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Abstract. The structural and functional characteristics of the elongation system (ri- 
bosomes and elongation factors) are presented. The immunochemical and diagnostic 
meaning of the ribosome investigations is considered. Evidence of the participation of 
ribosomes in the first step of protein glycosylation is presented. 

The heterogeneous elongation factor eEF-1, isolated from Guerin epithelioma, 
can be separated into three fractions: one of them functionally corresponds to EF-la, 
the second one to EF-lpy, and the third is an unidentified, active aggregate named 
EF-lB, which contains the subunit forms EF-la and EF-lpy, and other polypeptides 
showing protein kinase activity. The aggregate EF-16 can be autophosphorylated, 
while the subunit forms EF-la and EF-1 py can neither become autophosphorylated 
nor phosphorylate other polypeptides. The subunit form EF-1 py consists from two 
polypeptides of 32 and 51 kDa, corresponding to other eukaryotic p and y polypep- 
tides, respectively. EF-1 py is thermostable and protects against thermal inactivation 
of EF-1 a in the EF-1 a-EF-1 py complex. 

Pure eEF-2 preparations isolated from normal and neoplastic tissues show dif- 
ferent structural features. The existence of eEF-2 in multiple forms, differing in mo- 
lecular mass, have been found. The eEF-2 with molecular weight of about 100 kDa can 
be phosphorylated, while eEF-2 of about 65 kDa was not phosphorylated by protein 
kinase eEF-2. The phosphorylated eEF-2 lost its activity, and this effect was reversed 
by dephosphorylation. The eEF-2 (65 kDa) was isolated from the active polyribosomes, 
and it may directly participate in the translocation step of the peptide elongation. 

It was noted that the components of elongation system can be inhibited, in sep- 
arate steps, by the substances isolated from various sources of plant origin. Alkaloids 
emetine and cepheline, cardiac remedy digoxin, saponin glycoside, and its aglycon 
directly inactivated ribosomes. Quercetin inhibited eEF-1 activity by directly influenc- 
ing its subunit form EF-la. eEF-2 was shown to be a target site of the inhibitory action 
of the glycoside isolated from Melissa officinalis leaves. [P.S.E.B.M. 1996, Vol 2121 

ukaryotic protein synthesis was widely and 
precisely described by Moldave (1 ) .  Transla- E tion of the codons in bound with ribosomes 

mRNA requires the presence of protein factors, GTP, 
a sulfh ydryl compound, and various cations. Polypep- 
tide elongation is the step of translation process. The 
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two protein factors from rat liver required for polypep- 
tide chain elongation have been designated (2, 3) as 
aminoacyl transferase I (elongation factor 1 [eEF-11 ) 
and aminoacyl transferase I1 (elongation factor 2 [eEF- 
21 ); they are analogous to factors designated T and G ,  
respectively, from Escherichia coli (4, 5 )  and have 
been recognized in many other cells and organisms 
( 6 8 ) .  Studies with highly purified translocation fac- 
tors and with cell-free systems that translate a variety 
of mRNAs may provide insight into the regulatory 
mechanisms that affect protein synthesis at the level of 
these factors. 

Translation occurs on ribosomes, small organelles 
that participate in a series of reactions that are re- 
peated as each codon is translated sequentially, ex- 
tending the nascent polypeptide chain from the N-ter- 
minal to the C-terminal residue. 

In each iteration of the elongation, a peptidyl- 
tRNA is bound at first to a site on the ribosome called 
the P site. Next, an incoming aminoacyl-tRNA bearing 
the amino acid specified by the next unread codon on 
the mRNA binds to the A site, where its amino acid 
accepts the nascent chain. In bacterial systems, the 
existence (probably on the external surface of the 
small subunit) of the tRNA recognition site (R or pre-A 
binding site) is proposed (9), to which aminoacyl- 
tRNA is bound and then transferred to the A site. 

In the elongation process, eEF- 1 is responsible for 
the aminoacyl-tRNA binding to the ribosomes, while 
eEF-2 catalyzes the translocation of peptidyl-tRNA 
from the A to the P site. Peptidyl transferase, an en- 
zyme integrally bound with ribosome, participates in 
the transfer of peptidyl-tRNA from the P to the A site 
and catalyzes peptide bond formation. It has been sug- 
gested (10) that the 23s ribosomal RNA participates in 
the peptidyl transferase function. 

Ribosomes 
Structural and Functional Elements. The struc- 

ture of ribosomes evidently affects their function. A 
detailed description of the ribosomes was given by 
Lake (1 1). Ribosomes are organelles found in all cells 
and are the site of protein biosynthesis. They are the 
main subcellular particles where peptide initiation, 
elongation, and termination occur. The eukaryotic ri- 
bosomes are composed of the small and large subunits. 
In the eukaryotic small subunit are a single rRNA mol- 
ecule (18s rRNA) and 30 proteins. The large subunit 
consists of three rRNAs (28S, 5.8s and 5s) and 40 
proteins. The most distantly related organisms have 
similar, 3-dimensional ribosomal structure. During 
protein biosynthesis, the primary function of the small 
subunit is to hold the mRNA and the tRNAs, while the 
large subunit catalyzes the formation of peptide bonds. 
So far, at least two sites on the ribosome have been 

definitively shown to play a role in the elongation pro- 
cess: the A site, or the acceptor site, is responsible for 
the binding of the incoming aminoacyl-tRNA, and the 
P site, the donor site or peptide bearing site, is where 
the peptide joins with the aminoacyl-tRNA bound to 
the A site during the peptide elongation process. Ad- 
ditional sites, and their possible roles, have been pos- 
tulated but not completely confirmed: the R site, or the 
recognition, entry, or pre A-binding site, to which ami- 
noacyl-tRNA is bound and then transferred to the A 
site (9), and the E site, or the exit site, which is located 
next to the P site (12, 13). Deacylated tRNA from the 
P site is proposed to shift to the E site prior to its 
removal into the medium. The signal to remove deacy- 
lated tRNA from the E site may be the binding of the 
incoming aminoacyl-tRNA molecule to the A site. So 
far, data regarding multiple sites has only been ob- 
tained from prokaryotic systems, but such a model 
would clearly have implications for the mechanism of 
action of eukaryotic ribosomes as well. 

The nascent polypeptides may fold on a ribosome, 
and this folding may take place in a “folding domain” 
of the large ribosomal subunit. According to the vec- 
torial folding hypothesis, the folding of nascent pep- 
tides into specific domains of the native protein 
may occur during the nascent peptide formation on 
ribosomes (14). 

It was shown that three tRNA molecules could be 
bound simultaneously to the same ribosome. The cen- 
ter portion of the amino acid of aa-tRNA, which had 
been bound to a ribosome as a peptidyl-tRNA analog, 
moved relative to the ribosome as the peptidyl trans- 
ferase reaction took place. This displacement model 
further suggests the existence of three sites on ribo- 
some (15). According to this model, the nascent pep- 
tide stays in one position when the chemical reaction 
of peptide transfer to an incoming aminoacyl-tRNA 
takes place, and the necessary movement is attained 
by change of tRNA position (16). 

The results presented by Odom et al. (17) have 
shown that one of each molecule, deacylated tRNA, 
N-acetylPhe-tRNA (an analog of peptidyl-tRNA), and 
puromycin (an analog of aminoacyl-tRNA), could be 
bound simultaneously to the same ribosome. Noller et 
al. (18) have proposed the hybrid state model with 
three tRNA-binding sites on large ribosomal subunit 
and two on the small subunit. 

By immunoelectron microscopy the mapping of 
the specific ribosomal proteins and their localization in 
the 3-dimensional ribosomal structure was possible. In 
the ribosomes of all organisms exist two functional 
(translational and exit or secretory) domains, located 
on the opposite ends of the ribosome (11). Detailed 
information is available on the translational domain, 
but rather little is known about the exit domain. Many 
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of the newly discovered morphological features of 
prokaryotic ribosomes could be similar to those of eu- 
karyotic ribosomes. The structural features present in 
the translational mechanisms might function similarly 
in both types. This similarity may be possible because 
the translational domain, are similar in both, even if 
the initiation step is quite different. In contrast to this, 
the ribosomal organization involved with protein se- 
cretion could differ greatly in prokaryotic and eukary- 
otic ribosomes, because the rough endoplasmic retic- 
ulum does not exist in the prokaryotic cell (19). 

Immunochemical methods were applied in the 
comparative studies on ribosomes isolated from vari- 
ous organisms. It was noted that antibodies specific 
for the ribosomes isolated from chicken and rat livers 
recognized only 20% of each other's determinants 
(20). Rat liver polysomes, containing nascent peptides 
of phenylalanine hydroxylase, were precipitated by 
purified immunoglobulin directed against the protein 
of this enzyme (21); then the specific mRNA, released 
from the immunoprecipitate, was used for synthesis 
and cloning (22, 23). By the immunoprecipitation of 
polysomes from embryonic chick skeletal muscle, 
mRNA was purified and then applied as a template 
for the synthesis of the heavy polypeptide chains of 
myosine (24). 

Although the role of ribosomes is well known, 
their participation in protein glycosylation is rather un- 
known. It has been shown that ribosomes are labeled 
in vivo with ['4C]glucosamine; it is possible that the 
['4C]glucosamine incorporation may be a result of the 
binding of the first N-acetylglucosamine to the nascent 
peptide, which is still present at the ribosomal site (25, 
26). Preliminary results have shown that even highly 
purified ribosomes, free of glycosyltransferases, can 
bind UDP-N-acetylglucosamine and UDP-N-acetyl- 
galactosamine. The formation of the ribosome-sugar 
binding did not require the participation of glucosyl- 
transferases, which are integrally bound to the reticu- 
lum endoplasmic membranes and are required for fur- 
ther steps of protein glycosylation. The results have 
shown (27) that UDP-N-acetyl-[ ''C]sugar is bound to 
the ribosomes and that this is neither unspecific ad- 
sorption nor incorporation of the labeled sugar into 
nascent polypeptide by glycosyltransferase. It may be 
assumed that such a ribosome, charged with a sugar 
nucleotide, may play the role of carrier or sugar donor 
for the lipid intermediates and/or for nascent polypep- 
tide chains. So, the ribosome-UDP-N-acetylglu- 
cosamine complex may be instrumental in the glyco- 
sylation of the nascent peptide synthesized on the 
ribosome. 

The portion of the sugar molecules that is bound 
with ribosomes can associate with exogenous lipid ac- 
ceptor (dolichol phosphate [Dol-PI ) and may be uti- 
lized for nascent peptide glycosylation (28). The la- 

beled sugar, in the presence of glycosyltransferases, 
can be transferred from Dol-P-P-N-acetylglucosamine 
to the nascent polypeptide synthesized on the ribo- 
some (28). These results allow us to conclude that (i) 
the ribosome bound to UDP-N-acetylglucosamine is 
utilized in the dolichol route for N-glycoprotein syn- 
thesis and (ii) the ribosome-UDP-N-acetylglucosamine 
complex may play a role in the first step of protein 
glycosylation. 

Ribosomal Proteins. Ribosomal proteins play a 
fundamental role in the formation and stabilization of 
ribosome structure, and they take part in the regula- 
tory processes (29). Several proteins, named ribophor- 
ins, specifically interact with the receptors of endo- 
plasmic reticulum (30). The studies on the structure 
and function of ribosomal proteins have been consid- 
erably developed, but the problem of heterogeneity of 
protein composition in eukaryotic ribosomes is still 
unresolved to the end (31). 

Differences between the ribosomal protein com- 
position of neoplastic and normal tissue have been 
noted. Significant differences have been found in the 
group of acidic ribosomal proteins isolated from 
Guerin epithelioma cells (32). Detailed investigation, 
in vivo and in vitro (33-36), have shown that the acidic 
ribosomal proteins from tumor cells were phosphory- 
lated more extensively than those of normal cells. In 
the Guerin epithelioma ribosomes, at least three addi- 
tional protein fractions were observed, which when 
analyzed immunochemically (37,38) seemed to be spe- 
cific for the ribosomes of this tumor (32). 

Diagnostic Meaning of the Ribosome Investi- 
gations. Antibodies against ribosomes were shown in 
patients with virus-induced autoimmune hepatitis (39), 
lupus erythematosus, and other collagenoses (4043). 
Monoclonal antibodies against ribosomal proteins 
have been obtained (44) and used in diagnostics. Stud- 
ies on the binding of antibodies to ribosomal proteins 
have been carried out in various diseases (49, and 
they form the basis for a preliminary opinion on the 
level of antiribosomal antibodies that can exist in the 
sera of a given portion of the human population. 

The immunochemical properties of ribosomes can 
be utilized in therapy. Despite a large number of stip- 
ulations, preliminary experiments have suggested suit- 
able application for a vaccine containing ribosomal an- 
tigens in some diseases. Good results were obtained in 
the therapy of bronchial asthma with the use of bac- 
terial ribosomal antigens (46). It can be supposed, that 
such kind of vaccines can be very useful in the therapy 
applied in various fields of medicine. 

Elongation Factors 
Elongation factors (prokaryotic and eukaryotic) 

are members the class of proteins known as G-pro- 
teins. They utilize GTP in the binding of aminoacyl- 
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tRNA to ribosomes and in the translocation of pepti- 
dyl-tRNA from the A to the P site on the ribosome 
(47). Like other G-proteins, eEF-1 and eEF-2 hydro- 
lyze GTP. However, they only hydrolyze GTP when 
they are in contact with ribosomes. 

G-proteins form a class of proteins that are present 
in a range of systems, such as signal transduction, pro- 
tein synthesis, and the cytoskeleton. G-proteins may 
form an important component of integrated systems in 
cells involved in the regulation of many biochemical 
events. 

The common features of all G-proteins may be: 
binding of GTP and then association with other pro- 
teins; hydrolysis of GTP and dissociation from other 
proteins; and control through the protein-protein inter- 
actions. Thus, G-proteins can be regulatory, transduc- 
ing proteins. The energy released after hydrolysis of 
GTP, bound with G-protein, seems to be necessary 
only for turning-off the system or recycling GTP. 
y-Phosphate group is released as inorganic phosphate 
ion or, in some events, is used to phosphorylate an- 
other molecule. 

G-proteins (subunits a, p, and y) are heterotri- 
meric guanine nucleotide-binding proteins that func- 
tion as molecular switches in a diverse set of signaling 
pathways by coupling heptahelical receptors to spe- 
cific intracellular effectors. The transduction of signals 
depends on the ability of the a subunits to cycle be- 
tween a resting (GDP-bound) conformation and an ac- 
tive (GTP-bound) conformation (48, 49). In response 
to extracellular signals, heptahelical receptors cata- 
lyze the exchange of GTP for GDP, resulting in an 
active conformation and greatly reduced affinity for py 
subunits (50). Crystal structures of GDP- and GTP- 
bound forms have been reported (51-54). 

Heterotrimeric G-proteins are members of a large 
superfamily of GTPases which mediate processes such 
as cellular signaling and protein synthesis (55). Each 
protein in the GTPase family is a molecular switch that 
can change its affinities for other macromolecules. 
Turned on by binding GTP and off by hydrolyzing 
GTP to GDP, this switch mechanism is remarkably 
versatile. Specific member of the GTPase superfamily 
are able to alter between “ON” and “OFF” states 
(i.e., the active GTP conformation and inactive GDP 
conformation) (55). 

Among the superfamilies are the small guanine nu- 
cleotide-binding proteins (molecular mass: 2 1,000) 
like the Ras proteins, including p2lras, which are 
products of the ras oncogenes. They have been found 
to be mutated in a large number of human tumors. The 
other classes of the GTPase family are a subunits of 
the heterotrimeric signal transducing G-proteins, and 
the translation factors (EF-Tu, EF-la, EF-G, eEF-2, 
IF-2, and release factor RF-3) (56). Crystal structures 
of p2lras and their similarities with EF-Tu and 

a-chains, were described in detail by Bourne et al. 
(55). The EF-Tu is over twice the size of p2lras. 

The 3-dimensional structure of EF-Tu is organized 
in three domains (57) and it will be characterized in the 
following section on elongation factor eEF-1. Domain 
1 has a tertiary structure closely resembling that of 
p2 lras. The topological order of secondary structure 
elements of p2lras is the same as that of domain 1 of 
EF-Tu (amino acids 1-166), but their primary struc- 
tures are only 30% identical (55). 

The guanine nucleotide-binding site in various 
G-proteins is rather similar, so the domain 1 of EF-Tu 
may be analogous to the binding site in eukaryotic 

Functional cycle of the ON/OFF switch involves 
interactions of G-proteins with three components: (i) 
the effector to which the ON signal is transmitted, (ii) 
GTPase-activating protein (GAP), and (iii) with a gua- 
nine nucleotide exchange factor (GEF) to catalyze the 
exchange of GDP to GTP. 

Elongation Factor eEF-1. Structural Features. 
The eEF-1 is heterogeneous, and the first information 
on its multiple forms in eukaryotic cells was applied by 
Schneir and Moldave (58). The heterogeneity of eu- 
karyotic EF-1 was also described by Collins et al. (59) 
and others (60-65). Multiple molecular weight forms of 
eEF-1, referred to as EF-lH, have been isolated from 
rat liver (58, 66), pig liver (67-69), rabbit reticulocytes 
(70-71), silk gland (72), wheat embryo (73,74) and calf 
brain (61). Various species of EF-1H have a common 
subunit of approximately 50 kDa, designated EF- lo1 
(79, two other polypeptides of 33 kDa, identified as 
EF-lp, and a 48-kDa protein known as EF-ly (76). 
Both EF-1H and EF-la bind to GTP, but only the 
monomer forms a stable ternary complex with ami- 
noacyl tRNA and GTP (75). Yeast EF-lpy is catalyt- 
ically equivalent in function to EF- 1 p and the function 
of EF-ly is still not elucidated (76). 

The EF-la subunit is functionally identical to the 
EF-TU from E .  coli. EF-Tu is a monomeric protein of 
43 kDa and is the most abundant protein in the cell, 
comprising as a much as 5% of total cell proteins. This 
factor is required as a key factor in maintaining trans- 
lational fidelity (77) and it has been shown that two 
separate genes, tuf. A and tuf. B,  code for this subunit 
form (78). It should be noted that EF-Tu, like other 
members of the GTPase superfamily, has intrinsic GT- 
Pase activity (79), which is greatly enhanced when this 
factor, complexed with aminoacyl-tRNA and GTP, 
binds to programmed ribosomes (80). Crystalographic 
investigations of intact EF-TU have shown that its 
crystal structure consists of three separate domains 
(81, 82). Domain 1 is a and p structure alternated do- 
main and is the locus of the GDP/GTP-binding site and 
of GTPase activity; it has a tertiary structure and is 
localized at the N-terminal end of the polypeptide. Do- 

EF-la. 
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main 1 has a surface to surface contact with domain 3 
(82). Domains 2 and 3 have antiparallel P-barrel struc- 
ture. The association between domains 2 and 3 is rel- 
atively tight, but domain 2 is separated from the nu- 
cleotide-binding domain 1 (G-domain). Cross-linking 
studies implicated an interaction of domain 2 and 3 of 
eukaryotic EF-la with aminoacyl-tRNA (83). All three 
domains are involved in tRNA binding, with the ami- 
noacyl end interacting with domain 1 ,  close to the 
C-terminal part of the effector region. 

Heterogeneous eEF-1 from rat liver and from 
Guerin epithelioma has been separated into three or 
two subunit fractions. One of them functionally corre- 
sponds to EF-la (84, 85); the second one stimulated 
EF- la activity (85) and functionally corresponds to 
EF-lP(Py) from other animal tissues. The third frac- 
tion, which was also active in the elongation process, 
is an unidentified aggregate, named EF-1 B aggregate. 
eEF-1 from rabbit reticulocytes has also been dissoci- 
ated into three subunit forms (86). Nombella et al. (62) 
have shown that eEF-1 in the tissues appears mainly in 
aggregates, the dimensions of which differs with the 
kind of the tissue. 

The components of EF- 1 B aggregate were identi- 
fied by Marcinkiewicz et al. (87). The EF-la was ob- 
tained after dissociation of EF-B aggregate in the pres- 
ence of GTP; its monomeric form may be also sepa- 
rated after chromatography of the heterogeneous 
preparations eEF-1 on a DEAE-Sephadex A-50 col- 
umn (88). In higher eukaryotes, transfer RNAs, ami- 
noacyl-tRNA synthetases, and elongation factors form 
a kind of “super structure’’ surrounding the ribosome 
as cloud, thereby promoting the efficiency of protein 
synthesis of the eukaryotic cell (89-91). 

It was observed that eEF-1 can be changed in form 
during germination of wheat seeds and that during de- 
velopment EF-la becomes dominant in cell extracts 
(92). 

A model has been presented for the quaternary 
structure of eEF-1, including the interaction sites 
among the different subunits. The presence of two 
molecules of EF-la in eEF-1 were found, and each of 
the two EF-la molecules behave differently with re- 
spect to their substrates, aminoacyl-tRNA and GTP 
(93). According to this model, eEF-1 consists of a pen- 
tameric complex, composed of four different subunits 
EF-la2Py6. One molecule of EF- la dissociates easily 
from this complex under the influence of aminoacyl- 
tRNA and GTP, while the second molecule of EF-la 
was found to remain firmly attached. The way in 
which EF-la dissociates from the eEF-1 complex un- 
der influence of charged tRNA and GTP is different 
from that in bacteria. Of the two EF-la molecules 
bound to eEF-1 complex, only one can form a ternary 
complex with charged tRNA and GTP. 

Fun c t ion a I Characteristics . El ongat ion fact or 

eEF-1 is the enzyme responsible for the binding of 
aminoacyl-tRNA (other than the initiator Met-tRNA) 
to the acceptor A site on the ribosome. This process, 
in eukaryotic protein chain elongation, requires the 
intermediary formation of a ternary complex among 
the aminoacyl-tRNA, the GTP, and the binding factor 
eEF- 1. 

It seems that at least two forms of eEF-1 play a 
specific role in polypeptide chain biosynthesis. The 
EF-la is the subunit form that participates in forma- 
tion of a ternary complex (73, 94-97) via formation of 
a binary complex with GTP (95-100). EF-la binds 
GTP, and the resulting binary complex reacts with 
aminoacyl-tRNA to form a ternary complex; this com- 
plex binds to and delivers the aminoacyl-tRNA to the 
ribosomal particle (65, 101-103), GTP is hydrolyzed 
(65,96, 104), EF-la-GDP complex is formed (97), and 
the factor is released from the ribosome (104). The 
other subunit EF-lP, catalyses the GDP/GTP ex- 
change on EF-la (64, 72, 105-107). According to this 
model, EF-IP reacts with EF-la-GDP complex, dis- 
placing GDP and forming an EF-la-EF-1P binary 
complex; then, GTP displaces EF-lP, resulting in the 
formation of an EF-la-GTP complex which can bind 
another aminoacyl-tRNA. 

The heteromeric complexes EF-lpy and EF- 
1 py6 function in recycling the inactive EF-la-GDP 
intermediate to the active GTP-bound form. Both sub- 
units EF-1P and EF-16 display the same degree of ex- 
change activity, but they differ with respect to the 
mode and strength of their interaction with EF-ly 
(108). 

In tissue, where GTPlGDP ratio is high, an auxil- 
iary factor like EF-1P may not be necessary for the 
regeneration of EF-la-GTP complex. In yeast, most 
of the EF-la is isolated in the monomeric form EF-la, 
which is active in the absence of added EF-1P (109). 

EF- 1 B aggregate from Guerin epithelioma cells 
(87) seems to be similar to EF-lH, which is known as 
a high-molecular weight complex containing EF- l a  
and EF-1 P(Py) subunit forms (1 10-1 12). The EF-1B 
aggregate was markedly more active in polyphenylal- 
anine synthesis than EF-la and has been shown to 
consist of at least three polypeptides separable by 
electrophoresis: one of them was EF- 1 a subunit, while 
the other two bands were the polypeptides of EF-lpy. 
Another aggregate, named EF-IB’, which was also ac- 
tive in polyphenylalanine synthesis, was separated 
from the crude eEF-1 preparation (113). EF-1B and 
EF-B‘ aggregates contain both subunit forms EF-la 
and EF- 1 P( by), and other polypeptides. EF- 1 B and 
EF- 1 B’ , but not EF- l a ,  can undergo autophosphory- 
lation, because they contain protein kinase activities 
and can be phosphorylated without addition of the het- 
erogeneous enzyme, as was confirmed on the autora- 
diographic study (1 13). In EF-1B’ two polypeptides 
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(one of approximately 32 kDa, corresponding to EF- 
lp,  and another of approximately 90 kDa) were phos- 
phorylated, while in EF-1B only the polypeptide of 
approximately 5 1 kDa, corresponding to EF- 1 y,  was 
phosphorylated. EF-la and EF- 1 p, individually, were 
unable to become autophosphorylated and they cannot 
phosphorylate other polypeptides. This is in agree- 
ment with the suggestion of Janssen et d .  (1 14) that 
the protein kinase phosphorylating EF-1 p is a protein 
integrally bound to this factor, but does not have any 
function in the elongation cycle. Heparin, a specific 
inhibitor of the casein kinase I1 (CKII) (1 14, 115), dis- 
tinctly inhibited autophosphorylation of EF- 1 B ( 1 13), 
so CKII should be present in this aggregate. The ki- 
nase, present in EF-lB, has not been classified. It was 
only shown that the histone H2A can serve as a sub- 
strate of the enzyme responsible for autophosphoryla- 
tion of the aggregate EF- 1 B (1 13). 

It was noted that polyphenylalanine synthesis was 
decreased when autophosphorylated instead of nonau- 
tophosphorylated EF-1 B' aggregate was used. This ef- 
fect was not observed in the presence of autophospho- 
rylated EF-1B (1 13). It was concluded that in the pro- 
cess of autophosphorylation of EF- 1 B f ,  its subunit 
form EF-lpy was probably modified and inactivated. 
Phosphorylated subunit form [32P]EF-l Py was unable 
to form the EF- 1 a-EF- 1 Py intermediary complex and 
the formation of EF-la-GTP active complex was 
stopped. It seems that the autophosphorylation/ 
dephos-phorylation of EF- 1 B aggregate may be a reg- 
ulatory process in the polypeptide elongation step of 
protein biosynthesis. 

In Guerin epithelioma, the high tendency of sub- 
units EF-la and EF-lpy to form aggregates suggests 
some analogies with the early developmental period of 
lower eukaryotic organisms (1 15, I16), in which EF-1 
exists as a high molecular complex EF-lH, which dur- 
ing the growth season is transformed to the lighter 
form. However, EF-IH has low activity and may rep- 
resent some kind of storage form of EF- 1 L, which can 
be activated only when separated from other proteins. 
On the other hand, eEF-1 isolated from Guerin epithe- 
lioma was highly active in all aggregate forms. 

Marcinkiewicz et a f .  (88) observed that EF-Ipy 
from tumor cells can be isolated from EF- 1 B aggregate 
(which consists of the subunit forms EF-la and EF- 
1Py) by dissociation of this aggregate in the presence 
of GTP (1 10). EF-I Py from rat liver did not show this 
tendency to aggregate with EF-la, and it can exist in a 
free form or aggregated with other proteins; it may be 
isolated without the GTP-dependent dissociation step 
(74, 106, 110, 117, 118). The EF-lpy was resolved into 
two polypeptides (88) according to the method of re- 
versible denaturation in 6 M urea (1 17, 119). The 32- 
kDa particle (polypeptide p) stimulated the GDP/GTP 
exchange, while the 5 1-kDa polypeptide (y) was inac- 

tive in this process. In conformation previous work by 
Janssen and Moller (119), y-peptide was shown to be 
hydrophobic. It was also noted that EF-1B aggregate 
is thermostable (88), which could suggest that thermo- 
stable EF-1 Py protects EF-la against thermal inacti- 
vation. Slobin et a f .  (120) have shown that the aggre- 
gate of EF-1 from Artemia salina was not inactivated 
at 44"C, but upon addition of GTP the aggregate dis- 
sociated and lost its activity. Further studies may 
show whether polypeptide y, the function of which is 
still unknown, is responsible for the thermostability of 
EF- 1 B aggregate. 

There is evidence that EF-1 may also play a role in 
transcription (121). About 20% of the total cellular 
amount of EF-la was found to be associated with the 
nuclear fraction. The results indicate that EF- l a  may 
function in both nuclear transport and transcription; 
further research is needed to elucidate the whole of 
EF-la's role in RNA synthesis (93). 

El on gat ion Factor e EF-2. S tru c tu ra I Character- 
istics. Preparations of eEF-2, isolated from various 
sources and purified to a homogeneous state by differ- 
ent methods, differ in molecular mases: 100 kDa from 
rat liver (122) and rabbit reticulocytes (123), 80-96 kDa 
from hen oviduct (124), 85 kDa from calf brain (1 lo), 
and 65 kDa from rat liver (125). 

The eEF-2 isolated from hamster is a single poly- 
peptide consisting of 857 amino acids with a highly 
conserved sequence (126). Yeast and human eEF-2 are 
85% homologous ( 127). 

The GTP-binding site and GTPase activity are lo- 
calized in the conserved region Gl-G5, containing 160 
aminoacyl residues on the N-terminal end of the eEF-2 
polypeptide chain (126, 127). Region G1 is probably 
responsible for GTPase activity, while G2-G3 con- 
tains the guanine binding site. The region Gl-G5 is 
homologous with other GTP-binding proteins: EF-TU, 
EF-G, EF-la, IF-2a, and Ras (57). 

Region E, which is localized in the N-terminal 
fragment of the eEF-2 molecule and half of the C-ter- 
minal part of the molecule, homologous with prokary- 
otic EF-G, is responsible for the binding of eEF-2 to 
ribosomes. This region includes 54-78 positions of 
aminoacyl residues and is homologous with the se- 
quence found in elongation factors EF-la, EF-Tu, and 
EF-G. Arginine, localized in the number 66 position, 
takes part in the interaction of eEF-2 with ribosomes 
and is the first site of the digestion of this factor by 
trypsin (128). The alkylation of the cysteine residue 
prevents eEF-2-GTP formation with ribosomes, 
which indicates that these residues have a role in the 
binding of eEF-2 with ribosomes (129). The domain of 
eEF-2, with histidyl residue in the number 715 position 
(130) and with a threonyl residues in the region of po- 
sitions 51-60 (131), is responsible for the biological 
regulation of this factor. The EF-G protein is highly 
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elongated and composed of five domains. Two do- 
mains are related to ribosomal proteins and RNA- 
binding proteins; two are similar in structure to EF-Tu 
(54). The GDP-binding fragment of EF-G, like that of 
other members of the GTPase family (132), is the 
N-terminal, nucleotide-binding domain or G-domain. 
In domain 5 ,  as in domain 3, there is a high level 
of sequence similarity between EF-G and eEF-2, 
comparable to the level in core of the G-domain 
(132). 

The eEF-2 can be markedly altered in some organ- 
isms, for instance in mutants (133) or under changed 
conditions (134-1 39). Tumoral eEF-2, purified from 
Guerin epithelioma cells has been characterized as ho- 
mogeneous protein consisting of identical polypep- 
tides with molecular mass, isoelectric point value and 
amino acid composition very close that of rat liver 
(125, 140, 141). 

N- and C-terminal fragments of the eEF-2 mole- 
cule are important in its functional activity and in its 
interaction with ribosomes (142). In eEF-2 prepara- 
tions, isolated from various sources, was only one 
N-terminal amino acid (138, 139, 141, 142). In both 
preparations of eEF-2, from Guerin epithelioma and 
rat liver, the only N-terminal amino acid was alanine 
(141). The C-terminal amino acid in eEF-2 from rat 
liver was glycine, while in eEF-2 from Guerin tumor 
cells it was serine (141). The eEF-2 from tumor cells 
was less sensitive to degradation by carboxypeptidase 
than that of rat liver cells (143). Evidence that the 
portion of the eEF-2 structure responsible for the bind- 
ing reaction with ribosomes may be situated at the 
C-terminal end of the molecule (126) may lead to an 
understanding of the structural differences of eEF-2 
preparations isolated from normal and Guerin epithe- 
lioma cells. 

Gajko et al. (144) have shown the possibility the 
eEF-2 exists in multiple forms. During copurification, 
two active polypeptides were separated, electropho- 
retically and by ultracentrifugation, into bands of ap- 
proximately 100 and 65 kDa (144). Thus, eEF-2 exists 
in at least two forms differing in molecular mass. 
H.radec (1 36) has also shown the existence of two dif- 
ferent translocases in mammalian tissues. One of them 
corresponds to that of an earlier purified translocase 
( 1 2 9 ,  and the other (S20,o = 2.6s) was interpreted as 
an active subunit of the other translocase (136). The 
functional relations between translocation factor 
(2.6s) and factors eEF-2 (100 and 65 kDa) have not 
been investigated. First, the question was whether 
both eEF-2 forms (100 and 65 kDa) are bound to the 
ribosome and which of them takes part directly in the 
translocation process. It was shown that the endoge- 
neous ribosome-bound eEF-2, isolated from the active 
polysomic fraction, was only the active protein having 
molecular weight of about 65 kDa (144). It seems that 

from these two multiple forms existing in the rat liver 
cells only the eEF-2 of about 65 kDa is bound with 
ribosomes as an active form and it may take part di- 
rectly in the translocation process. Furthermore, it 
was found that the only eEF-2 (100 kDa) was phos- 
phorylated by kinase of eEF-2, while eEF-2 (65 kDa) 
was not phosphorylated at all (144). This finding can 
be important for further studies concerning the regu- 
latory role of the phosphorylation/dephosphorylation 
process of eEF-2. 

Functional Features. Elongation factor eEF-2 
participates in the elongation of ribosome-bound poly- 
peptides, together with eEF-1 and GTP; it is involved 
in translocation of mRNA and peptidyl-tRNA from the 
aminoacyl A site to peptidyl P site movement of mes- 
sage and removal of free tRNA from the P site, which 
allow the ribosome to bind new incoming aminoacyl- 
tRNA at the aminoacyl site (145-148). 

The eEF-2 makes a complex with GTP that very 
quickly binds to the ribosome (149). The ternary com- 
plex, eEF-2-GTP-ribosome, induces the GTPase ac- 
tivity and is transformed during the translocation step 
into the eEF-2-GDP-ribosome complex, which be- 
comes dissociated into ribosome and the binary com- 
plex eEF-2-GDP. Later, GTP reproduces the eEF-2- 
GTP complex, by displacing GDP. Evidence has been 
presented (150) that during the translocation process, a 
single enzyme (eEF-2) catalyzes the translocation of 
several ribosomes, suggesting that the interaction be- 
tween ribosomes and eEF-2 is a reversible process, 
and that the active eEF-2 dissociates from the complex 
on formation of the product. The eEF-2-ribosome 
complex would dissociate when the substrate of the 
reaction, peptidyl-tRNAa, becomes converted to pep- 
tidyl-tRNAp; the released eEF-2 could then react with 
the same or another ribosome. 

The elongation factor eEF-2, as the member of 
G-proteins, belongs to the class of proteins with 
GTPase activity (56). It is able to change its own con- 
formation from inactive with GDP to active with GTP. 
For eEF-2-GDP, in contradistinction to eEF- Ia-GDP, 
a separate guanine nucleotide exchange factor for cat- 
alyzing the exchange of GDP to GTP was not discov- 
ered. eEF-2, similar EF-G in prokaryotic system, is 
exceptional among GTPases since it does not have a 
GEF (GDPIGTP exchange factor), whereas EF-TU re- 
quires elongation factor EF-Ts as a specific GEF. It 
has been claimed that the relatively lower affinity of 
EF-G for GDP abolishes its need for GEF (55). 

Studies on specificity of the elongation factors 
have shown that the prokaryotic EF-T can replace 
EF-I in animal systems, while EF-G from E .  coli was 
inactive when added instead of animal EF-2 (133). 
Cross-examination between elongation systems iso- 
lated from rat liver and Guerin epithelioma cells has 
shown a lack of tissue specificity. However, affinity of 
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the Guerin eEF-2 to the liver elongation system was 
lower by half compared with the homologous tumor or 
regular liver systems (141). 

It has also been shown that eEF-2 is the specific 
target of diphtheria toxin, which inactivates the factor 
by ADP-ribosylation (135). Ultracentrifugation studies 
with the use of pure eEF-2 isolated from the rat liver 
(125) suggest that the formation of a ternary complex 
consisting of the toxin, eEF-2, and NAD' may be the 
first step of this inactivation (134). This complex dis- 
sociates when the nicotinamide riboside linkage is 
cleaved resulting in formation of the ADP-ribosylated 
eEF-2. This may indicate that the mechanism of inac- 
tivation may not involve simply a transfer of ADP- 
ribose from the toxin to eEF-2. 

The ADP-ribosylated eEF-2 is impaired in riboso- 
mal binding (15 1) and the target residue has been pos- 
ited to be essential for the translocase activity of the 
factor (130). A reversible ADP-ribosylation of the 
same residue by cellular mechanism may be important 
for regulating the activity of eEF-2 in eukaryotic cells 
(152). 

Since GTP-hydrolysis follows the translocation 
step, it is possible that protein synthesizing systems 
can be poisoned by fusidic acid (153). Fusidic acid 
could inhibit synthesis by preventing the conforma- 
tional change that normally follows GTP hydrolysis. 
Fusidic acid binds to the EF-G-GDP-ribosome com- 
plex and blocks elongation by preventing dissociation 
of the complex. 

Many proteins of the eukaryotic translational sys- 
tem, including eEF-2, can be phosphorylated. It ap- 
pears that eEF-2 phosphorylation may be involved 
in the regulation of protein biosynthesis and other 
processes. 

In various animal tissues, the existence of an iden- 
tical substrate of 100 kDa, a specific substrate for the 
calmodulin and Ca2+ -dependent protein kinase has 
been shown, and this substrate was identified as eEF-2 
(154). It also seems to be the first indication that cal- 
modulin can be involved in the regulation of transla- 
tion (1 55). The special Ca2 +/calmodulin-dependent 
protein kinase that specifically phosphorylated eEF-2 
was named protein kinase I11 (131, 156158). Other 
protein kinases capable of phosphorylating eEF-2 may 
exist, but this phosphorylation is insignificant com- 
pared with phosphorylation by the kinase of eEF-2 
(kinase 111). Phosphorylation results in eEF-2 inacti- 
vation and the inhibition of protein biosynthesis (157, 

The phosphorylation of eEF-2 takes place only at 
sufficient concentrations of Ca2', and its level in the 
cell may be important in the regulation of the rate of 
protein biosynthesis. Increases of Ca2 + concentration 
in the cytoplasm of rabbit reticulocytes resulted in in- 
hibition of peptide elongation (163). The elevation of 

1 5 9- 1 62). 

Ca2+ in the cytoplasm is transient, so the phosphory- 
lation and inhibition of protein biosynthesis is also 
transient. Stimulation of fibroblasts with bradikinin 
causes a transient rise in intracellular Ca2+ and results 
in the transient phosphorylation of eEF-2 (164). It is 
possible that the initial response of cells to hormones 
and growth factors, which induce a transient increase 
of cytoplasmic Ca2+ concentration, may be an inhibi- 
tion of protein biosynthesis after phosphorylation of 
eEF-2 by Ca' +/calmodulin-dependent protein kinase 
111. A transient stop of translation by Ca2-dependent 
phosphorylation of eEF-2 allows the expression of 
new genes. The translation is blocked at the level of 
peptide elongation, but not at the level of transcription 
or initiation of translation; it is possible to stop protein 
synthesis immediately (165). 

It was reported that the phosphorylation of a sin- 
gle threonine, Thr-56, is located in the so-called effec- 
tor domain (126) and threonine residues (Thr-53, Thr- 
56, and Thr-58) are phosphorylated in the N-terminal 
part of the eEF-2 molecule (166). The phosphorylated 
eEF-2 is unable to catalyze the translocation process 
(167). The phosphorylated eEF-2 has a decreased abil- 
ity to form a ternary complex with ribosomes, and 
further results suggest that, even in the absence of 
ribosomes, phosphorylated eEF-2 has a decreased af- 
finity for GTP, but not for GDP (168). 

The protein kinase of eEF-2 has been purified and 
partly characterized by Gajko et al. (169). In the initial 
step of the purification, the enzyme existed in an in- 
active form. Then, it was reactivated when separated 
from the inhibitory substance (169). The existence of 
the kinase of eEF-2 together with its inhibitor makes 
clear why this enzyme was inactive in the crude prep- 
aration. The purified kinase of eEF-2 was an electro- 
phoretically homogeneous protein, similar to that de- 
scribed by Nilsson and Nygard (170, 171). 

It should be pointed out that eEF-2 phosphoryla- 
tion, as well as the Ca2+ level, can be regulated by 
changes in pH (172), dephosphorylation (162), concen- 
trations of CAMP, inducing dephosphorylation of 
eEF-2 (159), and through phosphorylation of the ki- 
nase of eEF-2 itself (171). Kinase of eEF-2 must be 
phosphorylated to be active. This enzyme, when de- 
phosphorylated by alkaline phosphatase, is completely 
inactivated, while after its incubation with CAMP- 
dependent protein kinase, kinase of eEF-2 activity is 
restored . 

The existence of the phosphatase of eEF-2, which 
exhibits specificity toward eEF-2 and dephosphory- 
lates this factor more rapidly than any other protein, 
was also described (173). 

Additional Elongation Factor. An additional 
elongation factor, EF-3, was found in yeast cells (174). 
This factor is uniquely required by yeast ribosomes. 
Ribosomes from other eukaryotes do not require this 
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protein (175, 176). EF-3 stimulates binding of the ter- 
nary complex (EF- la-aa-tRNA-GTP) to ribosomes 
(177) and it is a single polypeptide of molecular weight 
125 kDa, and with isoelectric point 5.9. EF-3 is prob- 
ably a loosely bound ribosomal protein required in the 
elongation process in yeasts (178). Inactivation of 
EF-3 by polyclonal or monoclonal antibodies immedi- 
ately blocks the elongation process (179). Western blot 
analysis has shown, that anti EF-3-cross-reacting ma- 
terial is present only in yeast. The gene YEF-3, en- 
coding EF-3, has been isolated from yeast (180) and 
shown to be a single copy gene. The precise function 
of EF-3 is not known at present time. 

Substances of Plant Origin That Inhibit Peptide 
Elongation Process 

Protein biosynthesis is the fundamental process in 
the cells of all organisms. This process can be regu- 
lated, stimulated, or inhibited by various substances. 
Plants were used as antitumor remedies in folk medi- 
cine for a very long time, but little research has been 
performed on their effects on protein biosynthesis, 
which proceeds very fast in tumor development. It has 
been shown that peptide elongation may be inhibited, 
in separate steps, by substances isolated from various 
sources of plant origin. Some of them directly inacti- 
vate ribosomes, others eEF-I or eEF-2. 

Flowers of Verbascum thapsiforme, actually used 
as an expectorant, were also applied in folk medicine 
as antitumor remedies. Paszkiewicz et al. have shown 
(181) that aqueous extract from these flowers inhibits 
protein biosynthesis and that the saponin fraction of 
this extract is responsible for the inhibitory effect. It 
was also shown that ribosomes directly treated with 
this fraction lost their activity markedly, probably as a 
consequence of the formation of the inactive complex 
with the inhibitory substance. Sapogenins, those iso- 
lated from the hydrolysate of saponin fraction as well 
as commercial saponin preparations, directly inacti- 
vated ribosomes, too. The greatest effect was when 
the aglycon of the saponin glycoside, 18-p- 
glycyrrhetinic acid, was used. This aglycon was more 
potent than the glycoside and may be mainly respon- 
sible for the inhibitory effect of the saponin. The bind- 
ing of the ternary complex eEF- I a-GTP-[ I4C]Leu- 
tRNA and eEF-2 to ribosomes was blocked by saponin 
substances that directly inactivated ribosomes (18 1).  
The indirect inhibition of the eEF-1 and eEF-2 proba- 
bly resulted from the blocking of the binding site for 
these factors on the ribosome. 

Alkaloids are the largest group of therapeutic sub- 
stances of plant origin, but their side effects should be 
further studied. Chlabicz et al. (182) have shown that 
the solution of dry Ipecacuanhae extract inhibits pro- 

tein biosynthesis in vitro. Ipecacuanhae alkaloids, 
emetine and cepheline, directly inactivated the ribo- 
somes and are thus responsible for the inhibitory effect 
observed. According to earlier studies (183), Ipe- 
cacuanhae alkaloids can block the transfer reaction of 
aa-tRNA in protein biosynthesis. This is probably the 
result of blocking a site on the ribosome (182), where 
the quaternary complex of ribosome-eEF- 1-GTP-aa- 
tRNA is formed during the peptide elongation process. 

An inactive complex can be also formed in the 
direct reaction of Digoxin (12-P-hydroxydigitonin, a 
well known cardiac remedy) with ribosomes, in which 
the incorporation of [ ''C]leucine into proteins is 
blocked ( 184). 

A selective inhibitor of eEF-I activity has not yet 
been discovered. Recently, it was demonstrated (185) 
that the Quercetin (3,3' ,4',5,7-pentahydroxyflavone) 
forms an inactive complex with EF-la and inhibits 
[ ''C]phenylalanyl-tRNA from binding with ribosomes 
in vitro. As a consequence of blocking the ternary 
complex EF- 1 a-GTP-Phe-tRNA formation, the qua- 
ternary complex EF- I a-GTP-Phe-tRNA-ribosome 
cannot be created. Some antibiotics (e.g., tetracy- 
clines) can block the binding A site on the ribosome; 
however, eEF-1 still remained active (186, 187). Quer- 
cetin does not directly affect the ribosome activity, so 
its inhibitory target size is probably EF-la. 

The aqueous extract of Melissa officinalis can 
stop virus development and tumor cell division, and 
inhibits protein biosynthesis in vitro (188). This infor- 
mation inspired further investigations of the inhibitory 
substances contained in this plant. Chlabicz et al. (189) 
have shown that the glycoside fraction, isolated from 
Melissa officinalis leaves, is mainly responsible for the 
inhibition of protein biosynthesis. This glycoside di- 
minished the amount of peptidyl-tRNA in the riboso- 
mal P site with no influence on peptidyl transferase 
itself; it specifically effected eEF-2 activity, such that 
the translocation step and peptide elongation were 
stopped. This finding, along with the structural differ- 
ences between tumoral and rat liver eEF-2 previously 
described (140, 141) could be used to search for spe- 
cific inhibitors of protein biosynthesis in tumoral cells. 

The eEF-2 molecule was also found to be an in- 
hibitory target site for aloe-a very interesting raw 
material from plants, which has been employed a long 
time in various therapeutic situations including the 
treatment of tumor diseases. Aloin and aloeemodin, 
isolated from the dry aloe extract, are responsible for 
the inhibitory effect of this plant material (184). 

To summarize, it is clear that several features of 
the elongation system, including the properties of ri- 
bosomes, elongation factors, and their interactions, as 
studied in both normal and tumor cells, can, along with 
a knowledge of how various substances isolated from 
plants can effect protein biosynthesis, provide a basis 

32 POLYPEPTIDE ELONGATION SYSTEM 



for the study of specific inhibitors of protein biosyn- 
thesis in tumor cells. 

1 thank Professor Kivi Moldave for introducing me in the in- 
vestigations of peptide elongation process, and I express gratitude to 
my colleagues and friends who worked with me in the studies cited 
in this review: W. topacynski, T. Kopacz-Jodczyk, A. Paszk- 
iewicz-Gadek, K. Jabionowska-Sredzinska, E. Telejko, C. Marcink- 
iewicz, A. Gajko, and J. Chlabicz, and to Mrs. Danuta Wirska for 
efficient technical assistance. 

1. 

2. 

3 .  

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

1 1 .  

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

Moldave K. Eukaryotic protein synthesis. Annu Rev Biochem 

Fessenden J M ,  Moldave K. Studies on aminoacyl transfer 
from soluble R N A  to ribosomes: Resolution of two soluble 
transferring activities. J Biol Chem 238: 1479-1484, 1963. 
Gqsior E, Moldave K. Resolution of aminoacyltransferring en- 
zymes from rat liver by molecular sieve chromatography. J 
Biol Chem 240:334&3352, 1965. 
Nathans D, Allende JE, Convay TW, Spyrides GJ, Lipmann F. 
Protein synthesis from aminoacyl-sRNAs. In: Vogel HJ, Bry- 
son V,  Lampen JD, Eds. Informational Macromolecules. New 
York: Academic Press, pp349-366, 1963. 
Nishizuka Y ,  Lipmann F. Comparison of guanosine triphos- 
phate split and polypeptide synthesis with purified E. coli sys- 
tem. Proc Natl Acad Sci USA 55212-219, 1966. 
Hardesty B, Arlinghaus R. Shaeffer J ,  Schweet R. Hemoglobin 
and polyphenylalanine synthesis with reticulocyte ribosomes. 
Cold Spring Harbor Symp Quant Biol 28:215, 1969. 
Lucas-Lenard J ,  Lipmann F. Separation of three microbial 
amino acid polymerization factors. Proc Natl Acad Sci USA 

Richter D, Klink F. Amino acid transfer factors from yeast. 
Isolation and properties of three different transfer-active pro- 
tein factors. Biochemistry 6:3569-3575, 1967. 
Lake JA. Aminoacyl-tRNA binding at the recognition site in 
the first step of the elongation cycle of protein biosynthesis. 
Proc Natl Acad Sci USA 74:1903-1907, 1977. 
Noller AF, Haffarth V,  Zimniak L. Unusual resistance of pep- 
tidy1 transferase to protein extraction procedures. Science 
256:141&1419, 1992. 
Lake JA. Evolving ribosome structure: Domains in Archae- 
bacteria, Eubacteria, Eocytes and Eukaryotes. Annu Rev Bio- 
chem 54507-530, 1985. 
Eisenberg H. Life at the end of the ribosomal tunnel. TIBS 

Rheinberger HJ, Sternbach H, Nierhaus KH. Three tRNA 
binding sites on Escherichia coli ribosomes. Proc Natl Acad 
Sci USA 78:531&5314, 1981. 
Chantrene H. In: Alexander P, Bacq Z, Eds. Modern Trends in 
Physiological Science. Pergamon Press, p122, 1961. 
Hardesty B, Odom OW, Deng HY. In: Hardesty B, Kramer G, 
Eds. Structure, Function and Genetics of Ribosomes. New 
York: Springer-Verlag, pp495-508, 1986. 
Odom OW, Picking WD, Hardesty B. Movement of tRNA but 
not the nascent peptide during peptide bond formation on ri- 
bosomes. Biochemistry 29: 10734-10744, 1990. 
Odom OW, Picking WD, Tsalkova T, Hardesty B. The syn- 
thesis of polyphenylalanine on ribosomes to which erythromy- 
cin is bound. Eur J Biochem 198:713-722, 1991. 
Noller HF, Noazed D, Stem S, Powers T, Allen PN, Robert- 
son JM, Weiser B, Triman K. In: Hill WE, Dahlberg A, Garret 
RA, Moor PP, Schlesinger D, Warner JR, Eds. The Ribosome: 
Structure, Function and Evolution. Washington, DC: Ameri- 
can Society for Microbiology, pp73-92, 1990. 
Bernabeu C, Tobin EM, Fowler A, Zabin I ,  Lake JA. Nascent 
polypeptide chains exist the ribosome in the same relative po- 
sition in both eukaryotes and prokaryotes. J Cell Biol96:1471- 
1474, 1993. 
Fischer N, Stoffler G, Wool IG. Immunological comparison of 

54:1l09-ll49, 1985. 

55~1562-1566, 1966. 

12:207-208, 1987. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

the proteins of chicken and rat liver ribosomes. J Biol Chem 
253:7355-7360, 1978. 
Gough NM, Adams JM. Immunoprecipitation of specific poly- 
somes using Staphylococcus aureus. Purification of the immu- 
noglobulin K chain messenger RNA from the mouse myeloma 
MPC 1 1 .  Biochemistry 17:556&5566, 1978. 
Chandra T, Kurachi K, Daries EW, Woo SLC. Indication of 
alpha-I antitrypsin mRNA and cloning of its cDNA. Biochem 
Biophys Res Commun 103:751-758, 1981. 
Robson KJH, Chandra T. McGillyvray RTA, Woo SLC. Poly- 
some immuneprecipitation of phenylalanine hydroxylase 
mRNA from rat liver and cloning of its cDNA. Proc Natl Acad 
Sci USA 79:47014705, 1982. 
Umeda PK, Zak R, Rabinovitz M. Purification of messenger 
ribonucleic acids for fast and slow myosin heavy chains by 
direct immunoprecipitation of polysomes from embryonic 
chick skeletal muscle. Biochemistry 19: 1955-1965, 1980. 
Molnar J ,  Sy D. Attachment of glucosamine to protein at the 
ribosomal site of rat liver. Biochemistry 6:1941-1947, 1967. 
Schachter H, Jabbal I, Hudgin RL, Pinteric L. Intracellular 
localization of liver sugar nucleotide glycoproteins glycosyl- 
transferases in a Golgi-rich fraction. J Biol Chem 245: 1099- 
1100. 1970. 
Kopacz-Jodczyk T. Paszkiewicz-Gadek A, Galasinski W. The 
attachment of UDP-hexosamines to the ribosomes isolated 
from rat liver. Biochem Med Metab Biol 39:29&295, 1988. 
Paszkiewicz-Gadek A,  Porowska H, Gaiasinski W. The par- 
ticipation of ribosomes in protein glycosylation. Interaction of 
the ribosome-UDP-N-acetylglucosamine complex with doli- 
chol phosphate. Acta Biochim Pol 39:251-264, 1992. 
Wool IG, Stoffler G. In: Nomura M, Tissieres A, Lengyel P, 
Eds. Ribosomes. New York: Cold Spring Harbor Laboratory, 
pp4 1 7460,  1974. 
Kreibich G ,  Czako-Graham M, Grebanau R, Mok W. Rod- 
riguez-Boulan E, Sabatini DD. Characterization of the riboso- 
mal binding site in rat liver rough microsomes: Ribophorins I 
and 11, two integral membrane proteins related to ribosome 
binding. J Supramol Struct 8:279-302, 1978. 
Wool 1G. The structure and function of Eukaryotic ribosomes. 
Annu Rev Biochem 48:719-754, 1979. 
topaczynski W, Skowronski J ,  Galasinski W. Immunochemi- 
cal and biochemical studies on ribosomal proteins from Guerin 
epithelioma. XI11 Congress of Chemotherapy. Poster Session, 
Sec. 10/2, 14, 1983. 
Leader DP, Cola AA. The phosphorylation of an acidic protein 
of the large ribosomal subunit of Krebs ascites cells. Biochem 

Leader DP, Cola AA, Fahmy LH. The extent of phosphory- 
lation of the acidic 60s ribosomal phosphoprotein L in Krebs 11 
ascites cells and the skeletal muscle of normal and diabetic 
rats. Biochem Biophys Res Commun 83:5&58, 1978. 
Rodger A. Ribosomal proteins in rapidly growing and non- 
proliferating mouse cells. Biochim Biophys Acta 294:292-296, 
1973. 
Leader DP. Increased phosphorylation of a liver ribosome pro- 
tein in mice carrying ascites tumours. Cancer Lett 12:239-244, 
1981. 
No11 F, Bommer UA, Lutsch G, Theise H, Bielka H. Local- 
ization of rat liver ribosomal proteins S2 and its involvement in 
initiation factor eIF-2 binding to the 40s ribosomal subunit. 
FEBS Lett 87: 129-13 I ,  1978. 
Westermann P, Heumann W, Bommer VA, Bielka H, Nygard 
D, Hultin T. Cross-linking of initiation factor eIF-2 to the sub- 
unit rat liver ribosomes. FEBS Lett 97:lOl-104, 1979. 
Storch W. Fluorescent patterns of antibodies to mitochondria, 
endoplasmic reticulum and ribosomes. Acta Histochem 71:67- 
72, 1982. 
Rizzetto M, Doniach D. Ribosomal antibodies detected by im- 
munofluorescence in systemic lupus erythematosus and other 
collagenoses. Clin Exp Immunol 17:617-628, 1974. 
Koffler D, Miller TE, Lahita RG. Studies on the specificity and 
clinical correlation of antiribosomal antibodies in systematic 
lupus erythematosus sera. Arthritis Rheum 22:463470, 1979. 
Lamon EW, Bennel JC, Antibodies to ribosomal nucleic acid 

J 162:199-200, 1977. 

POLYPEPTIDE ELONGATION SYSTEM 33 



(rRNA) in patients with systematic lupus erythematosus 
(SLE). Immunology 19:4394l2, 1970. 

43. Miyachik T, Tan EM. Antibodies reacting with ribonucleopro- 
teins in connective tissue disease. Arthritis Rheum 22:87-93, 
1979. 

44. Towbin H, Staechelin T, Gordon J. Electrophoretic transfer of 
proteins from polyacrylamide gels to nitrocellulose sheets pro- 
cedure and some applications. Proc Natl Acad Sci USA 
76:43504354, 1979. 

45. Gordon J,  Towbin H, Rosental M. Antibodies directed against 
ribosomal protein determinants in the sera of patients with 
connective tissue diseases. J Rheumatol 9:247-252, 1982. 

46. Subira ML, Oehling A,  Diaquez I ,  Martin-Gill D. Immunother- 
apy with bacterial antigens in bronchial asthma, 11. Immuno- 
logical study Allergol Immunopathol 1053, 1982. 

47. Brot N. In: Perez-Berkoft R,  Ed. Protein Biosynthesis in Eu- 
karyotes. New York: Plenum, pp253-273, 1982. 

48. Lambright DG, Noel JP, Hamm HE, Sigler PB. Structural de- 
terminants for activation of the a-subunit of heterotrimeric G 
protein. Nature 369:621-628, 1994. 

49. Simon MI, Strathmann MP, Gautam N.  Discovery of G-pro- 
teins in signal transduction. Science 252:802-808, 1991.  

50. Conclin BR, Bourne HR. Structural elements of G alpha sub- 
units that interact with G beta gamma receptors, and effectors. 
Cell 73:631441, 1993. 

51.  Brunger AT, Milburn MV. Tong L, de Vos AM,  Jancarik J. 
Yamaizumi Z, Nishimura S, Ohtsuka E, Kim SH. Crystal 
structure of an active form of RAS protein a complex of GTP 
analogue and the HRAS p 2 1 catalytic domain. Proc Natl Acad 
Sci USA 87:4849-4853, 1990. 

52. Tong LA, deVos A M ,  Milburn MV,  Kim SH. Crystal structure 
at 2.2A resolution of the catalytic domains of normal ras pro- 
tein and an oncogenic mutant complexed with GDP. J Mol Biol 

53. Jurnak F. Structure of the GDP domain of the amino acid 
homologous to ras oncogen proteins. Science 230:32-36. 1985. 

54. Berthold H. Reshetnikova L, Reiser ChOA, Schirmer NK, 
Sprinzi M ,  Hilgenfeld R. Crystal structure of active elongation 
factor Tu reveals major domain rearrangements. Nature 
365: 126-1 32, 1993. 

55. Bourne HR, Sanders DA, McCormick F. The GTPase super- 
family: Conserved structure and molecular mechanism. Nature 

56. Bourne HR, Sanders DA, McCormick F. The GTPase super- 
family: A conserved switch for diverse cell functions. Nature 

57. Wolley P, Clarck BFC. Homologies in the structures of 
G-binding proteins: An analysis based on elongation factor Tu. 
Biotechnology 7:913-920, 1989. 

58. Schneir M,  Moldave K. The isolation and biological activity of 
multiple forms of aminoacyl transferase I of rat liver. Biochim 
Biophys Acta 166:5&67. 1968. 

59. Collins JF, Moon HM, Maxwell ES. Multiple forms and some 
properties of aminoacyl transferase I from rat liver. Biochem- 
istry 11:4187-4194, 1972. 

60. Ejiri S ,  Murakami K,  Katsumata T. Elongation factor 1 from 
silk gland of silkworm. Reconstitution of EF-IM from its sub- 
units EF-la and EF-Ibc. FEBS Lett 92:251-254, 1978. 

61. Moon HM, Redfield B, Millard S, Vane F, Weissbach H. Mul- 
tiple forms of elongation factor l from calf brain. Proc Natl 
Acad Sci USA 70:3282-3286, 1973. 

62. Nombela C, Redfield B, Ochoa S, Weissbach H. Elongation 
factor 1 from Artemia salina: Properties and disagregation of 
the enzyme. Eur J Biochem 65395402, 1976. 

63. Prater N ,  Ravel JM, Hardesty B, Shive W. Evidence for ac- 
tivities of rabbit reticulocyte elongation factor I analogous to 
bacterial factor Tu and Ts. Biochem Biophys Res Commun 
57578-583, 1974. 

64. Slobin LJ. Moller W. Purification and properties of an elonga- 
tion factor functionally analogous to bacterial elongation factor 
Ts from embryos of Artemia salina. Eur J Biochem 84:69-77, 
1978. 

65. Weissbach H, Redfield B, Moon HM. Further studies on the 

217~503-516, 1991. 

349:l 17-127, 1991. 

348:125-132, 1990. 

interaction of elongation factor 1 from animal tissues. Arch 
Biochem Biophys 156:267-275, 1973. 

66. Coppard NJ, Cramer F, Clark BF. Identification of elongation 
factor 1 alpha from mouse liver. FEBS Lett 45332-336, 1983. 

67. Iwasaki K, Mizumoto K, Tanaka M, Kaziro Y. A new protein 
factor required for polypeptide elongation in mammalian tis- 
sues. J Biochem (Tokyo) 74:849-852, 1973. 

68. Iwasaki K, Nagata S, Mizumoto K, Kaziro Y.  Purification of 
low molecular weight form of polypeptide chain elongation fac- 
tor 1 from pig liver. J Biol Chem 249:5008-5010, 1974. 

69. Iwasaki K, Matyoshi K, Nagata S, Kaziro Y. Purification and 
properties of a new polypeptide chain elongation factor, EF- 
Ip. from pig liver. J Biol Chem 251:1843-1845, 1976. 

70. McKeehan WL, Hardesty B. Purification and partial charac- 
terization of the aminoacyl transfer ribonucleic acid binding 
enzyme from rabbit reticulocytes. J Biol Chem 244:43304339, 
1969. 

71. Kemper WM, Merrick WC. Preparation of protein synthesis 
elongation factors from rabbit reticulocytes. Methods Enzymol 
60:638-648, 1979. 

72. Ejiri S ,  Murakami K, Katsumata T. Elongation factor 1 from 
the silk gland of silkwern. Purification and some properties of 
its y subunit having EF-IP activity. FEBS Lett 82:111-114, 
1977. 

73. Bollini R. Soffientini A N ,  Bertani A, Lanzani GA. Some mo- 
lecular properties of elongation factor EF-I from wheat em- 
bryos. Biochemistry 135421-5425, 1974. 

74. Lauer SJ. Burke E, Irvin JD, Ravel JM. Purification and char- 
acterization of three elongation factors, EF-la, EF-IPy and 
EF-2, from wheat germ. J Biol Chem 259:1644-1648, 1984. 

75. Richter D, Lipmann F. Formation of a ternary complex be- 
tween formylatable yeast Met-tRNA, GTP and binding factor 
Tu of yeast and E. cob. Nature 225:1212-1214, 1970. 

76. Chakraburtty K, Kamath A. Protein synthesis in yeast. Int J 
Biochem 20581-590, 1988. 

77. Thompson RC, Dix DB, Karim AM. The reaction of ribosomes 
with elongation factor Tu complexes. J Biol Chem 261:4868- 
4874, 1986. 

78. Bosh L, Kraal B, Van der Meide PH, Duisterwinkel FJ, Van 
Noort JM. The elongation factor EF-Tu and its two encoding 
genes. Prog Nucl Acid Res Mol Biol 30:91-126, 1983. 

79. Miller DL, Weissbach H. Studies on the purification and prop- 
erties of factor Tu from E. coli. Arch Biochem Biophys 
141:2637, 1970. 

80. Eccleston JF. Dix DB. Thompson RC. The rate of cleavage of 
GTP on the binding of Phe-tRNA4longation factor T u - G T P  
to poly(U)-programmed ribosomes of Esherichia coli. J Biol 
Chem 260:16237-16241, 1985. 

81. Lipmann C. Betzel C, Dauter Z, Wilson K, Erdmann VA. 
Crystalization and preliminary X-ray diffraction studies of in- 
tact EF-Tu from Thermus aquaticus YT-I. FEBS Lett 

82. Kjelgard M,  Nyborg J. Refined structure of elongation factor 
EF-Tu from Eschericia coli. J Mol Biol 223:721-742, 1992. 

83. Kinzy TG, Freeman JP, Johnson AE, Merrick WC. The model 
for the aminoacyl-tRNA binding site of eukaryotic elongation 
factor I alpha. J Biol Chem 267:1623-1632, 1992. 

84. Jabionowska K ,  Telejko E, Kopacz-Jodczyk T, Gaiasinski W. 
Heterogeneous forms of elongation factor I (EF-I) from 
Guerin tumour cells in rats. I. Purification of EF-IA, EF-IB 
and EF-IC from Guerin tumour cells. Bull Pol Ac Biol29:361- 
366, 1981. 

85. Telejko E, Jabionowska K, Skowronski J, Gaiasinski W. Het- 
erogeneous forms of elongation factor 1 (EF-I). 11. The char- 
acter of highly purified heterogeneous forms of EF-1 isolated 
from Guerin tumour cells. Bull Pol Ac Biol 29:367-372, 1981. 

86. McKeehan WL, Hardesty B. Purification and partial charac- 
terization of the aminoacyl transfer ribonucleic acid binding 
enzyme from rabbit reticulocytes. J Biol Chem 244:43304339, 
1969. 

87. Marcinkiewicz C, Gajko A, Gaiasinski W. Purification and 
properties of the heterogeneous subunits of the elongation fac- 

240:139-142, 1988. 

34 POLYPEPTIDE ELONGATION SYSTEM 



tor EF-1 from Guerin epithelioma cells. Acta Biochim Pol 

88. Marcinkiewicz C, Galasinski W. Isolation and properties of 
subunit form EF-IC of elongation factor I from Guerin epithe- 
lioma cells. Acta Biochim Pol 40:225-230, 1993. 

89. Spiryn AS. Eukaryotic messenger RNA and informosomes. 
FEBS Lett 88:1-4, 1978. 

90. Motorin YA, Wolfson AD, Orlovsky AF, Gladilin KL. Mam- 
malian valyl-tRNA synthetase forms a complex with the first 
elongation factor. FEBS Lett 238:262-264, 1988. 

91. Negrutskii BS, Deutscher MP. Channeling of aminoacyl-tRNA 
for protein synthesis in vivo. Proc Natl Acad Sci USA 88:4991- 
4995, 1991. 

92. Sacchi GA, Zocchi G, Cocucci S. Changes in form of elonga- 
tion factor I during germination of wheat seeds. Eur J Biochem 
139:14, 1984. 

93. Janssen GMC, van Damme HTF, Kriek J, Amons R, Moller 
W. The subunit structure of elongation factor 1 from Artemia. 
Why two a-chains in this complex. J Biol Chem 269:3141& 
31417, 1994. 

94. Moon HM, Redfield B, Weissbach H. Interaction of eukaryote 
elongation factor EF- 1 with guanosine nucleotides and ami- 
noacyl-tRNA. Proc Natl Acad Sci USA 69:1249-1252, 1972. 

95. Nogata S, Iwasaki K, Kaziro Y. Interaction of the low molec- 
ular weight form elongation factor I with guanine nucleotides 
and aminoacyl-tRNA. Arch Biochem Biophys 172: 168-177, 
1976. 

96. Slobin LI, Moller W. Characterization of developmentally reg- 
ulated forms of elongation factor I in Artermia salina. 2. Func- 
tional properties of the enzyme. Eur J Biochem 69:367-375, 
1976. 

97. Slobin LI, Moller W. Characterization of developmentally reg- 
ulated forms of elongation factor 1 in Artemia salina. 1. Puri- 
fication and structural properties of the enzyme. Eur J Bio- 
chem 69:351-366, 1976. 

98. Legocki AB, Redfield B, Weissbach H. Interaction of the 
heavy and light forms of elongation factor 1 with guanine nu- 
cleotides and aminoacyl-tRNA. Arch Biochem Biophys 161: 

99. Moon HM, Weissbach H. Interaction of brain transferase I 
with guanosine nucleotides and aminoacyl-tRNA. Biochem 
Biophys Res Commun 46:254-262, 1972. 

100. Nolan RD, Grasmuk H, Hogenauer G, Drews J .  Elongation 
factor I from Krebs I1 mouse ascites cells. Interaction with 
guanosine nucleotides and aminoacyl-tRNA. Eur J Biochem 
45:60 1-609, 1974. 

101. Moldave K, Ibuki F, Rao P, Schneir M, Skogerson L, Sutter 
RP. In: Pietro AS, Lambory MP, Kenney FT, Eds. Some Reg- 
ulatory Mechanisms of Protein Synthesis in Mammalian Cells. 
New York: Academic Press, pp191-229, 1968. 

102. Ibuki F, Moldave K. The effect of GTP, other nucleotides and 
aminoacyl transfer ribonucleic acid on the activity of trans- 
ferase I and on its binding to ribosomes. J Biol Chem 243:44- 
50, 1968. 

103. Nolan RD, Grasmuk H, Drews J. The binding of tritiated elon- 
gation factor I and 2 to ribosomes from Krebs I1 mouse ascites 
tumour cells. Eur J Biochem 50:391402, 1975. 

104. Lin SY, McKeekan WL, Culp W, Hardesty B. Partial charac- 
terization of the enzymatic properties of the aminoacyl transfer 
ribonucleic acid binding enzyme. J Biol Chem 244:43404350, 
1969. 

105. Grasmuk H, Nolan RD, Drews J. The isolation and character- 
ization of elongation factor eEF-Ts from Krebs I1 mouse- 
ascites tumour cells and its role in elongation process. Eur J 
Biochem 92:479-490, 1978. 

106. Motoyoshi K ,  Iwasaki K. Resolution of polypeptide chain 
elongation factor lpy into subunits and some properties of the 
subunits. J Biochem (Tokyo) 82:703-708, 1977. 

107. Motoyoshi K, Iwasaki K, Kaziro Y.  Purification and proper- 
ties of polypeptide chain elongation factor-] Py from liver. J 
Biochem (Tokyo) 82:145-155, 1977. 

108. Van Damme HTF, Amons R, Karssies R, Timmers CJ, Jans- 
sen GMC, Moller W. Elongation factor EF-1P of Artemia: Lo- 

38:129-134, 1991. 

709-712, 1974. 

calization of functional sites and homology to elongation factor 
16. Biochim Biophys Acta 1050:241-247, 1990. 

109. Dasmahaparta D, Skogerson L, Chakraburtty K. Purification 
and properties of the elongation factor 1 from Saccharmyces 
cerevisiae. J Biol Chem 256: 1OOO5-1OO11, 1981. 

110. Crechet JB, Canceil D, Bocchini V, Permegiani A. Character- 
ization of the elongation factors from calf brain. 1 .  Purification, 
molecular and immunological properties. Eur J Biochem 
161:635-645, 1986. 

1 1  1.  Saha KS, Chakraburtty K. Protein synthesis in yeast. Isolation 
of variant forms of elongation factor 1 from yeast Saccharo- 
myces cerevisiae. J Biol Chem 261: 12599-12603, 1986. 

112. Bec G, Kerjan P, Zha XD, Waller JP. Valyl-tRNA synthetase 
from rabbit liver. Purification as a heterotropic complex in 
association with elongation factor. 1. J Biol Chem 264:21131- 
21137, 1989. 

113. Marcinkiewicz C, Gajko A, Galasinski W. The phosphoryla- 
tion of elongation factor EF-1 isolated from Guerin epithe- 
lioma. Acta Biochim Pol 39:7-13, 1992. 

114. Janssen GMC, Maessen GDF, Amons R, Moller W. Phosphor- 
ylation of elongation factor l p  by an endogeneous kinase af- 
fects its catalytic nucleotide exchange activity. J Biol Chem 

115. Twardowski T, Hill JM, Weissbach H. Dissagregation of elon- 
gation factor 1 by extracts of Artemia salina. Biochem Biophys 
Res Commun 71:826-833, 1976. 

116. Bolla R, Brot N. Age dependent changes in enzymes involved 
in macromolecular synthesis Tubatrix aceti. Arch Biochem 
Biophys 169:227-236, 1975. 

117. Carvalho JF, Carvalho MG, Merrick WC. Purification of var- 
ious forms of elongation factor 1 from rabbit reticulocytes. 
Arch Biochem Biophys 234591-602, 1984. 

118. Miyazaki M, Uritani M, Fujimura K, Yamacatsu M, 
Kageyama T, Takahashi K. Peptide elongation factor 1 from 
yeast: Purification and characterization of peptide elongation 
factor 1 and lp(y) from Saccharomyces carlbergensis and 
Schizosaccharomyces pombe. J Biochem (Tokyo) 103:508- 
521, 1988. 

119. Janssen GMC, Moller W. Elongation factor IPy from Artemia. 
Purification and properties of its subunits. Eur J Biochem 

120. Slobin LI, Moller W. The heavy form of elongation factor I in 
A. salina embryos is functionally analogous to a complex of 
bacterial EF-Tu and EF-Ts. Biochem Biophys Res Commun 
74:35&365, 1977. 

121. Blumenthal T, Landers TA, Weber K. Bacterioophage QP rep- 
licate contains the protein biosynthesis elongation factors EF- 
Tu and EF-TS. Proc Natl Acad Sci USA 69:1313-1317, 1972. 

22. Collins JF, Raeburn S, Maxwell ES. Aminoacyltransferase I1 
from rat liver. J Biol Chem 246:1049-1054, 1971. 

23. Merrick WC, Kemper WM, Kantor JA, Anderson WF. Puri- 
fication and properties of rabbit reticulocyte protein synthesis 
elongation factor 2. J Biol Chem 250:262&2625, 1975. 

24. Comstoch JP, Nguen TV. Purification and characterization of 
homogeneous protein elongation factor 2 from hen oviduct. 
Biochim Biophys Acta 477:199-220, 1977. 

25. Galasinski W, Moldave K. Purification of aminoacyltrans- 
ferase I1 (translocation factor) from rat liver. J Biol Chem 
244:6527-6532, 1969. 

126. Kohno K, Uchida T, Ohkubo H, Nakanishi S, Nakanishi T, 
Fukui T, Ohtsuka E, Ikehara M, Okada Y. Amino acid se- 
quence of mammalian elongation factor 2 deduced from cDNA 
sequence: Homology with GTP-binding proteins. Proc Natl 
Acad Sci USA 83:4978-4982, 1986. 

127. Perentesis JP, Phan LD, Gleason WB, La Porte DC, Living- 
ston DM, Bodley JM. Saccharomyces cerevisiae elongation 
factor 2. J Biol Chem 267:119&1197, 1992. 

128. Nilsson L, Nygard 0. Altered sensitivity of eukaryotic elon- 
gation factor 2 for trypsin after phosphorylation and ribosomal 
binding. J Biol Chem 266:10578-10582, 1991. 

129. Nygard 0, Nilsson L. Translational dynamics. Interaction be- 
tween the translational factors, tRNA and ribosomes during 
eukaryotic protein synthesis. Eur J Biochem 191:l-17, 1990. 

130. Omura F, Kohno K, Uchida T. The histidine residue of codon 

263:11063-11066, 1988. 

171:119-129, 1988. 

POLYPEPTIDE ELONGATION SYSTEM 35 



715 is essential for function of elongation factor 2. Eur J Bio- 
chem 18O:l-8, 1989. 

131. Nairn AC, Palfrey HC. Identification of the major Mr 100000 
substrate for calmodulin-dependent protein kinase 111 in mam- 
malian cells as elongation factor 2.  J Biol Chem 262:17299- 
17303. 1987. 

132. Czworkowski J. Wang J ,  Steitz TA. Moore PB. The crystal 
structure of elongation factor G complexed with GDP. at 2.7 A 
resolution. EMBO J 13:3661-3668, 1994. 

133. Bernardi A. Leder P. Protein biosynthesis in E. coli. Purifica- 
tion and characteristics of a mutant G factor. J Biol Chem 
24542634268. 1970. 

134. Evers J,  Gardner D. Kaplan NO. Gaiasinski W. Moldave K. 
The formation of ternary complex between diphtheria toxin 
aminoacyltransferase 11 and diphosphopyridinenucleotide. J 
Biol Chem 245899-905. 1970. 

135. Colier RJ. Effect of diphtheria toxin on protein biosynthesis: 
Inactivation of one of the transfer factors. J Mol Biol 2583-98. 
1967. 

136. Hradec J .  Specificity of factors required for peptide elongation 
in mammalian cells. FEBS Lett 10:163-164. 1970. 

137. Reaburn S.  Goor RS. Collins JF ,  Maxwell ES. Alteration in the 
ionic properties of aminoacyltransferase I1 from rat liver by 
NAD' and diphteria toxin. Biochim Biophys Acta 199294- 
297. 1970. 

138. Nakamura S. Ohta S.  Avai K. Oshima T. Kaziro Y. Studies on 
polypeptide-chain elongation factor from an extreme thermo- 
phile, Thermus thermophilus HBB. Eur J Biochem 92533-543. 
1978. 

139. Twardowski T. Legocki AB. Interaction of elongation factor 2 
from wheat germ with guanine nucleotides and ribosomes. 
Acta Biochim Pol 24:21-33. 1977. 

140. Jabionowska K, Kopacz-Jodczyk T. Niedzwiecka J. Gaiasin- 
ski W. Isolation and characterization of elongation factor EF-2 
from Guerin tumour. Acta Biochim Pol 30:381-388. 1983. 

141. Sredzinska K,  Gajko A. Gaiasinski W. Differences in the struc- 
tures of the elongation factors (EF-2) isolated from Guerin ep- 
ithelioma and rat liver. Bull Pol Ac Biol 39:171-174. 1991. 

142. Robinson EA, Maxwell ES. Chemical properties of elongation 
factor 2. Amino acid composition, NH,-terminal residue, and 
sulfhydryl reactivity. J Biol Chem 247:7023-7028. 1972. 

143. Gaiasinski W, Marcinkiewicz C. Gajko A. Sredzinska K,  Tele- 
jko E. Elongation factors from the Guerin epithelioma and rat 
liver cells. Acta Biochim Pol 40:433443, 1993. 

144. Gajko A, Gaiasinski W, Gindzienski A. Multiformity of elon- 
gation factor eEF-2 isolated from rat liver cells. Biochem Bio- 
phys Res Commun 2025344-849, 1994. 

145. Skogerson L. Moldave K. Evidence for aminoacyl-tRNA bind- 
ing, peptide bond synthesis and translocase activities in the 
aminoacyl transfer reaction. Arch Biochem Biophys 125479- 
505. 1968. 

146. Pestka S.  Studies on the formation of transfer ribonucleic acid- 
ribosome complex. 111. The formation of peptide bonds by 
ribosomes in the absence of supernatant enzymes. J Biol Chem 
243:281&2820, 1968. 

147. Skogerson L ,  Moldave K. Characterization of the interaction 
of amino-transferase I1 with ribosomes. Binding of peptidyl 
transfer ribonucleic acid. J Biol Chem 24353565360, 1968. 

148. Schneider JA. Raeburn S ,  Maxwell ES. Translocase activity in 
the aminoacyl transferase I1 fraction from rat liver. Biochem 
Biophys Res Commum 33: 177-1 8 1 ,  1968. 

149. Tanaka M, Iwasaki K,  Kaziro Y. Translocation reaction pro- 
moted by polypeptide chain elongation factor 2 from pig liver. 
J Biochem (Tokyo) 82:1035-1043. 1977. 

150. Moldave K. Gaiasinski W. Rao P, Siler J. Studies on the pep- 
tidy1 tRNA transferase from rat liver. Cold Spring Harbor 
Symp Quant Biol 34:347-356, 1969. 

151. Nygard 0, Nilsson L.  Reduced ribosomal binding of eukary- 
otic elongation factor 2 following ADP-ribosylation. Difference 
in binding selectivity between polyribosomes and reconstituted 
monoribosomes. Biochim Biophys Acta 824: 152-162, 1985. 

152. Fendrick JL,  Iglewski WJ, Moehring JM, Moehring TJ. Char- 
acterization of the endogeneous ADP-ribosylation of wild-type 

and mutant elongation factor 2 in eukaryotic cells. Eur J Bio- 
chem 20525-3 I ,  1992. 

153. Kaziro Y. The role of guanosine 5'-triphosphate in polypeptide 
chain elongation. Biochim Biophys Acta 50595-127, 1978. 

154. Palfrey HC. Presence in many mammalian tissues of an iden- 
tical major cytosolic substrate (Mr 1000o00) for calmodulin- 
dependent protein kinase. FEBS Lett 157:183-190, 1983. 

155. Ryazanov AG. Ca' + kalmodulin-dependent phosphorylation 
of elongation factor 2. FEBS Lett 214:331-334, 1987. 

156. Nairn AC. Bhagat B. Palfrey HC. Identification of calmodulin- 
dependent protein kinase 111 and its major 1OOOOO substrate in 
mammalian tissues. Proc Natl Acad Sci USA 82:7939-7943, 
1985. 

157. Ryazanov AG. Natapov PG. Shestakova EA, Severin FF, Spi- 
rin AS. Phosphorylation of the elongation factor 2: The fifth 
Ca' + -calmodulin-dependent system of protein phosphoryla- 
tion. Biochemie 70:619426, 1988. 

158. Tuazon PT. Merick WC. Trough JA. Comparative analysis of 
phosphorylation of translational initiation and elongation fac- 
tors by seven protein kinases. J Biol Chem 264:2773-2777, 
1989. 

159. Sitikov AS. Simonenko PN. Shestakova EA, Ryazanov AG, 
Ovchinnikov LP. CAMP dependent activation of protein syn- 
thesis correlates with dephosphorylation of elongation factor 2. 
FEBS Lett 228:327-331, 1988. 

160. Shestakova EA. Ryazanov AG. Influence of elongation factor 
2 phosphorylation on its activity in the cell-free translation 
system. (in Russian). Dokl Akad Nauk USSR 297:1495-1498. 
1987. 

161. Ryazanov AG. Shestakova EA. Natapov PG. Phosphorylation 
of elongation factor 2 by EF-2 kinase affects rate of translation. 
Nature 334:17&173. 1988. 

162. Gajko A, Sredzinska K. Marcinkiewicz C. Gaiasinski W. The 
effect of phosphorylation of the EF-2 isolated from rat liver 
cells on protein biosynthesis in vitro. Acta Biochim Pol 38:353- 
358, 1991. 

163. Wong WL, Brostrom MA. Brostrom CO. Effects of Ca'+ and 
ionophore A 23187 on protein synthesis in intact rabbit retic- 
ulocytes. Int J Biochem 23:605408, 1991. 

164. Palfrey HC, Nairn AC, Muldoon LL,  Villeral ML. Rapid ac- 
tivation of calmodulin-dependent protein kinase 111 in nitrogen- 
stimulate human fibroblasts. J Biol Chem 262:9785-9792, 1987. 

165. Ryazanov AG. Spirin AS. Phosphorylation of elongation factor 
2. A mechanism to shut off protein synthesis for reprogram- 
ming gene expression 2. In: Joseph Ilan, Ed. Translational 
Regulation of Gene Expression 2. New York: Plenum Press, 
pp433455, 1993. 

166. Ovchinnikov LP, Motuz LP, Natapov PG. Averbuch LJ, Wet- 
tenhall REH. Szyszka R. Kramer G. Hardesty B. Three phos- 
phorylation sites in elongation factor 2.  FEBS Lett 275209- 
212, 1990. 

167. Ryazanov AG, Davydova EK. Mechanism of elongation factor 
2 (EF-2) inactivation upon phosphorylation. Phosphorylated 
EF-2 is unable to catalyze translocation. FEBS Lett 251:187- 
190, 1989. 

168. Dumont-Miscopein A. Lavergne JP, Guillot D, Sontag B, Re- 
boud JP. Interaction of phosphorylated elongation factor EF-2 
with nucleotides and ribosomes. FEBS Lett 356:283-286, 1994. 

169. Gajko A. Galasinski W, Gindzienski A. Purification and char- 
acterization of the protein kinase eEF-2 isolated from rat liver 
cells. Acta Biochim Pol 41:421427, 1994. 

170. Nilsson A, Carlberg U, Nygard 0. Kinetic characterization of 
the enzymatic activity of the EF-2 specific Ca2+-  and calmod- 
ulin-dependent protein kinase 111 from rabbit reticulocytes. 
Eur J Biochem 195377-383. 1991. 

171. Nygard 0, Nilsson A, Carlberg U, Nilsson L, Amons R. Phos- 
phorylation regulates the activity of the eEF-2 specific Ca2+-  
and calmodulin-dependent kinase 111. J Biol Chem 266: 16425- 
16430. 1991. 

172. Gillette R, Gillette M, Lipeski L, Connor J .  pH sensitive Ca2+/  
calmodulin-dependent phosphorylation of unique protein in 
molluscan nervous system. Biochim Biophys Acta 1036:207- 
212, 1990. 

173. Gschwendt M, Littstein W, Mieskes G ,  Marks F. A type 2 A 

36 POLYPEPTIDE ELONGATION SYSTEM 



protein phosphatase dephosphorylates the elongation factor 2 
and is stimulated by the phorbol ester TPA in mouse epidermis 
in vivo. FEBS Lett 257:357-360, 1989. 

174. Skogerson L, Wakatama E. A ribosome dependent GTPase 
from yeast distinct from elongation factor 2. Proc Natl Acad 
Sci USA 73:73-76, 1976. 

175. Skogerson L, Engelhardt D. Dissimilarity in protein chain 
elongation factor requirements between yeast and rat liver ri- 
bosomes. J Biol Chem 252:1471-1475, 1977. 

176. Dasmahaparta B, Chakraburtty K. Purification and properties 
of elongation factor 3 from Saccharomyces cerevisiae. J Biol 
Chem 256:9999-10004, 1981. 

177. Kamath A, Chakraburtty K. Purification of elongation factor 3 
from temperature-sensitive mutant 13-06 of the yeast Saccha- 
romyces cerevisiae. J Biol Chem 261:1259&12598, 1986. 

178. Skogerson L. Separation and characterization of yeast elonga- 
tion factors. Methods Enzymol 60:676-685, 1979. 

179. Hutschison JS, Feinberg B, Rothwell TC, Moldave K. Mono- 
clonal antibody specific for yeast elongation factor 3.  Biochem- 
istry 23:3055-3063, 1984. 

180. Qin S ,  Moldave K, McLaughlin CS. Isolation of the yeast gene 
encoding elongation factor 3 for protein synthesis. J Biol Chem 

181. Paszkiewicz-Gadek A, Grochowska K ,  Galasinski W. Effect of 
the aqueous extract and saponin fraction from flowers of Ver- 
bascum thapsiforme on protein biosynthesis in rat liver ribo- 
somal system. Phytotherapy Res 4:177-181, 1990. 

262~7802-7807, 1987. 

182. Chlabicz J ,  Paszkiewicz-Gadek A, Grochowska K, Galasinski 
W. Substance of plant origin with anticipated cyto- and onco- 
static activity inhibit protein biosynthesis. Herba Hungarica 
30:61-67, 1991. 

183. Goldman A. Abstr 153rd National Meeting of American Chem 
SOC, Miami, 1967. 

184. Paszkiewicz-Gadek A, Chlabicz J ,  Galasinski W. The influ- 
ence of selected potential oncostatics of plant origin on the 
protein biosynthesis in vitro. Pol J Pharmacol Pharm 40:183- 
190, 1988. 

185. Marcinkiewicz C, Galasinski W, Gindzienski A. EF-la is a 
target site for an inhibitory effect of quercetin in the peptide 
elongation process. Acta Biochim Pol 42:347-350, 1995. 

186. Vazquez D, Monro RE. Effects of some inhibitors of protein 
synthesis on the binding of aminoacyl-tRNA to ribosomal sub- 
units. Biochim Biophys Acta 142: 155-173, 1967. 

187. Vazquez D. In: Inhibitors of Protein Biosynthesis. Berlin: 
Springer-Verlag, pp52-102, 1991. 

188. Chlabicz, J ,  Rozanski A, Galasinski W. Studies on substance 
of plant origin with anticipated cyto- and oncostatic activity. 
The influence of water extracts from Melissa officinalis on the 
protein biosynthesis in vitro. Pharmazie 39:770, 1984. 

189. Chlabicz J ,  Galasinski W. The components of Melissa offici- 
nalis L that influence protein biosynthesis in-vitro. J Pharm 
Pharmacol 38:791-794, 1986. 

POLYPEPTIDE ELONGATION SYSTEM 37 




