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\ | . ABSTRACT

1]

-CHARACTERIZATION OF ELONGATION FAGTOR 2 IN DORMANT CYSTS AND

DEVELOPINC EMBRYOS OF THE BRINE SHRIMP ARTEMIA SALINA

by
! Zipora Yablonka-Reuveni

‘The EBﬁ]ADP ribosylation of elongation factor 2 (EF~2§
catalyzed by diphtheria foxin was used in vitro to detépmine
'the subcellular location and molecular weight of EF-2 in
extracts from Artemiaz embryos at different stages of
development. In Artemia embryos part of-the EF-2 is soluble -
(free) while tge remainder is bound to the particylate
fnaction_which‘gediments at 150,000 x g. During early
development, the amount of EF—Zlin the particulate fraction
decreases markedly concomitant with an increase in the
amount of soluble EF-2. Very litile EF-2 was found
associated with either moneribosomes or polyribosomes of
Artemia embryos‘and the data suggest.that most of the EF-2 éb 3
in the particulate fraction' is bound to a macromolecule or
complex other than ribosomes. The molecular welght of
Artemia embryo EF-2 was fognd to be 95;000 by sodium dodecyl
sulfate—polyacryla&ide gel electrophoresis and no differences
could be detected in the molecular welght or GTP binding
activify qf the free and bound EF-2 after release of the
latter from its complex. However, the molecular welght

studies revealed that extracts from hatched embryos contain

. more low molecular weight polypeptides which accept

t



ADP ribose than extracts from pre-hatched and dormant
embfyos. Furthermore, the low molecular welght ponbepti&es
did not exhibit the fﬁnctiongl properties of EF-2. ‘In the ‘
intact embryo the rate of profein synthesis was found to
increaée throughout dévelopment,'whereas the capacity of

soluble extracts from newly hatchéd or post:hatched embryos’

to support poly(U}-directed protein synthesis was less than

that for extracts of prenauplii. The data indicate that the

small polypeptides which accept ADP ribose are Specific

degradation products of intact EF—Z'and that the enzyme

‘which catalyies the production of these. fragments is present

AY

in a sequestered form 'in crude extracts of dormant cysts.
This degradation process in Artemia embryos rai'ses. the
pessibility that this gvent may be a genegal phenomenon in

the metabolism of EF-2 In eukaryotes. The changes in

distribution of EF-2 ‘and subsequent proteolytic cleavage of

this protein during éarly development may fﬁnction as

a means of regulating the amount of EF-2 at the site of
proteiln synthesis. A methd& for the purification of EF-2
from the particulate fraction of Artemia cysts has also been
developed. TH@ purified EF-2 pneparation'exhibiFS'one major

protein of 95,000 molecular weight which binds the ADP-ribose

fmoiety of NAD in fhe diphthgria toxin-dependent reaction.
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L I. INTRODUCTION

The unfertilized egg is generally_considered to be
mé%abolically repressed and fertilization results in
metabolic derepression or activation. This is often true
for eggs in which fertilization activates completion of
meiosis and in eggs which complete meiosis before ovulation
(e.g surf clam and sea ufchin. see refs.l and 2 for
summary of this workj. This derepression 1is éépecially
apparent in altering the rate of protein synthesis which may
increase 2-30 times depending on the organism (1-5). The
most studied organism in this area of research is the sea
urchin. Protein synthesis in unfertiliied'eggs of the sea

urchin proceeds at a low rate. Following fertilization the

zygotes synthesize the same spectirum of polypeptides at

-.a rate that is 10-30 times greater than_in the unfertilized
eggs (4-6). By the gastrula stage a rate of protein
synthesis is reached which is 100 times higher than that in
the mature egg (7). This increase in rate of protein '
synthesis is related to an increase in the total number of
ribosomes but it is independent of ribosomal or messenger
RNA synthesis (5, 8-10). Evidence has accumulated that
unmasking of maternal mRNA results in a large stimulation of
protein synthesis after. fertilization of the sea urchin egg
(11). In addition to the unmasking process, the
translational efficiency (elongation plus termination) in
the sea urchin zygotes increases 2 to 3-fold shortly after
fertilization (12, 13). '

In contrast to the sea urchins, oocytes of amphibia
complete melosis upon hormonaj} induction of ovulation and
the rate of protein synthesis increases at ihis'stage rather
than after fertilization (1, 14, 15).- Ecker and Smith have
shown that eggs and embryos of Rana pipiené synthesize
proteins at the same rate at least through the first
4-6 hours of cleavage (14). Studies B& Woodland have shown
that cocytes of Xenopus laevis retain only 1-2% of the total

¥
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ribosomes in polyfibosomes. Upon conversion to an egg the
polyribosome content rises about 3-fold and aftér
fertilization a further 2-fold increase in polyribosome
content occurs. Only at the onset of organogenesis in
Lenopus does the polyribosome content increase markedly (16).
New synthesis of RNA is net required for the first stages of
amphibian embryogenesis and the ribosomes that are entering
polyribosomes during early development of amphibia are those
stored in the oocytes (16-18). It has been postulated that.
.ribosomes are not rate'limiting of profein synthesis in
amphibian ococytes since cell-free systems from Xenopus
oocyles support poly(U)-directed protein synthesis (19).

" This idea is_alsq Supported by the findings that oocytes and
eggs of Xenopus translate £xogenous mRNA efficiently when it
1s introduced by microinjection (20). Results obtained
using the latter technique also support the view that the
initiation step in protein Synthesis is not rate limiting in
Xenopus oocytes (21).

Some molecular aspects of mammaiian embryogenesis have
been studied (see refs. 22 and 23 for the most recent
publications in this field). Early development in mammals
resembles the amphibian development in respect to hormonsl.
induction of egg ovulation and egg activation (1, 23).
Studies by Epstein, and Smith on mouse embr&os have shown
that a slight increase in protein synthesis occurs in
preimplantation embryos; only in the éarly blastocyst stage
was a 3 to 9-fold increase in protein synthesis observed .
{24). Studies on rabbit embryos have revealed a ,similar
pattern of protein synthesis during early development (25).

Activation of protein synthesis may be evident in-

a completely different context during embryogenesis in the
brine shrimp, Artemia salina. Gastrulae of Artemia fo;low

one of two developmental ‘routes; they may give rise to N
swimming nauplius larvae directly, or they may encyst and
become dormant. Development will resume if the dormant

cysts are hydrated and incubated under aerobic conditions
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at.15-30°C. At 30°C prenauplii will emerge from the cysts
‘after 10 to 12-h incubation in sea wafer. After fur%her ]
incubation the prenauplii break free of their extra-
embryonic membrane giving rise to free swimming nauplii by
a process'calleq hatching (26). Early studies.py Clegg
showed that protein synthesis resumes upon fefmination of
dormancy,(2?5. Cytological studies have also indicated

that no new nuclear synfhesis occurs between the dormant
cyst and prenauplius stages but resumes after hatching

(28, 29). However, during this time considerable
differentiation occurs. The separation of morphogenesis
from cell division in Artemia makes this organism an ideal
system to study the program for protefh synthesis during
early development since changes in macromolecular synthesis
clearly reflect differentiation of pre-existing cells.
Additional studies by Golub and Clegg showed that dormant
cysts contain a large store of monoribosomes but very few -
polyribosomes (30, 31). However, upon resumption of
developmeﬁt.at 30°% polyribosome formation is initiated and
the activity of the protein synthesis apparatus increases
markedly (26, 27, 31). In contrast to the above findings,
ceil-free systems from dormant eﬁbryos display no endogenous
protein synthesis and they are unable to translate exogenous
natural mRNA (31-33). However, cell-free extracts of
developing embryos are active in protein'synthesis (31-33).
Thus, although brine shrimp cysts are not at the same
developmental stage as sea urchin zygotes, many of the
blochemical events associated with, the resumption of protein
synthesis in Artemia embryos are simllar to those of newly
fertilized sea urchins. For this réason Artemia salina

embryos have become a useful developmental system for the
study of protein synthesis.

The above findings raise two questions of fundamental
importance regarding protein synthesis in Artemia.
Firstly, what mechanism 5perates to control protein
synthesis as the embryocs enter_dormancy? Secondly, how 1is
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prot®in synthesis reactivated and regulated following the
termination of dormancy? - , | .
¥ Protein synthesis may be regulated by the availability
of certain tRNA's or their ability to be acylated.
Variations in isoaccepting tRENA populations have been shown
to occur during growth and developm%nt of many animal
tissues (34—3?)» Similarily, differences have been
.demonstrated in the amincacyl-tRNA synthetases from
different developmental stages (38, 39). Studies'using eges
and embryos of the sea urchin, Paracentrotus lividus, have
demonstrate%/;hat differences exist in the leucyl{'and

lysyl-tRNA-‘patterns and in the appearance cof a new Seryl¥
tRNA during early development (40, 41). Spadafora et al.
have suggested that the alteration in leucyl—tFNA is due %o
changes in the synthetase level and not the tRNA level (4l),
In other studies, Yang and Comb observed changes in the
distribution of lysyl-tRNA's: between the soluble and
particulate cell fractions of young embryos of'Lytechinus
variegatus (42). Théée data suggest that certain tRNA's
might be important in protein synthegistgé;lation during
development. B ,
,In an attempt to test the role of tRNA in controlling
protein synfhesis in Artemia embryos, Bagshaw et g;.
compared the tRNA populations of cysts and nauplii (43).
Their findings showed that quantitative differences exist in
nine isoaccepting tRNA species of dormant cysts and nauplius
" larvae but ‘that qualitatively the tRNA's are identical.
They also found that tRNA's from different stages can be
acylated using enzymes from both dormant embryos and nauplil
inﬁicating that amincacylation is independent of the.
developmental stage used for the enzyme preparaticn. It is
also known that tRNA's from cysts and nauplii are
interchangable and that they support protein synthesis
in vitro to the same extent. Although quantitative

differences in tRNA might reflect a control mechanism
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‘operating in vivo, it appears most likelyethat protein

7synthesis during developmént of Artemia is not controlled by

changes in the tRNA populations.

‘ The origin and intracellular distribution of mRNA's
which direct protein synthesis in young embryos have been
investigated as possible clues to the lack of endogenous
protein synthesis in extracts from dormant Artemia cysts.
Nilsson and Hultin showed that protein synthesis in young
embryos utilizes pre-existing mRNA (44, 45). They
demonstrated that dormaht Artemia embryos contain membrane-
associated poly(A)-containing heterogeneous RNA which
stimulates protein synthesis in a cell-free gystem. 1In
other studies Grosfeld and Littauer showed that dormant
cysts contain mRNA associated with proteins (ribonucleo-
protein particles} which when deproteinized stimulate
protein synthesis in a heferologous cell-free system (46).
A similar‘observation.wasreported by @ﬁlicetti et al. (47),
Slerra gt al. (48} and by Slegers and Kondo (49). Thus, the
criteria for\establishing the existence of a pool of mRNA in

. - dormant Artemfia cysts-have been fulfilled and this mRNA

appears to exisY in an inactive or masked form in the

dormant cysts. he and&ogy to the sea urchin system is
clear since masked mRNA also appears to be stored in these
embryos (11).

In the sea urchin, activation of masked mRNA may occur
through polyadenylation (50). A similar activation by
polyadenylation of mRNA has been suggested by Sierra gﬁ al.
(48} and can be concluded from the studies of Simons et al.
(51) in early development of Artemia. Slegers et 4l. have
demonstrated that an RNA which iﬁhibits translation is ’
complexed with mRNA from dormant cysts and that removal of
this RNA from mRNA restores the translatability of the mRNA
in vitro (52). The inhibitory RNA may be”responsible for
the inactivity of extracts from dormant Artemia embryos
in proteln synthesis. The possiblility that masked mRNA
iacks the cap structure at the 5' terminus ha¥ also been

(
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tested but this does not appear to be the case. In Artemia

most mRNA from dormant cysts is capped and dormant embryos

contain measurable amounts of mRNA methylase activity which - I
can add methyl groups to the 7-position of the terminal
cuanosine group of capped mRNA (53, 54). These results,’
however, do not exclude the possibllity that compartments
exist within the embryos whicH allow selective capping of
groups of masked messengers with their subsequent activation.
Whatever the mechanism for activating masked messengers, it
séems probable that the translation of a particular '
population of mRNA is dependent on the developmental .state
of the embryo since ribonucleoprotein particles containing
mRNA are present even after extensive development has
occurred (46). Moreover, in vitro translation products
synthesized on Artemia polyribosomes (55) and using Artemia
mRNA (56) show distinct developmental specificity.

Studies by Ochoa's group led to the suggestion that dry

//:§§fs are markedly deficilent in certaln initiation factors
and that this deficiency is removea'as d%velopmént
. proceeds (33, 57). They reported that a 20-fold increase
occurs in eIF-2 activity in developed embryos compared to
dormant cysts (58). In contrast, MacRae and Wahba folnd
equivalent amounts of eIF-2 in encysted and developing
embryos and suggested that eIF-2 and at least one other
initiation factor do not limit protein synthesis 'in encysted
Artemia embryos (59). Based on these results, it appears
doubtfull that a deficiency of initiation factors is the
reasoﬁ why dormant embryos are unabtle to translate
endogenous or exogenous mRNA. The idea that specific
initiation factors are required for muscle differentiation
(60) and during, insect development (61) has not been
confirmed or firmly established.

Extracts from both dormant and developed embryos of
Artemia are able to translate pdly(U) under conditions which
circumvent the requirement for the normal initiation
mechanism (31). These results suggest that the elongation

»
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factprs -from the dormant’ embryos. are active in protein
synthe51s However, Huang and Warner demonstrated that
ribtoscmes from developing embryos are more efficient in
pPoly(U) translation than ribosomes from undeveloped cysts
(62). The latter investigators also showed that the binding
efficiency of Phenylalanyl-tRNA to ribos@mes increases as
devélopment proceeds. The cyst ribosomes'appear to be
repressed. by an inhibitor 'on the large ribosomal subunit
which.is released or inactivated during development (62).
In contrast to the above, purified ribosomes from cysts or
developed embryos do not show any apparent differences in
structure (63) and act1v1ty (62).
The idea of repressed ribosomes has also been suggested
%1n sea urchin eggs but this view has not been adopted by
'ﬁost workers. Monroy et al. showed that trypsin treatment
of ribosomes from unfertilized sea urchin eges increases the
activity of these ribosomes in poly(U) translation (64).
They suggested that similar aerepression of ‘ribosomes can
occur in vivo following fertilization. 1In other’studies,
Metafora and co-workers have isolated an inhibitor of
protein synthesis from ribosomes of unfertilized eggs of
Paracentrotus lividus (65, 66). The inhibitor is not
a ribonuclease but a protein that decreases the binding of
poly(U) and of phenylalanyl-tRNA to ribosomes. Although
Gambino et al. reported that the sea urchin protein
synthesis inhibitor is ébsent from ribosomes of blastulae
(66), Hille suggested that the inhibitor is still present ' in
developing embryos of Strongylocentrotus purpuratus
particularly in the monoribosome fraction (67).

Other mechanisms than those mentioned #bove may inhibit
protein synthesis in dormant cysts and explain the
inactivity of cell-free extracts from dormant cysts in the
translation of natural mRNA's. In this respect Warner et al.
found a protein which resembles elongation factor 2 (EF 2)
in both supernatant and ribosome- rich fractions from dormant



cysts (68, 69): This protein acts at the level of .-
elongation to inhibit poly(U)-directed protéin synthesis.
A different type of elongation inhibltor was detected by
Lee-Huang et al. in the supernatant and ribosome fractions
from dormant and developing Artemia embryos (70). The
inhibitor has been identified as an oligonucleotide which
inhibits aminoacyl-iRNA binding to ribosomes. High
concentrations of - this compound also‘inhibit initiation of
protein synthesis. 'This inhibitor can be inactivated by
another oligonucleotide which has been found only in
developing embryos. The latter oligonucleotide appears to
function as an activator by base pairing to the inhibitor.
The oligonucleotide inhibitor is similar in size and base
composition to Heywood's chick embryo muscle translational
control RNA (71), but it differs in that it has no :
specificity for mRNA. Inhibitors of the elongation step of
protein synthesis have been reported in other systems
including wheat germ (72) and muscle tissues (73) and
probably such inhibitors have a general role in the
regulation of protein synthesis. )

In contrast to the vast studies on elongat;;n factors
in respect to their general catalytic activity iﬁ protein
synthesis, studies of these factors during embryogénesis are
few in number. In many eukaryotes elongation factor 1
(EF-1, the enzyme responsible for the binding of aminoacyl-
tRNA to r%;ffomes) oceurs in high (EF-1 ) and low (EF- 1 )
molecular Weight forms (74-80). Durlng development the
relative proportion of EF-lL increases in the nematode,
Turbatrix aceti' (?5) and in the brine shrimp (76). Slobin
and MSller have shown that EF- lH is the main form of EF-1 in
the dormant cyst of Artemia and at hatching it is
transformed to EF-1. (76). More recently Slobin and M&ller
have dqﬁonstrated that the EF- lL from developing embryos is
similar to the bacterial factor EF-Tu and that EF—lH
contains protein factors analogous to the bacterfal EF-Tu
and EF-Ts (77, 79). Moreover, they were able to purify
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a low molecular weight protein from developing embryos of.
Artemia which is analogous to the bacterial EF-Ts (79).
Similar observation was <reported for other‘euﬁaryotic
‘systems (?8.'80).' From -these studies Slobin and Mdller have
suggested that the EF~'lH is the storage form of eukarjotic
EF-Tu and EF-Ts, whereas the actlve forms of the factors

in vivo are the individual polypeptldes Thus, the size
transformation of EF-1 may provide a mechanism by which the
rate of protein synthesis can be altered during early
development of Artemia (79).

The general role of eukaryotic elongation factor 2
(EF-2) and its prokaryotic counterpart (EF-G) in protein
biosynthesis has been elucidated (81-83). The protein
factor EF-2 is essential for the translocation process that
appears to involve three coordinated reactions: ejection of
a deacylated tRNA from the ribosome, mo%ement of newly
elongated peptidyl-tRNA from the'aminoacyl‘site to the
peptidyl site and the movement of the mRNA so that a new
codon can be translated. All of the above events of
translocation are coupled to the hydrolysis of GTP to GDP
and lnorganic phosphate. A unique feature of EF-2 is its
inactivation by' diphtheria toxin (8%, 85). Diphtheria toxin
'catalyzes the transfer of the adenosine diphosphate ribose
(ADPR) molety. of nicotinamide adenine dinucleotide (NAD) to
the eukaryotic elonation factor 2 (EF-2) but not to the
prokaryotic elongation factor (bacterial and organelle EF-G)
or any other protein (86-89). Since one molecule of ADPR
binds to one molecule of EF-2 in the Presence of excess NAD
and diphtheria toxin (90), the ADP-ribosylation reaction has
provided a measure of the amount of BF-2 in extracts when
i1sotopically labeled NAD is used (90-95%).

Thus far no atfempt has been made to study the role of
EF-2 in the regulation of protein synthesis during early
development? Studies using sea urchins showed that the
activity of EF-2 in the post-ribosomal supernatant fraction



.10
_ P

increased by about 50% within 2 min after fertilization (96).
Studies by Warner et al. have shown that a protein from
dormant cysts-of'Artemia thch resembles EF-2 acts at the
level of elongation to inhibit polﬁ(U)—directed in vitro
'protein synthesis ?68. 69). Although these studies and the
EF-1 studies are incomplete, they suggest that the -
elongation factors are regulated during development. Hence,
changes in the content aﬁd/or activity of elongation'factors
may account for the observed increase in activity of the
protein synthesizing apparatus following fertilization of
the sea urchin. (12, 13), following early embryogenesis in
amphibia and upon resumption of development in Artemia.

In order tc assess the regulatory role (if any) of EF-2
in protein synthesis during development, a detailed study of
EF-2 was initiated using embryos of the brine shXimp,
Artemia salina. In this dissertation research ;g

e content
and distribution of EF-2 between the soluble and partic®hate
fractions have been studied together with changes in the
molecular size and functional properties of-tﬁis elongation
factor. Moredver, a purification procedure for’ EF-2 from -
Artemia embryos has been developed. The resﬁlts of this
study should contribute to our understanding &f the role

and metabolism, of EF-2 during development.



II. MATERTALS AND METHODS. -

A, Materials

Encysted embryos of Artemia salina were from.the Utah'
salterns and were supplied by Longlife Fishfood Products
(Harrison, NJ and $t. Thomas, Ont.). Diphtheria toxin (lot
number D-298, 1800 1f/ml, about 13.2 mg/ml) was purchased
from Connaught (Toronto.‘Onf.). Creatine. phosphate,
phosphocreatine kinase.yGTFu ATP and. poly(U) were from
P-L Biochemicals (Milwaukee, Wis.)." NAﬁ, dithiothreitol’ ‘
(DTT), B~mercaptoethaﬁol and 2,4.6—trinitroBenzenesulfoniq ‘
acid (TNBS) were frqm Sigma-'{St. Leuls, Mo7). Ribonuclease-
free sucrose, soybean trypsin inhibitor and streptomycin
sulfate were from Schwarz/Mann (Orangeburg, NY) ., _
Penicillin G (sodium) was from Ayerst (Montreal, Que.).
Liquid scintillation fluors,” 2, 5-diphenyloxazol (PPO) and
l,h—bis[2-(5;phenyloxazolyl):-benzgne (POPOP), and tissue
“solubilizer NCS were from Amersham (Oakville, Ont.). AlL
- other reagents used were A.C.S grade.

- *The broteins“used as molecular weight standards for
'sodium.dodecyl sulfate (SDS)-polyacrylamide gel
eiectrophoresis and gel filtration were as follows:'

E. gg;; B—galactosidase‘(B—Gal) (P-L Biochemicals); rabbit
muscle phosphorylase a (Ph) and bovine serum albumin (BSA)
(Sigma); human gamma globulin, ovalbumin (Ov), bovine
pancreatic chymotrypsinogen and bovine pancreatlic
ribonuclease (RNase) (Mann Research Laboratoriegs, New york,
NY). N ‘ .

SDS-polyacrylamide gel elebtrophoresis reagents were
froﬁ Bio-Rad (Richmond; Ca.)}. Sephadex G-25 (medium),
Sephadek G-150 (superfine) and Sepharose 6B were from
Pharamacia (Montreal, Que.). Ultrogel AcA 34 is a product
of LKB and it was purchased from Fisher Scientific (Toronto,
Ont.). DEAE-cellulose (Whatman, DE-32) and phosphocellulose
(Whatman, P—%}) were from Mandel Scientific (Montreal, Que.).
Microporcus filters 0%.5 cm, 0.45 um) for the

-
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ADP-ribosylation assay were from Amicon (Lexington, Ma.);
nitrocellulose filters (B-6, 2.4 cm, 0.45 pum) for the GTP’
- binding assay were from Schleicher and Schuell (Keene, NH):
filter paper disks (type 3,.2.3 cﬁ).for all carbon-1l4
incorporation measurements were from Whatman (Fischer
Scientific). : ' .

8-HIGTP (specific activity 13.1 Ci/mmol),
Tadenine-2,8-HNAD (specific activity 2.96 Ci/mmol) and
.lu'CjNaHCO3 (specific act;vity 7.7 mCi/mmol) were from"New
England Nuclear (Boston Ma.);-”luc-U:phenylalanine (specific
activity 486 mCi/mmol) was from Amersham.

B. Media, buffers and scintillation fluids

Hatch medium: 422 mM NaCl, 9.4 mM KCl, 25.4 mM MgS0,,,
22.7 mM MgClz, 1.4 mM CaClz, 0.5 mM NaHCO
500 units/ml.of penicillin G (Na),
25 ug/ml stfeptomycin sulfate.
For isotope incorporation studies NaHCO. was
replaced with 10 mM Tris-HC1, pH 8.2 (23°:).

3!

‘Buffer A: 50 mM Tris-HCL, pH 7.9 (4°C), 5 mM KC1,
10 md MgCl,, 1 aM DIT :

Buffer B: 50 mM Tris-HCl, pH 7.9 (4°C), 50 mM KC1,
10 mM MgCl,, 1 mM DTT \

Buffer C: 50 mM Tris-HC1, pH 7.9 (4°C), 100 mM KC1,
10 mM MgCl,, 1 mM DTT, 10% glycerol

Buffer D: 50 mM Tris-HC1l, pH 7.9 (4°C), 50 mM XC1,
0.6 mM EDTA, 1 mM DTT, 10% glycerol

Acrylamide gel sample buffer: 125 mM Tris-HCl, pH 6.8 (ZBOC),
10% SDS, 25% B-mercaptoethanol, 50% glycerol,
0.004% bromophenol blue

Scintillation fluid A: 0.4% PPO, 0.015% POPOP, in toluene

Scintillation fluid B: 58.8% scintillation fluid 4,
41.2% ethylene glycol monomethyl ether
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C. Methods

1..Preparation of Artemia embryos and incubation procedures

Embryos of Artemia 4t different stages of development
were prepared to study the concentration and activity of
EF-2 and other properties of embryo extracts. Encysted
dormant embryos were hydrated in ice-cold 0. 5 M NaCl then
washed with ice-cold distilled water to remove floating
cysts, debris and sand (97). The washed cysts were rinsed
with homogenization buffer and either stored at —?OOC or
extracted directly (0-h embryos). ,When.developing embryos
were required for analysis, the cysts were rinsed with hatch .
medium and incubated in this medium at 30°C. The embryos
were collected after various incubation periods, washed with
homogenlzatlon buffer and elther processed directly or
stored at -70 C :

Two different incubation procedures were used. In some
experiments 12-12.5 grams of fully hydrateq cysts were
incubated with 500 ml sterile hatch mediu@ in a 2800 ml

Fernbach culture flask. In other experiments 1 gram of

fully hydrated cysts was incubated with 75 ml of sterile
hatch medium in 100 x 80 cm glass storage dishes. (1 gram
of fully hydrated cysts equals 0.4 gram dry cysts). In the
latter case emergence started at about 9-h incubation and
about 62-65% of the embryos hatched by 48-h incubation.
When 12-12.5 grams of fully hydrated cysts were incubated,
emergence and hatching began later and the extent of -
hatching was lower than when 1 gram of cysts was incubated
(see Results). The decreased level of emergence and
hateching \bserved using the first procedure above does not
appear to be due to a loss of cyst viability and may be the
result of an higher population density of embryos.

For isotope incorporation experiments cysts were i
treated with antiformin prior to incubation to remove
bacterial spores attached to the cyst chorion (28, 97) and
all glassware and reagentis were sterlllzed before Use. In

-
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early experiments the cysts were also washed with 0.1%
benzalkonium chloride to remove fungi k9?) but this
. treatment was omitted in this study since it was found that
no fungi appeared in the embryos cultures after S days of
incubation.

Unless indicated otherwise, the same commercial batech
. of Artemia cysts was used throughout the study and the
methods for hahdling and counting the embryos were as
described by Warner et g%. (97).

2. Preparation of particulate and solublle fractions from
Artemia embryos

Particulate and soluble fractions were prepared from
post-mitochondrial supernatant'fluids of Artemia embryos to
determine the distribution of EF-2 within the embryo. Two
different methods were used to obtaln these fractions and
each method 1s described below
a. Fractlonatlon of Artemia embryo _extracts by differential

centrifugation. Embryos from different stages of
development were ground %o a thick paste using an electrrc
mortar (Torsion, model MG-2) with buffer A at 5 C. (Unless
otherwise mentioned, all fractionation steps were performed
at O—SOC). Additional buffer A was added to a final volume
of 8 times the initial volume of cysts and the preparation
was stirred for 10 additional minutes. The homogenate was
then centrlfuged at 12,000 x g for 10 min and the
supernatant fluid passed through a cheesecloth-glass wool—
cheesecloth filter. The filtrate was centrifuged at
30,000 x g for 45 min and the supernatant fraction was
removed avoiding the floating orange lipid layer. This
fraction was centrifuged further at 150,000 x g (Beckman
rotor 60 Ti) for 150 min. The supernatant fluid from this
step was fractionated with (NHu)2804 and the precipitate
that formed between 0-70% saturation was collected by
centrifugation, suspended inlbuffef'D, and dialyzed against

-
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two changes of the same buffer for 16 h. Following dialysis
the preparation was clarified by centrifugation. This
fréction will be referred to as the S-150 fraction or free
fraction prepared by differential centrifugation. This
fraction contains the soluble or free EF-2.° The pellet from
the high speed centrifugation designated as P-150. fraction
was suspended in buffer C and treated with NHQCl as
described below. All fractions prepared as above and below
were stored at —?OOC.

.

b. Fractionation of Artemia embfyo extracts on columns of

Sepharose 6B. The 30,000 x g fraction Was‘prepared as
described above except that buffer C was used as the

homogenization medium and the volume of the homogenate was
lO;times the volume of the starting dry cysts. The

36,000 x g supernatant fluld was concentrated by vacuum
dialysis to about 8 ml, clarified by centrifugation and
applied immediately to a column of Sepharose 6B (2.5 x 91 cm)
previously equilibrated with buffer C. The column was
developed with buffer C at approximately 30 ml/h and
fraétions of 7.5 ml were collected. All column fractions
were assayed for UV absorbance and selected fractions were
tested for the presence of EF-2 as described below. The
column fractions that displayed EF-2 (in the absence of
other treatments; see Fig. 1, peak II) were pooled and
fractionated by (NHu)zsoa. The precipitate that formed
between 30-70% saturation was collected by centrifugation,
dissolved in buffer D and dialyzed against 5 changes of this
buffer over an 8-h period. Any insoluble material that
formed was removed by centrifugation. This preparation will
be referred to as free fraction prepared by chromatbéraphy
on Sepharose 6B; it contains soluble 6r-free EF-2. The
contents of those fractions that showed trace amouhts of
EF-2 activity (see Fig. 1, peak I) were pooled and treated
immediately with NH,Cl as described below. The material

that eluted last from the column (see Fig. 1, peak ITI) was
not saved.
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3. Fractionation of Artemia embryo extracts on sucrose

density gradienits

" Sucrose density gfadient analyses were performed to
ascertain tﬁé amount of EF-2 associated with monoribosomes
and polyribésomés of Artemia embryos. . Embryos from
different stages of dévelopmeﬁt'were ground to a thick paste
using buffer C as described above except that the final
volume of the homogenate was 7 ‘%imes the volume of the
starting dry cysts. The 30,000 x g superngtant fluid Was
obtained as described above and fractionated immediately on
sucrose gradlents or frozen in liquid nitrogen. Ten A26O
units were fractionated on 12 ml of a 15-50% sucrose gradient
in buffer C lacking glycercl. Prior to sample applicatioﬂ,
0.4 ml of glycerol-free buffer C was layered on the sucrose
- gradient and the sample to be analyzed was layered under
this buffer. Centrifugation was then carried out at
39,000 rpm (Beckman rotor SW 41) for 80 min (31). After the
centrifugation fractions of about 0.3 ml were collected
. ﬁsing'ﬁn Isco gradient fractionator with-continuous
répofding of absorbancy at 254 nm at a flow rate of
O.B ml/min.” The monoribosome and polyribosome fractions
were pooled separately (see Fig. 5), concentrated by vacuum
dialysis, dialyzed against 5 changes of buffer C over a 10-h
period and treated with NH,C1l as described below. The
cytosol fraction that remained on top of the sucrose
gradient (Fig. 5, fraction A) was divided into two parts.
One half was concentrated by vacuum diafysis then passed
through a column of Sephadex G-25 (1.5 x 18 cm) previously
equilibrated with buffer D and the protein which eluted in
the void volume was concentrated by vacuum dialysis. {This
column filtratio; was carried out to remove small molecules
from the cytosol fraction; in other experiments this was
achieved by ammonium sulfate fractionation and dialysis).
The second half was centrifuged at 140,000 x g for 7 h. The
resultant supernatant fluid was concentrated and Processed
as described above for the first half of the sucrose

-
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gradient cytosdi. The 140,000 x g sediment obtained above
was suspended in buffer D unless indicated otherwise.

L. Preparation 'of EF-2 from the particulate fractions

To enable us to measure EF-2 in the particulate
fractions (P-150 suspeﬁded in buffer C, fraction I from
Sepharose 6B, monoribosome and polyribosome fractions from
‘sucrose gradients) EF-2 was released from the particulate
fraction by g treatment with 0.5 M NHMCl. Such a treatment
was previously used to release EF-2 and other proteins from
particulate fractions (95, 98, 99). Solid NHucl was added
to a final concentration of 0.5 M and the preparation was
stirred gently for 75 min. The insoluble material was
removed by centrifugation at 150,000 x g for 4.5 h and the
supernatant fluid was concentrated by vacuum dialysis.
Finally, the samﬁle was dialyzed against 4 changes of
buffer D for 12 h, clarified by centrifugation and stored at
-70°C. These fractions will be referred to as bound
‘fractions unless specified otherwise; they contain bound
EF-2. Also crude EF-2 released from partially purified
P-150 fraction by the NH,Cl Yreatment as described here was

used as starting é%erial in developing the EF-2
phrificati&g_g;zéfdure described under Results.

5. Preparation of soluble extracts from Artemia embryos

Soluble extracts from Artemia embryos were prepared to
determine the total quantity of EF-2 (free and bound) in the
pgst—mitochondrial supernatant fraction and to test the
ability of embryo extracts to support protein synthesis
in vitro. One gram of‘fully hydrated cysts or incubated
embryos was homogenized with a Duall type’ground—glass
homdgenizer in 6 ml of buffer C. The homogenate was
centrifuged at 12,000 x g for 10 min and the pellet obtained
was washed with 2 ml of buffer C followed by cqntrifugation
‘as above. The 12,000 x g supernatant fluids were pooled
then centrifuged at 30,000 x g for 45 min. The entire
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supernatant fradtion was collected, ad justed to contain

0.5 M NH,Cl, then stirred gently at 0°C for 75 min. The
insoluble macromolecules (including ribosomes) were removed
by centrifugation at 140,000 x g for 7 h and the 0.5 M NHQCl
soluble fraction was dlalyzed for 16 h against 4 changes of
buffer D. The preparation was clarified by.centrifugation
and part of the soluble material was concentrated by vacuum
dialysis. All fractions were stored at -70°C. These .
pbeparations will be referred to as soluble embryo extracts.

6. Preparation of salt washed ribosomes from dormant cysts
of Artemia

Salt washed ribosomes were prepared to study, the
biological activity of EF-2 and the capacity of soluble
extracts to support protein synthesis in vitro. The
150,000 x g pellet (P-150) from hydrated cysts was prepared
as outlined above. The pellet was suspended in buffer C and
treated with 0.5 M NHuCl as described above. The NHQCl
treated preparation was layered over a cushion of 26% sucrose
in glycerol-free buffer C and centrifuged at 150,000 x g for
4.5 h. The ribosome-rich pellet was suspended in the
glycerol-free buffer C and the above centrifugation step was
repeated. Thetransparentq}fﬁesome pellet was suspended in
buf;ar‘B containing 25% glycerol to a final concentration of
200 A260 units per ml and stored in small aliquots at -70°¢C
until needed. Ribosomes prepared’'in this way were found to
be free of most non-ribosomal proteins and active in .
polyphenylalanine synthesis in the presence of soluble

factors. .

-

7. Uﬁtake of-[;QC]bicarbonate into Artemia embryo fractions

In order to measure the ra#e of protein synthesis at
different stages of development, embryos (1 gram sterile
hydrated cysts or 1 gram embryos incubated in 75 ml of hatch
medium) at different stages of development were incubated

for 2 h with [luc]NaHCO3 at a concentration of 2.38 uCl per
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ml of hatch medium. At the end of the 2-h period, unlabeled
NaHCO3 was added to the medium to a final concentration of
0.02 M and the embryos were collected on miracloth filters
(2.5 cm). The embryos were washed with 4x50 ml of

0.5 M'NaCl containing 0.02 M NaHCO3 and finally with 4x5 ml
of buffer C. The embryos were stored at -70°C until needed.
Embryos from differen? stages of development were
homogenized with a Duall type ground- glass homogenizer in
7.5 ml of buffer C and the homogenates were centrifuged at
12,000 x g for 10 min. The supernatant fractions were saved
(separately) and the 12,000 x g pellets were washed with

2.5 ml of buffer C. The washes were pocled with the
original supernatant fractions and the combined soluble
fractions were saved for radioactivity measurements. The
buffer C-insoluble fractions were suspended in 2.5 ml of

0.1 N NaOH and incubated for 30 min at 30°C with occasional
mixing. The alkali soluble material was collected by
centrifugation at 12,000 x g for 10 min and the 1nsoluble
material (containing mainly shell fragments) was
re-extracted with 1 mi of 0.1 N NaOH. The alkali soluble
washes were pooled and the combined fractions were saved for
radioactivity measurements. The amount of carbon-1l4
incorporated into the embryo fractions was determined as
follows.

a. Total radiocactivity incorporated. Sampleé of 25, 50 and-
100 ul of the bdffer C-soluble and\ the alkali-soluble -
fractions were transferred to filter paper disks, dried by

circulating warm air and counted with 10 ml of scintillation
fluid A using a BecKman LS 3150P liquid scintillation
sSpectrophotometer.
b. Radioactivity incorporated into the fraction soluble in
perchloric acid (PCA). To 1 ml of buffer €-soluble
fraction 0.2 ml of 6N HC10, was added. The mixture was
allowed to stand for 15 min at 0°¢c then centrifuged at
12,000 x g for 10 min. The supernatant fluid-was removed




20

and aliquots of 20,25 and 50 pl weré transferred to filter
paper disks for the determination of radioactivity as .
described above. The alkali-soluble fraction was processed
in the same way except that 0.3 ml of 6 N HC10, was added to
1.2 ml of alkali-soluble material.
c. Rédioactivity incorporated into fractions insoluble in
trichloroacetic acid (TCA). Aliquots of 25, 50 and 75 ul
from the buffer C-solublq and alkali-soluble fractions were
transferred to filter pape sks, dried by circulating warm
alr and processed according to Mans and Novelli (100) in

order to determine the radiocactivity in the protein fraction
{(hot TCA insoluble fraétion). To determine the
radiocactivity in the combined protein-nucleic -acid fraction;
the hot TCA treatment was omitted (ethanol- ether 1nsoluble
fraction).

The radioactivity data from the buffer C- soluble and alkali-
soluble fractions were combined for presentation under
Results.

8. Diphtheria toxinfcatélyzed ADP ribosylation of EF-2

The assay for the diphtheria toxin-~dependent ADP
ribosylation of EF-2 was according to the method of
Maxwell gj‘gl. (86, 90, 91) as modified by A.H. Warner. The
reaction mixture contained the following components in
0.1 ml: 1.65 pg diphtheria toxin, 6.25 pg BSA,
122 pmol [JHINAD (specific activity 820 £i/mol)
0.25 umol MgCl2 and various quantities d®f EF-2 containing
preparations or column fractions. The reaction mixture was
incubated at 28°C for 45 min then the .reaction was stopped
by adding 2 ml of 5% ice-cold TCA containing 0.1 mM
unlabeled NAD and 0.05 ml of BSA (10 mg/ml) was added
as carrier protein. The protein-EBH]ADPR complex was
collected on microporous filters (0.45 um) and washed with
3x2 ml of 5% ice-cold TCA. The filters were oven-dried at
125 C for 10 min and counted 1n 5 ml of scintillation
fluid A as described above. The concentration of EF-2 was
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determined from the extent of :BH]ADP ribésylatioﬁ assuming
1 molecule of ADPR is bound to l'molepule of EF-2 in the
presence of diphtheria toxin and excess of NAD (90}, The
amount of EF-2 was determined by assaying at least 3
different protein concentrations in the linear range of the
ADPR binding curve. 1In those experiments where [;H]ADP—
ribosylated protein preparations were requifed for analysis
on SDS-polyacrylamide gels.Jthe reactions were stopped by
addition of one fourth volume of the polyacrylamide gel

sample buffer.
o

9. Ribosome-dependent GTP binding activity of EF-2
preparations

The ribosome-dependent GTP binding assay employed here
was a modification of previcus methods (101, 102). The
different EF-2 fractions were incubated in 0.2 ml final
volume of the following mixture: 50 mM Tris-HCl, pH 7.0
(28°C), 50 mM XCl, 10 mM MgCl,, 0.15 mM EDTA, 3.1% glycerol,
1 mM DTT, 576 pmol ?HZGTP (specific activity 6050 Ci/mol)
and 1 A26O unit salt washed Artemia cyst ribosomes. The
reaction mixture was incubated for 10 min at 28°C and %hen
diluted with 3 ml of ice-cold buffer B! (same as buffer B
but at pH 7.3 (4°C)). The bound PH:GTP was collected on
nitrocellulose filters (B-6, 0.45 pm) previously soaked in
buffer B' and washed with 3x2 ml of this buffer. The
filters were then dried a% lZSOC for 10 min, dissolved in
10 ml of scintillation fluid B and counted as described
above.

10. Activity of EF-2 and soluble embryo extracts in

polyphenylalanine synthesis . ,

The synthesis of polyphenylalanine was determined by
a modification of the method of Huing and Warner (62). To
measure the acti¥ity of soluble extracts in supporting
polyphenylalanine synthesis, aliquots of these extracts were
incubated in 0.15 ml final volume of the following mixture:



t

22 -

50 mM Tris-HCl, pH 7.0 (BOOC), 100 mM KC1, 10 mM MgClz,

0.1 mM EDTA, 1 mM DTT,‘2.5% glycerol, 2 mM ATP, 0.8 mM GTP,
75 pg cratine phosphate, 12.5 ug phosphocreatine kinase,
12.5 ug poly(U), 0.5 Apgp units of deacylated Artemia cyst
tRNA (97), 257 pmol 1¥Clphenylalanine (specific activity
486 Ci/mol) and 1 A,¢( unit'of salt washed Artemia cyst
ribosomes. The act1v1ty of partially purlfled EF-2 from
Artemia_ in polyphenylalnine synthesis was tested in the
mixture described above to which was added 60 ug protein
from the 12-h soluble embryo extract as a source of
additional factors. Thé reaction vessels were incubated at
BOOC and after variehs times, 0.05,ml samples were removed
from each vessel, transferred to filter paper disks and
processed for polypeptide synthesis according te Mans and
Novelli (100). The washed paper disks were suspended in
5 ml of scintillation fluid A dnd the radioact1v1ty
determined as described above. The extent of | C]polyphenyl—
alanine formation was expresaed as pmol~phenylalan1ne
polymerized per 30 min per 0.05 ml of reaction mixture.

11. General protease activity in extracts of Artemidembryos

The standard assay for protease activity measured the
amino groups liberated during proteolysis as deséribed by
Nagainis and Warner (103) with slight modification.
Aliquots of embryo extracts were ilncubated with 1.6 mg
N,N-dimethyl BSA (104) and 0.1 M potassium phosphate, pH 8.0
(2300) in a final volume of 0.4 mi. The incubation was
performed at 50, 28°% and 40°C as indicated and at various
times 0.05 ml aligquots were removed from each reaction
vessel and processed for proteolysls using the TNBS assay
described by Nagainis.and Warner (103). One.unit of
protease activity was defined as the amount of enzyme that
produces a change of 0.01 Auzo‘unlﬁ in 1 min {as judged by
the.TNBS reaction). Occasionally, a lag in the protease
aetivity was observed; in such assays the activity was o
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.calculated from the linear part of the absorbance
curve (103).

12. Determination of protein content

Protein content was determined according to the method
of Lowry et al. using BSA as a standard (105).

13. SDS-polyacrylamide gel electrophoresis of Artemia
proteins

All protein preparatidns'including the PH]ADP—
ribosylated proteins were analyzed on 10% polyacrylamide gel’
'slabs (1.5 x 140 x 80 mm) confaining'o.i% SDS (sodium
dodecyl sulfate) as described by Laemmli (106). To all
protein samples to be analyzed by SDS gel electrophoresis,
one fourth volume of polyacrylamide gel sample buffer was »
added and the mixture was heated at 90°C for 5 min.
Electrophore81s was carried out at 120 volts untll the
marker dye (bromophenol blue) moved to the bottom of the gel
(about 3 h). The gels were stained in a solution contaiﬁing
0.1% coomassie brilliant blue, 50% ‘methanol and 7.5% acetic
acid (for about 1 h) and then destained in a solution
containing 5% methanol and 7.5% acetic acid. When [?H]ADP— T
ribosylated proteins were analyzed on SDS gels that portion
of the gel representlng a proteln sample was sliced into
2 mm slices using a Bio- Rad‘gel slicer (model 190). The
slices were swollen in 0.5 ml of 90% tissue solubilizer NCS
at 50 C for about 3 h and the radicactivity in each slice
was measured after the addition of 10 ml of scintillation
fluid A (lO?) Pt

14. Molecular weight measurements of Artemia proteins )

Molecular weight measurements of specific protein band@//_
and [?H]ADP-ribosylated polypeptides following
electrophoresis on SDS~polyacrylamide gels'wefe computed %n
from a calibrétion curve obtained by plotting the -
electrophoretic mobilities of the standard polypeptides
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against the logarithm of their known polypeptide molecular
welight (108). )

The size of ADPR accepfing pfoteins in different EF-2
preparations was also estimated from the elution position of
these proteins following fractionation on columns of
Sephadex G-150 (superfine5)0.9 x 41 cm). A sample of 0.3 ml
from various EF-2 prepardtions was applied to the column and
eluted with buffer D as described in the figure legends.

The molecular_size of the ADPR accepting proteins was

estimated by comparison to the elution position of standard
protelns.



~ III.. RESULTS

Determination of elongatlon factor 2 content in Artemia

durlng early development

1. Free and bound EF-2 at different stages of development

The gquantity and distrioution-of EF-2 beﬁkeégithe free
and particulate fractions of Artemia post—mitoehondrial
superﬁetant fluid were determined in dormant and developing
S embryos. First, 'a method ‘was devised*to separate the
soluble and particulate EF- 2 and to determine the quantlty
of EF-2 in each fractlon. When the 30,000 x g supernatant
fraction from O-h embryos was chromatographed on a column of
Sepharose 6B the results shown in Fig. 1 were obtained. The
column fractions were aﬁalyzed for absorbance at 260iand
280 nm and for EF-2 content using the diphtherla toxin-

. dependent .ADP-ribosylation assay. Under these conditions
virtually all of the EF-2 was found in fraction II while
trace amounts were detected in fraction I. When theé
contents of fraction I were treated with 0.5 M NHucl

(75 min, 0°C) then centrifuged at 150,000 x g, considerable
EF-2 was found in the salt soluble fractioﬁ as measured by
the ADP-ribosylation assay. Since only free EF-2 can be

- assayed quantitatively by the ADP-ribosylation reaction
(95, 99), the NHMCl treatment must have released EF-2 from
the particulate substances in fraction I, No additional
EF-2 was released by higher NHuCl Concenfrations. ,Qge
difference in ADPR acceptance ability of Sepharose 68 column
fractions I and II suggests that fraction I contains bound
EF-2, whereas fraction II contains free EF-2. Fractlion III
was found to be devoid of EF-2.

When extracts from developing Artemia embryos were
fractionated on columns of Sepharose 6B elution profiles
were obtained similar to that shown in Fig. 1. From these
experiments the amount and distribution of bound and free
EF-2 were determined. These results are summarized in
Table 1. The data show that a gradual decrease occurs in

25
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" Fig. 1. Chromatbgraphy of Artemia cyst S-30 fraction on

a column of Sepharose 6B. The 30,000 x g supernatant
fraction from 12 grams hydrated O-h Artemia cysts was.
applied to a column of Sepharose 6B (2.5 x 91 cm) previously
equilibrated with buffer C. The column was developed with
buffer C at a flow rate of approximately 30 ml/h and
fractions of 7.5 ml were coliected. Column fractions were
assayed for absorbance at 260 nm (—) and 280 nm (--) and
for EF-2 (e-e) as described in Methods. Fraction I (140 ml)
containing bound EF-2 and fraction II (120 ml) containing
free EF-2 were pooled separately and saved for further .
studies.
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total EF-2 during the first 31-h development fbllowed by

a marked increase during the next itwo hours. -VEHe striking
however is the observation that bound EF-2 and other bound
proteins decrease by almost 50% during the first 31-h
development. In contrast, the level of free proteins.does
not change appreciably during the first 31-h development and
the content of free EF-2 increases by only lé%. Between 31
and 33-h development an increase occurs in both free EF-2
(42%) and. free proteins?(Zl%),_while the content of bound
EF-2 and bound proteins remains relatively constant.

2. Molecular weight of free and bound EF-2 from Artemia
embryos at different stages of development

A study of the molecular weight of EF;2 was conducted
to determine the molecular size of EF-2 and to access
whether differences in molecﬁlar welght exist between free
and bound EF-2 at different 'stages of development. In order
to obviate the necessity for purified EF-2, all EF-2
containing fractions were.[?H:ADP ribosylated in the -
diphtheria toxin-dependent reaction and analyzed by
electrophoresis on SDS-polyacrylamide gel slab. A similar »
analysis of EF-2 was described previously by Collihs et al.
(91) and it was also reported that the ADPR:EF-2 complex is
‘not effected by denaturing reagents (109, 110). Gel
electrophoretic analyses of ADP-ribosylated polypeptidesv
from the free and bound protein fractions are shown in
Fig. 2. The protein fractions used for these analyses are
identical to those described in Table 1. The results
indicate that several radioactive peaks are resolved by SDS
gel electrophoresis. Moreover, a radiolabeled polypeptide
of 95,000 molecular weight (MW) is dominant-in all protein
fractions from pre-hatched and newly-hatched embryos -
(0 to 23-n incubation), but beyond 23-h development at least
two low molecular weight-radiolabeled polypeptides appear
with molecular weights of 41,000 and 36.600. The appearance
of the latter forms occurs concomitant with the disappearance
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Fig. 2. SDS-polyacrylamide gel analysis of bound and free
[3H]ADP—ribosylated proteins from Artemia embryos at '
different stages.of devélopment. Protein preparations
containing bound and free EF-2 were radiolabeled in a
standard toxin-NAD assay and then analyzed by SDS gel
electrophoresis as desq;ibed under Methods. H.and L indicate
ithe reglons where heavy and light fdrms of EF-2 migrate,
respectively. The migration of molecular weight markers is
indicated at the top of the figure and their description is
given in the legend of Fig. 4. Control gels gave

a background radicactivity of 20-25 cpm/gel slice.

p—
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of the heavier form. Regardless.of their activity or
function the 95,000 MW specles is referred to as heavy EF-2
and tﬁg low molecular weight ADPR accepting proteins are
referred to as light EF-2's. The distribution of EF-2
between the heavy and light forms in the bound and free
brotein preparations as they appear during development is
given in Table 2.#£ The ratio of light/heavy EF-2 has been
used to measure the relative increase in the light EF-2's
after hatching and it permits an estimation of trace amounts
of light EF-2. | |

In order to determine the origin of the light EF-2
polypeptides, the bound and free protein preparations from
0 and 31-h Artemia embryos described in Table 1 were
fractionated on columns of Séphadex G-150 and the elution
position of ADPR accepting proteins was determined. The
results in Fig. 3 indicate that both free and bound
preparations from 31-h embryos contain the high and low
molecular weight EF-2 proteins. .Since chromatography on
Sephadex G-150 will not resolve the two similar Iight EF-2
proteins observed on SDS—polyacrylamide gels, the second
ADPR accepting peak to elute from the column probébly
contains the 41,000 and 36,000 MW forms of EF-2. These
results indicate that the low molecular welght EF-2 proteins
are not generated from the 95,000 MW form during the
incubation period required for [?H]ADP ribosylation of EF-2 .
or analysis of the resultant derivative on SDSlpolyacrylamide
gels.

3. SDS-pelyacrylamide gel electrophoresis of free and bound

protein preparations from Artemia embryos

To determine whether the change in the size of EF-2 and
1ts distribution between free and bound subcellular fractions
are assoclated with changes in the size of other soluble
proteins from Ariemia embryos, free and bound protein
fractions from different developmetal stages were analyzed
by SDS-polyacrylamide gel electrophoresis. This anaiysis is



Distribution of light and heavy EF-2 in bound and
free protein preparations during developmenta

33

TABLE "2

Incubation Embryos

time Emerged Hatched " Bound Free

h - pA light/heavy

0 0 0 0.16 0.16

-9 . 0.16 0.12
. To.23 21 3 . 0.18 0.17

31 10 14 1.30 1.97

33 & 22 12.65 7.18

%The bound and

free protein fractions were prepared by chromatography
on columns of Sepharose 6B and are the same as those described in
Table 1. The radicactivity in the heavy (H) and light (L) regions

in Fig. 3 was quantitated following subtraction of background
counts of 25 cpm/gel slice, and the data are expressed as ratios

b(L/H) of EF-2 in the different meolecular welght regions.

Hatching started at about 23~h incubation.

e
4{,3'1
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Fig. 3. Chromatography of bound and free protein
preparationsg~on a column of Sephadex G-150. Protein
fractions containing bound and free EF-2 were prepared by
chromatography of embryo extracts from.0 and 31-h incubated
embryos on Sepharose 6B (see Table 1). In separate
experiments aliquots (0.3 ml) of these preparations were
then chromatographed on a column of Sephadex'GulSO
(superfine, 0.9 x 41 cm) previously egquilibrated with
buffer D. Proteins were eluted'with buffer D at a flow rate
of 1.3 mi/h. Fractions of 0.35-0.40 ml were.collected. and
0.05 ml of selected fractions was assayed for EF-2 as
described in Methods.. The elution position of
P-galactosidase (P-Gal) and ovalbumin (0v) chromatographed
separately but under identical conditions is indicated at
the top of the figure.
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shown in Fig. 4. Free and bound protein preparations from
extracts of embryos beyond 23-h development exhibit less-
polypeptides than the earlier stages. The décrease in
‘intensity of a protein band with a mobility similar to
phosphorylase in the latter preparations might reflect the
decrease in the 95,000 MW form of EF-2 ohserved by the
EBHJADP—ribosylation analysis. 1In addition, the appearance
of new protein bands in-the BSA and under the Ov (ovalbumin)
regions of the gel slab was observed in bound protein _
preparations from 31 and 33-h embryos. Thus, this analysis
has demonstrated that the polfpéptide pattern changes in
embryo extracts beyond 23-h development; these changes
include the d;sappearance of the 95,000 molecular weight
EF-2.

4. Fractionation of Artemia embryo extracts by differential

n-

centrifugation

The quantity, distribution and molecular size of
Artemia embryo EF-2 were studied in embryo extracts prepared
by differential centrifugation and the results were compared
to data obtained by chromatography on Sepharose 6B. In this
study the 30,000 x g supernatant fraction from 0 and 22-h
embryos was subjected to centrifdgation at 150,000 x g and
the bound and free EF-2 fractions were prepared from the
P-150 and S-150 fractions as described under Methods.

A summary of the distribution of EF-2 between the bound and
free fractions 1s given in Table 3. These results are
similar to those shown in Table 1 and they support the idea
. that considerable EF-2 is released from the bound state
during development. In other experiments the molecular
size of the [’HJADPR accepting polypeptides from the P-150
and S5-150 fractions of 0 and 22-h Artemia embryos was
studled by SDS-polyacrylamide gel electrophoresis. The

" distribution of radiocactivity was similar to that described
©in Fig. 2. The ratios between the light and heavy forms of
EF-2 are given in Table 4. These results confirm those
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Fig. 4. SDS-polyacrylamide gel analysis of free and bound
protein fractions from Artemia embryos at different stages
of'develOpment: The free and bound protein fractions were
prepared by chromatography of embryo extracts on Sepharose 6B
as shown in Fig. 1. Approximately 20 pg of free and bound
proteins from the developmental times (h) shown at the
bottom of the.gel slab were electrophoresed. Free and Bound
refer to free and bound protein fractions, respectively.

The migration of known molecular weight markers is shown at
the right. pB-Gal, B-galactosidase, 130,000 MW; ,
Ph, phosphorylase a, 94,000 MW; BSA, bovine serum albumin,
67,000 MW; HC, heavy chain of gamma -globulin, 50,000 MW;

Ov, ovalbumin, 43,000 MW; LC, light chain of gamma globulin,
23,500 MW; RNase, ribonuclease, 13,700 MW.
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TABLE 3

- Distribution of EF-2 between bound and free protein
fractions prepared by diffe?ential centrifugation®

Incubation Embrvos EF-2
timeP Emerged Hatched Total Bound Free
h pA nmol A
0 0 0 2.25 42 58
22 28 9 2.06 19 - 81

%The quantities of EF-2 are given per gram dry weight cysts initially
incubated and the values are averages of 5 determinations.

bA different batch of Artemia cysts from the one described in Table 1
was used in this experiment and the incubation conditions were
slightly different. In this study 12.5 grams fully hydrated cysts
were incubated in 500 ml hatch medium. Hatching started at about
20-h incubation.
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TABLE 4

Distribution of light and heavy forms of EF-2 in
Artemia extracts prepared by differential centrifugation®

Incubation Embryos EF-2

~time Emerged Hatched Bound Free
h pA light/heavy
0 0 0 0.10 0.13
22 28 9 1.21 1.73

‘aCalculated from SDS~polyacrylamide gel slices as déscribed'for
Table 2. The embryo incubation conditions are as described in
Table 3.
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observed using extracts fractionated by Sepharose 6B and
indicate that the heavy molecular weigt EF-2 (95;000) is
replaced by light forms of EF-2 follow;pg hatching of the
embryos. In the present study the appearance of the light
EF-2 proteins was observed earlier (22-h embryos) than in

a previous experiment (see Table 2). This discrepancy might
be due to the different commercial batches of cysis used in .
the two experiments. -

"' -

5. Distribution of EF-2 between monoribosome, polyribosome

and cytosol fractions at different stages of development

_ An analysis of polyribosome and monoribosome associated
EF-2 as well as cytosol EF-2 was conducted to determine the
amount of EF-Z bound to ribosomes and to ascertain whether
the size of EF-2 is identical in the different fraction.

For this part of the study, post-mitochondrial fréctions of
embryo extracts were fractionated on sucrose density
gradients to obtain monoribosomes and/or polyribosomes free
of particulate material which chromatographs with ribosomes
on columns of Sepharose 6B or which sediments with ribosomes )
in the P-150 fraction prepared using the conditions described
‘in Methods. Post-mitochondrial supernatant fractions were
prepared from dormant cysté and developed embryos’tha% were
just beginning to hatch (20-h embryos, 20% emerged, 0.5%
hatched). These supernatafit fractions were then fractionated
on sucrose density gradients and:- the monoribosome, @
polyribosome and cytosol fractions were pooled as described
in Fig. ‘5. As expected from prev1ous studies (31, 55) 0-h
embryos were found to be deficient in polyrlbosomes compared
to developed embryos. The monoribosome (C) and polyribosome
(E) fractions were treated separately with 0.5 M NHucl and
the salt soluble fractions were collected by centrifugation
at 150,000 x g. These salt soluble fractions and one-half

of the cytosol fraction (A) were equilibrated with buffer D,
[3H]ADP ribosylated and the amount of EF-2 in eacp fraction
was determined a® shown in Table 5. The radiolabkled protein
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Fig. 5. Sucrose density gradient profiles of %he post-
.mitochondrial supernatant fractions from 0 and 20-h Artemia
embryos. "Twelve grams of hydrated cysts and an equivalent

amount of 20-h embryos (20% emerged, 0.5% hatched) were
homogenized separately with buffer C and the post-
mitochondrial supernatant fractions were obtained as
described in Methods. Ten Azéo units of these fractions
were layered onto separate 12 ml sucrose gradients (15-50%)
and the preparations were centrifuged for 80 min at

39,000 rpm using SW 41 rotor. The gradients were
fractionated with an Isco gradient—fféctiohator with
continuous recording of absorbancy at 254 nm. Cytosol
fractions (4), monoribosome fraestions (C) and polyribosome
fractions (E) were pooled separately as illustrated to avoid
cross-contamination with'adjacént components and
concentrated by vacuum dialysis. Regions B and D were not
saved for further analysis.

+
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fractions were alsc fractionated by SDS-polyacrylamide gel
electrophoresls and the ratios between the light and heavy
forms of EF-2 (L/H) were determined. These results are

shown in Fig. 6. The dominant EF-2 in the cytosol and
monoribosome fractions of 0 and 20-h embryos is the 95,000 MW
species and the L/H values for the cytosol and the
monoribosome fractions of 20-h embryos (0.23 and 0.51,
respectively) are similar to their counterparts in O-h
embryos (0.11 and 0.46, respectively). 1In contrast to the
above, the EF-2 in the polyribosome fraction of the 20-h
embryos contains mostly the 41,000 MW form (L/H equals 3.11).
Thus, the polyribosome EF-2 differs in size from the cytosol
and monoribosome EF-2 of 20 or 0-h embryos and it is similar
in size to the EF-2 that appears in extracts from post-
hatched embryos. -

The distribution of EF-2 among the various embryo
fractions is shown in Table 5 and indicates that only 1-3%
of the total embryo EF-2 is bound to the ribosomes in both
0 and 20-h embryo extracts. However, since some of the
sucrose gradient fractions were discarded to avoid cross-
contamination (Fig. 5 fractions B and D) this value is
probably somewhat conservative. Nevertheless, 1t appears
that most of the bound EF-2 recovered by Sepharose 6B and
differential centrifugation remains in the cytosol fraction
during sucrose gradieﬁt fractionation. To test whether the
sucrose gradient cytosol contains bound EF-2 which is
sedimentable, the remaining one-half of the 0 and 20-h
cytosol fracﬁions‘from the sucrose gradients described above
{(untreated cytosol) was subjected to high speed
centrifugation (140,000 x g). This treatment sedimented
a red-coloured pellet whose polypeptide pattern (for O-h
cytosol only) is shown in Fig. 7. When the latter sediment
was tested in the diphtheria toxin-NAD assay it exhibited
ADPR acceptence activity confirming the presence of EF-2 in
this sediment. However, the EF-2 was detectable by ADP
ribosylation only after suspension of the pellet in buffer D.
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Fig. 6. SDS-polyacrylamide gel analysis of {?HJADP—
ribosylated_proteins from cytosol, monoribosome and )
polyribosome fractiens of 0 and 20-h Artemia embryos. The
cytosol, monoribosome and polyribosome fractions were
prepared from 15 sucrose gradients as described in Fig. 3.
The monoribosome and polyribosome fractions were treated
with 0.5 M NH,Cl as described in Methods and the NH,C1
soluble fractions and the cytosol fraction were equllibrated
with buffef D. Samples'of these fractions were radiolabeled
in a standard toxin-NAD ‘assay and ‘then analyzed by SDS gel
electrophoresis as described in Methods arid the ratios
between the light and heavy forms of EF-2 (L/H) were
calculated. C, M and P refer to cytosol, monoribosome and
polyribosome fractions, respectively. The migration of
phosphorylase (Ph) and ovalbumin (0Ov) is indicated at the
. top of the figure.
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Fig. 7. SDS-polyacrylamide gel analysis of EF-2 cohtaining
fractions prepared from 0-h embryos by Sepharose 6B and
sucrose gradient fractionation. The cytosol and monoribosome
fractions that were prepared from O-h embryos by sucrose
gradient fractionation were processed as descrlbed in
‘Methods to obtain the sedlmentable and non-sedimentable
proteins from the cytosol and the NH,C1l soluble proteins
from the monoribosome fraction. These fractions were
analyzed by SDS gel electrophoresis and are indicated in the
figure as Csed' CSol and M, respectively. For comparison,
the bound and free protein fractions from O-h embryos
brepared by chromatography on Sepharose’ 6B were analyzed on
the same gel slab. These samples are 1ndlcated Jin the
figure as B and F, respectively. About 3 ne proteln from M
and 20 pg protein from all other samples were applied to the
gel slab. The symbols 1-4 indicate polypeptide bands
discussed in the text. The migration position of the
95,000 MW EF-2 and standard molecular weight markers is also
indicated.
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Very little éctivity could be detected when the pellet was
suspended in buffer C. Since buffer D contains EDTA which
can release EF-2 from ribosomes (93, 94), it was concluded
that EF-2 lS present in the red-coloured pellet in a bound
form. By comparlson. the supernatant fluid above the red
pellet contains EF-2 which can be ADP ribosylated by the
toxin without prior treatment with dissociation reagents
such as NHucl or EDTA. The soluble and the sedimentable
EF-2 prepared from the sucrose gradient cytosol fractlon
‘show the same pattern of [PH]ADP ribosylation on SDS-
polyacrylamide gel (data not shown). Collectively, the
.above results suggest that Artemia embryos contain EF-2 that
is free in the cytosol and active in ADPR acceptance, EF-2
which is bound to monoribosomes and polyribosomes and EF-2
which is bound to some macromolecular component(s) in the
cytosol with a particulate nature different from that of
ribosomes. . ' .

The cytosol proteins from O-h embryos which were
prepared by sucrose gradient fractionation followed by high
speed centrifugation were analyzed by SDS-polyacrylamide gel
electrophoresis along with the 0.5 M NHqu soluble proteins
of the monoribosome fraction of O-h embryos. The SDS gel
patterns shown in Fig. 7 indicate that although the protein
fractions have some polypeptides in common, they differ
markedly in polypeptide composition suggesting that cross-
contamination between these fractions is minimal.
Furthermore, when the bound and free protein fractions
prepared from O-h embryos by Sepharose 6B fractionation were
also analyzed on the same gel slab for comparison (Fig. 7,
samples B and F), the band patterns show that several
polypeptides in the sedimentable cytosol fraction (CS d) are
partitioned between the bound ahd free Sepharose 6B
fractions (e.g polypeptides labeled 2, 3 and 4 in Fig. 7).
The latter findings are probably a reflection of the
inability of the Sepharose 6B fractionation procedure to
resolve completely the particulate and non-particulate
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proteins from Artemia extracts.- This conclusion is
supported by the UV-absorbance profile shown in Fig. 1..

It is noteworthy that many of the polypeptides which
disappear from developjd embryo extracts (see Fig. 4) could
be found in the cytosol sedimentable fraction from 0-h
embryo extracts prepared by sucrose gradient fractionation
(e.g band b in Cieqr Fle- 7). When sucrose gradient
fractions from the 20-h embryos were analyzed on SDS-
polyacrylamide gel 1t was observed that polypeptide 1
(Fig. 7, sample M) is not present in the salt soluble
fraction of either polyribosomes or monoribosomes (data not
shown). A similar finding has been reported to occur during
development of sea urchin (66}. In addition, a polypeptide
which migrates to the position of BSA (67,000 MW) was found
in the salt soluble fraction from 20-h embryo polyribosomes
but was barely detectable in the salt soluble fractions from
monoribosomes of 0 and 20-h embryos.‘ The latter polypeptide
might be a fragment of EF-2 and this possibility will be

- discussed later.

B. Biological activity of different EF-2 preparations
compared to the protein synthesis activity of intact
embryes

" 1. Effect of heavy and light EF-2 on ribosome-dependent GTP
binding activity :

Bioloéically active EF-2 in most eukaryotic organisms
has a molecular weight of about 95,000 when studied by SDS-
polyacrylamide gel elecfrophoresis and eukaryotic EF-2
reacts covalently with the ADPR moiety of NAD in the presence
of diphtheria toxin (90, 112-114). Smaller polypeptides can
be generated from native EF-2 and some of them bind ADPR but
these fragments are usually devoid of EF-2 function (91}.
Therefore, it was important to determine whether the low
molecular weight EF-2 proteins that appear in hatched embryos
of Artemia have biologicai properties similar to high
molecular weight EF-2 or whether they are inactive. In this
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study the ability of low molecular weight EF-2 proteins
(which bind ADPR) to stimulate ribosome- -dependent GTP
blndlng was tested. Free and bound EF-2 preparatlons were
bPrepared by the Sepharose 6B method and purified further by
chromatography on a column of Sephadex G- 150 as described in
Fig. 4. The heavy and light EF-2 fractions were pooled and
tested for ribosome-dependent GTP binding. The results of
this experiment are shown in Table 6. As expected "from
previous ‘studies (101, 102), the addition of ribosomes to
a mixture of GTP and heavy EF-2 enhances GTP binding
activity by about 3-fold. 1In contrast, ribosome addition to
a mixture of llght EF-2 and GTP inhibits or destabilizes GTP
binding despite the fact that the light EF-2 preparations
aloné bind about twice the amount of GTP than heavy EF-2.
Thus, the low molecular weight EF-2 fraction does not show
the characterlstlc GTP binding property of native EF-2. The
inactivity of the light EF-2 compared to that of the heavy -
EF-2 will be shown later using more purified preparations
(see Table 14).

2. Proteln synthesis in‘intact embryos compared to the
appearance of light forms of EF-2 in embrvo extracts

Since the light forms of EF-2 did not show the GTP
binding characteristics of native EF-2, an experiment was
designed to test the poss;bility that the appearance of the
low molecular weight EF-2 proteins during development. may
reflect a shut off in protein synthesis in Artemia embryos.
Since encysted embryos of Artemia are impermeable to
exogenous amino acids but permeable to bicarbonate (27),
Artemia embryos were radiolabeled at various times of
development using 2-h pulses of [_luc]NaHCO3 and the
radioactivity incorporated into various embryo fractions was
determined as described in Methods. 1iIn a parallel
experiment non-radiolabeled embryos were used to determine
the extent of emergence and hatching, the amount. of EF-2 at
each stage and the time of appearance of the light forms of
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TABLE 6

The effect of different EF-2 preparations on
ribosome-dependent GTP binding activity?

EF-2 . GTP boundP
Source Form Amount ~Ribosomes +Ribosomes -
pmol | pmol
- buffer - - 0.0 1.0
bound heavy 40 8.3 22.2.
bound ' light 40 . 17.9 . 3.3
free ’ heavy - 35 6.0 19.0

free light 35 10.9 . 4.3

%Bound and free EF-2 were prepared from 31-h Artemia embryos by

the Sepharose 6B method and the heavy and light EF-Z were purified
by Sephadex G-150 (see Fig. 4). Since the two light forms of

EF-2 (36,000 and 41,000 MW) can not be separated by column
bfractionation, they were tested together.

The GTP binding assay was carried out as described in Methods.

One Ajgp unit of salt washed ribosomes from O-h embryos was

added where indicé;?d.
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EF-2. The results of these studies are summarized in Tables
7 and 8-and in Fig 8. The carbon-14 incorporation data
(Table 7, A and A') show that the rate of protein synthesis
in Artemia{embryos, calculated as percentage of the total
recovered radiocactivity or as percentage of the perchloric
acid soluble radiocactivity, increases with the age of the
embryos. Thus, protein synthesis.occurs at an increasing
rate throughout early developmenff By ceémpariscn the rate
of nucleic "acid synthesis (Table 7, A-B and A'-B') has
a different péttern; total nucleic. acid synthesis is constant
in pre-hatched embryos then increases over 2-fold after
hatching. A peak in the rate of nucleic acid synthesis is .
seen in the 24-h embryos followed by a gradual decrease in
more developed embryos. The pattern of protein and nucleic
acid syntheses 1s 1n agreement with the pfevious studies of
Clegg (27) and McClean and Warner (115), respectively.

In Table 8 the amount of EF-2 in soluble extracts from
'embnyos at different stagés of development is illustréted.
In this experiment no attempt was m;gg/fﬁ_%eparate the free
and bound EF-2. The results show that in encysted and pre-
hatched embryos the total amount of EF-2 is constant but
increases 2 to 3~fold following hatching. The protein
content of the 0 to 24-h extracts is similar to the amount
recovered by the Sepharose 6B method (Table 1, free plus
bound protein columns); however in the present experiment
less EF-2 was recovered from the.pre-hatched embryos than in
the Sepharose 6B studies (Table 1). The differences may be
due to the crude naghre 0of the unfractionated preparations
in the present experiment which might contain factors that
interfere with the.ADP-ribosylation assay in extracts from
pre-hatched embryos. '

The appearance of light forms of EF-2 in the soluble
extracts from developing Artemia embryos is shown in Fig. 8.
The light forms of EF-2 were first observed in extracts from
20-h embryos and the tran§ition from heavy to light forms of
EF-2 1s more pronounced in the 24-h embryo extract. In the
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TABLE 8

EF-2 and soluble protein content of Artemja embryos
at different stages of development®

Incubat%on ' Esbryos

time Emerged Hatched Proteiﬁ - EF-2
h . ‘ A ' mg nmol
0 ., 0 ] - 20.8 1.2
500 Lo 0 21.0 1.1
12 ' 16 0 20.4 1.2
20 14 . 15 19.9 2.2
24 8 28 19.7 2.3
30 7 39 7.9 3.4
35.5 6 L 42 6.8 2.7
48 0 62 6.4 2.0

40ne gram of fully hydrated cysts was incubated for each time point
" and the content of embryo EF-2 and protein was determined in the
soluble extract (post ribosomal fraction prepared in the presence
of 0.5 M NH4Cl) after extensive dialysis. The values for protein
and EF-2 are given for 1 gram dry weight of starting cysts and are
averages of 5 measurements. ‘ .
Hatching started at about 18-h incubation.
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Fig. 8. SDS-polyacrylamide gel analysis of [°H] ADP-
ribosylated proteins from soluble extracts of Artemia
embryos at differerit stages of development. The soluble
extracts described in Table 8 were treated with [?H]NAD and
+diphtheria toxin and prepared for SDS gel electrophoresis as
described in Melthods. Following electrophoresis the
migration position of the [?H]ADP—ribosylated‘polypeptides
was determined as described under Methods. The migration
‘position of phosphorylase (Ph) and ovalbumin (Ov) is
ihdicated at the top of the figure.

s
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latter extract there is also a preponderance of the

36,000 MW species. A further decrease in the molecular
weight of ADPR accepting polypeﬁtides is exhibited by
soluble extracts from 30,7 35.5 and 48-h embryos. The latter‘
observation is probably due to protease activity that |
appears several hours after hatching. This protease
activity may also account for the decrease in protein
contents observed in extracts from 30 to 48-h embryos.

This idea will be discussed later..

3. Activity of embryo extracts from various stages of
Artemia development in polyphenylalanine synthesis

As described above, the light EF-2 proteins ﬁrepared
from 31-h embryos are inactive in ribosome-dependent GTP -
binding (Table 6). This observation has suggested to us
that the light forms of EF-2 in extracts from post- hatched
embryos are probably inactive 1n protein synthesis.

However, protein synthesis takes place in the intact embryos
thoroughout the period studied (Table 7). Therefore, the
activity of the post-ribosomal fraction of embryos at
various stages of development (soluble extract prepared in
the presence cof 0.5 M NHucl) in support of polyphenylalanine
synthe51s in vitro was studied. Also, the capacity of the
soluble embryo extracts to synthesize polyphenylalanine was
determined following the addition of purified EF-2 to these
extracts. A summary of this study is given in Table 9.
These results indicate that of those samples assayed the
extract from 12-h embryos is the most active in polyphenyl-
alanine synthesis. The ability of extracts from embryos
beyond 12-h development to support polyphenylalanine
synthesis drops markedly and no aéti#ity could be detected
in extracts prepared from embryos beyond 24-h development.

.

These latter results are probably due‘to protease activity
in the extracts. Data in support of this idea are presented
below. The addition of purified EF-2 to the reaction
mixtures stimulated polyphenylalanine eynthesis‘in all cases,

A
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but added EF-2 was most effective in extracts prepared from
20 and 24-h embryos. Thesé data suggest that the light EF-2
proteins in the 20 and 24-h Preparations are probably
inactive in protein synthesis.

C. Protease activity in Artemia embryos in relatior to the
appearance of light forms of EF-2 during development

1. Protéase activity in soluble extracts from developing
embryos

' Several properties of soluble extracts from post-hatched
embryos were described above such as size transformation of

EF~2 (Fig. 8), decrelse in proteln content in extracts from
embryos beyond 24-h developmen% (Table 8) and loss of
polyphenylalaﬁine synthesis :capacity (Table 9). In addition,
when the soluble extracts were analyzed on an SDS-
polyacrylamide gel (Fig. 9a), a slight decrease in the number
of polypeptlde bands was detected in the 24-h embryo extract
this was followed by a sharp decrease in the number of
polypeptide bands in extracts from-embryos beyond 24-h
development compared to extracts from earlier embryos. Since
Nagainis (116) and Osuna et al. (117, 118) observed an
increase in protease activity (at pH 7.5-8.0) in Artemia
embryos about 10 h after the onset of hatching, it appears
that protease activity might be involved in the various
changes in extracts from post-hatched embryos.

In order to test the importance of proteases in the
present study, assays were carried out at 5°, 28° and 40°C
(at pH 8.0) for general protease activity in soluble extracts
from dormant énd developing embryos using dimethyl BSA as
substrate as described in Methods. The results of this study
are shown in Table 10. The results show that general
pProtease activity in the 24-h extract is barely detectable
but that it increases markedly in older embryos. At ehz&me
extraction and purification conditions (SOC) the general
protease activity is suppressed substaintially but still
detectable. '
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‘Fig. 9a. SDS-polyacrylamide gel analysis of proteins in
the soluble extracts from Artemia embryos at different stages
of development. The soluble extracts were obtained as
.described in Table 8 and concentrated by vacuum dialysis.L
These extracts were 'analyzed either directly or after
incubation for 45 min at 28°¢ by SDS gel electrophoresis.
The humbers at the bottom of the figure indicate the age (h)
of the embryos extracted and samples marked with the letter
"i" were incubated prior to electrophoresis. Since less
protein (ug) was found in extracts from post-hatched embryos
than from earlier embryos (see Table 8), different amounts
of protein were applied to the gel. ‘The amounts bf protein
applied directly to the gel or following incubation were as
follows: 20 pg from 0, 5 and 12-h ektraéts, 18 pg from the
24-h extract and about 12 pg from the 30, 35.5 and 48-h
extracts. The migration position of standard proteins as
described in Fig. 4 is indicated at the right ﬁ& the figure.
The letters "A" and "B" ‘and the arrow indicate polypeptides
that are discussed in the text. ’

Fig. 9b. SDS-polyacrylamide gel anélysis of EF-2 hydrolysis
by soluble extracts from Artemia embryos at different stages
of development. Aliquots from selected soluble extracts
described in Fig. 9a (twice the protein amounts) were mixed
separately with 10 ug of partially purified EF-2. The
mixtures were incubated at SOC for 40 h then analyzed on an
SDS~-polyacrylamide gel Siab. The numbers at the bottom of
the figure indicate the age (h) of the embryos- from which the
different extracts were prepared. The partially purified
EF-2 ﬁfeparation was also incubated under the same conditions
as the mixtures; the minor bands in this Preparation were
present in the non-incubated sample and they are due to
protein impurities in the EF-2 preparation. The migration
position of EF-2 (minimum amouﬁf) and standard proteins is
indicated. The letters "A" and "B" and the arrows indicate
polypeptides that are discussed in the text. |
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TABLE 10

General protease activity in soluble extracts of
Artemia at different stages of developmentd

Embrgo ' Embrvos Proteasé activity® - .
age - Emerged Hatched - 5°C 28°C 40°C
h 4 o . units/gram dry cysts
0 ¢] 0 0

0 0 0
12 16 0 0 0
20 14 15 0 0 0
24 8 28 trace QT;}?ce trace
30 7 39 0.06 079 12.3
35.5 6 42 0.10 2.6 52.9
48 0 62 0.14 3.1 - 76.0

aThe soluble extracts were identical to the ones assayed in Table 9.
For the protease assay 350 and 120 pg protein were used for 10 to 24
and 30 to 48-h embryo extracts, respectively.

Hatching started at about '18-h incubation.

COne activity unit is defined as the amount of enzyme that produces
a change of 0.01 A4pg unit per minute. Protease activity is given
as units per gram dry weight starting cysts. Since a lag in
protease activity was observed occasionally, the units of protease
activity were calculated from the linear part of the curve (103).

\
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In order to ascertain whether Artemia proteins are
substrates for the proteases detected.above, soluble extracts
were incubated at 28°C for 45 min (conditions that are
similar to those required for ADP ribosylation and poly-
phenylalanine synthesis) then analyzed by SDS gel electro- -
phoresis. The results of this ekperiment are given in
Fig. 9a. These data show that the band profile of the 30-h
extract was only slightly changed upon incubation but after
this treatment the profile was similar to that of the control
extract from 35.5-h embryos. No change in the brotein band
profile was observed after incubation of the 24-h embryo
extract except for a reduction in one band (indicated by the
arrow in Fig 9a). The protease activity in various soluble
-extracts was also tested under enzyme isolation conditions
(5°C) using Artemia EF-2 as substrate. In this experiment
mixtures of embryo extracts‘and partially purified EF-2 were
incubated for 40 h and then analyzed on SDS-polyacrylamide
gel as shown in Fig. 9b. No breakdown of EF-2 occurs im the
mixture containing the 0-h extract; however, in the presence
of the 24-h extract only trace amoﬁnts of the EF-2 poly-
peptide remain intact. In the mixture containing the 30-h
extract the existence of even trace amounts of intact EF-2
is questionable. Concomitant with the proteolysis of EF-2
by extracts from 24 and 30-h embryos is the appearance of
several new protein -bands which are indicated 5y arrows in
Fig. 9b. Of the new bands the dominant one migrates slightly
faster than ovalbumin (Ov) and these new bands were not
observed in control reactions lacking EF-2. Although such
control samples are not shown, one can use the results shown
in Fig. 9a (O —30 } as controls 51nce extracts incubated at
0°Cc for 40-h w1thout EF-2 exhibit the same polypeptide
pattern as those incubated at 28°¢ for 45 minutes. In
addition, incubation of purified EF-2 alone has no effect on
its band pattern (data not shown). By the use of internal
markers such as band A and B and the mblecular-weight
markers, a comparison can be made between the samples in
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Figs. 9a and éb. This analysis shows clearly that
considerable EF-2 hydrolase activity exists in the 24 and
30-h extracts although general protease activity was barely
detectable even in the 30-h extract after incubation at SOC.

2. Protease actlvity in free and bound proteln preparatlons

To ascertain whether a correlatlon exist between-: the
time of appearance of the light forms of EF-2 and the
increase in protease activity during development, the time
of appearance of géneral proteolytic activity (at pH 8.0) was
determined- in free and bound protein preparations whose
origins have been described earlier (see Tables 1 and 2). As
mentioned before, a slower rate of development occurs when
5 grams of hydrated cysts are incubated (in 500 ml of hatch
medium) than when 1 gram is incubated (in 75 ml of hatch
medium). Therefore, it was expected that the rise in general
protease activity observed in the prévious experiment should
occur later in terms of incubation hours when large amounts
of cyéts are incubated. In the present experiment the
protease act1v1ty in the Sepharose 6B fractions was tested in
the standard assay at 40°C and the results are given in
Table 11. These data show that general protease activity can
be detected in extracts from embryos prior to the hatching
process. This protease activity in the free preparations is
fairly constant up to 10 h after hatéhing (20% hatching),
whereas the protease activity in the bound fraction from
10~h hatched embryos decreases by about 4-Yold. Since the
free preparations contain 30-100 times more prétease activity
than the bound preparations, the protease activity in the
latter fractions might be a contaminant of the free protein
fracdtions. Since no increase 1n general protease activity
could be detected after hatching in this experiﬁent. in
contrast to the previous ekperiment {Table 10), the free
preparation from an extract of 46-h embryos (containing 30%
nauplii) was studied for the presence of general protease
activity. In this sample a 3-fold increase in protease units
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was observed compared to the 33-h sémple Thus, protease
activity in the two different experiments (Tables 10 and ll)
in which different incubation procedures and different
extraction methods were employed should be compared in terms
of the degree of hatching rather than hours after starting
the incubation. Moreover, the appearance of the light forms
.of EF-2 in the Sepharose 6B fractions occurs prior to any
apparent’ change in the general protease a@&1v1ty which
increases several hours after hatching. Hence, the different
expe;iments clearly show that the appearance of the light
forms of EF-2 after hatching is unrelated to the increase in
the general protease activity, and that a specific protease
which becomes active at the onset of hatching accounts for
the appearance of the low molecular weight EF-2 proteins.

3. Evidence for the presence of EF-2 hvdrolase act1v1tv in
dormant cysts of Artemia

During initial attempts to purify EF-2 it became
apparent that partially purified EF-2+is unstable and breaks
down to smaller componenté during its isolation. When the
S-150 fraction was applied to a DEAE-cellulose column and
eluted with a buffered KCl gradient, the results shown in
Fig. 10 were obtained. These results show that only one peak
of EF-2 eluted from the column. When the EF-2 fraction was
pooled (as shown in Fig. 10). [QH]ADP ribosylated and
analyzed by SDS—polyacrylamlde gel electrophoresis compared
to unfractionated S-150 fraction, the results illustrated in
Fig. 11 were obtained. The results show that following DEAE-
cellulose treatment new polypeptides appear which accept ADPR
in the diphtheria toxin-dependent reaction. These poly-
peptides have molecular weights of 41,000 and 36,000 compared
to the $-150 fraction which contains the 95,000 MW species
only. When the EF-2 fraction from the DEAE-cellulose step
was chrométographed on a Sebhadex G-150 column then tested
for ADPR acceptance the results illustrated in Fig. 12 were
obtained. These results show that the DEAE-cellulose
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@

Fig. 10. Chromatography of S-150- fraction f}dm Artemia._ .
cysts on DEAE-cellulose. The 150, 000 x g supernatant fluld
(S-150) was fractionated with (NHQ) SOu and dialysed as
described iunder Methods. About 75 A280 units of this
fractlon were applied to a column of DEAE-cellulose (DE-32,
1.5 x 18 cm) previously equilibrated with buffer D. The
column was washed with the same buffer until no UV-absorbing
material eluted from the column. The absorbed proteins
were eluted using a 250 ml linear gradient, of KC1 from 50 to
350 mM in buffer D at a flow rate of 20 ml/h and & ml
fractions wefE‘EEIIEEted. Column fractlons were.assayed for
absorbance at 280 nm (--) and EF-2 (e-e) as indicated using
0.05 ml aliquots in. the toxin-NAD assay. Fractions
contalnlng EF-2 were pooled as shown, concentrated by vacuum
d1a1y51s, ‘dialyzed for 10 h against 5 changes of buffer D
and saved for further studies. -

"l
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Fig. 11. SDS‘—polyacrylami'de gel anaiysis_ of [3H]ADP-
ribosylated proteins from 5-150 fraction before and after
fractionation on DEAE-cellulose. The S-150 fraction from
dormant cys%s and the EF-2 fraction from the DEAE-cellulose
column (see Fig. 10} were radiolabeled in the toxin-NAD
assay then analyzed on SDS-polyacrylamide gel slab. The gel
was sliced and analyzed for radiolabeled polypéptides'as
described in Methods. The migratioh position of

- phosphorylase (Ph) and ovalbumin (0v) - is indicated.
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Fig. 12. Sephadex G-150 column anaiysis of [BH]ADPR
accepting proteins from cyst S-150 fractioﬂ béfore and after"
chromatography on DEAE-cellulose. ‘The S-150 fraction from
dormant cysts (containing 160 pmol of EF-2) and the EF-2
fraction from the DEAE-cellulose column (see Fig. 10,
containing 470 pmol of EF-2) were chromatographed separately
on a column of Sephadex G-150 (superfine, O.érx Ll em)
Previously equilibrated with buffer D. The column was
developed with buffer D at a flow rate of approximately
1.3 ml/h and fractions of 0.35-0.40 ml were collected.
Aliquots of 0.05 ml were removed for the diphtheria toxin-
dependen} assay of EF-2 (e-e) and absorbance at 280 nm {=-)
was determined after adding 1 ml of buffer D to the remainder
of each column fréctﬁon. The elution position'of'standard
proteins B-galactosidase (B-Gal) and ovalbumin (0Ov)
chromatographed separately but under identical conditions is
indicated. '

—
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treatment and not incubation with the toxin-NAD reaction
mixture or preparation of the ADP-ribosylated sample for

'electrophoreéns leads to the formation of ADPR accepting.

fragments. .

The results obtained from the above SDS gel analy51s
(Fig. 11) reveals that the 36,000.MW fragment is the dominant
ADPR accepting protein after the DEAE-cellulose

'fractlonatlon. However, the elution profile of the ADPR

accepting fragments follow1ng Sephadex G-150 fractionation
suggests that the 36,000 MW fragment of EF- 2 is not the
result of proteolysis durlng the ADP- rlbosylatlon assay. To
test further the possibility that the 36,000 MW fragment is

.generated at least to _some extent, from the 41,000 MW -

protein during the ADP- rlbosylatlon assay, the assay was
carried out in the presence of soybean tryp51 inhibitor w
(at 0.2 mg/ml). Alfhough this inhibitor wds reported to
suppress the general alkaline protease activity in extracts
from post-hatched Artemia embryos (116), it had no effect on
the formation of the 36, 000 MW fragment.

In a parallel study the 0.5 M NHuCl soluble proteins
from the P-150 fraction of dormant cysts were fractionated
on Ultrogel AcA 34 (see Fig. 14 for a similar fractionafion
experiment) then on DEAE- cellulose. The column: fractiqns
that contained EF-2 were pooled (as shown in Figs. 14 and 15)
and the molecular weight of the ADPR accepting polypeptides
was determined by SDS-polyacrylamide gél electrophoresis
compared to the total 0.5 M NHucl sdﬁuble fraction. The EF-2
fractions from DEAE-cellulpose were algo analyzed on
Sephadex G-150 as described in Fig. 12 for the S-150
fractlon “

The results of these experiments on the S- 150 and P- 150
fractlons are summ%rlzed in Table 12. These data demonstrate
that llght ferms of EF-2 are generated during or 1mmed1ately
after fractionation on DEAE-cellulose of extracts from,

dormant cysts and that the -degradation act1v1ty ig more

pronounced in the S- 150 preparation. These resuits suggest

J
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TABLE 12

K Distribution of light and heavy EF-2 in
: preparations from dormant cysts before i
“ and after DEAE-cellulose? '

Source of . EF-2
preparationb Treatment . ' light/heavy

S-150 ! No treatment : 0.130

Stored at 5°C for 3 days : 0.130

After DEAE-cellulose® 4.630

P-150 _ 0.5 M NHACl soluble 4 . 0.075

after Ultrogel AcA 34 ' 0.056

after DEAE-cellulose (fraction A)® 0.007

, after DEAE-cellulose (fraction B); 0.500

after DEAE-tellulose (fraction A)f 0.007

after DEAE~cellulose (fraction B) 0.700

»

*The light/heavy values were calculated from SDS—-polyacrylamide gel
analysis of @HJADP—ribosylated EF-2 as described in Table 2.

The $5-150 and P~150 fractions were prepared as described in Methods.
CTotal EF-2 after column fractionation (see Fig. 10).

From total EF-2 fraction which eluted from a column as shown in

Fig. 14. N . ’
®From EF-2 fraction which eluted from a column as shown in Fig. 15.
Stored at -70°C for 7 days after column fractionation.
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the presence of EF-2 hydrolase(s) that is inactive in the
unfractionated S-150 and P-150 fractions from dormant cysts.

L. Functional properties of the light forms.of EF-2
generated by DEAE-cellulose fractionation | .

e

The effect of the 1ight and heavy EF-2 on riﬁosome—
dependent GTP Binding and-pdiyphenylalanine synthesis was,
studied using EF-2 preparations from the b—I5O fraction of
dormant cysts that had been chrométographed on
Ultrogel AcA 34 and DEAE-cellulose (see Table 12). The
light and the heévy forms of EF-2 were separated on a column’
of Sephadex G-150 as described‘in Fig 12 and the column
fractions'wéfe assayed for ADPR acceptance, ribosome-

" dependent GTP binding and polyphenylalanine synthesis as

shown in Table 13. All fractions containing heavy EF-2
stimulated ribosome-dependent GTP binding by about 3.5-fold,
whereas fractions containing light forms of EF-2 did not .
stimulate this binding. Polyphenylalanine synthesis was
stimulated slightly by column fraztions containing heavy
EF-2 and inhibited slightly by column fractions containing
light EF-2's. Thus, the light EF-2 protéghs,generated
during DEAE-cellulose fractionation were found to be inactive
in protein synthesis and similar in ‘some respects to.the
light EF~2 molecules which appear in embryo extracts after
hatching.

D. Purification of EF-2 from dormant cysts of Artemia
3

R :
1. Purification procedure

During initial attempts to purify EF-2 it became
apparent that the EF-Z content in the bound protein .

‘Preparations obtained by Sepharcse 6B fractionation or

differential centrifugation is 40-45% of the total EF-2 in
dormant Artemia cysts (Tables 2 and 3). It was also.
observed that the specific activity of bound EF-2

(nmol EF-2/mg protein) after its separation from the
particulate material is about 3 times higher than in the
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5 TABLE 13

Effect of heavy(H) and 'light (L) forms of
EF-2 on ribosome-dependent GTP binding
and polyphenylalanine synthesis?

Fraction . GTP boundd Phenylalanine
testedb EF-2°¢ -Ribosomes +Ribosomes incorporat_ione
‘pmol pmol pmol © % of control

buffer - ~ - 1.0 2.90 160

Hy 12.4 3.5 13.5 3.25 112

Hy 20.0 4.7 ©16.7 - -

H3 19.9 . 4.7 16.9 3.44 118

H, . 14.5 3.4 R SO - -

Ly 15.0 1.0 1.1 2.46 % g4

L, 19.0 S 172 - - )

\ L3 20.0 1.1 1;? . 2.58 o 89
L, 15.5 , 0.8 08 - -

*

®EF-2 was prepared from the P-150 fraction of dormant cysts and further
purified b} chromatography on Ultrogel AcA 34 and DEAE-cellulose as
described in Figs. 14 and 15. The EF-2 fractions which were eluted off
DEAE-cellulose between 125-160 mM KC1 (fgaction B) were pooled and con-
centrated by vacuum dialysis. The. preparation (3.3 A2gp units and 4 nmel
of EF-2) was chromatographed on a column of Sephadex G-150 as described

in Fig. 12. ‘ .

All column fractions were tested for EF-2 by the toxin-NAD assay and the
fractions with maximum EF-2 activity from the heavy(H) and light(L) peaks
were selected for this study. -

“Determined by the toxin-NAD assay. 2

The GTP binding assay was carried out as described in Methods.

€The phenylalanine incorporation assay was done as described in Methods;
aliquot of the soluble extract from 12-h embryos was added to each reaction
vessel as the source of factors (60 pg protein including 3.5 pmol of EF-2).
Background values of 70¢pm for ribosomes tested alone were subtracted. .

b

I 2
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free protein fractions (Table 1). Moreover, large qﬁantities
of EF-2 could be processed more easily using differential
centrifugation to obtain bound proteiris than by using
Sepharose 6B fractionation. Thus, the 150,000 x g pellet
(P-150) has been used as the starting material in developing
a purification scheme for EF-2 from Artemia'Bysts.

In initial attempts to purify EF-2 considerable
degradation of EF-2 occurred as the result of hydrolase
activity which contaminated all the EF-2 preparations. This
contaminant caused very poor yields and unstable
preparatioﬁs. The purification steps described below have
been developed to obtain EF-2 free of hydrolase activity and
‘stable during storage at -70°c.

Step 1. Fractionation of- the P—l50 fraction on Sepharose 6B

The ?-150 fraction was prepared from 112 grams of fully
hydrated and washed cysts (equivalent to 45 grams dry welght)
as described in Methods. ‘The pellet was suspended in

buffer C and the suspension was clarified by centrifugation
at 7,000 x g for 10 minutes. The soluble material

(7320 A260 units) was applied: to a Sepharose 6B column

(2.5 x 93 cm) previously equilibrated with buffer C and thelw,
column was developed with buffer C. The results o¥this “
. experiment are shown in Fig. 13. The contents of all tubes
in peak I were pooled and concentrated by vacuum dialysis.
This peak contains ribosomes, glycoggnu RNA, proteins,
lipids and other undetermined high molecular welght

. components. If a smaller amoﬁnt of material is . applied to fﬂ
the column peak I can be ﬁartially resolved into two peaks.
The EF-2 in peak I can be gquantitated by the diphtheria
toxin-dependent ADP—ribosylation assay only after EF-2 is
released or solubilized as described in step 2.

The purpose of the Sepharose 6B step is to remove
contaminating proteins that are loosely bound to the
macromolecules of the P-150 fraction. Fraction II from the
Sepharose 6B step contains about 10% of the total EF-2 and
50%\0f the A280 units found in the 0.5 M NHuCl soluble
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Fig. 13. Chromatography of Artemia cyst P-150 fraction on
Sepharose 6B. The P-150 fraction from dormant embryos : ————
(containing 7320 Aygn units) was suspended in buffer C then
applied to a Sepharose 6B column (2.5 x 93 cm) previously
equilibrated with buffer C. The column was developed with
buffer C at a flow rate of about 30 ml/h and 7.5 ml fractions
were collected. Column fractions under peak I contain bound
EF-2 and the contents of these fractions were pooled and
concentrated by vacuum dialysis. Fractions under region II
were not saved} these fractions contain residual amounts of
free EF-2.
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fraction if the Sepharose 6B step is omitted.

Step 2. Preparation of 0.5 M NﬁuCl wash

Solid NH,CI was added to fragtion I from Sepharose 6B
column to a final concentratlon of 0. 5 M in a final volume
of 35 ml {(in buffer C) The preparation was stirred gently
at 0°C for 75 min then centrifuged at 150,000 x g for 4.5
hours. The clear supernatant fluid was collected,
concentrated by vacuum dialysis and dialyzed against 5
changes of buffer D for 10 hours. The precipitate that
formed upen concentration and dialysis was removed by
vcentrlfugatlon at 7,000 x g for 10 min and the soluble
fraction was saved for the next step

Step 3. Chromatography on Ultrogel AcA 34

The concentrated protein preparation from.step 2 (8 ml
in buffer D) was applied to a column of Ultrogel AchA 34
(2.5 x 85.5 em) previously equilibrated with buffer D and
the column was developed with this buffer. Fractions were
collected and the EF-2 was detected by the ADP-ribosylation
~assay. The results of this experiment are shown in Fig. 14.

' The fractions containing EF-2 were pooled as shown.and saved
.-« for the next step.

Step 4. Ghromatography on DEAE-cellulose
The pooled fractioq from step 3 (in buffer D) was
~applied to a DEAE-cellulose column (DE-32, 1. 5x 17.8 cm)
previously equilibrated with buffer D. The column was washed
with buffer D until no further broteln could be washed from
the column. The column was then deveIped w1th a buffered
KCl gradient and column fractions were collected. .The
fractions contalnlng EF-2 were detected by the ADP-
rlbosylatlon assay. The results of this experiment are shown
in Fig. 15. The EF-2 fractions which eluted between 90 to
120 mM KC1 (fraction A) were pooled, concentrated to about
4 ml by vacuum dialysis, dialyzed against 4 changes of
buffer D for 6 h and saved for next step. The EF-2 fractlons
which eluted between 125 to 150 mM KC1 (fraction B) were
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Fig. 14. Chromatography of Sepharose 6B fraction I on
Ultrogel AcA 34 after NH,CI .freatment. The pooled
fraction I from the Sepharose 6B column (see Fig. 13) was
treated with 0.5 M NH,C1 and the NHACl'Soluble material was
processed as described under Methods. The resultant soluble
fraction (in buffer D) was chromatographed On a column of
Ultrogel AcA 34 (2.5 x 85.cm) previously equilibrated with
- buffer D. The sample was eluted with buffer D at a flow
rate of 30 ml/h and fract;pns'of about 7 ml were collected.
Fractions were assayed for absorbance at 280 nm (--) and for
EF-2 (e-e) using 0.025 ml aliquots in the toxin-NAD assay
The active EF-2 fractions were pooled as shown.

~

-

. o \
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Fig. 15. Chromatography of partially purified EF-2 on
DEAEfcellulose. The EF-2 preparation from Ultrogel AcA 34
(see Fig. 14) was chromatographed on a column of *DEAE-,
cellulose (DE-32, 1.5 x 17.8 cm) previously'equilibrated
with buffer D. The column was washed with buffer D and
eluted with a 400 ml linear gradient of KCl from 50 to
350 mM in buffer D at a flow rate of 30 ml/h. Fractions of °
6 ml were colletted and each was analyzed for absorbance at -
280 nm (--) and for EF-2 content (e-e) using 0.025 ml
aliquots in the toxin-NAD assay. The EF-2 fractions A and B
were pooled separately and concentrated by vacuum dialysis.



86

Ol

Gl

— (TOWd) 2-43

02

W) INNTOA
002 - 00

M N =
- o o O,
——(WN082Z) 30NVaH0SaV

<
O

S



.-87

" pooled sébarately and treated as for fraction A above. EF-2 °
fractlons A and'B were kept separate since.fraction B was
ShUWn previously to contain EF-2 hydrolase activity’ (see

.Table 12). In this experiment EF-2 fraction B ,ontained
very llttle EF-2 hydrolase’activity-as judged by the L/H
ratio of [_H]ADP -ribosylated ER-2. However,,qpon storage at
_—?O C for -6 days the L/H ratio lncreased from .05 to 0. 13
In contrast, the concentrated EF-2 fraction A was not '
degraded at all after similar storage.  The low EF-2 .
hydrolase activity iﬁ the present.experiment comﬁared to the
hydrolase actlvity in the crude P-150 fracfion (see Table 12) °
is ﬁpobably'due’to the use of Sepharose 6B to remove’ material
jhat is not firmly associated with the P- -150 fraction. -In
order to avoid trace amounts of EF-2 hydrolase act1v1ty,
fraction B was not pooled with fraction A aven- though the
former fractlon contalns about 35% of the totdl EF- 2 in the
startlng materlal . )

Step 5. Chromatography on phosphocelluiose

The pooled EF:-2 (fraction A) obtained from the DEAE-
cellulose step was diluted to 10 ml with buffer D and
applied to a column of phosphocellulose (P-11, 1.5 x 10 cm)
previously equilibrated with buffer D. The column.was
washed with buffer D until no further UV-abéorbing material

eluted from the column and the column was developed with
a buffered KC1 gradient as descrlbed in the legend to.
Fig. 16. The fractions conta;plng EF-2 were detected by the
ADP-ribosylation assay and the results of this experiment are
shown in Fig. 16. The fractions which contained EF-2 were
pooled as indicated, concentrated by vacuum dialysis and
dialyzeéd against & changes of buffer D for 6 hours. The
preparation was clarified by centrifugation and stored at
-70°C in aliquots of about 0.1 ml at 0.8 mg protein per ml.

A summary of the purlflcatlon procedure for EF-2 is ;*“
outlined in Table 14,

¢
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. )
_ Fig. 16. Chroﬁétography of DEAE-cellulose purified EF-2 on
phosphocellulose. The EF-2 fractlon A from DEAE- cellulose
(see Fig. 15) was chromatographed on a column of 4\
 phosphocellulose (P-11, 1.5 x 10 cm) previously equilibrated
with buffer D.- The column was. washed'with buffer D.-and ~
eluted with a 400 ml linear gradient of KCl from 50 ~to
350 mM in buffer D at a flow rate of 20 ml/h. Fractions of
7 ml were collected and analyzed for absorbance at 280 rm
A{--) and for EF-2 content (e-s) using 0.050 ml aliquots in
the :toxin-NAD assay. The column fractions containing EF-2
were pogled as shown and concentrated by vacuum dialysis.
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2. Molecular weight of EF-2 from the different purification
steps . - '
After eacH stage of purification the concentrated EF-2
fraction was EBHJADP ribosylated in the ‘diphtheria toxin-
dependent reaction and analyzed by SDS-polyacrylamide gel
electrophoresis. The resdits of these analyses are shown in
Fig. 17. 1In all cases the molecular weight of the major
(H)ADP-ribosylated protein band is 95,000 which indicates
that the infegfity of the EF-2 molecule is preserved during
*.purification. The final EF-2 preparation was stable after
storage for at %eaét two months at -?OOC.

3. The degree of purity of the final EF-2 préparation

_ The specific acﬁivity of the final EF-2 preparation was
9.75 nmol per mg protein (see Table 14)"and 93% pure
assuming a molecular welght of 95,000 for Ariemia cyst EF-2
and the binding of 1 molecule of ADPR Per molecule of EF-2
(90). The degree of purity of the abdve EF-2 was confirmed
by SDS-polyacrylamide gel‘electrophoresis-as shown in-,

Fig. 18. Some minor protein bands were observed in the final
preparation of EF-2 which represent about 8% of the total
band density as deiermined b& scanning the stained gel at
560 nm in an Ortec 4310 densitometer andgwelghing the paper
under the recorded peaks (data not shown). In addition, the
ma jor protein band (95,000 MW) accepted more +than 99% of the
EBH]ADPR covalently bound to the EF-2 preparation in the
diphtheria toxin-dependent reaction. Thus, the EF-2 appears
to be about 92% pure after the five-step purification
procedure described above. |

¥



Fig. 17. SDS-polyacrylamide gel analysis OQ'T;HﬂADP-
ribosylated proteins from EF-2 preparations at different
stages of purification. The EF-2 preparaf&ons were as
described in Table 1l4; step 2 (0.5 M NHQCl wash), step 3
(Ultrogel AcA. 34), .step & ?BEAE—celluiose) and step 5
(phosphocellulose). In all cases the EF-2 preparation was
radiolabeled in a standard toxin-NAD assay and analyzed-on
a 10% polyacrylamide gel slab containing 0.1% SDS. The same
amount of radioactivity was appliéd from each EF-2 °
preparation and after electrophoresi$ the gels were sliced. .
and the radioactivity was measured in gel slices as
described in Methods. The.migration position of
phosphorylase (Ph) and ovalbumin (Ov) is indicated.
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Fig. 18. SDS-polyacrylamide gel electrophoresis of EF-2
after chromatography on phosphocellulose. The EF-2 was
analyzed on a 10% polyacrylamide gel slab containing
0.1% SDS. The ambunt of EF-2 (pg) applied to each slot is
given-at the bottom of the figure. The migration position
of standard molecular weight proteins is indicated. The
description of these proteins is given in the legend to
Fig. 4.:. . i
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IV. DISCUSSION

It has been esfabllshed that dormant embryos of Ar;gmla
salina are 1nact1ve in protelnkgynthe51s and that cell free
extraots from these embryos are unable to translate )
exogenous mRNA (27, 31+33). However, cell-free systems
prepared from dormant cyéts'by various methods are active in
- poly(U)-directed protein synthesis (31, 62, 77, 119). The

latter studies have clearl suggested that elongatlon ‘
" factors are present aqd,acf ve'in extracts from dormant

Mdller have demonstrated
that EF-1 undergoes a size transfo mation’doring early
development of Artemia (?6 ?77), and Studles by Warner et al.
have suggested that EF-2 has a role in the regulatlon of

cysts. In addition, Slobin a

protein synthesis in early development of Artemia (68 69).
In order to ascertaln whether EF-2 is regulated during early
development of Artemia and therefore important in the
control of protein synthesis during embryogeresis, _

a detailed study of certain properties of this protein
.during development has been carried out using Artemia -
©.embryos. T '

In this'sfudy the ADP-ribosylation reaction catalyzed

p% diphtheria toxin has provided a simple and rapidShmeans to

gdhﬁtitate EF-2 and to determine its distribution and

molecular weight during early development. This study has
revealed two possible modes of regulation of EF-2 in A#{emia

‘embryos: a) changes in the distributiop of EF-2 beiween f;ee
" and bound forms during early development and b) selective
degradation of EF-2 in developing embryos. The latter
progess was observed mainly in extracts from hatched embryo&
whereas chamges in the distribution of EF-2 were found to
occur prior to and after the commencement of hatching.

Since these two mechanisms are distinctly different they
will be discussed séparately. In the last section of this
dissertation a method for the purification of EF-2 from .
Artemia embryos which was developed in this study will be

discussed. v
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A. Free and bound EF-2°in developing embryvos of Artemia

The present study has establlshed the existence of EF-2

as free and bound forms in dormant cysts and developlng

- embryos of Artemla salina. In-addltlon, this study has

shown that the distnibution of EF-2 between the two forms -

changes durlng earliﬁdevelopment in dormant cysts about 457

"of - the total EF-2 1s in a bound form’ and this value

- decreases as. development proceeds reachlng the wvalue of

. about 20% in hatched .embryos {Tables 1 and 3) Several
fractlonatlon methods have been used to demonstrate the
‘existence of bound EF-2"in extracts from Artemia embryos..
Following fractionation ol
Sepharose 6B or by differe
EF-2 co-purifies with ribo
-resembles ribosome-bound EE-

v

-

embry ‘eXtracts on columns of
tial entrifugation. the bound
Moreover, the bound EP-2
since it 1s unable to accept
the ADPR m01ety of NAD-in -the dlphtherla tox1n NAD assay
unless first treated with dissocilation reagent//sﬁoh as
NH,Cl and EDTA (92-95, 99). However, sucrose den81ty
gradlent fraetionation has revealed that most of the bound
EF-2 in Artemla em‘ryos is not associated with rlbosomes but
with some other macromolecules. In fact only 1- 3% of the :
total EF-2 from dormant cysts or developed embryos is bound
to. ribosones (Table 5), whereas 20-45% of the total EF-2 is
in a bound form. Despite the above.data there is still some
_uncertainty about the, exact ampunt of ribosome-bound EF-2
since some of the sucrose gradient fractions at the extrene
ends of the monoribosome peak were discarded to avoid
overlapping between the cystosol, monoribosome and poly-
ribosome fractions. However, the discarded fractions could
only account for less tﬁan"l% additional EF-2 bound to
ribosomesi;%A similar proportion of ribosome-bound EF-2

s

omes

(1-3%) wasAfound when relatively pure ribosomes were
prepared from the P-150 fraction by sedimentation of this
fraction twice through a 26% sucrose cushlon (data not

shown) .
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It was repdrted previously that 20-30% of rabbit
reticulocyte EF-:2 is bound to rlepsomes (9@) and 81mllar g
values were reported for ribosome- bound EF 2 from HeLa cells
(93). Also, the reticulocyte study showed that the -
monoribosome and polyribosome fractions contain 0. 65 and 0.3
molecules of EF-2 per ribosome, respectlvely This contrasts
with the present study using Artemia embryos which showed
that monoribosome and polyribosome fractlons contaln

0.02-0. 03 and 0.04 molecules of EF-2 per rlbosome, _
respectlvely (Table 5). Thus only about 2- -4% of: Artemia
ribosomes contain an average of one molecule of EF-2 per
ribosome. The 'significance of the low EF-2 content of

Artemia embryo monoribosomes and polyribosomes is not clear,

but the differences observed between Artemia and A
retlculocytes and Hela cells may be due to the low salt
concentrations (0 to 10 mM) used in the latter two studies

', to isolate the ribosome fractions Hence, the condltlons

employed 1n the Present study using Artemia mlght have
dlSSOClated EF- 2 or EF-2 contalnlng particles from rlbosomes
Recently, Hradec and DuSek found that 20 S partlcles in
the post-mitochondrial fraction from rabbit reticulocytes
are rich in the elongation factors (120).  Thesgaparticles
were 1solated by affinity chromatography on heparin-Sepharose
and fractionated furthér on Sepharose 4B and sucrose density
gradients. In addltlon Hradec and Du¥%ek showed that the

.20 8 partlcles stlmulate protein synthesis in vitro.

Collectlvely, these findings clearly demonstrate that
elongation factors-are firmly associated with particles
smaller than ribosomes and they are in agreement with the
present findings using Artemia. It is still possible, - .
however, that the EF-2 containing macromolecular complex is
loosely associated with ribosomes in the intact embryo.
Other proteins may also exist as large complexes in vivo.
Some evidence suggests that aminoacyl-tRNA synthetases from -
eukaryotes exist in multlple copies in relatively large

complexes in the cytoplasm (120-122). Other studies have

¢
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indicated that initiation factors are a58001ated with hlgh
molecular weight particles different from ribosomes or
ribosomal sé%unlts (120, 123). Hence, many components of
‘the protein synthesis apparatus appear to exist as-part of
large aggregates or macromolecular complexes.

The data presented in this dissertation show that
“a gradual decrease in the total amount of EF-2 occurs during
prenaupliar development. This event is associated w1th
a substantial decrease in the amount of bound EF-2 and -1

- a-slight increase in the content of free EF-2 (Table 1). At

about 10 h after the onset of hatcﬁing, a marked ‘increase
was observed (35%) in.the total amount of EF-2. This change
occurred in the free EF-2 fraction while the content of
bound EF-2 remained fairly constant compared to newly-

(hatched embryos. This increase in total, EF’Z was also

observed about 12 h after hatching in unfractlonated embryo

extracts (Table 8). However, in the latter experiment the
values of EF-2 from pre-hatched embryo extracts were low "
compared to experliments &here the extracits were fractionated
to free and bound components (see Tables 1 and 3 versus
Table 8). The low values of EF-2 observed in the latter
experiment may be explained from the findings of Goor and
Maxwell who reported that various nucleotides act as
competitive inhibitors of ADP ribosylation of EF-2 (86). In
the eatrlier part of the present study methods were chosen to
avoid this problem sirice they ensured the removal of small
molécules by dialysis, ammonium sulfate fractionation and
filtration through Sephadex G-25. However, in the
experiment where the recovery of EF-2 was low {(in extracts
from pre-hatched embryos, Table 8), the soluble embryo
extracts were not fractionated into subcellular components
nor treated with ammonium sulfate or Sephadex G-2 the

-cytosol or free protein fractions in other experimentss

Hence, some substances which are present in extracts of pre-

hatched embryos even after dialysis may have interferred
with the ADP-ribosylation assay of EF-2 in the experiment
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usfﬁg unfractionated embryo extracts.

From the present methods it is also impo§§ible to
determine wheth®r or not there is a further increase in the
amount of total EF-2 in embryos beyond 30 to 35-h
development since the protease activity in extracts from
hatched embryos (discussed below)_may hydrolyze the EF-2
polypeptides completely making 1t impossible to quantitate
accurately EF-2 in extracts from fhese.embryos.

The findings that bound EF-2 decreases in amount and
that free EF-2 increases during early development of Artemia
concomitant with a general increase in the rate of protein
synthesis in the intact embryo (Table 7), suggests that the
ahanée in the subcellular location 6f EF-2 might be'part of

a regulatory mechanism controlling the overall rate of

protein synthesis. Other investigators have also noted
changes in the distribution of EF-2 in animal cells
associated with Changes in protein synthesis activity.
Smulson and Rideau showed that within #5 min after the
release of Hela cells from tyrosine deprivation the amount
of EF-2 in-the high speed supernatant fraction increased by
about 50% with a concurrent decrease in the EF-2 content of
the monoribosome fraction (93). The reverse change in
distribution was observed by Smulson and Rideau when protein
synthesis was inhibited by various conditions. These
studies were conducted using a diphtheria toxin-NAD assay
similar to that described in this dissertation. Using the
sea urchin Felicetti et al. haves#hown that the activity of
EF-2 in the supernatant fraction of zygotes increases by 50%
within 2 min after fertilization but they didn't examine any
particulate fraction for the presence of EF-2 (96}. The
latter study doesn't preclude the possibility that EF-2
activation occurs by some mechanism othér than release of
EF-2 from a macromolecular complex. The above findings as

well as the results obtained in this stu@z\using Artemia
-

support the idea that the release of EF43 Into the free pool

is associated with an increase in the rate of protein -
}

-
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synthesis. The release of bouﬁd EF- soan after the

might also include

free or both) because the
‘total amount of EF-2 decreases |between the dormant cyst and
9-h development stages (see Table 1).

The. proportion of bound and free EF-2 in Artemia after
hatching (about 20-ands80% $pectively) is very similar to
; in Hela cells (92, 93), rabbit \
nd myogenic cells (unpublished = ‘
observation of the author). In the study using myogenic.
cells (cell line L8, see ref. 124) both proliferat;né cells
and multinugleéted fibers (differentiated myogenic cells)
exhibited the above distribution. In contrast to the above

cessation of dofmancy in Artemi
destruction of some EF-2 (bound,

the proportion of EF-

_reticulocytes

findings, the distribution of EF}Z in several rat organs
favors the bound form (70-90% bound versus 10-30% free) (95);
thus the distribution of EF-2 in the above tissues is
similar to that found in dormant Artemia embfyos. It
appears that the distribution of EF-2 in rat organs and
~dormant cysts, compared to the distribution of EF-2 in
hatched embryos and mammalian cells, is related to the
protein synthetic activity in these systems. In mature
organs (and dormant cysts) the rate of protein synthesis is
lower than in embryonic.cells, cells in tissue cultures and
reticulocytes where protein synthesis is very active.
However, when cell division and growth are induced in mature
liver by partial hepatecfomy, the rate of protein synthesis
is enhanced markedly; this increase in activity appears to
be due to an increase in the efficiéncy of liver ribosomes
(L25). Henshaw et al. have suggested that factors which

are not firmly bound to ribosomes might regulate protein
synthesiéfin the rat undern various physiological conditions
and that this control is lost in malignant cells (126).
Thus, the possibllity exists that the release of EF-2 from

its bound state activates or enhances protein synthesis in
animal cells.

*



102

In addition to the above findings the sucrose gradient
experiments revealed that the ratio of total EF-2 mol®cules
(solubleaﬁhgs particulate) per ribosome is 1.4-1.6 in cysts
and developing embryos of Artemia (Table 5). In this

respect the present study is in agreement with studies using

rabbit reticulocytes (1.5-2.0 EF-2/ribosome (94)) and
various organs from the rat (1.1-1.5 EF-2/ribosome (95)).
In Escherichia coli (a prokaryote) a slightly lower ratio

has been found (1 EF-G/ribosome (127))}. However, the values

for Artemia embryos may be somewhat conservative since some
of the sucrose gradient fractions were not used for the
study (see Fig. 5).

B. Changes in molecular weight of EF-2 in exffacts from

Artemia embryos and the possible involvement of specific
hydrolase(s) in this ;focess

. Analysis of the [°H]ADPR accepting proteins from
extracts of Artemia embryos at different stages of
development did not reveal any differencgs in the molecular
weight of these proteins in.the free and bound EF-2
preparations. However, the molecular weight studies
reveaied that the size distribution of the ADPR accepting
proteins changes markedly after hatching. ‘

The ADPR accepting proteins are considered to be EF-2
or fragments thereof since it has been established that orly
this protein can be ADP rlbosylated in the dlphtherla toxin-
NAD dependent reaction (87-89). Thus, EF-2 in extracts from
dormant cysts and pre-hatched embryos has a molecular weight
of 95,000 (heavy form). Soon after the commencement of
hatching EF-2 polypeptides of 41,000 and 36,000 MW (light
forms) become the predominant species. Trace amounts of the
light forms of EF-2 are detectable in extracts from pre- -
hatched embryos (see Figs. 2 and 6); therefore,-it appearg
that light forms of EF-2 exist at all stages of Artemia
embryogenesis but that the amount is enhanced dramatically
in extracts from post-hatched embryos. The findings that
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both the heavy and light EF-2 proteins disappear .

’ \‘\Biquentially in extracts as hatehing proceeds suggest that
t e‘size—transformation process 1s due to hydrolytic
éctivity and not synthesis of new ADPR accepting
polypeptides.

The heavy form of Artemia EF-2 has a molécular,weight
of.95.060 which is similar to that of EF-2 in other
eukaryotes (82, 83, 90, 112-114). 1In addition, the heavy"
EF-2 from Artemia embryos catalyzed ribosome-dependent GTP
binding activity which is a property of functional EF-2
(81-83, 101, 102), whereas the light EF-2 Ypecies are

. jnactive in this respect regardless of their origin (see
Table 6). Thus, the appearance of the light forms of EF-2
can not account for the increase in rate of prote}n
synthesis observed during Ariemia development (see Table 7).

In addition to the disappearance of functional EF-2
from extracté of prly hatched embfyos othe? polypeptidés
also disappear from extrécts of newly hatched embryos and
young nauplius larvae (Figs. 4 and 9a). 1In previous reports
it was noted that some polypeptides are absent (or in
decreased amounts) from in vitro-translation products when
mRNA from developing embryos of Artemia is compared to that
of dormant cysts (48, 56). This observation suggests that
the disappearance {or lack of) certain polypeptides from
extracts of hatched emﬁryos cccurs under physiological
conditions and is not due.to protease activity in the
extracts. However, the observation that soluble extracts
from newly hatched embryos exhibit less activity in
polyphenylalanine synthesis than extracts from pre-hatched
(L2 h) embryos {see Table 9), and the findings that the rate
of protein synthesis in vivo increases’throughout the period-
of development studied (35.5 h) suggest that partial
inactivation of the protéin synthesizing machinary occurs
during preparation of hatched embryo fractions for analysis.
Moreover, the-appearance of the light EF-2 polypeptides in
extracts correlates well with the loss in protein synthetic
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capacity of embryo extracts and the onset of hatching (see
Tables 8 and 9 and Fig. 8). (The mechanism of EF-2
degradation and subsequent loss of protein synthesis
Qapacit# will be discyssed below). The findings of Moens
and Kondo which showed that endogenous protein synthesis
dctivity of extracts from newly hatched Artemia embryos
(20 h} decreases by over 2-fold compared to extracts from
.pPre-hatched embryos (15 h) were probably due to the .same
problem observed in the present study (55).

. The results of [luC]HCOS incorporation into intact
Artemia embryos and the poly(U)—directedlgg vitro protein
éynthesis experiment alluded to above deserve further
" consideration. Although the protein and the nuclelc acid
synfﬁésis patterns differ markedly during Artemia
development (Table 7), both profiles are in good agreement
Qith previous results of Clegg (27) and McClean and
warner (115). Also, the protein synthesis activity of pre-
- hatched embryo extracts is consistent with the in xivo
protein synthesis data. However,.the low activity of
soluble extracts from dormant cysts in poly(U)-directed:
protein synthesis is not consistent with the results of
Clegg and Golub (31). The different results appear to be
due to the extraction methods used in the two studies. 1In

&

the present study the soluble embryo extract was prepared in
the presence of 0.5 M NH,Cl; therefore, any ribosome-
associated elongation inhibitor in the dormant cyst extract
would be solubilized by this treatment. In fact studies by
Huang and Warner have shown that ribosomes from 12-h embryos
are more active in poly(U)-directed protein syn%hesis
compared to ribosomes from early stages of development due
to the presence of & ribosome-associated inhibitor (62).
The findings in the present study support those of Huang and
Warner and suggest the presence of an inhibitor substance -on
the ribosomes. |

In this study the alkaline protease gctivity has been
‘detected in soluble extracts from hatched Artemia embryos

-
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prior to the increase in general protease activity following
hatching -(Fig. 9b versus Table lO).' Previously, other .

~ workers }eported that various alkaliﬁe proteaéé activities
appear in Artemia embyos about 10 h after the  onset of
hatching (116-118). However, the assays that were employed
in the above studies were not sensitive enbugh to detect
limited‘proteolysis. In the present study using
SDS-polyacrylamide gel electrophoresis to monitor protease .
activity, alkaline protease acfivity'was detected in soluble
extracts from 6-h hatched embryos or about 6 h prior to the
inerease in the general élkaline protease activity as
measured by other methods. Moreover, this 'early' protease
activity hydrolyzes EF-2 giving rise to several polypeptides
of which two regemble (in molecular weight) the light forms
of EF-2 ‘identified in extracts from hatched embryos. Since
the hydrolysis of added EF—2 occurs under extraction
conditions (SOCL‘ it appears that the low molecular weight
EF-2 proteins in extracts from hatched embryos were 't
generated, at least par%ially, during homogenization and
sample preparation. The enzyme thagfhydroiyzes EF-2 appears
to be specific for EF-2; nevertheless, it may hydrolyze
other proteins in eiQ;acts from newly hatched embryocs and
-account for the disappearance of polypeptides from these
extracts 'as seen on SDS-polyacrylamide gels (Figs. & and 9a).
However, since partially purified EF-2 only was tested by
the SDS gel assay as a substrate for the 'early' alkaline
protease in extracts from hatched Artemia embryos, no
conclusion can be drawn at this time about the specificity
of the EF-2 hydrolase activity in these extracts. The
presence of EF-2 ‘hydrolase aﬁd/or other proteolytic enzymes
in extracts from early hatched embryos could-explain the
reduction in activity of these.extracts to suﬁbort in vitro
polyphenylalanine synthesis. The loss in protein synthesis
'capacity in z;§£g~and the reduction in heavy EF-2 and other
protein bands in extracts from older embryos {post-hatched)
are probably not a reflection of the physiological state

4
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within the embryo but of uncontrolled protease activity in
these extracts.

The present study has also shown that under certain
conditions, alkdline protease activity can be detected in
‘preparations from pre-hatched and newly hatched embryos.
Considerable alkaline protease activity could be detected in
the free protein fractions of these embryos if they were _
prepared by Sepharose 6B followed by (NHq)szu fractionation
(see Table 11). Moreovel, the EF-2 present in 'the above
extracts was stable upon storage at -20° to -70°C for at
Jdeast 3 months as judged by SDS gel analysis. In contrast,
EF-2 in Sephardse 6B fractions (free and bound) from post- °
hatched embryos was not stable; upon storage as above the
amount of heavy EF-2 decreased giving rise to additional’
light forms (data not shown). Also, specific proteolysis of
heavy EF-2 to the light EF-2 proteins occurred after
fractionation of the S-150 and NH,Cl-soluble P-150 fractions
from Artemia cysts on DEAE-cellulose (Table 12). The light
forms of EF-2 generated by DEAE-cellulose fractionation
resemble the light forms of EF-2 isolated from hatched
embryos in their inability to catalyze ribosome-dependent
GTP binding. In addition, the fragments generated by the
DEAE-cellulose treatment inhibit slightly poly(U)
trgnslation in vitro. The significance of this finding is
not clear but it might be related to the observation that
a modified form of EF-2 i1s inhibitory in protein
synthesis (68, 69). ' )

The presence of sequestered EF-2 hydrolase activity in
crude extracts of dormant cysts suggests that some type of
regulatory mechanism operétes in Artemia embryos to control
the metabolism of EF-2 o&uring development. In addition,
the findings that light EF-2 (41,000 MW) is present on
polynébospmes in substantial amounts, whereas it is present’
only in trage amounts in the other post-mitochondrial
fractions (Fig. 6) suggest tit®$ the metabolism of EF-2 may
be regulated at the polyribosome level.
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During the present study evidence has accumulated in
support of the idea that the ‘'light forms of EF-2 fourd in
extracts from hatched embryos may'not'represent the
physiological situation in the intact animal. If we assume
that this idea is correct, what process permits the X
generation of EF-2 fragments to the extent observed in
extracts from hatched embryos? Goidberg and Dice have
suggested that proteins may accumulate breaks along their .
polypeptide chain which do not alter the protein structure or
biclogical activity in the intact tissue (128). The
existence of such a state in respect to EF-2 from hatched
Artemia embryos could lead to the-fragﬁentatlon of EF-2
upon extraction in the presence of a reducing agent such as
" DTT. However, since the breakdown of EF 2 to specific
fragments was achieved during chromatography of proteln
fractions from dormant cysts on DEAE-cellulose, the
possibility should not be overlooked that the homogenization
process and/or extraction conditions enhance.the breakdown L
of EF-2 in extracts from hatched embryos.

Alteration of the rate of proteolysis is often
controlled by activation-inhibition or translocatlon within
the cell of the degrading enzyme (103, 129-132). A different
mode of control o% degradation may occur by altering the
conformation of the protein subsirate. The latter mechani sm
may occur as a result of the interaction of various ligands -
with the protein which changes the sensitivity of the *~®
protein to proteases (128, 133-13%). _If for various reasons
{as discussed below) the protease which is responsible for
the hydrolysis of EF-2 is more active in Artemia nauplii
than in cysts, the control of its activity may be lost
during extraction of nauplii. Conversely, if EF-2 is more
susceptible to proteolysis after hatching, the control of
its degradation might be lost in extiracts of nauplii.
Goldberg and Dice have suggested that larger proteins are
degraded more rapidly than smaller proteins and that the
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more rapid degradatlon of large protelns evolved ‘because of
special functions that large protelns may serve in’ the cell
which may require rapid turnover (128). Hence. the
degradation of EF-2 might be’ enhanced in Artemla embryos
after hatching. “ o r

To determine whether heavy EF-2 ln crude extracts from
dormant Artemia embryos is susceptlble to hydrolysis by EF-2
hydrolase, mixing experlments of crude extracts from dormant
cysts and:fractions that exhlblt EF-2 hydrolase activity
were carrled out (data not shown) Incubation of the DEAE-
cellulose fraction from the S- 150 fractlon of dermant cysts
which contains EF-2; with the untreated 5-150 fraction for
2 to 3 days at 5 C /did not lead to the breakdewn of the
intact EF-2. A similar finding was observed when the
soluble extract from 24-h embryos was incubated under these
conditions with the soluble extract from 0-h embryos.
However, these exberiments did not“resolve the question of
whether EF-2 is insensitive to proteolysis in dormant cysts
or whether .an inhibitar of EF-2 hydrolase is present in
these embryos. - Perhaps both possibilities exist in the

dormant cysts. In another experiment it was. observed that no

EF-2 degradation occurred when partiaLly"purified‘EF—Z Was -
mixed with soluble exiracts from O-h embryos.(Fig. 9b).
These results support the conclusion that EF-2 hydrolase is
not active in extracts from dormant cysts.  However, if
‘purified EF-2 regains its native conformation immediately
upon mixing with an extract from 0-h embryos, it may be.
protected from hydroly51s even in the present of active EF 2
hydrolase. Consequently, this problem remains to be
resolved. : [ﬁ“‘“*’f

Further studies will be needed to elucidate the
importance (if any) of the sudden increase in light forms of
EF-2 in Artemia nauplll as observed in extracts of hatched
embryos. However, the striking SLmllarlty between the
proteolysis products of EF-2 which appear during development
of Artemia and during aging of rat liver EF-2 in vitro (91).

14
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suggests that there may'%k a general proceés of EF-2
metabolism which is highly conserved in the animg} kingdom.
Unfortunately, the study of rat liver EF-2 in which. the
above process was found to occur has not been extended.
Neverthéleés, Collins et al. observed a specific breakdown
of the 96,500 molecular weight EF-2 in components of
64,000, 42,000 and 37,000 MW following. aging of highly
purified EF-2 for one moﬁth.at 054°C (91). None of the
breakdown products was found to possess the enzymatic )
properties of EF-2, but the fw?‘smallerefragments accepted
ADPR in the diphtheria toxin-dependent reaction. Using SDS-
polyacrylamide gel electrophoresis the above workers
demonstrated that the 64,000 MW fragment is the dominant
breakdown product of rat liver EF-2. Careful examination of
the SDS gel electrophoresis patterns of different Artemia
embryo extracts (Fig.4) revealed that several new protein
bands appear in the regioﬁ of thg@BSA marker concomitant
with the disappearance of the- 95,000 MW polypéﬁ@ide (EF-2).
One band appears in the same position or slightly under the
BSA marker. This protein band (67,000) is very clear in the
bound preparations from 31 and 33-h embryfs d was observed
in the NH,Cl soluble fraction from polyFibosomes of 20-h
embryos along with the 41,000 Mw fragmeqt that can be ADP
ribosylated. The 67,000 MW polypeptide was below the level
of detection in the NH,Cl washes of the monoribosome
fraction from dormant cysts and Z0-h embryos in which only
trace amounts of the 41,000 MW fragment were found. In
contrast to the above findings, the 67,000 MW protein was
not observed when EF-2 was’ treated with a soluble extract
from 24-h embryos under conditions where the 41,000 MW
polypeptide was generated (Fig. 9b). Thus, i't is not clear
whether the same mechanism that hydrolyzes endogenous EF-2
in extracts from hatched embryos is responsible for the
degradation of eXogenous EF-2. )

The present study with Artemia EF-2 suggests that the
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41,000 MW fragment is the precursor of all other small ADPR
accepting fragments. including the 36,000 MW polypeptide.
This idea is supported by the Tollowing obserVatlons

a) The 41,000"MW fragment was found on polyrlbosomes of 20-h
embryos, whereas the 36,000 MW fragment was not detected on
these organelles (Fig. 6). b) The various profiles of ADPR
accepting proteins during development of Artemia indicate
that the 41,000 MW fragment is the dominant one follow1ng
initiation of the breakdown process of EF-2 (Figs. 2 and 8).
c) In some experlments only the 41,000 MW fragment was found
in the embryo extract 1mmed1ately after hatching, whereaS
the 95,000 and 36,000 MW forms of EF-2 were barely-
detectable. Subsequent chromatography of_thls extract on-
DEAE-~cellulose generated the 36,000 MW fragment.

Collectively the data obtained in this study, 1n respect to
the breakdown of EF-2, suggest that the hydrolytlc
activities responsible for rhe appearance of both the 41, 000.
and 36,000 MW fragments are sequestered in pre-hatched
embryos and that their activation occurs sequentially during
post-hatched development. Further degradation of the light
EF-2 proteins may also involve other regulatory events since
the pattern of appearance of the small ADER accepting
fragments is very distinct (see Fig. 8).

The assumption-that fragments of 67,000 and 41,000 MW
are the first degradation products of Artemia EF-2 was
suggested from the findings of Colllns et al _who studied
the rat liver EF-2 (91). Summation of the molecular weights
of these fragments gives a higher value than the molecular
welght of the intact EF-2 as determined by SDS—polyacrylamide
gel analysis (108,000 versus 95,000 MW). The fragments
generated during aging of rat liver EF-2 also have an,
aggregate molecular weight greater than natiméﬂﬁF-Z (91}.
Moreover,’amino acid analysis data of rat liver EF-2 (native
and ADP ribosylated) are consistent with a molecular welght
of 112,000 for EF-2 (136). Therefore, it appears llkely
that‘natlve EF-2 behaves differently on SDS—polyaorylamide
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gels than standard proteins. Anomalous mobilities on SDS-
polyacrylamide gels have been described for proteins that
are complexed with non-protein material such as
glycoproteins and lipoproteins. ~ Similar problems have been
described for proteins whose conformation is differenﬁ from
the standard molecular weight markers in the presence of
SDS. Various aspects of the anomalous migration of certain
types of proteins are discussed by Maddy (137).

In view of the chemical similarity beiween native EF-2
from mammals and aves (113, 114) and between the trypsin
derived ADP-ribosylated peptide of rat liver EF-2 (109) and
yeast (110), it appeafs that the degradation process of EF-2
might be conserved duriné evolution. Unfortunately, no -
literature valﬁes are available for comparison except those
described above. However, Collier and Traugh have obtained
some preliminary results related to this process.(138).

" These workers observed the appearance of ADPR accepting t

fragments on ribosomes from rabbit reticulocytes aged for
deveral days in an unfrozen state. They also stated that
EF-2 from the supernatant fraction of veast is smaller than’
the EF-2 prepared from yeast ribosomes, but these
observations are hard to evaluate since no data were given
by these workers.

Dufing this dissertation research the presence of light
forms of EF-2 was detected in the myogenic cell line L8
(for details about this cell line see ref. 124). Although
these results were not presented.above, it should be noted
that trace amounts of [3H]ADPR accepting fragments similar
in molecular weight to the Artemia light forms of EF-2 were
detected in the S-150 and P-150 fractions prepared from the
mononucleated cells (proliferative state) and from the
multinucleated fibers (differentiated state). The light
forms of EF-2 represent only 1-4% of the total EF-2 in the
myogenic cell line, whereas the light forms are the dominant
ones in extracts from post-hatched Artemia embryos. Studies
on other developmental systems such as the fertilized egg
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of the sea urchin should be conducted to elucidate further
the relationship between embryogenesis and EF-2-metabolism.

This part of the discussion concludes with a very
intriguing question. Is the observed degradation process of
Artemia EF-2 a reflection of the catabolic process of the
protein or is it related to the function of EF-2 in vivo?
Moldave et al. found that the moiécular weight of functional
EF-2 from rat liver is 65,000 (139). Their study contrasts
with the findings of Raeburn et al. who reported that EF-2
from rat Liﬁer has a molecular weight of 96,500 {90,

91). }x”should be noted, however, that Raeburn et al.
employed different extractiyn conditions than Moldave et al.
and they detected a 64,000 MW fragment of rat liver EF-2
after aging of the EF-2 at 0°-4°C. The 64,000 MW fragment
which appeared during aging of rat liver EF-2 was not
functional in protein synthesis (91). However, the
sensitivity of EF-2 to hydrolysis (as described in this
study and as a result of aging of rat liver preparations)
might serve as a mechanism for the generation of active
fragments of EF-2 from a high m ecular weight precursor.
Studies on wheat germ EF-2 which has a molecular weight of
70,000 support this idea (140).

In the present study the existence of EF-2 fragments
active in protein synthesis was considered. However, when
preparations containing the heavy and light EF-2 proteins
were fractionated on Sephadex G-150 and the column fractions-
were tested for ribosome-gependent GTP binding or
stimulation of polyphenylalanine synthesis onlg the
95,000 molecular weight EF-2 exhibited these properties. If
active fragments of the 95,000 MW species of EF-Z eXist in
Artemia embryos, their detection in embryo extracts may be
obscured by the presence of proteases which are tivated
during cell breakage.

¢ Recently, Twardaowski et al. have shown that extracts
f nauplii of Artemia salina disaggregate EF—lH without
produding a significant change in the size of the EF-1
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active polypeptide (about 50,000 MW) as determined by SDS-
poiyacrylamide-gel analysis (141). They have also found
that carboxypeptidase A .(141) ahd elastase (142)
disaggregate_EF—lH without loss in EF-1 activity. They -
concluded that the former’ enzyme removes a small fragment
from- the éarbokyl end of the EF—l-active polypeptide that is
| required to méinfain the EF-lH aggregate. They also
suggested that a protease in extracts from Artemia nauplii
- hydrolyzes the 50,000 Mw polypéptide of EF-1 at a site
similar to that ﬁydrq;yzed by carboxypeptidase, -whereas
elastase catalyzed the hydrolysis of this bolypeptide at
other sites along the chain. These findingg,are similar to
those observed for EF-2 hydrolysis by extrac%s of Artemia
embryos and both processes may be related %o the release of
protein synthesis dufing development. '
- The importance of a protein-degrading process in the
contlolgdf\development has been generally acknowledged
(lZB,Tijl; 134). However, the sigriificance of the
degradation process in the control of protein synthesis has
been largely ignored by most workers. It is clear that
further studies ére needed in this area to ascertain whether
control of protein synthesis otcurs at the elongation stage
and whether this control involves degradative activities.

A

c. Pﬁrification of elongatipn factor 2 from dormant cysts of
~ Artemia salina

A five-step procedure has been devised for the
purification of EF-2 from dormant cysts of Artemia. This
research was mainly concerned with establishing a procedure
that avoids the breakdown of EF-2 which was observed during »
early attempts to purify this protein synthesis factor. The
adoption of the diphtheria toxin-catalyzed ADP-ribosylation
assay for EF-2 enabled us to understand the reasons for the
instability of EF-2 in certain extracts of Artemia embryos.
The choice of the P-150 fraction as the starting material
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for ‘the purification of EF-2 has not been described _
previously. Starting with the P-150 fraction it was
possible to obtain a crude fraction of EF-2 that had

a spécific activity several times higher than that of the
S-150 fraction from Artemia. Moreover, using this procedure
the enzyme (EF-2) was exposed to various fractionation
conditions and media for a minimal time. Also, a large
quantity of EF-2 from the DEAE-cellulose column was ' : -

,_._——/

sacrlflced to avoid contamination by a specific proteaseu
The hydrolysis of EF-2 by an endogenous protease was also !
minimized by fractionating ?5_ crude P-150 fraction oﬁ
Sepharose 6B as the initial ster in the purification. I% is
noteworthy that the lability of EK-2 after chromatography
on DEAE-cellulose was describ previously by Hardesty and
McKeehan in their report on the i tion of rabhit
reticuloecyte EF-2 (143).

' Using the procedure described herein an EF-2 preparation
about 92% pure was obtained. The major protein in the
preparation has a molecular weight of 95,000 as determined
by SDS—polyacrylamige gel electrophoresis (Fig. 18), and it
apprears to be EF-2 because 1t exhibits most of the ADPR
binding capacity in the preparation. The trace amounts of,
the light forms of EF-2 detected by [3H]ADP—ribosylation
represent less than 0.1% of the diphtheria toxin-catalyzed
ADPR binding activity of the final EF-2 preparation. The
quantity of small fragments in the final preparation did not
increase after two months storage at ~?OOC..‘Therefore, it
can be concluded that Artemia cyst EF-2 consists of a single
polypeptide as previously described for other eukaryotes:
(82, 83) and for its prokaryotic counterpart EF-G (144, 145).
The molecular weight of the Artemia cyst EF-2 (95,000) is
similar to that reported previously for EF-2 from rat liver
(90, 91), human tonsil (83), pig liver (112), rabbit
reticulocytes (113) and hen oviduct (11%4) using SDS-
polyacrylamide gel electrophoresis. By comparison, %

a molecular weight of 70,000 has been reported for wheat
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germ EF-2 (lhb) and éarly experiments by Moldave et al.

" suggested a molecular weight of 65,000 for rat liver EF-2
(139). (See discussion above in respect to the lower
moletular weights of EF-2). Molecular weights of 84,000
and 78,000 were reported for the prokaryotic factor EF-(G

from Escherlchla coli (lhh) and Thermus thermophllus (145),
respectively.

In the present wprk some of the functional -properties,
of the Artemia EF-2 were studied. Purified EF-2 was shown
to support poly(U)-directed protein'syﬁthesis and ribosome-
dependent GTP binding activity in vitro. )

- The yields and the specific actiﬁity of the Artemia
EF-2 studied in this investigation were similar to values
obtained'by other investigators (90, 113, 1li4). An attempt
to avoid protein impurities in-the final EF?E preparation
produced lower ylelds of active enzyme. The purified EF-2
from Artemia was found to be sensitive to dilution and to
adhere to,glass surfaces. SDS-polyacrylamide gel analysis
of the EF-2 containing fractions after chromatography on
phosphocellulose showed that e elution profile of most
contaminant proteins coincides with the elution profile of
EF-2. Synthetic homoribopolymers might have some utility in
the purification of EF-2 since Warner et al. (unpublished
~data) have found specific binding of EF-2 to poly(U)— and
poly(G)-agarose. The binding of EF-2 to various homoribo-
polymers was previously reported by Traugh and Collier (146).
Recently, Lan and Heinz described conditio%s in which EF-2
from reticulocytes was immobilized to a column of NAD-
agarose in the presence of diphtheria toxin (147).

Following binding to the column these workers were able to
recover active EF-2 from the column by reversing the
diphtheria toxin-dependent reaction. In future studies this
technique might be useful for the purification of this
protein from Artemia embryos at different stages of
development since it removes contaminating proteins from
solutions containing EF-2 in one step. Moreover, this
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latter purification method may achieve separation of EF-2
from i1ts hydrolase more rapidly and avoid degradation of
EF-2 such as that experienced in the present study.
Previously, Nombela and Ochoa reported that.they had
purified Artemia EF-2 to homogenelty using a three-step -
.Procedure and that the molecular weight of the purified EF-2
1s 90,000 (1l48). More recently Slobin and Mgller described
a2 procedure for' the purification of EF-2 from the post-~
ribosomal supernatant fraction of Artemia cysts without
'prov1d1ng any information on the molecular welght of the
protein (77). Although the latter report is more detailed
than the former, nelther study provided supporting data on
the methdd of purlflcatlon of EF-2. Thus, the present study
"1s the first comprehensive study leading to the purlflcatlon
of EF-2 from Artemia sallna )

Y
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