to
be_recognized in a wide variety_of eukaryotic cells. Four
classes of DNA polymerdses can be distinguished by the dif-
ferences in their properties (33- 35), and recently a dommon
nomenclature has been aséigned to these DNA-directed DNA po-
lymerases {(36). There seems to be general agreement that a
high molecular weight enzyme (6-8 S), usually derived 'from
the cytoplasmlc fraction of cells is DNA polymerase {j A
homogeneously sedlmentlng low molecular welght enzyme (3-4.5
S) , usually identified in the nuclei, is designated as DNA
polymerase ?. A p;lymerase activity identified in both the

nuclear and cytoplasmic fractions that shows preference for



. : ,
‘the réplication of oligonhcleotide—priméd‘homopolymeric ri-
bonucleotide templates particularly'[(dT)lS.(A)n], is DNA
polymerase'r.- The DNA polymerases isolated from various eu-
karyotic cells will be feferred to as DNA polymerasec{JaorW’
based on their similarities in properties to the well char-
acterized DNA.polyﬁerases of Hela cells (35, 37, 38) and
calf thymus (3471 This ciassification‘includ@%-comparative
studies to determine the subcellular location and quantita-

tive changes of each DNA polymerase in proliferating wersus

non-proliferating cells and in different phases of\a single
cell cycle (39 - 41). These three DNA polymerases have aiso

been identified in several other eukaryotic system

line NC 37 (47), fat'liver and spleen (44-50), human em-
ic leukocytes (51,52), human KB qells (53), developing avian
“erythrocytes (54), mouse myeloma cells (55), chick émbryo
(37), and soybean (56) and wheat germ (57). In addition,
another class of DNA polymerases has been isolqted from the
mitochondria of several mammalian cells and is Eérmed ‘

DNA polymerase (58,59). Hence, it was of interest to study
the types of DNA polymerases (on the basis of the above =
classification) preseﬁl in Arteﬁié embfyos and their possi;
ble role(s) in the regulation of development in this organ-

ism.
-~

-
+
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" The building blocks of DNA syntﬁesis are actuaily deoxy~-
yribonucleoside monophosphates (deoxynucleotides) which are
derived from deoxyribonucleosiQe tri—phosphates {dNTPs). In
virtually all cells, two fundamentally different kinds of
pathways are used for the synthesis,df nuclecotides ( Fig.
?). One.is the 'de novo' pathway in which ribose phosphate,
certain amino acids, Coé'ana NH3 aré combined in successive
reactions to form the nucleotides. Neither the freé purihe
or pyrimidiné bases (adenine, guanine and cytosine, uracil
- or thymine) nor the corresponding nucleosides (dgoxyribonUf
cleosides) are intermediates in the de novo pathway. By

contrast, cells also possess various mechanisms for making

use of the free bases and nucleosides ultimately produced bya

~—

the breakdown of nucleic acids (Fig. 3). By various
routes, components of nucleotides (bases and nucleocsides)
are converted back to nucleotides tﬁemselves by way of the
'salvage pathway'. Recent findings from our laboratory in-
dicate that Artéﬁia embryos are extremely rich in dinucleo-
side polyphosphates such as szG, GPBG' quG and Gp3A
(60,61). The former two have been reported to comprise ap-
proximately 2% of the dry weight of embryos (60). The
presence of szG and Gp3A was discovered for the first time
in 1978 and as of this time , they appear to be unique to
"eggs and embryos of Artemia (61). It is pertinent to note
that embryos and adults of Artemia a:é unable to synthesize

purines de novo while they possess the de novo pathway for

1
\"--. -
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FIG.3. Salvage and de novo pathways of
biosynthesis. .
(from: Kornberg, A. 1980 (41)
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pyrimidine biosynthesis (62). It has also been shown that
Gp3G and.Gb4G are the major 6r primary sources of all nu-
clelc acid purines in Artemla embryos including DNA-adenine
(63,64). The role of these dinucleoside polyphosphates in
Artemia development has been recently reviewed (65,66). In
several other eukaryotic systems the dinucleoside polyphosp-
hate Ap4A has been shbwntgo:be present rather than Gpy G

(67). Moreover, Grummt et al. have shown that ApyA is di—j
rectly.involved in the stimulation of DNA synthésis in baby
hamster .kidney (BHK) cells (68,69). | In these cells DNA
synthesis is apparently triggered by the specific blndlng of
.ApyA to DNA polymerase a<(70) The capac1ty ‘of DNA polymer—
ase to bind to Ap,A is logt in neuronal cells durlng brain

" maturation concomltant with the loss of mltOth activity in
these cells (71). Since Artemia embryos are rich in severél'
dinucleoside polyphospﬁate compounds and display a period‘of‘
diScoﬁtinuous DNA synthesis, we have become interested in a
possible role of the diguanosine nucleotides in DNA synﬁhe--
sis regulation.

The only previou; reports Onlthe DNA - polymerases of
Artemia deal with some aspects of Ehe nuclear enzyme activi-
ty in relation to growth rate, but to this'autho%%s'know-
ledge, no conclusive or definite role of DNA polymerases in
DNA synthesis reguiapion—of_Artemia has.been reported
(72,73). This study is the first major effort to character-

ize the DNA polymerases in Artemia sp. This thesis examines

2

.

AN
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the DNA-dependent DNA polymeféselenzyme profiles in Artemia
embryos in the dormant entysted étage {(Ch) .and in‘one day
old nauplii (36h}.x Thejdistribution of the various DNA po-

lymerases in the nuclear fraction (NF) and post-mitochondri-

- al fraction (PMF) of Oh and 36h embryos was al]po studied.

In Ehrlich asci{fs cells DNA polymerase b(Was found to be

polymorphic and represented 77 -~ 80% of the total cell DNA

. L4 N .
polymerase content in rapidly proliferating cells (34). The

.nature of its location is still controvérsial in that earli-

er reports inéicated only a cytoplasmic 1ocalizatioﬁ
(48,74). Novel methods of experimentation (using enuclea-
tion techniques) that prevent leakage from the isolated nu—'
cleus have shown that DNA polymerase c{ is of nuclear origin
(75,76). By comparison, there has been little or no contro-
versy in the nuclear localization of DNA polymerase ﬂ(??)
which is pfesent preddmiqantiy in guiescent cells. Many :e4
ports have indicated the conservation bf this enzyme through
evolution (78). The nuclear location of any enzyme can be
established 6nly if methods of isolation and/or analysis are

used which prevent the leakége into the cytosol. These stu-

dies were undertaken on the DNA polymerases of Artemia sp.

to determine; 1) the profile of the DNA polymerases at vari-
ous stages of development; 2) the nature of activation of
DNA synthesis following hatching; 3) the role of dinucleo-
side polyphosphates (the only source of purines) in this ac-

tivation; and 4) some properties of the cyst and naupliar

=
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DNA polymerases. Interestingly, studies on the DNA polymer-~
ases of Artemia described herein, indicate that these-én-

1
zymes are comparable to the mammalian enzymes in their prop-

-

. erties. The multiple roles of the Artemia enzfmes and their
possible seguestration coulé provide clues to the nuclear
cytoplasmic interactions. This study has attempted to de-
fine the role of Artemia&DNA—dependént DNA polymerases dur-
ing development and to characterise them for the‘pdrpose of

studying DNA synthesis regulation in theSe embryos as com-

pared to the mammalian DNA polymerases.



Chapter II

MATERIALS

Supplies

' B r
Encysted embryos of Artemia.sp. were from the San Fran-

écisco Bay salterns.in California and supplied by Metaframe
Corp.,.Newark, California. Penicillin G (sodium)} was from
Ayerst in Montreal,lQuebec., Streptomycin sulfate from

| Schwarz/Mann (Orangeburg, N.Y.), soybean trypsin'inhibitor,
pjmercaptoethanol, dithiothreitol and glycercl were from
Sigma (St.lLouis,‘Mo ). Liquid'scintillation fluors
2,5-diphenyloxazol (PPO) and l 4 bls { 2-(5-phenyl oxazo-
1yl)] -benzene (POPOP) and tissue solublllzer (NCS) were
from Amersham (Oakville, Ont.).’ quiflqor was obtaiqed from
New England Nuclear (Boston, Mass.). Diaflo membranes (PM'
10) were from Amicon (Lexington, Mass.).. Giass fiber filter
_discs (GF/C, 2.1 cms dia.) were from Whatmann obtained from
Mandel Scientific (Montreal,Que.). Eppenéorf tubes (1.5 ml
capacity) were from Bio-Rad (Missisauéa, Ont.) and dialysis
ltublng was froﬁ Fischer Sc1ent1f1c (Toronto, Ont.).

For protein determlnatlons the Bio—-Rad proteln reagent
was used (Bio-Rad, Missisauga, Ont.). For column chromatog-
raphy Sephadex G-25 {(medium) was purchased from Pharmacia

(Montreal, Que.); Ultrogel AcA-34 is a product of LKB

- 13 -
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(Fischer Scientific, Toronto, Ont.); DEAE-cellulose (micro-
granular, DE-32, Whatmann} was from'Mandel Scientiﬁiq (Mont~-
- real, Que.) and hydroxylapatite was from Clarkson (Williams-
port, Pa.}. For the DNA polymerase studies,.calf thymus
DNA, salmon testes DNA, and deoxy-nucleoside
5'-triphosphates (dATP, dGTP, dCTP and dTTP) were from Sigma
(St.Loqis, Md.). D;nuclebsidé polyphosphates GQZG, Ap,A
and Ap4A were from P~L Biochemicals (Milwaukee, Wisconsin},
whereés Gp3G, GpQG and GpBA were purified fractions from,
our laboratory (compliments of Sarah Gilmour and Nancy Mér-
rison}. Didedxythymidine 5'-triphosphate (d2TTP) was fr@m'.
P-L Biochemicals (Milwaukee, Wisconsin) and deoxy-thymidine
51— Eriphosphate [methyl—BH] (sodium salt, specific activity .
:71.6 Ci/mmol) was purchased from New England Nuclear (Bo-
sgﬁn, Mass.). N-Ethyl maleimide (NEM) was from Calbiochem
(Missisauga, Ont.) and aphidicolin was a‘gift from Dr. A. H.
Todd of Imperigl Chemical Industries (Mécclegfield, Eng-

land).

Media and Buffers

The following media and buffers were prepared for use in thé

experiments described herein.
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Hatch Medium

The medium used to hatch nauplii from the cysts contained
the following components: 422 mM NaCl, 9.4mM KC1l, 25.4mM

MgCl, , 1l.4mM CaCl 0.5mM NaHCO,, 250 units/ml penicillin

2.1
’ ©
G (Na) and 25 ug/ml streptomycin sulfate.
1

—
Homogenlzatlon Buffer :

The homogenlzatlon buffer consisted of the followlng compo—
nents: 0.01M Tris-HC1l, pH 8.0 (0-4 C), 0.005M MgCl,

0.001M EDTA (Na2), 0.0PlM‘ E—mercaptoethaﬁol (BME), 0.005M
KC1l, 25% glycerol (v/v) and soybean trypsin inhibitof

(1L00ug/ml). In subsequent purification experiments, soybean

~—trypsin inhibitor was employed at 400ug/ml (in the homogeni-

'iation buffer) and 0.001lM dithiothreiotol was substituted

for BME.

Glass flber filter 5soaking solution

The following solution was used to prepare glass fllters for
collecting the components of the reac®ion mixture: 0.20M
' sodium pyrophosphate, 0.10M EDTA (Na2) and unlabelled TTP at

0.4 mg/ml.
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Stop reaction mixture‘(s.g.ﬂ.)

The solution used to stop the epzyme reaction contained
0.10M sodium pyrophosphate, 0.001M EDTA (Naz) and denatured
» .

salmon testes DNA (0.5mg/ml).

Buffer A
Buffer A contained 10mM potassium SEOSphate, pH 7.5, 1mM

EDTA (Naz), 2mM BME and 10% (v/v) ‘glycerol.

Bdffer B

Buffer B contained 10mM potassium phosphate , pH 7.5, 1mM
EDTA (Nap ), 2mM pME and 15% (v/v) g%ycerol.

Buffer C

Buffer C was like Buffer B but it contained 1.0M KCl.
Buffer D

Buffer D contained 0.10M NaCl and 0.20M EDTA (Na,), pH 8.0.

Buffer E
—_— -

Buffer E conﬁained 0.15M sodium chloride and 0.015M scdium

citrate (standard saline—ciﬁrate).
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Buffer F

Buffer F contained 0.03M potassium phosphdte and 0.10M NaCl,

-

pH 8.0,

Buffer Gl—é3

Buffer G'contained‘O.lOM NaCl with either 0.06M potassium .
'phos phate (Gl), 0.12M ﬁotéssium phosphate (G2) or 0.25M po4

tassium phosphate (G3) at pH 8.0.

Buffer H
Buffer H contained 1.0M MgCl, . S0uM Tris-HCl, pH 7.0, and
1 mg/ml bovine serum albumin. ‘

4

Scintillation fluids

" The scintillation fluid used in the experiments contained

0.4% PPO, 0.015% POPOP in toluene (or) 4 g/litef of Omnifl-

uor in toluene.
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Chapter III

METHODS

preparation of Artemia embryos and incubation

Procedures

Hydrated cysts of Artemia and embryos at different
stages of development were prepared to study the activity
and properties of DNA-dependent DNA polymerases from these
embryos. ) | '

Encysted dormant embryos were hydrated in ice-cold 0.5M
NaCl, treated with 0.02 % zephyran chloride for 30 minutes,
and at the end of twd hours hydration washed with icé—cold
double distilled water to remove floatlng cysts and debrls
as described by Warner et al (80). The washed cysts were
ri;sed-with . cold homogenization buffer and extracted di-
réctly (Oh embryos). When developing 'emBryos were Teéuired
for analysis the cysts were rinsed with hatch medium and
incubated in hatch medium at 30°C wifh gentle shaking.

The embryos were collected after various incubation per-

iods, washed with homogenization buffer or cold distilled

water and either proéessed directly or stored at -70°C.

Two incubation procedures were used. When crude enzyme
extracts were needed, 2 grams (wet weight) of fully hydrated

cysts were incubated in glass storage dishes (100 x
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80. cms) containing 150 mls of sterile hétch medium for each
developmental stage studied. {1 gram of hydrated cysts con-
tains about -100,000 embryos). For enzyme pufification stu-
diés, 20 grams of fully hydrated cysts were dispensed in 5
gram guantities and eaéh was incubated with 250 mls of ster-
ile hatch medium in Fernbach culture flasks (2800 ml). 1In
this case, the perceﬁt éﬁergence and hatching was determined
" after various incubation periods by counting the pre-nauplii
(E1l ahd E2) apd nauplii in an aliguot fﬁgﬁ selected culture
dishes as described previously (80}).

All glassware and reagents were sterilized bé?ore use
and zephyran chloride was added to inactivate the microor-
ganisms attaéhed to the c?st chorion (80). Unless otherwise
indicated, the same batch of Artemia cysts was hsed

tﬁroughout the course of this study. - ‘

DNA content during development in Artemia

Thé.DNA content of Artemia embryos was determined at
various stageé of development between 0 and 60 hours. Em-
bryos of Artemia (2 gramg, starting cyst; wet weight) were
homogenized with 5 mls of 0.5Nlpérchloric aCid-(HClO4j and
centrifuged to remove the acid-soluble materials. The acid-
insoluble pellet was recovéred, washed twice with 5 mls
of 0.5N-HC104, then neutralised with 0.5mls of ammonium ace-
tate. ,Delipidation was carried ;ut using equal volumes of

‘an ethanol —-ether mixture (3:1,v/v) with constant stirring



~
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at 40fé, 30 min. The insolublé propeins were collected by
. centrifugation' aﬁd the delipidation step repeated until
thg' édpernatant became almost colorless. The precipitate
was air dried, then suspended in 2 mis of 2M NaCl-0.01M
Tris-HCl, pH 8.0, and incubated for one hour at 90°C with
constant stirring to solubilize thé nucleic acids. The
soluble fraction was rec;vered by centrifugation and - the
pellet re-extracted twice with hot NaCl-Tris solutién. Thé
supernatant fractions from the latter two 'steps were pooled
filtered through glass fiber filters, then tested for DNA

content using the method of Ceriotti (81).

Preparation QE Artemia DNA for use in polymerase
studies

Artemia DNA was isolated from 36h embryos following
the procedure of Vaughn (82) with slight modifications, and
the DNA was activafed for use as a primer-template in' the
DNA polymerase assay-.

Fresh tissue (10 gfams wet weight, nauplii) was homo-
genized with 5-6 volumeslof ice—~cold buffer D. and centri-
fuged to remove cell debris. Sodium dodecyl sulfate Qas
then added to the homogenate to 2.5% (w/v) final concentra-
tiogl Next, DNase—free pronase prepared according to the
method of Hot£é and Basel (83) was added to a final concen-
tration of 100 ug/ml and the mixture incubated at 37°C with
vigorous shaking. At the end of two hours, the solution

was made 5M with respect to sodium chloride, ‘then an
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ggual volume of é chloroform (CHClB)-isoémylalcohol (IAR)
_mixture (24:1, v/v) was added. The mixture was agitated
thoroughly for 30 min using.a wrist-action shaker. The
agueous phase obtained by centrifugation was separated using
a lérge bore pipet and the CHC13—IAA extraction repeated
until little or no denatured protein was present at the in-
terface. The agueous phése was dialysed‘against-buffer E,
then ripo%uclease (rendered DNase -free by heating at 80° C
for 30 min) yés added to a final concentration of
50 ug/ml.' The mixture was stirred for 60 min at 37° C,
fbllowed by the addition of pronase (50 ug/ml).and two addi-
tional hours of incubation at 37°C. -Solid Nadl was then
added to a final concentration of 5M .and the CHCl -IAA ex-
traction. repeated as before. The aqueodgﬁphase was recov-
ered and dialysed overnight against buffer E, then concen-
trated by vacuum dialysis. ThérDNA was 'spooled out'
following the addition of ice-cold 100% ethanoi and resus-
pended 1in buffer F. The DNA was loaded onto a hydroxy-apa-
tite column (1 x lécms) previously equilibrated with buf-
fer F and the column washed with two bed volumes of .
buffer F. The bound DNA waé eluted sequentially with buf-
fers Gl to G3, concentfated by vacuum dialysis, diaifsed
against buffer E and storéd at ;70°C. The DNA was quanti-
tated by the method of Ceriotti (8l) and activated for use

as a primer-template.
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Activation of DNA for use as primer-template

The method of Aphosian and Korhberg (84) was used to
activate calf thymus DNA and Artemia DNA for use as primer-
template in the DNA pOlymérase enzyme assays. Activated
calf thymus DNA was used in all the regular procedures for
enzyme assays excépt where indicated otherwise.
| Calf thymus DNA or.ﬁrtemia DNA (in 8mg guantities) was
suspended ih 2 ml of.buffer'H containing 400 ug of pancreat-
ic DNase I ( made RNase frée as describea earlier). Diges-
tion of the ©DNA was allowed to proceed by incubation at
37°C for 35 min. The reaction was stopped by heating for:

5 min at 77 C then chilled in an ice bath. The extent of
DNA activation was estimated by compafing UV-absorbance rat-
ios at 235, 260 and 280 nm according to the method of
Fansler and Loeb (85). The activated DNA was gquantitated
according -to the method of Ceriotti (80) then diluted to
400 ug/ml and stored in small aliqﬁots ét -70°C. The prim-
‘er—template‘stock solution qf DNA thus prepared was used
throughout the course of this work.

~

Preparation of crude enzyme extracts

Particulate (nucieaq) and non-particulate (soluble)
fractions were prepared from Artemia embryos at different
developmental stages to determine the distribution and

profile of DNA polymerase activity with development.
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Embryos at different stages of development were homo-
genized in a glass tissue grinder (Duall type) to a thick
pagle with 6mls of homogenization buffer. The homogenate
was filtered through a cheese cloth~glass wool—che;se cloth
filter and Sne ml of this filtrate (as total homogenate, Hg)

was stored at -70°C. The remaining filtrate was centri—

uged at 1000 x g for 15 min. The.resulting nuclear frac-

Jon or pellet'(NF) was resuspended in 1 ml of the hdmogeni—
z tiig,bufferland stored at -70°C. The 1000 x g supernatant
flujid was centrifuged at 2500 x g for 15 min and the su-
perffatant fluid was collected free of the floéting orange.
used as the post-mitochondrial or cytosol
fraction (PMF).. The Hg,'NF and PMF were dialysed against’
three chénges of homogenization buffer (250'mls each) up té
a maximum of 6 hours. The dialfsed.enzyﬁe samplés were used

as crude enzyme fractions in the assay for DNA polymerase

éctivitya

Assays of DNA polymerase activity '

Method I: Glass fiber filter method.

Enzyme assay conditions were essentially identical for
both crude extracts and purified fractions. The main vari-

~ation was in the collection of the acid-insoluble preqipi—‘
tate ana its subsequent proceésing for assay of DNA polymer-

ase activity. .The reaction mixture contained the following:




0.10M pqtassiumlphbsphate pH 7.4, 40 mM MgClz,ISmM BME,
50 ug activated‘calf thymus DNA or Artemia DNA, 500 uM unla-
belled deoxynucleoside 5'~triphosphates (dATP, 4GTP, dCTP)
and 50 uM [methyl—BH] —thymidine 5'-triphosphate Enzyme was
added to a final volume of 0.25 ml and aliquots of 0.05 ml
were sampled at the desired time intervals‘for measfrement
of polymeraseuactivity. |

a1l assay mixtures were prepared at 0°C, and transfer-
red to 37°C to start the reéction at the time of enzyme ad-
ditién. (Zero time samples indicative of non-specific ra-
dicactive incorporation were sampled initially at 0°C.) At
the desi)ed time intervals the reaction was‘st0pped by
transferrihg 0.05 ml to 1 ml of ice-cold stop—geaction mix-
ture (SRM). This mixture was heated at 100°C for 2 min,
cooled then mixed with 0.5 mls of ice-cold 15% trichloroa-
‘cetic acid (TCA). After ;tanding at 0—;°C for 10 min, thé'_m
acidfinsotuble precipitate was collected on a pre-socaked
glass fiber. filter using a micro-Millipore filter assembly.
The preci§i£ate was wasﬁed with five‘lO ml portions of ice-
cold 5% TCA, followed by 2 mls of 95% ethanol and dried
eithe% u;der an infra-red lamp or at-110°c for 5 min. When
all samples were collected they were counted with 5 mls of

scintillation fluid in a Beckman (L£S-3150P) or Nuclear Chi-

cago (Mark II) Liquid Scintillation Counter.
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Method 1I Using NCS tissue golubilizer.

In some of our studies, method I using glass. fiber £i1-
ters to collect the acid;insoluble ra@iolabelled product
was unsuitable due to color quenching with the nuclear frac-
tions (NF}) and'therefore an alternative procedure was used.
_Samples at various time poinﬁs in the enzyme reaction
were transferred directi& _tolEppendorf tubes containing
1l m)l SRM in én ice bath.- The'tubeé were capped, vortexed
.and transferred immédiaﬁely to a boiling water bath for 2
min. After cooling the precipitate was allowed to form in

the cold for 10 min followihg the addition of 0.5 mls of

' cold 15% TCA. The precipitate was recovered by centrifuga-

+

tion and the supernatant fluid was removed with a disposable
pipet. Since the precipitate‘has a tendency té stick to the
walls of the Eppendorf tubes, 1.5 mls of cold 5% TCA (wash)
was adéed;to each tube. The precipitate was suspended us-
ing a.glass spatula as a.éoliceman. The coloured precipi-
tate was pelleted and the procedure repeated twice. At
each step, care was takén to ensure complete removal of the_
supernatant without disturbing the pellet. To the precipi-
tate (in the hppggao;f tubes) was added 0.2 mls of 95% etha-
nol and the mixture dried at 110°¢C {(with caps open) for 15
min. After cdoling, 0.5 mls of 90% NCS was added to each

.
tube and .the mixture was heated at 55 C for a minimum of 3

hours.

~



26 .
The solubilized pellet was then transferred quantiQ
tatively into counting vials and 10 mls of scintillation
fluid was addeds Tﬁé gmouﬁt of radioactivity was deter-
mined after allowihg the vials to stand in the dark over-
night. The counts were réepeated over a period of 1-2.dax$.
to ensudre stability of the counting vessel. Eacﬂ sample

r

was counted for 10 min and corrected for guenching using a.
- :
previously established quench correction curve for tritium

B sampleé.

Biochemical characterlzatlon of Artemia DNA
- polymerases

r

The purified DNA polymerase fractions from DEAE-cellu-
lose chromatograﬁhy were treated with several agenté as
outlined below. Each enzyme fraction was assayed.in the re-
gular assay mixture with the treatment as ipdicated. At
the desired time intervals the enzyme reaction was stopﬁéd
and the acid-insoluble precipitates processed using assay
method II. | - |
"pH studies -
. Pota551um phosphate buffer was used for assays bétween
| pH - 6. 5 — 8.0 and Tris-HCl at 37 c, for pH 7.0 - 8.5.

Each buffer was tested at a final concentration of 10mM. Con-
7trols in these studles contained pota551um phosphate at 3 mM

final concentratlon as the enzyme incubation buffer.
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Effect of rNTPs and dinucleoside polyphosphates on
DNA polymerase activity

The effect of dinucleoside polyphosphates,.namely
Gp,G, Gp,G, Gp,G, GpyA, Apgh and Ap4A,'weré tested at 0.1 mM
‘ v
™ final\concengégtion; ATP or GTP was tested at
. ]

1 mM final concentrations.

Ionic reguirements

Anions (Cl) as KCl and (P04) as potassium phosphate
were added to the regular assay mixture. The KCl concen-
trationé ranged/from 0.5 FP 4.0M and the potassium phosphate
was tested at concentrations of 10mM, 50mM and 100mM. The
divalent cation Mn2+ (as MnCl,) was tested as a substitute

for Mg:2+regu1arly used in enzyme assays) at eguimolar con-

centrations (40 mM).

Effect of inhibitors on polymerase activity

The sulfhydryl group inhibitoxr NEM wés used to deter-—
mine the dependence of Artemia DNA polymérasés‘on the pre;—
ence of free sulfhydryl groups. In these studies, both the
crude enzyme extracts (NF and PMF) andlfurified DNA polymer-—
ase fractions of the «cysts and nauplii were subjected to

" NEM treatment. Each enzyme sample was pre—incubated with

NEM in a salt-ice bath mixture. At the end of 30 min,
the treated samples were transferred to reaction vessels
to give final concentrations of NEM ,of 1 mM (for c¢rude en-

zyme samples) and 6 mM (for purified fractions) respective-



28
ly. The eniymatic reaction was-allowed'£o proceed by in-
cubation at 37°C and at suitéblé time intervals, the acid-
insoluble radiocactivity was estimated as described earlier.
In other iphibitor studies, the ghain terminator inhibitor

éideoxy thymidine 5’;triphosphate (d2TTP) Qas included at a
‘fatio (dZTTP/dTTP)\of 4 xlO_z. Aphidicolin, an inhibitor of
o -DNA polymerase activigy,'wés dissolved in dimethly sul-
foxide and.tested at é final cdnéentration of 5 ug/ml in the
enzyme reaction.

In all studies, suitable controls for each treatment‘
‘were used. »

-

Sucrose—-density gradient analysis of Artemia
polymerases i

Sdc:dée—density gradient analyses were performed on
fraction l’(obfained from DEAE-cellulose columnn)} from the
post-mitochondrial fraction (PMF) of cysts and nauplii to
determine the sedimentation coefficients (S vélues) of the
_DNA polymerase&s)..

Linear sug ~density gradients of 5-20% were prepared
in buffer B (excldding the 15% v/v glycerol) using an auto-
matic gradient former (ISCO model_S?O, Instrument Speciali-
tiés Co., Lincoln, Nebraska). The gradients were méde in
cellulose nitrate tubes and the volume in the tube was
12.6 mls including a layer of glycerol-free buffer B (0.4
ml) placed on top of the sucrose gradient. The samples

to be analysed (0.4mls each) were layered under ‘the gly—
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cerol- free buffer and centifuéation was then carried out in
an SW 41 rotor (Beckman) at 39,000 rpm for 22 hours. After
centrifugation, fractions "of 0.4 ml were collected using an
1SCO Model 640 grad®ent fractionator set et 0.4 mls/min.
Individual fractions were assayed for protein.content using
the Blo—Rad reagent and the enzyme activity vas determlned
using Method 1I. Bovine serum albumln (4.65) was added to a
separate tube as a marker protein and run under the same ex-—
perimental conditions. The sedimentatioﬁ coefficients were
calculated by.comparing the migration position of the DNA
polymerase activity to bovine serum albumin (protein stan— 
dard) using the following.relationship of Martin and Ames
(86).

'S 'unknown Distance unknown

'S 'marker Pistance marker

Estimation of protein content of all fractlons

'The protein content of all enzyme fractlons was mea-
sured by the method of Bradforé (87).- To 0.1 ml of suitably
dlluted protein samples 5 mls of the dilute Blo—Rad reaéent
(stock diluted 1: 5 in double distilled water) was added,
vortexed gently to prevent frothing and allowed to stand for
1 hour. Absorbance measurements were taken at 595 nm and
egmpared to samples containing bovine serum albumin as the

protein standard.

-~



Chapter IV

RESULTS

DNA synthesis and developmental growth of Artemia sp.

In order to investigate the DNA-dependent DNA po-
lymerase profile at different stages of developmental

growth of Artemia sp.'it was first. essential to establish

the viability of the San Francisco cyéts used in all

these studies. The developmental profile of Artemia sp.
shown in Fig.4 was obtained starfing with dormant cysts
incubatéd aerobically at 30°C as described in the Methods.
The eﬁbryos .were scored as cysts, pre-nauplius larvae or
emerged embryos (El and E2) and free;swimming nauplii. Tﬂe
sum of the unhatched cysts and empty shells was taken as
:100%.‘ [No empty shells were found prior to incubation since
oﬁly fully-hydrafed cysts with a density greater than 1.0
were used]. Hatching began at about.th incubation and
reacheg 56% at 36h. To assess the DNA eontent of Artemia
sé. duriﬁg development,;measurements of DNA content were
made at selected developmental stages as shown in Fig.b5.
DNA synthesis was initiated around 12 houfs‘incubétion
reaching a maximum by 48 hours. The total DNA content exhi-
bited nearly a two-fold increase between the cyst and nau-
plius stage. These data were in accordance with the . va-
lues obtainea by MaClean and Warner (5).

- 30 -
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Figure 4:

Y

Developmental profile of Artemia sp. The percent
naﬁ?lii_hatched (;—ﬁ—A) and'emb:yos emerged (at
stages El and E2) (m——m)} is shown at various
times of development.. Thege values were

calculated as indicated in the Methods.
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a4

Figure 5:

DNA content with development in Artemia sp. The

total embryo DNA content (mg/g dry weight
starting cysts) was determined as described in
the Methoés. Each point is an average of two

r

t
experiments.
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DNA polymerase studies with crude embryo extracts

The amount of DNA polymerase activity in Artemia was
determined initially using crude enéyme preparations from
embryos at various developmenﬁal stages.- The enzyme activi-—
ty was determined in both the nuclear.(NF) and the
post-mito chondrial £ractions (PMF). One Enzyme Unit
(E.U.) in the crude exhract'is defined as the pmoles of
3H-TMP incorporated as acid—inseluble pfoduct in 10 min at
37°C. [The specific‘achivity is obtained by expressing the
enzyme uqﬁhs per gram wet weight starting cysts].

~When the nuclear fraction (NF) frem each developmen-
tal group of embryos was assayed at pH 7 4 and 8 8, the
data shown in Fig. 6a and 6b were obtained. These data show
that the activity of DNA polymerase from the NF is about
2 times higher at pH 7.4 than at pH 8.8 at all stages stu-
dlEd. Similar observatlons were recorded for the DNA
polymerase activity from the cytosol fraction. (see Fig. 7a
and 7b). . |

When the total‘ E.U.'s in the NF and PMF were com-
.pared, it was observed that the DNA polymerase activity
of the dormant cysts is 2-fold higher in the PMF than in
the NF and this observation was independent of the pH of the
assay. . ‘

Fig.8 represehts a summary of the DNA polymerase activ-
ity of both the nuclear (NF) and the post-mitochondrial

fractions (PMF) between Oh and 36h of development. The lev-.
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Figure 6: Kinetics of nuclear DNA pblymerase activit& at py
' 7.4 and 8,8.‘ The nuclear fraction (NF) was
obtained from embryos at selected sﬁages pf
development (0—36h). The DNA poiémerasé activity
in each extraét{was-assayed at pH 7.4 (a)>and at

8.8 (b) as descfibed in the Methads. These

values represént the average of two experiments.



37 |

[ulw] awiy

qoc®

g'g¢ Hd

pakessy 'q

0T

L

™

vz Hd pokessy ‘e

)
oL x sajout

3

- N

d

| >

e



38

Figure 7:

Kinetics of cytosol DNA polymerase activity at
pH 7.4 and 8.8. At selected stages of
development (between'o and 36 h), the éytosol
fraction (PMF) was obtained from embryos as
described in the Methoés._ The DNArpolymérase
actiQity_in each extract was assayed at pH 7.4
{a) and B.8 (b) as described'in the Methods.
These values represent the ‘average of two

experiments.
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Figure 8:

e
DNA polymerase act1v1ty in the post- -
mitochondrial (PMF) and nuclear fractlons (NF) of
developing embryos. The nuclear (NF) and cytoso;.
fractions (PMF) were‘obéained from embryos at
selected stageéfcf development as described in
the Méthods. The DNA polymerasé‘acﬁivity in each
extract was assayed at pH 7;4-ag described in the

Methods. Each point is an average of two

experiments.

,,,,,
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el of DNA polymerase acFivity in- the NF is relatively cons-
tant between Oh and 18h development, after which time it in-
creases at a rate similar to that in the PMF. In contrast
to the changes observed in the NF, the.activity in the PMF
increases soon after immersion of dormant cysts in hatch
medium (at 30°C)., The increase in DNA polymerase activity
in NF between 18 and 36 hﬁurs o% development correlates well
with the mitotic activity observeduby other workers
(88-89). |

The relative diétribution_of DNA ﬁolymerase activitf
between the nuclear and cytosol ffactions is shoﬁn in Fig.9.
These data show that the ratio of DNA polymerase activity in
.thé PMF to NF is initially. 1.9. This increases to 3.1 at
the. onset of nuclear division, <then returns to a level
of'liS following .cessation of DNA synthesis (36-40 hours}.
Since DNA polymerase in the PMF of the nauplii (36h) exhi-
bits significantly higher levels of activity than the. en-
zyme from early emb;yOS, subsequent studies on thelcharac-
terization of lagval DN% polymerase were confined to
these embryos and compared to DNA polymerase partial%?,'.
pdrified from dormant ucysps. ' ‘

To exclude the possibility that increased e iyme
activity in the EostFmitochondrial and nuclear £fractions
of déveloping embryos is due to an artifact of hydration,
DNA polymerase measurements were made from embryos incubated

3

at 0—4°C5 The results of these experiments are shown in
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-

Figure 9: Ratio of DNA polymerase activity in poét—

mitochondrial (PMF) and nuclear fractions (NF ) ~‘?

during development of Artemia. The data in Fig‘
B. was used to calculate the ratio of DNA
polYmerase activity in the post;mitochondrial and
nuclear fract&ons at different times of
developﬁent. Only’ the values‘obtained by assay

at pH 7.4 were used in these calculations. .
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Fig.l0. Dormant cysts (2 gms, wet weight) were hydrated at
;0°C for up to 36 hours, Ehé NF and PMF were obtained as
usual and the DNA polymerasg‘aCtivity analysed in the
standard polymérase asséy. The results showed that the
enzyme activity in both fractions increased only slightly
{less thén 15%) eben a%ter 24;36 hours of hydration,_which
was considerably .less éhan that observed using‘embryos

incubated at 30°C fox similar periéds of time. -

Stability of the crude embryo extract

Prior to expefiments on the purification of the DNA
polymerase, it was necessary to establish the stability
of crude extracts to various routine purification treat-
ments, especially the extracts .from 36h embryos which
'contain signifﬁcaht groteasé activity (88-90). The effect
of reéular dialysis on DNA polymerase activity was studied
using extracts from the nuclear fraction (NF) and §H§’ re-

sults of theée experiments are shown in Fig.ll. These re-
sults show gﬂat dialysis for 12 H;urs resulted in a 21% de-
crease -in enzyme acdtivity. Similar ' findings were observed

L Y

with extracts from the post-mitochondrial fraction (PMF).



~—

Figure 10: Effect oflvarying‘perioas of'cyst hydration on
DNA polymerase isoldtion and activity
measurement. Dormant cysts were hydrated in
0.5M NaCl at 0°C for the times indicated, then

processed for the isolation of DNA polymerase as

described in the Methods.
4
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'

Figure 1ll:

" ~ \
. o ’

The effect of dialysis on 36h nuclear DNA
polymerase activity. The nucidear DNA polymerase

fraction from 36 h nauplii was concentrated by

pressure dialysis and the activity measured

prior to (A———A) and after 6 h (0——o0) and 12 h
(og—n) of regular dialysis. The enzyme
activity was measured as described in the

Methods.



pmoles
" O
Q
Qo

400

200

o

o»

ap

| |
10 . 15
~ Time [min]

8

49



50

Purification of the DNA polymerase from cysts and

nauglll i .

In order to study the activity and subcellular distri-
bution of DNA polymerase between the nuéiéar (NF} and

post-mitochondrial fractions (PMF) of the dormant cyst (Oh)
and nauplii (36h), and "to characterize this enzyme in Arte-

“

mia embryos enzyme (s} were.isoléted anq’purifjed as de-

scribéd below. All treatments were - carried out at 0-4°C

unless otherwise stated.

Processing'gg the post-mitochondrial ggpefnatant

Twenty grams(wet weight) of 36h naublii {(separated by
their.photo-tactic response) were ground in small portions
in the Dgall~type glass tissue grinder with hémogenization
buffer i;/;\total Qolume cof 35 mls. For dormant cfs;s, an
electric mortar (Torsion, model MG—Zd'was useé for homogeni-
zation purposes. The nuclear pellet obtained by centrifuga-=
tion for 15 min at 1000 x g was stored at —70°C and pro- |
cessed Separately. The. post-— mitochpndfial fraction which
Es rich in proteases, was proceséed immediately. Following -
concentration 6f the PMF uhder N2 pressure (Diaflo mem- |
brane, PM-10) at 60 psi, the copcentrat? (8mls volume) was
filtered through a Sephadex 9—25 column (3.5 x 40 cms) usiﬁg':
buffer A as the eluent. The UV-absorbing material which
eluted in the void volume was reLained'and concentrated by

pressure,aialysis-to_éppfoximately 4mls. The DNA polymerase

enzyme was purified further by gel filtration on a column
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of Ultrogel'AcA-3€ (2.0 x 52 cms) previously equilibrated

with™\ buffer A‘and fluted with the dame bluffer.

he contents o active enayme gamples from Ultro-

gel AcA-34 wére popled‘and applied to a DEAEnceliulose co-
Clumn (2.5 kx 40 cms)_eqﬁilibfated witﬁ buffer B'as‘described
by Warner and Finamore (64); The bound poiyﬁefasg was elut-
éd déihg a 440 ml linear éradieht‘of KC1l to a final concen-

tration of 1 molar (buffer C). Each column fraction was

analysed for UV-absorbance -and enzyme acﬁivity as described -

above. Column fractions showing enzyme activity were
pooléd, concentrated by pressure dialysis and the. concen-
trate‘dialysed against buffer B for 6 hours. The salt-free
concentrates were dispensed into aliquots "of 0.5 mls and
spg?ed at -70°C.

In subsequent studies, the enzyme preparations were
frozen and thawéd not more tha; twice. It should be noted
that Artemia DNA polymerases are very unstable atj0-4°C,
therefore all procedpres were carried out as rapidly as pos-
sible. Artemia DNA polymerase fractions requiring storage
for two weeks or longer were sfored in 50% glycerol at
—70°C,; This treatment enSu}ed minimal loss in‘activity for
up to 2 moﬁths. The purification procedure outlined above
was followed for Eoth the nucleér and cytosol enzjmes'from

Oh cysts and 36h nauplii.

r

i
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Processing of nuclear pellet samples. -

The nuclear pellet fractlons stored at -70°C were di-
luted (1:5) with homogenlzatlon buffer. The diluted sample
was then treated with the non-ionic detergent Nonidet P40
to a Elnal concentratlon of 0.1% and incubated with vigorous
stlrrlng for exactly 30 mln, 1n a salt-ice bath, this
“treatment was found to be. adequate in breaklng .open the
nuclei (as visualised under 'a phase—contrast m1croscope).
The supernatani‘fluid was obtained by centrifugation, care-
fully freed Gf the floating 1lipid layer and dialysed (to
remove the detergent) against buffer A for 6 hours{, The di-
alysate from the processed nuclear pellet was concentrated
by pressurebdialysis and applied to a column of Sephadex
G-25 as the initigl step in the purlficatioo procedure de~
scﬁibed earlier,wlth'the‘cytosol fraction;-\

" Since several reposts have indicated the presence
of hlgh levels of proteases in developed Artemla embryos
(88~ a0) soybean tryp51n inhibitor (STI), was added to the_
homogenlzatlon buffer at either 100 ug/ml or 400 ug/ml

‘flnal concentratlons. The ;pfofile oflthe cytosol enzyme
from the, Ultrogel Ach- 3: columns is sdown in Fig.12. 1In
ﬁall cases, the DNA polymerase contalnlng fractlons eluted
immediately behind the main protein peak, but the ex—
tract containing 400 ug/ml STI eluted from the column as a
'sharpef peak and closer to'the main protein peak than ex—:
tracts preparéd with 100 ug/ml STI. [Compare Fig. l2a.and

12b].

Ry o
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Figure 12: Effect of soybean trypsin inhiﬁitor on the gel

filtra iQp.properﬁfes of DNA polfﬁerase from 36h
nauplii. The UV-absorbing material in the void -
volume from a Sephadex G-25 column was pooled
“and.ébncentrated bf pfessufe dialféié‘tq less
V'Ehan.Slmls.‘ The'concentgaté was applied.td a
 coldmn of Ultg@gel AcA—34 (2.0 x 52 cms)
~previously equilibrated with buffer A and eluted
'with the same buffer at a flow rate of
_abprbximately lS.mls/h;f Fractions of 3..0 mls

were collected and assayed for UV-absorbance at

-;/ . 280’nﬁ-(A_—-A5 and for DNA'pplymerase activity

(bars) ag.describedﬁin ﬁhe Methods. The active
‘fraétioné were pooled and sa?ed'fbr further
o - pﬁrificaﬁign‘oﬁ DEAEF¢eilul se. a) DNA’
leymerase activity ghén the h mogenizafion
buffer EOngained soybéan trypsin inhibitor (STI)
('at~agfinai cbnéentratioﬁ~of 100 ug/ml. b) DNA
. poi?merése‘activiiy ;Qhen STI concentration was
) incréased.to give a final concentration of
" 400 ug/ml in the homoéeniza#ionzbuffer.

-0
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This shift in the elution pattern is probably the

r

. result of inhibition of proteases by the additional STI.
Also, since fthé protease activity in the ‘first 100 mls
was foundhto be sufficiently inhibited 'wheh STI was. in-~
Fluded in the homogenization buffer at 400 ug/ml (Eig.i3},

all subseguent purification experiments contained

400 ug/ml STI in the homogenization buffer.

"Ultrogel AchA-34 filtration

The nucleap (NF) and postfmitOCBondrial fractions
(PMF) from Oh cysts and 36h pauplji were filtered through
* separate Ultfogel Ach-34 coluﬁns. A representative’elution
profile of cyst (Oh) and nauplii (36h) éytosol (PMF) DNA po-
lymerases on Ulfrogel AclA-34 is éhpwn in Fig. l4a and l4b,
respectively. The elution pattern of the dormant cyst cyto-
sol DNA polymerase suggests that this enzyme has a lower |
molecular weight than DNA polymerase from the cytosol f;éc—
tion of nauplii. The active fractions from AcA-34 (NF and
PMF of the Oh' and 36h embryos) were pooled and each was
appliéd to separate columns of DEAE-cellulose for subse=

guent purification.

‘” >

o
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Figure 13:

The ef fect of sofbean trypsin inhibitor on DNA
polymerase-activity._ Additional soybean trypsin
inhibitor (STI) was added at 160ug/ml final

concentration to a reaction mixture containing

DNA polymerase from the PMF of 36h nauplii. ~

‘Control samples ([:j) contained STI (120ug/ml)

present in the hompgenizatioh buffer. The assay
was carriéd out as described .in the Methods.
PMF, post-mitochondrial fractibn; Pr.conc, after
concenpration by pressure dialysié? G-25, DNA
polymeraée fraction from Sephadex G-25; ‘AcA-34,

DNA polymerase fraction from Ultrogel AchA-34.
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Figure 14: Chromatography of the post—mitochondrial
fraction from Oh cysts and 36h nauplii on _ <:;/’_
Ultrogel AcA-34. The ﬁV—absorbiﬁg material in
the void volume from a Sepﬁadex G-25 column was
pooled and cancentrated by pressure diaiysis to
less than 5 mls. The concentraﬂe was applied to
a column of Ultrogel AcA-34 (2.0 x 52 cms)
previously ‘equilibrated with buffer A an@/gﬁﬁ&ed
with the'same buffer at a flow rate of |
approximately 15 mls/h. fractions.dﬁ 3.0mls
were collected and assayed for DNA polymerase‘
activity {bars) and for UV-absorbance at 280 nm
(A——A) as described in thé Methods. The active A '
fractions were pooled and saved for further

purification on DEAE-cellulose. The nuclear

2

(NF) and post-mitochondrial fractions (PMF) of
Oh cyst and 36h nauplii were subjected to gel

filtration on Ultrogel AcA-34 similarly.
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DEAE-Cellulose chromatography.

¢Chromatography on DEAE—cellulose 6f the nuclear and
post-mito chondrial fractions of the dormant Cyst (0h) and
nauplii (36h) following filtration through Ulﬁrogel AcA-34
is shown in Fig.l5. The enzyme from .the PMF of the dor-
mant cysts eluted ,as.two distinct éeaks at 0.2M and 0.38M
KCl (Fig.15b). These fractions. have been lebelled Fl and
FZ, respectively.‘ /;ﬁ contrast the nuclear enzyme eluted
as a single peak at the position of Fraction_2 (see )
Fig.l5a). On the othér hand, the_DNA'p6lymerasel activity
in both the cytosol (PMF) and nucléar fractiongf(NF) from
35h nauplii eluted as two separate fractions (see Fig. 1l5cw.
and 15d), at poéitions in the KC1 gradient. equivalent to
that of Fl and F2 from the dormant cysts PMF. Each enzyme
fraction was' pooléd separately and stored - At -70°C as

described earlier. Table 1 summarizes the DNA polymerase

activity after each step in the purification procedure.

Stability of purified enzymes during storage

The stability of the DEAE-purified cytosol enzyme‘
fraction 1 (PMF-1) from 36h embryos was studied under vari-
oué-storage conditions (F ig.l6). The activity decreased
by 35% when the enzyme was stored overnight at 0-4°C as
compared to storage at -70°C. Storage at -10°C for pro-
1§nged periods of time (up to a week) led to a l;ss in en-
. iyme activity by over 80% (data not included): When the

[}
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N

Fighre 15: (a-d). Chromatography 6f nuclear and post-

mitochondrial DNA polymerases from Oh cysts and
36h nauplii on columns of DEAE-cellulose. The
fractions from Ultrogel AcA—34‘which contained
DNA polymerasé activity were pooled and applied-
to separate columns of DEAE-cellulose 32 (2.5 x
40cms ) prévious}y equilibrated-with buffer B.
The columns were eluted using a linear gradient
of KC1 in buffer B (to 1M KCl) at a flow rate of-
approximately 30 mls/h and fractions of 5 mls
were collected.k Column|fract10ns were assaxed
for abgorbance at 280 nm (A_——A) and fo; DNA
polymefaée activity (bars) as desc;ibed'in the

Methods. Fraction 1 and Fraction 2 (as

indicated) were pooled separately, 'concentrated

(by pressure dialysis), dialysed against buffer
B and stored at -70°C fof further studies. ‘It
should be npted thét the Oh nuclear enzyme - .
eluted as a single, complex peak at the position

of Fraction 2 from the PMF.
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Figure 16:

g

Stability of Artemia DNA polymerase under -
dif ferent storage conditions. ‘The DEAE-

cellulose purified DNA polymerases from. 36h

-

embryos (PMF-1) was stored overnight at -70°C

-~

-'(A———A), at -10°C in a regular freezer (l——-I)

and at 0-4°C, in an ice bath kept in the cold
room (e——e) Aliguots of each enzyme
preparation were then assayed as described in

the Methods.

,'/"__'—"
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same enzyme preparation was subjected to five'freezejthaw
cycles from storage at -70°C the enzyme activity de-

creased by 53% (see Fig.l7). Thus due to the instability

"of the enzyme small aliguots were stored at‘~70°C and none

were subjected to more than two freeze—thaw cycles before

being discarded.

Studles with partially purlfled DNA polymerase
fractions

To characterise the DEAE—purlfled nuclear (NF) and
éytosbl‘(PMF} fractions from Oh cysts and 36h naup111, the
following experiments were carried out. The first was to ‘
establish the regquirement of a toﬁal reaction assay mix--
ture for the purified fractions as indicated 'in Table 2.

The' enzyme shows an absolute requ1rement for a diva-

lent cation (Mg2+), a DNA-template- (activated - DNA) and all

four deoxy nucleoside 5'-triphosphates. Reaction vessels

with only one.deoxynucleoside 5'-triphosphate present 26% to

53% lower enzyme activity than the comg}ete reaction mix-

A

ture. Omission of activated DNA prlmer-template resultedvin

-

over 95% loss in eni&me activity. This also indicates the

absence .,of terminal deoxynucleotidyl transferase (TdT) ac-

tivity which is usually present in assbciation with mammali-
an DNA polymerases. Interestingly, the exclusion of dGTP
alone (as cdﬁparea to othef*dNTP's:from the reaction mixture

caused a loss in act1v1ty of 56%. Deletion of B-mercaptoe-

-

thanol (BME)- reduced the act1v1ty of the enzyme nearly 50%

‘1ndlcat1ng a reguirement for free sulfhydryl groups.

?g;
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2t

The- effect of freeze~thaw1ng on DNA polymerase

:activity The DEAEwcellulose purlfled DNA

polymerase (PMF- -1) from 36h embryos was stored
at ~70°C and subjected to flve freeze-thaw - !

cycles over a period of five days. The .enzyme

activity was measured after "each cycle using
: - : ‘

50 ul aliguots in the regular enzyme assay as

described in the Methods. °
_ 7 < © |
/“\ : . ’ .
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Before further characterizations of .the DNA-depen--
dent- DNA polymerase enzyme fractions could be carried out,
it was necessafy to determine the chemical nature of tﬁe
end-product of the enzyme reacﬁion. This was accomplisﬂed
'using RNase and DNase treatmeﬁts.at 10 units/mi and
40 ug/ml final conéent;ations, respectively. In one set
oﬁ experiments the DNA pélymérase reaction was allowed to
proceed for 20 min in ' the comélete reaction aixture then
DNase was addeéland the incubation was continued at 37°C
for a_furﬁhér period of 15 min. Similar experiments wére
géndqcted using RNases. The acid-insoluble precipitate
was recovered and processeq‘as described in the .@ethods.
The results-in Table 3 show.that the product_of, the reac-
tion is sensitive to DNase treatment and only pqgtially to
RNase treatment. Alsé)»pre—treatment of the reaction compo-
nents with RNase A rqsulted in no loss of enzyme activity.
- These results suggest that the purified eﬁzyﬁg \;ractiqns
are'DNA-dependent and synthesize product(s) which is(are)

sensitive to DNaseé. .

Biochemical characterization of Artemia DNA
polymerases

v

The preliminary studies detailed above were essential
to establish reliable assay procedﬁrés and other require-.
ments for the estimation 6f the DNA pé;ymerase’activity of -
.Artemia embfyos. In order to study the various DNA polymer-

)

ase enzyme fractions obtained by DEAE-cellulose chromaﬁogra-

-
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phy [namely, dormant cyst (Oh) PMF-I; PMF-2 and NF-2; and
naupliar (36h) PMF-1, PMF-2 and NF-1, NF-2] éeveral biochem-
. n .

ical experiments were"carried-out.

Effect of pH and various buffers

-

The effect of pH and various buffers on the activity

of the nuclear (NF) and cytosol (PMF) fractions ' from cyst

and ngupliar embryos. is shown in Fig.l8 and 19, respective-

ly. The buffers used were potassium phoéphatgf“TFis—HCl

at a_final concentrétion of 10 mM each in the reac-

tibdn mixture. The cytosol fraction PMF-1 sliowed a

pH optamum of 8.0 (see Eig.lS), whereas PMF-2. éndl NF-2 pu-

rified{from Oh é&st embkgps indﬁcated a"pH optimum,more to-

wards neutxal pH, i.e. between pH 7.0 and pH 7.5. Both cy-

3

tosol fractions (PMF-1 and PMF-2) were not inhibited by: °

il

Tris-HCl, whereas the nuclear fraction (NE-Z) was inhibited

-

up’ to 50% by Tris-HCl irrespective of pH.

The naupliar enzyme fractions gave results shown in

e

Fig.1l9 when-asséyed under similar conditions. All frac-
tions (?MF-1,2 aﬁd NF-1,2) showed .a marked preference

for pH 7.5 in both potassium phosphate and Tris—HCl. buf-

Y

fers. However, the activ¥ty of these fractions, was re-

duced considerably (25 - 50%) in the'presence of Tris-HCl.

LY

This is in marked contrast to the results obtained using

enzyme fractions from dormant cysts which showed a prefer-
. -

ence for Tris-HC1l buffer (see Fig.'l8).
, j : v

F

e, e s
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[

figufe 18: The effect of pH and various buffers on Dhtcgsé
i DNA.polymerase acfivity. The partially purified
DNA polymerase fractionsw(i and 2) from the PMF
fraction and DNA polymerase (fraction 2) from
the NF fréttign‘of Oh cysts were assayed using
10mM potassium phoéphate (e—w), iO.mM Tris-
HC1, (37°C) (Al—a)as indicated.

Each value is an average-of two experiments.

'\i-
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Figure 19:

N\

The effect of pH and various buffers on DNA
polymerase activity. The DEAE-cellulose
pﬁrified post-mitochondrial fractions 1 and 2
from 36h embryos were assayed for eniyme
acfivityqusiﬁg 10 mM pbtassium phosphate
(a—8), 10 mM Tris-HC1 (at'31°€j (A—a)
at the pH's indicated. N

Egéh value is an averdge of two experiments.

k]

experiments.
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Effect of dinucleoside palyphosphates on enzyme
activity 3 ‘ .

The possible regulation oleNA polyherase activity -
fnpm‘dormant cysts.apd nauplii of Artemia embryos by di-
nucleoside polyphosphates.was investiéated by assaying‘for
polymerase activity in the presence of.egch compound?;t a
final concentration of 0.1 mM. The résults for di-
nucleoside polyphosphates containing guanosine are shown in
Fig.20. l ‘

IThe nuélear (NF-2) and cytosol fractions (PMF;l,bMF—2f
from dormaﬁt 'cystg did not exhibit ahy stimulatioﬁ‘in ac-
tivity upon addition‘ of Gp,G, GFBG or Gp4G. However, in-
?lusiqp of Gp3A éaused a reduction in .activiﬁy- ranging
glom 83% to-92% compared to the controlg,

In contrast, thd cytosol fractions (PMF-1,2) from‘36h
nauplii eﬁhibited stimurafion in ‘activity when szG, Gp3G
and GpsG were includeﬁ. Addition of Gp,G and GpyG in-
creased the activity by 20-80% in both fractions.

When the hybrid dinucleoside.polyphésphate (GpBA) was
tested the activity of PMF-l increased by 85% which wss '_

: : .
not observed wlth the PMF-2 fraction. '
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- Pigure 20:

v . R iy
. , ' ! Sl
The effect of naturally occuring dinucleoside

polyphosphafesign'the DNA polqurasé activif& of
dormant cysts aﬁd.nauplii.. The dinucléoéide -
polyp?qgghates Gp,G ()., GpBG-([[]I{]), Gp, G
(Ezzﬂ).and'G§§A (===} werg.éddeg to tpe
standard DNA polymeragé reaction mixture aﬁlp.OJ
‘mM, final concentration. Both control
Q:::];*qp additions) agd treated sémples were
tested fér enzyme activity'at various times.

Each ‘bar represents an average of three

measurements from these experiments.

’

<
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The nuclear fractions ° (NF-1,2)- from nauplii wgre not
affected'significant;y when.assayed in thelpresenée of any
of :thé diguanosine polyphosphates and GpjA. In arriving
at these conclusions, all’ data were analysed by the
nalyses of Variants® (91) ﬁsing triplicate measurements.

On the other hand, addition of diadenosine  poly-
phosphates (ApsA and ApsA) to most of the enzyme fractions
(Fig.2l) did not reveal any "statistically significant
vagiafibﬁgin the activity profile. Only the cytosol frac-
tigns-'(PmF-l pMF-2) from nauplii showed significant (80%)
1ncreases in activity in ch pféSence of.Ap3A. -In all other

cases, there was no marked change ih enzyme activity in the
presence of dlnuc1e051de polyphosphates.
rlOn summarizing these data, it was observed that the.
qiguanosiﬂé Qplyphosphétes 4Gp G, Gp and Gpig).prefereﬁ-:
£ially' stimulate the naupliar DNA_polymeraseS'ana Gp3A'in-
R hibits markedly the dormant cyst DNA polymeraseé. ‘
- It lﬁ pertfnent to note that stimulation or ifhibi--
 tion of the DNA polymerase éctiviiﬁ was only observed
when naturally occurlng.e;guan051ne polyphosphates were in-

cluded in the reaction assay . mixture suggestlng a possi-—

ble.role for these compounds in'DNA polymerase regulation.
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Fiflire 21:

The effect of diadenosine polyphosphates on DNA
polymerase activity of dormant cysts and
nauplii. The dinucleoside polyphosphates ApzA

(ESSS)) and Ap,A ([DIIT1) were_added to the

standard DNA polymerase reaction mixture at 0.01

-

n1Mf, f£inal concenktration. Both control -

N
(C—J, no additions) and treated samples were!

‘tested for enzyme activity at various times.

Each bar represents the averége from 5
N L]

experiments.
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Effect oE various ions on DNA'pol}mérése adtivity

Thé Variable effect of potassium phosphate and Tris-
.o . B c . -

© HClion enzyme activity led to experiment$ to test the ef-

-

'f@cﬁ- othhe various ionic components on Artemia DNA po-

7

lymerase activityes,

- Varying éohcég;ratiphs of KC1 from 0.05 - b.4ﬁ was in-
cluded ;n the reac£ioﬁ.ves$el and the activi£y was deter—
mined (see'Fig.2é). KC1 at concentrations as low as 0.05M
ighibited markedly (24 - 44%f the cytosol fractions
(PMF-l,Zi- of  the nauplii. In contrast, the DNA “polymer—
as; actﬁxity‘ Bf' the PMF-1 and NF—Z.of the dormant cysts
was.stimulatgd-by iow‘concentration%bof KCl1 (0.05 - 0.2M).
The usé of KC1 at O;IM.con;enfratighs distinguishés.the cy-
tosol fraction (PMF-1) of the dormant ;yst from its coun-
terpart of the nauplii. ’

‘The effect of phosphate as potassium phosphate in
the enzyme reaction mixture i§ presented in Fig.23. Suita- ~
ble controls containing potagéium phosphate_at 3 mM "final
concentrations were used in these experiments. -

DNA polymerase activity of PM?-l; PMF-2 and NF-2 of
the dormant cysté Qas stimulated by 24% to i48% at
phosphate concentrations between 10 and 50 mM . Phosphate

+

at 100 mM was slightly inhibitory (see Fig.23).
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Figure 22: The effect of KC1 on DNA polymerase activity.
The activity of various DNA polymerase frac£ions
from Oh and 36h embryos (as indicated) was
assayed in the presence of varying
concentratioﬁs of KC1. "1, Control with no
KCl; ANy, 0.05M Kcl; (I111, 0.1M KCl;[ZZZA ., 0.2M
KCl; and ==, 0.4M KCl.
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Figure 23:

The effect of phoéphate on DNA polymerase
activity. Varying concentration; of‘potassiunL
phosphate-(pH 7.5) were added to regction
mixtures con;gining various DNA polymerase
fractions and the activity was determined as
described in the Methods. The concentratiqns
used were 10 mM (KNNJ), 50mM ([][T}); and 100mM

ZZ])- Controls([__]) contained 3 mM phosphate

. as the final concentration. DNA polymerase

activity in the nuclear and post-mitochondrial
fractions from Oh and 36h embrycs were assayed

as described, in the Methods.

7
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W;ereas, the naupliar PMF-2 DNA polymerase was

stimulated at phosphate céncentrations as low as 10 mM,

100 ﬁM phosphate-concentration had little effect on the po—-

lymerase activity of P?Fri. ~
The results obtaipéd using khe nuclear fractions

(NF-1, NF-2) of the naupliar DNA polymerases:are shown in

Fig.23. NF-1 exhibited a-45% increase in activity 10 mM phosp-

hate which decreases on inéreasing the phosphate

concentration to 160" mM. No effect was observed

with NF-2 from nauplii at any of the péosphate concentrations tested.
When Artemia DNA polymerases were assayed 1in the

presence of either MgCl, or MnClé ; the results shown in

© Fig.24 were obtained. None of the enzyme fractions from

dormant cysts revealed any major difference in activity

when either cation was used indicating that these en-

zymes-coﬁld utilise M92+ and Mn2t interchangeably without

affecting the acivity of the enzyme. 1In contrast to

this, the cytoseol polymerése fractions from nauplii showed

high dependency for Mg2+ while in the presence of Mnét the

activity was reduced by 78% and 84% while the nuclear enzymes

—_—

functioned reasonably well with either cation.
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Figure 24:

' + + , '
The effect of M92 and an oh various DNA

polymerase fractions. - The activity of the

various DNA polymerase fractions from dormant

cysts (Oh) and nauplii (36h) was determined in
o0 H .
the presence of 40 mM MgCl, () or 40 mM

MnCl2 . (E58Y) as described in the Methods.
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Other biochemical parameters

Studies with, differenf primer—templatés (activated)
and of the effect of ATP or GTP addition on DNA polymerase
activity were also carried out. )

Each primer-template’was used at a final concentra-
tion of 200 ug/ml in the enzyme rgéctibn mixture. Results
obtained using éctivated ﬁrteﬁia _DNA compared to Calf
thymus DNA are shown in Fig.25. Except for the DNA polymer-
ase in PMF-1 of the nauplii, all polyﬁéfase fractions weré
found to be more :eﬁféctive with Artemia DNA than with calf
thymus DNA. Perhaps, tﬁe most’ s;riki;é difference was
observed with Pﬂf—l and PMF-2 from nauplii. PMF-1 ;s most-
active with calf thymus DNA whereas PMF-2 is mo;p' active
with Artemia DNA. The reason for these differences is
not yet understood. | |

Additiocnal data confirming the differences between
the poi&merases in nauplii PMF-1 and PM?-Z were obtained
when ATP and 6TP were included.separately*in the reaction
mixture at a final concentration of 1 mM. The results
of these experiments are shown in Fig.26. "These nucleotides
appeared to have the greatest effect on the soluble po-
lymerases from néuplii: Thus PMF-1 (nauplii)} waslstimulatgd
13 to 22% by addition of either nucléot}de, whereas PMF-2
(nauplil) was inhibitéd markedly (70%) when ATP cor GTP

was included. The reverse results were obtained with

their counterparts (PMF-1, ngfé) from dormant c¢ysts. In
bl

td
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Figure 25:

-

DNA’polymerase activity of the cyst and naupliar
enzyme fractions in the presence of activated-
calf-thymus DNA and activated-Artemia DNA as
primer—-templates. Calf-thymus DNA and Artemia

DNA were activated for use as primer—templates

~as described in the Methods. The DNA polymerase

activity of the cyst and nauplii enzyme

fractions (as .indicated) was assayed using the

activated calf thqus DNA ([——]) or activated-

~Artemia DNA (R3RY]) at a final concentration of

.

200 ug/ml. Each bar represents the average of

£

three values.
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Figure 26: The effect of ATP or GTP on DNA polymerase
activity. Various DNA polymerase fra;tions from
dorman¥ cysts -and nauplii were assayed in the
presence of ATP (KXSW) or GTP ((IT1]) in the
assay mixturé at a final concentration of 1 mM
control samples (ﬁi:j) without any additions

were also run. Each bar represents the average

of three values.
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the latter case PMF-2 was stimulated 25% and 50% in the pres-
ence of ATP and GTP, respectively while PMF-1 was inhibitéd
slightly by these nucleoside 5'-triphosphates.

The nuclear fractions (NF-1 and NF-2) respond simi-
larly to added ATP or GTP irrespective of the source of
these enzymes. These results indicate that DNA polymerase
fractions 1 and 2 from the cytosol and nuclear fractions
vary in their biochemical characteristics. However, the
possibility that PMF-1 and NF-1 (or) PMF-2 and NF- 2 of the
cyst (and 51m11arly of the nauplii) are part of the
same eqzyme cannot be ruled out.: )

oA

Studies with inhibitors

Various inhibitors namely N—etﬁylmaleimide (NEM), di-
deoxy thymidine S'—triphosphate (32TTP) and aphidicolin
were used to ‘distinguish and possibly define the- fune-
tional role of Artemia DNA polymerases.

Earlier éxperiments (see Table l).indiéated the re-
quirement for the presence of free sulfhydry& groups in
the -reaction assay mixture of Artemia DNA polymerases.
NEM was used to distinguish the different types of DNA
polymerases from%irtemia:

Preliminary experiments were confined to crude em-—
bryo extracts obtained .from 36h nauplii. The DNA po-
lymerase activity of the nuclear (NF)-and cytosol frac-

tions (PMF) were determined by using NEM at'a final
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concentration of 1 mM. The results with the crude embryo
extracts are shown in Fig.27. Treatment with NEM decreased
the activity by 48% with the nuclear fraction and by 68%
with the <cytosol fraction.

Similar studies were carried out using the purified
polymerase fractio?s. The results in Fig.28 summarize the
efféct of NEM on the vérious DNA polymerase fractions.
Fractions PMF-1 and 2 from nauplii were the most sensitive
to NEM treatment. Fractiogs PMF-1 was inhibited 86% and
PMF-2 was inhibited by 68%. Both the cytosol £fractions
(PMF-1 and 2) from dormant cysts seem unaffected even at
concentrations of NEM as high as 6 mM. Nuclear £ractions
from cyst or néuplii were either not sensitive (cysts) or
only slightly inhibited (nauplii) by the NEM pre—treatment.
The remarkably high sensitivity exhibited By the soluble
5NA polymerases from nauplii indicates these enzymés to be
similar to the mammalian DNA polymerase o, whereas PMF-1
from cysts is comparable to the B-polymerase of mammali-
an cells in its insensitivity to NEM inhibition. DNA polym-
erase P is thought to be involved in the repailr pro-
cess.

Té define further the functional role of Artemia DNA
polymerases the effect of d2TTP and aphidiéolin were
tested. The chain terminator, d2TTP was used under condi-
tions described in the legend to Fig.29. The cytosol DNA

polymerases from the dormant cysts (PMF-1 and 2) were in-
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Fiéure 27: The effect of N-ethylmaleimide (NEM) on the
nuclear and cytosol DNA polymerases from crude
extracts. The crude nuclear (a) and pos;—
mitochondrial extracts (b) from 36 h nauplii
were treated Qihh 1 mM NEM (final concentration)
in the reaction vessel then assayed for DNA
polymerase activity as-‘described in the

Methods. {C—}) Control (ZZZ7) NEM treated.

"
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Figure 28:

The. effect of N-ethylmaleimide (NEM) on DNA
polymerase activity of Oh cyst and 36h naupliar
enzyme preparations. The activity of various
DNA polymerase fractions from the Oh-and 36h
embryos was éssayed without ([__ 1) and with
() NEM added to a final concentration of

6 mM in the enzyme reactioq mixture as described

in the Methods.
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Figure 29:

The effect of dideoxythymidine 5'-triphosphate
on the DNA polymerase activity. The DNA
polymerase fractions from the dormant cysts and
nauplii were assayed for enzyme activity without
(C_) and w.ith (EENY]) dideoxythymidine

5'—triphosphate (d2TTP) in the reaction mixture.

The Jd2TTP/TTP ratio was 4 X 1072 in all cases.

i
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hibited 82% and 34%, respectively. When dZ2TTP was present
in the enzyme reaction vessel, the extent of inhibi;ion
was not as great with the cytosol fractions' 1 ané 2 from
nauplii which showed only 26% and 36% inhibition, respéc; B
tively. The nuclear fractions from dJdormant cysts are inhi-
bited by d2TTP but the nuclear fractions from nauplii
appear to be insensi£ive to d2TTP which 1s indicative
of the o -type polymgrase of mammalian cells.

In order to confirm tﬁe types of DNA polymerases sug-
gested by the d2TTP and QPM data, aphidicolin, . é-specific
inhibitor of d( polymerase was included in the regular
reaction mixture. The results shown in Fig.30 show thét all
enzyme fractions from nauplii are sehsitive to this
drug at‘coﬁcenﬁrations as léw as. 5 ug/ml, while the cyst
enzymes are refractory to éhis drdé. Dimethylsulfoxide,
the solvent used for the so1ubi1jzétion of aphidicolin, das
found to have no inhibitory effect on eniyme activity.

This suggests that the enzymes from-nadpliilare primar-

ily involved in replication and the cyst DNA polymerases are

~ probably involved in reactions other than replication.

R

\Sedimentation studies

- Since it is possible. to estimate the molecular
weight of a protein by its sedimentation lcoefficient, the
cygosol fraction (PMF-1) from the c¢ysts and naupliil was
gubjected to sucrose deﬁsity gradient. seaiﬁentation as

described in the Methods. . ;
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Figure 30:

The effect of aphidicolin on DNA polymerase
activity. Aphidicolin was dissolved in dimethyl
sulfoxide (DMSO? and tested under conditions to
give a final concentration of 5 ug/ml ((I13) in
0.1% v/v, DHSO. The DNA polymerase aéti#ity of
the cyst and naupliar enzyme fractioné'was
assayed using a buffe;-cbntrol (C_—_1), and a
DMSO control (KS5Y). Each bar represents the

average of three values each from two

experiments.
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" These résults are shown in Fig. 3la and 3lb. Using
bovine serum albumin (BSA) as the molecular weight marker
sedimentation coefficients of 3.6S and 6.7S were obtained
for the cysf (PMF-1) and the nauplii (PMF-1) DNA polymer-
ases reépectively. 'In both casés, maximal enzyme activity
was obtained in the gradient fraction immediately foi—
lowing the main protein peak, although the DNA polymerase
from néuplii appeared to be distributed broadly (Fig.31lb7),
in contrést to the sharper enzyme peak recorded for the
cyst enzyme (Fig.3la).

These data. suggesé that the DNA polymerase(s) from
cysts has(ha774\a,molecular weight in the range of 30,000

r wh

- 40,000 M.W ile the DNA polymerase(s) from nauplii .

exhibit a

) /)

lecular weight in the range of 150,000.
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Figure 31:

éucrose-density gradient analysis of DNA
polymerase activity in.the post-mitochondrial
fraction’ (PMF-1)} of dormant cysts (a) and
nauplii (b). Dormant cyst DNA polymerase(and
fraction 1 néuplii polymerase) fréﬁ DEAE-
cellulose was iayered onto 12.6 mls of a linear
sucrose gradient (5-20%) in buffer B (excluding
the 15% v/&_glycerol) and the preparation was
centrifuged for 22 h at 39,000 rpm using a SW—41
rotor. The gradients were fractionated using an
ISCO-density gradient fractionator and the
protein content (e—e) of each fraction was
estimated using the Bio-Rad précedure (as
described in the Methods). Each fraction was
assayed for polymefase activity (bars). The
migration of bovine serum albumin (4.6S, 67,000
M.W.) was determined in a separate centrifuge
tube under the sémg experimental conditions and
its sedimentation position is shown by the

arrow.
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Chapter V

DISCUSSION

Studies on eukaryotic DNA-dependent DNA polymerases
have been limited due‘tb‘the fact that few mutants of any
sort are available. Thus, inferences on enzymic functions
gave been derived mainly by using indirect approaches. Some
of these include, 1) a compariscn of activity levels‘of DNA
polymerasés in cells actively engaged 1in DNA replication
compared to those in resting cells, 2) subcellular localiza-
tion of the polymerases, 3) biochemical analyses . to defiﬁe
the function and role of the DNA polymerases, and 4) studies
on the possible regulatory mechanisms that control the ex—

pression of these enzymes.

The brine shrimp, Artemia sp. exhibits a remarkable se-

" paration of morphogenesis from new cell'synthesis in the
early phase of post-gastrular development. The mecﬁanism
that controls DNA synthesis in Artemia cysts is still unk-
nown but it appears to be complex and to function_at the re-

plication level. Thus, Artemia appears to be an ideal sys=

tem to assess the process of DNA replicatiagxfh\ggﬁftivation .

of the developmental program. !

In this thesis, the role of DNA-dependent DNA polymer-

ases in the stage-specific gene expression of Artemia was
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studied. A dual approach has been utilised. One was to
determine the changes in the activity of DNA polymerases as
development progressed from the Oh dormant éysts to the 36h
naupliar stages-usingtcrude embryo extracts. The other ap-
proach was to isolate and partially characterise DNA polym—
erase(s) from the nuclear (NF) and post—mitochondrial or cy-
tosol fraction (PMF) of tﬁe 02 dormant c&st and 36h nauplii.
A method for the purification‘éﬁ Artemia polymerase was also

devised.

Studies with crude embryo extracts

To understand a process as complicated as DNA replica-'
" tion, it is necessary to work with a system other than the
intact cells to overcome the barrier of the cell membrane.
Hencé assays for the DNA polymerase activities in cell-free
extracts have been taken as a measure of DNA synthesis in
ind due to the close correlation between the values ob-
tained in the-in‘vitro assay with the extent of cell multi-
plicafion in the tissues'examined (92,93).

Earlier attempts to correlate biochemical parameters
with growth rate have met with varying degrees of success.
Sutcliffe has attempted to predict growth rates in Artemia
from RNA content but it was later suggested that this
relationship worked well only under condigions of exponen-
tial gro&th (94). Dagg and Littlepage concluded that the

general positive relationship between growth rate and RNA
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concentration lacked sufficient specificity to predict

growth rates in Artemia salina (395). On the other hand, DNA

‘polymerase activity has been followed‘in sea urchin develop-—

ment t96,97) and in Xenopus laevis oocytes (98,99) where

there is noticeable increase in polymerase aqﬁivity upon ma-
turation of the egg. Therefdéé, on the assumption that
growth of an organism muét be accompanied by cell prolifera-
tion, it was shown by Eckstein et al. that the enzyme DNA po-
lymerase shows a pattern of synthesis which colncides with
the cell cycle (100). Thus, it should be possible to relate
growth and development of an asynchronous culture to DNA po-
lYmerase épecific activity- Héncé, such a relationship bet-
weern DNA polymerase specif;c activity and growth rates was
investigated in Artemia sp.

Pfeliminary experiménts with crude embryo extracts at
various developmental stages of Artemia indicated a parallel
increase in DNA polymerase and growth (compare Fig. 4 with
8). Resumption of DNA synthesis upon onset of hatching
(Fig.4) was reflected in the sharp rise in specific activity
of the cytosol DNA polymerase between 6 and 1% hours devel-
opmént and nuclear polymerase between 18 and 24 hours.
Artemia DNA polymerases obtained from crude extracts of
0-36h’embryos exhibited maximal specific activity only when
assayed at pH 7.4 (Fig.6 and 7). This indicates that Arte-—

mia DNA polymerases are dependent on the pH of the 'ionic en-

vironment. This property is similar to the mammalian en-—
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zymes described by Chang and Bollum (101) where calf thymus
DNA polymerases obtained from crude extracts have been char-
acterized by their pH preferences of the in vitro assay con-
ditions. The nuclear fractions obtained from crude embryo
extracts exhibited no increasé in DNA polymerase activity
between 0-18 hours, which occured be£ween 0—6 hours only
with the cytoscl polymerése fractiong (see Fig.B}). Also,
the nuclear polymerase activity incrafsed at a slower raté
than the cytosol enzyme. Thus it could be hypothesized that
translocation of the DNA polymerase from the cytosol (the
site of production) to the nucléus (the site of action) may
be taking place following hatching.

Studies with crude extracts were useful in establishing
the appropriate assay conditions and to distf%guish the var-—
ious-types of DJA polymerases. In order to establish the
localization of the Artemia DNA polymerases, purification
procedurés were designed to isolate and characterise the DNA
polymerase activity from bbth the nuclear (NF} and cytosol
(PMF) fractions of Oh dormant cysts and 36h nauplii.

e

The purification of Artemia DNA polymerases

The DNA polymerases of Artemia were purified from dor-
mant cysté (Oh) and the nauplii (36h) to distinctly reflect
DNA polymerase activity during the state of dormancy versus
growth and differentiation. The findings with the crude em-—

bryo extrakts revealed that a correlation in polymerase ac-
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tivity occured with growth and develcpment; hence a purifi-
cation pr;cedure was. devised using Oh and 36h embryos.

A four-step procedure has been designed for the éurifi—
cation of DNA polymerases from various fractions of Artemia
embryos. This procedure permitted-the characterization of
DNA polymerases from -dormant cysts and nauplii in terms of
their functional roles iﬁ Artemia development. Earlier stu-
dies reported that rather large.amounts of proteases existed
in extr;cts of swimming nauplii (88— 90). Thus, the inclu-
sion of the general protease inhibitor soybean trypsin inhi-
bitor (STI)} was included in the homogenization buffer. This
requirement is clearly indicated in .the Ultrogel AcA-34'fil—
tration of the cytosol polymerase from nau?lii of Artemia
(Fig.1l2}. The choice of Sephadex G-25 and Ultrogel AcA-34
as the preliminary ge€l filtration steps also helped to ;e—
move rapidly low molecular weight contaminants thereby
avoiding prolonged standing at 0-4°C.

The processing of the nuclear enzymes~ (as described
earlier) from dormant cyéts and nauplii involved the isocla-
tion of nuclear DNA polymerase relatively free from contami-
nating yolk proteins (102} without causing severe reduction
in enzyme activity. Several procedures using various ionic
and non-ionic detergents and including sonication were ;est—
ed to obtain the most gentle release of the polymerase en-—

zyme from the nuclear pellet (data not included}. The

choice of the non-ionic detergent, NonlIdet P40 at a £inal
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concentration of 0.1% lysed the nuclei in a short periocd of
time and‘permitted the solubilization of the nuclear en-
Zymes.

Although early attempts at using phosphocéllulose or
DNA cellulose columns (data not shown) regularly employed by
DNA polymerase researchers (16,77,103) were successful to a
limited extent, the enzymés purified on these columns lost
most of their actiQity (approximately 90%) upon elution even
in the presence of 20-25% glycerol and storage at -70°C.
Thus a DEAE-cellulcse ion-exchange column was employved and
the DNA polymerases were eluted with KC1 as shown in Fig.l5
(a—d). Previously, Cervera et al. had indicated that ?Fases
of Artemia do not bind to DEAE cellulose columns (104) and

"thus the use of such a column was advantageous in ensuring a
preparation of DNA polymerase free of DNase activity. Although
the use of this procedure fesulted in relatively lower

yields, it was cons idered more important to obtain active

DNA polymerase preparations, despite low quantities,‘so that
character;zation of the enzyme(s) could be carried out.

It is noteworthy tﬁat the lability of nucléar DNA poO-—
lymerase after phosphocellulose chromatography was reported
by Cacace et al. (73) in their attempt to purify this polyﬁ—
erase from dormant cysts of Artemia. It is also pertinent
to mention that this study indicated for the first time the
potential .for using DEAE celluloée in the pqrification of

Artemia DNA polymerases.
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Studies with purified enzyme fractions

The purified DNA polymerase fractions were stored in
50% glycerol at -70°C. The high percentage of glycerol was
found to be necessary to preserve the DNA pqumérase activi-
ty isolated from such varied sources as yeast cells (25) and
bone marrow (30).

One of the early exﬁeriments with purified Artemia DNA
polymerases was to determine the most suitable reaction re- .
guirements. Two representative enzymes namely, the cytosol
fraction-(PMF-l) of cyst and nauplii were tested. The pres-
ence of a primer-template (activated DNA}, divalent_cation,
and all four deoxy-NTPs were found to be absolute r%quire—
ments (Table 2). These enzymes also exhibited a requirement
for free sulfhydryl groups. It is interesting to note that
50% of the control aétivity remained after omission of any
one ANTP. As Chang and Bollum have reported, this may be
due to the residual properties seen in absence of one to
three dNTPs and is probably due to the properties of the
template and not a characteristic of the enzyme (105).

To determine if this residual activity could be due to
the presence of the enzyme terminai deoxynucleotidyl trans-
ferase (T4T), reaction mixtures for measuring T4T activity
were set up omitting the DNA primer-template but including
one dNTP in large excess to act as the substrate. Each
-Artemia DNA polymerase fraction was assayed using the reac-

tion mixture but no detectable TET activity was cbserved
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with'aﬁQ fraction tested (data not shown). Thus far, TdT
activity has been detected only in mammalian cells particu-
larly-in calf thymus where it is found associated with DNA
polymerase éctivity (106,107). When all three dNTPscweré
omitted, Artemia DNA polymerases showed a 80% decrease in
enzyme activity. As Wang et gi; have reported the removal of
three dNTP's resulting 15 90% decreased DNA ﬁolymerase ac—
tivity using calf thymu;_preparations is indicative of thé
absence of TAT activity (108). Thus, Artemia DNA polymerase
éreparations appear to be free of siénificant TdT activity.

The primer fequired and the chemical-nature of the pro;
duct synthesized using Artemia DNA polymerases in a complete
reaction mixture was investigated bycﬁ§e‘o§ specific nu-
cleases (see Table 3). Ribonuclease A (which cleaves bet-
ween Py:Py bonds of ribonucleic acids) and ribonu;lease Tl.
(which cleaves between G:A bonds) had only a slight effect
on'the measurable incorporation_of 3H-TMP into to acid pre-
cipitable material, whereas the product synthesized by Artec
Iiia DNA polymerases was highly sensitive to pancreatic deox-
yribonuclease treatment and therefore probably DNA in
nature.

RNage A pre-treatment did not cause any loss in activi-
ty whereas post;incubation treatment with either of the
RNases caused 19-28% loss in activity. These results sug-

gest that mos¥ of the product is DNA-like and that Artemia

DNA polymerases are DNA-dependent DNA polymerases.
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~ Bukaryotic DNA polymerases have been reported to use a
RNA-primer- iniﬁiator template in the initiation of DNA ré-
plication (109). Ikeda et éi.‘réported that the addition of
RNase A (2 ug/ml) and RNase Tl (10 units/ml) decreased DNA
synthesis in eukaryotié cells but had no effect once DNA el;
ongation had commenced (110). Oq; results revealed that ap-
proximately 20% of the,ﬁcid-insoluble product probably éon—
tains sensitive ribonucleotide phosphodiester linkages.
However, this doei,not;preclude the poggibility that RNA
primers may- be inv;lved in Artemia DNA replication and that
this RNA primer, if present, is complexed or inaccessible to
the RNase_pré—tfeatment. Further studies with prolonged in-

cubation-periods and highly purified RNases are needed to‘

further’élarify the question regarding the need for an RNA

initiator.

Requlation of Artemia DNA polymerase activity

- Several reports have proposed that cytoplasmic factors
act as positive regulatory signals and ﬁhat these factors
accumulate gradually during progressioh through the Gl phase
in eukaryotic cells (111-113). Studies by Grummt et al. on
growth control in animal cells indicated that purine nucleo-
tides play a major fole in the regulation of cellular activ-
ities related to DNA synthesis initiation (114,115). 1In |
particular, the dinucleoside polyphosphate, A94A, was shown

to be directly involved in the stimulation of DNA synthesis
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in baby hamster kidney cells by Grummt et al. (68,69). Also,’
they noticed that DNA replicétion is triggered in these
cells by the specific binding of Ap A to DNA polyméraéé
(70). ' '

In Artemia diguanosine p;iyphéépﬁates,'Gp3G and Gp, G
have been reported to be synthesized during oogenesis and
cleagage-respectively, éﬁd stored in yolk granules
(5). Also, Gilmour and Warner have reported the presence of.
szG and Gp3A in dormant cysts of Artemia (60). In the
dormant cysts szc‘was found to be tpe predémingnt nucleo-'
tide and present in yolk platelets whereas Gp3A was found’
only ;n‘the pﬁst-mitochondrial supernatant(6).

_Our findings using naturally occuring diguanosine poly-

‘phosphates suggest that these nucleotides may be involved in

a similar way to Ap4A in regulation of DNA synthesis in

Artemia. The cytosol polymerase (PMF-1 and PMF-2) of 36h

‘nauplii exhibited a 20 and 82% increase in-activity in the

presence of GpZG and Gp4G, resgectively (see Fig.20). Sincé
DNA synthesis was found to be maxiﬁal at the 36.hour incuba-
tion in Artemia development (see Fig.5) the activity of the
DNA bpiymerases at this stage would be modulated aébording
to the cellular requiremeﬁt. Thié requiremght could be.in \
terms of DNA reﬁlication which in turn suggests the preseﬁce
of several initiation points. Clegg and ngg;ore proposed

Llhatl Gp4G may be invdlved as a source of DNA-adenine for

Artemia development and thét Gp4G metabolism was closely re-

%
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lated to the resumption of DNA synthes1s in Artemia (2). |
Adenine nucleotides have been shown to form the major compo-
nent of eukaryotic DNA repllcatlon initiator sites (l16).
Hence, it appears that mainly szG (and to a lesser extent
Gp3G and Gp4G) may bé positive regulators of the activity of
the cytosol DNA polymerases from 36h nauplii. As DNA
synthesis 1is quiescent dﬁring the pre-hatch development of
. Artemia, such a stimulation in DNA polymerase activity in
the presence of szG, Gp3G and Gp4G is unlikely. This wgs
also, indicative that GpZG'and the related diguanosine poly-

phosphates may be linked to the resumption of DNA synthesis

replicatio 7

Gilmour and Warner (60) discovered tﬁe presence of Gp.A
in Artemia and proposed its role to be an intermediate in
ATP_synthésis on hatching. VanDenbos and Finpmore 'had ear-
lier suggesfed that the hybrid Gp,A couid be‘an intermediate
.in the synthesis of ATP in Artemia nauplii (64). In this
.study, addition of Gp3A stimulated only the cytosol fraction
(PMF 1) of the naupllar DNA polymerases (85%) whereas Gp3
caused nearly 90% 1nh1b1tlon (see Fig.20) of all DNA polym—
erases fractions from the dormant cysts of Aéteala. Tpese

findings suggest that Gp,A could be an important regulatory
: 3 .

molecule which controls the stage-specific expression of DNA
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polymerases in Artemia. Taken together these results sup-
port the view that the endogenous diguénosine peolyphosphates
are active in the regulation of DNA synthesis in Artemia and
provides both fof a '"switch-on' and ‘'switch-off' mechanism
in DNA synthesis requlation.

Exogeneously added Ap3A and Ap4A on the other hand, did
not have any significant‘effect on Artemia DNA polymerases
(see Fig.2l) suggesting Fhat the interaction of Ap4A with
DNA/polymerase & as reported by Grummt (34) may be confined
9nI§ to mammalian cell systems. Iy Artemia other dinucleo-
tide polyphosphates could substitute for Ap4A in DNA synthe-
sis andvregulétion. '

oy

Biochemical characterization 92 Artemia polymerases

Various parameters like pH optima, ionic requiremeﬂts,
preferred primer—templaté and studies with inhibitors were
~performed to determine some of the propérties of the DEAE-
cellulose purified DNA polymerases of Artemia.

The Qse‘of various buffers indicated’that except for
cysf cytosol DNA pélymerase 1 (PMF-1), all other polymerases
exhibited a pH optima of 7.5‘ﬂsée Figs.22 and 23). Also,
the DNA pdlymerases from 36h nauplii exhibitgd less tbler—.
ance for Tris-HCl than for potassium phosphate. The

pH optiﬁa and incubation buffers ‘have been used as criteria

‘

. to discriminate among mammalian polymerases where the

.6-8 S DNA polymerases of calf .thymus tissue have a pE opti-
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ma of 7.0 in potassium phosphate buffer, while the 3-4 S en-
zyme has a pH optima of 8.0 and preferred Ammediol-HCl buf-
q%er (101).

Our studies indicatéd that dormant cyst DNA polymerase
" 1 (PMF-1) which exhibited a preference for Tris-HCl at
‘pH 8.0 was similar to the gow molecular weight mammalian DNA
polymérase while its couﬁterpart from nauplii (PMF-1) was
similar to the -high molecular weight mammalian enzyme in its
potassium phosphéte tolerance and pH optimum (7.5).

The effect of the ionic énvironment on Artemia DNA po-
iymerasés was also studied using potassium, phosphate, and
chloride ions at various concentrations. Studies with DNA

polymerases from sea urchin (117) and Xenopus laevis (118)

have shown that these enzymes are sensitive to varying con-
centrations of phosphate and chloride. The high molecular
weight DNA polymerase from sea urchin embryos was found to
_be stimulated by .10-50 mM phosphate. However, the low mgle-—
cular weight enzyme (aiso from sea urchin embryos) was found
to be sensitive £o phosphate concentration of 50 mM, which
disappeéred when phosphate was increased to 100 mM. These
observations were obtained using activated—-calf thymus DNA
as the primer—template (119).
Our resg%ts (see Fig.24) using activated calf thymus
DNA as pfimer; template revealed that DNA polymerases from’
- 36h nauplii more’closely matched the properties of the high

molecular weight eukaryotic enzyme. However the cyst DNA

.
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pelymerases were found to be stimulated at high concentra-
tions of phosphate, which indicated a similarity to the low -
molecular weight eukaryotic enzymes (39) in its susceptibil-
ity to phosphate. ‘
Studies with KC1 indicated that DNA polymerases from
'nauplii were inhibited markedly by low concentrations of KC1
(0.05M), where the cyét DNA polymerase 1 (PMF-1) was sti-
mulated upto 0.2M KCl. (sée Fig.25). Joenje and-Benbow (118)
have described the use of 0.25M KCl concentrations in reac-
tion assays specifically desiéned to determine the

B-golymefases from X.laevis. They H;ve shown that under
Such cSnditions the high molecular weight o{—polymerases are
inhibited over 90% in the éresence of 0.2M KC1l (118). Our
findings also suggest that the DNA poiymerases of Artemia
nauplii which resemble closely the high molecular weight en-
zyme of other species could be effectively inhibited using
KCl in the 0.1-0.2 M range.

| Studies by Kornbefg with divalent cations had shown a

requirement for the presencé of an added divalent metél ca-
tion in eukaryotic DNA polymerases reactions (19). Sirover
and Loeb (120) using activated calf thymus DNA as template
have shown that the sea urchin DNA polyﬁerase o[kthe high
molecﬁiar'weight enzyme) exhibited only 22% activity inj
presence of ana'when comparéd to éssay mixtures supﬁlement-
ed with Mg2+t. On the other hand, th —polymerase of
X.laevis (118) was deéeﬁdent on angglji;yﬁhen activated
calf thymus was used as a.primer—gemplate.

\
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' The DNA polymerase in the-cytosol fraction (PMF-1) of
the dormant cyst tolerates Mg2+ of Mn 2* equally well, wher-
eas tﬂe DNA polymerase-(PMF—l) from the cytosol of 36h nau-
plii preferred Mg2* as the divalent cation (see Fig.26).

Thus it can be inferred that DNA polymerases have different
. LY . .o

.requirements for divalent catioﬁé depending ‘on the Qevelop—
mental stages from whicﬁ the enzyme(s) is(are) isclated.

It is known that eukaryotic DNA polymerases cannot ini-
tiate DNA replication in the absence of a primer—template.
Studies with activated calf thymus DNA and activated Artemia
DNA (primer—templates)/in reactions with Artemia DNA polym-
erases indicated a preference for ‘calf thymus template by
the cytosol fraction 1(PMF-1) from nauplii (Fig.27). More-
over, when i mM ATP or GTP was included in the reaction as-
say mixture, this DNA polyméfase was sti@ulated. Such a
preference for either the primer-template or the ribonucleo-
tide 5'-triphesphate was not 6bserved using PMF-1 from dor-
mant cysts. Hence it can be concluded that the enzyme from
nauplii is markedly different from the cyst DNA polymerase.
Further studies using synthetic primér—templates and higher
concentrations of ATP or GTP are needed to further elucidate

the nature of Artemia DNA polymerases.
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Studies with inhibitors

The use of several inhibitors Eo distinguish between the
various eukaryotic DNA polymerases have been reviewed recent-
ly (121). 1Inhibitors like N-ethylmaleimide (NEM), dideoxy—
thymidine 5'-triphosphate (d2TTP) and aphidicolin have been
used in our investigations to characterise the Artemia DNA
poelymerases compared to ?olymerages from other sources.

Studies with NEM have'shown that DNA polymerases from
nauplii are severely inhibited compared to minimal inhibi-
tion observed using cyst DNA polymerases (see Fig.28). Bol-
jum had indicated the use of thiol-blocking agents to be of
importance in the classification of eukaryotic DNA polymer-
ases (16). Dube et al. have shown that pre-incubation of the
mammalian DNA polymerases with 10 mM NEM for 1 hour at 0°c,
was useful in discriminating between the replicative
{—polymerase from the B -polymerase which is believed to be
involved in repair processes (122)({see Table 4). Wu and
Galle have even shown the inhibition of RNA-dependent DNA
polymerases from RNA tumor viruses by thiol-blocking agents
(123). '

Qur studies with crude embryo extracts or partially pu-
rified DNA polymerases £from nauplif showed a significant
loss in activity ‘h the presence of NEM at concentrations as
low as 1 mM (see Figs. 12 and 28). In studies with par-
tially purified fractions, (Fig.28) we have used higher am-

ounts of NEM (6mM final concentration) to compensate for the
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presehce of B-mercaptoethanol'in the reaction mixture.

: T
Smith and Gallo have reported the complete inhibition of
of -polymerase from humanliymphocytes at 10 mM NEM concentra-
tions at which the P -polymerase from the‘same tissue was
found to be relatively resistant (124)(see Tablé 4). This
finding compares with that of Bollum, who found that calf
thymu5'4:—polymerase was‘almost completely inhibited at 1 mM
NEM while the B-polymerases were unaffected even at 10 ™
NEM (16). EHEence it was concluded that differential sensi-
tivity to NEM_ by itself may not be an adequate criterion te
distinguish between the a{and ﬁ DNA polymerases.

Despite the above limitations, the DNA polym—

erases (PMF-1) from Artemia nauplii responded to NEM in a
fashion similar to the OC-polymerases while the cyst enzyme
({PMF=-1) was more like the {3—poiymerases in its resistance
to NEM. To study further the functional characteristics in
terms of replication and repair for the Artemia nauplii and
cyst DNA polymerase fractions, the effect of other more spe-
cific inhibitors were tested.

Dideoxythymidine 5'-triphesphate (d2TTP) belongs to the
class of indirect inhibitors which include those agents that
alter the structure and function of the template, i.e.,
primer DNA. Several feports have indicated that the addi-
tion of 4d2TTP to tg; template generates a primer-terminus
devoid of the 3'-hydroxyl group rendering'the resulting

'primer’' incapable of further reaction with an incoming mo-
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Effect of N-ethylmaleimide on Mammélian|%fand P'DNA
- a .

Source

Percent

Inhibition P

Acute lymphatic leukemia 9% 29-40

Euman .placenta 98 30-35

Calf liver 98 10-20
Novikoff hepatOma 100 20-30

a. from Dube et al. (1873).

b. Percent Inhibition of DNA polymerases when pre-incubated

in the presence of 10 mM NEM for one hour at 37 degrees C.
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nomer (41). In effect, this compound acts as a chain ;ermi—
nator. We have used this chain terminator to specifically
characterise Artemia DNA polymerases in terms of replication
and repair. Our studies indicated that the DNA polymerase
(PMF-1) from dormant cysts was inhibited up to .85% in the
presence of d2TTP (see Fig.29) whereas the naupliar polymer-—
ase (PMF-1) was inhibitéd only slightly (26%) by d2TTP. -

Van der Vliet and Kwant have shown that mammalian DNA
polymerase o( was the iny polymérase not inhibited by Jd2TTP
and they have suggestéd that the inhibition by d2TTP depend-
ed on the numbér of 3'-ends available, the percent ratio of
dTTP/d2TTP and the presence of exonucleases capable of hy—
drolysing the ihcorpofated d2TMP at the 3'—ﬁydroxyl end
(125). The findings of Ono et al. lends support to this sug-
gestion (126). When mouse myeloma A -pol ymerase was tested
in the presence of G2TTP no inhibition was noticed upto 50
uM concentration 'while 5 uM concentrations inhibited the
E-polymerase activity by 70%. It was also shown that the
strongest inhibition of B -polymerase was observed wheg the

enzyme was assayed at pH 8.5 using Mn2*

as the divalent ca-

“®:ion. From these findings a competitive mechanism for d2TTP
has been proposed-for this nucleotide analog. The cormant
cyst DNA polymerase (PMF-1) of Artemia has been shown to
exhibit a pH optimum of 8.0 and to prefer Mn2+1over MgZ+.

The -nearly complete inhibition observed using d2TTP (even at

-2
ratios of d2TTP/4TTP at 4 x10 ) clearly suggest that PMF-1
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DNA polymerase from-dormant c¢cysts is the repair enzyme rath-
er than the replication enzyme in Artemia.

A number of deoxynucleoside triphosphate analcogs have
been shown to compete with normal substrates and to be in-
corporated into DNA in the in vitro DNA-dependent DNA polym-—
erase reaétions. Some of these analogs are incorporated at
a slower rate and in celis, these may effectively terminate
chain growth and cell division. Aphidicolin has been shown
by Ikegami et al. to be such an inhibitor which specifically
inhibits mammalian a{-polymerase (127). Dalziel and cowork-
ers reported that aphidicolin prevented mitotic divisions in
sea urchin embryos (128). Ohashi et al. éonfirmed this find-
ing and suggested éhat prevention of cell division by aphi-
dicolin in-sea urchin embrycs is due to selective inhibition
of the DNA bolymerase— 4jactivity (129). Further studies by
the same group of researchers have shown thgt DNA polymer-—
ase- d:from regenerating rat liver is inhibited upto 85%
with 15 ug/ml of aphidicolin, whereas DNA polymerase—}S or
the mitochondrial DNA polymerase—ﬁr is not inhibited even at
75 ug/ml.

Other studies have reported that aphidicolin is not a
general inhibitor of all nucleic acid éyntheses and that, 1)
its action ié reversible (130), 2} this drug has no effect
on RNA or protein synthesis (132), 3) it did not inhibit re-
pair synéhesis in mitotic chromoggmes (133) and 4) at

1 ug/ml concentration aphidicoiin inhibited over 97% of the
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. 3
& -DNA polymerase activity of mitotic chromosomes and this
inhibition could be observed both under ig‘gixg and in zi;n§
conditions (134—136).
; With the above background, aphidicolin was used in our
studies to study the functional role of the DNA polymerases
(PMF-1) from cysts and nauplii of Artemia. Our results (see
Fig.30) revealed a compléte cessation cf naupliar polymerase
activities at concentrations of 5 ug/ml, whereas none of the
cyst DNA poljﬁerases were affected under similar conditions.
Thus while the naupliar DNA polymerase (PMF-1) was n%t inhi-
bited by 4&2TTP, it was severely inhibited by aphidicolin
which supports our conclusion that the nauplii enzymes are
involved in replication. The cyst enzymes are_not'inhibited
by aphidicolin but by &2TTP which supports the view that
their functional role is in repair. '
- 1f the naupliar polymerase was indeed the replication
enzyme, then it probably shouid be a high molecular weight
. enzyme similar to other eukaryotic c{-DNA polymerases. Us-
ing sucrose density gradiént anaiyses (see Fig.31lb) the nau-
plii enzyme was found to have a sedimentatién value of 6.} S
.which is in the range (6-8 S) of other eukaryotic ={—DNA po-
- lymerases. The DNA polymerase activity from the dormaht
cyst {(see Fig.3la) sedimented at 3.5 S or similar to the low
moleculér'ﬁeight (3-4 S) ﬁ-polymerases of eukaryotes (41}.

A summary of the characteristics of the DNA polymerases

(PMF-1) from the dormant cysts (Oh) and nauplii (36h) of’

t
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Artemia is shown in Table 5. These enzymes have also been

compared with the mammalian DNA polymerases a(and ? in Table
6.

The saliént features of eukaryotic DNA pql§meraées
o and P are ocutlined below. - DNA polymerasF’:C{ has been
shown to posséss the ability té'synthesize ﬁrimary DNA pieces
wﬁich are later ligated to large molecular weight DNA mo-
leculea (at concentrations of d2TTP that inhibit
?*polymerase) suggesting that it is responsible for initia-
tion, elongation and gap-filling (137). Fisher and Korn
have shown that d{—polymerase has an effector or allosteric
site that is capable of recognizing SS DNA (138). It was
also shown that the c{—polymerase preferred A-T rich regions
(139) and that it acted in a proéessive fashion (140). Ber-
ezney.has shown the association of DNA polymerase- within
nuclear matrices from actively replicating regenerating rat
livef cells (141l}. Veer Reddy and Pardee have localized
mammalian 4:—polymerase to be perinuclear in origin (142).

DNA polymerase (PMF-1) isola?ed and partially purified
ffom 36h nauplii of Artemia exhibited several characteris-
tics similar to other eukaryotic 4 -polymerases. It is
found.in actively dividing cells and increases 1n amount as
‘growth from cyst to nauplii proceéds. It indicates a pre-
-ferehcg for potassium phosphate buffer at pH 7.5 and Mg2+ as
‘the divalent cation. It is inhibited at high concentrations

of chloride but shows stimulation at 100 mM phosphate con-
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_centration. It prefers the pancreatic DNase-activated calf
thymus DNA which is known te’;ontain several SS'regionS. It
is severely inhibited in the presence of NEM and aphidicolin
while it is not affected by d2TT§. With the supposition
that eukaryotlc a?\\T y '‘merases possess an allosterlc effec-
tor site, it 1is more‘éLkely that .the nauplii polymerase
(PMF-1) which is akin tg the —polymerases in several
aspects, may also possess such a site where positive regule-
tion by the dinucleoside polyphosphates (in particular the
diguanosine polyphosphates) could be effective, since the
polymerase from nauplii is stimulated in the presence of
these compounds.. " Several prokaryotic and- eukaryotic repli-
cation sites have been segquenced and these have shown the
preponderance of adjacenE\Q-T rich regions (143). It is in-
teresting to hypothesize that the replicative DNA polymerase
of Artemia (nauplii? is able to recognize such origins of
replication throughtregulation‘by the diguanosine polyphosp-
hatee at its effector site.

The‘eukaryotic DNA polymerase-ﬁ was reported by Chang
to be widely distributed in ﬁulticellular animals from
sponges  to mammals bgf?are.not~present in bacte§ia, plant%
or protozoa thereby indicating a conservation of this enzyme
‘through evolution (144). Yoshide and Masaki indicated'the’
function of E-polymerase was mainiy in repair (145) and

Tanabe .et al. have shown that P -polymerases from various

sources have very similar physical and enzymological proper-
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ties (78). The general characteristics of the B -enzyme in-
clude its presence only in quiescent cell; of low molecuiar
" weight (30-40,000 M.W. range), alkaline pH opfima, étimula—
tion by high_conceﬁtrations of salt (Kél) and not phéééhate,
a preference fsr.Mn2+‘§ndncomparative resistance to NEM and
“aphidicolin while being severely-inhibited by G2TTP. The i
;DNA polymegase {PMF-1) ffom dorﬁant cysts of Artemiakexhir
bits most of these characteristics (see Table 6). 1Its role
in repair is highly probable since it is present in dormant
-cysts which are -metaboli cally inactive unles; hydrated and
incubated under aerobic conditions. Also, the hydrated
cysts‘ére highly resistant to‘ioqizing radiations. The
functional role of this. enzyme is well suited for the em-
bryonic stagé from which it was isoléied. The low molecular
weight mediator Gp3A exhibitS'significQQE regulation of this
enzyme activity under in vitro assay conditions. Since re-—
gair is .2 process triggered oniy when neceésar?, a 'éwitch-
on' and 'switch-off' mechanism induced by the presence of
Gp35_could modulate. the cyst DNA polymerase activity.
Further characterization studies on the DNA polymerases at
the 12 hour stage in Artemia development may indicate thé
regulation of the DNA polymerases by tﬁe diguanosiné poly- _
phosphates in switching from repair to replication. ‘
In summary, then, agurification précedure.f?r the iso-

lation of Artemia DNA polymerases has been:developed for the

@
rirst time, using DEAE-cellulose chromatographx_$lthough_
) |

)

l

!

- \
/
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further improvementétggp’the complete separation of the nu-
* ¢lear and c&tosol DNA pélymgrases need to be developeé.
Artemia DNA poljmerases'from two selected stages namely,
dormant cyst (Oh) and nauplii (36h) have béen partially pu-
rified and characterized. It has been shown that the cyst
DNA polymerase and naupliér DNA polymerase probabaly have
dgfferent functional rolés in de;elopment: the-cyst enzyme
in:repair and the naupliar enzyme in replication. They&%lso
have many biochemical properiies similar to the mammalian
systems. It is suffice to state that complete characteriza-
tion of each DNA polymerase fractions obtained by DEAE—cql—*
luleose chromatégraphy was not possible within_the scope of
this study.' However, it can be suggested that the cytosol
and nuclear fractions from cysts and nauplii'eluting at de-
fined positions .from DEAE—cellulbse (viz. PmF—}, NF-1) ex—
hibited similar characteristics and therefore could be part
of the' same enzyme pocl. The other active fractions of the
nauplii and cysts (namely, PMF-2 and NF-2) which eluted at
higher salt concentrations could be either reactivg subunits
or associated activities of the same ehzyme. This could be
tested further by mixing experiments which were not carried
‘out in this study. The endogenous dinucleoside polyphesp-
hates appear to influence the expression oflthe repair and
;epli%étion e;;ymes of -Aptemia. Further studies using de-
fined and synthepic prrmér—templates-would be required to

define the nature of tae regulation by the low molecular
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-

weight'mediators present naturally in Artemia. The func-

tional role of Artemia cyst DNA polymerase has lent support
to the hypothesis -that the B-polymerase is conserved

through evolutio%.
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