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INTRODUCTION AND STATEMENT OF THE PROBLEM

Gene expression is the process of information transfer from gene to
functional protein. Such a process is regulated throughout its entire
sequence, from the selection of those DNA sequences that are to be
transcribed to the rate at which the final gene product is produced. It
is essential for the various regulatory steps to be coordinated so that
the cell can respond as a unit to changes in its environment.

To facilitate the cell to function in a coordinated manner,
posttranslational modifications are used to control the activity of the
enzymes mediating the various steps of gene expression. These
modifications are seen at all levels of cellular organization, from DNA
associated proteins, to RNA associated proteins and finally, to free
cytoplasmic proteins.

ADP-ribosylation reactions are emerging as an important class of
posttranslational modifications that are correlated with structural and
functional changes in a wide variety of protein substrates. Although it
is generally accepted that certain cellular processes are associated with
ADP-ribosylation reactions, none of these reactions have been directly
implicated with a specific functional role. On the other hand, bacterial
ADP-ribosylating enzymes cause well characterized functional changes in
eucaryotic cells. Apart from their significance in bacterial
pathogenesis, these enzymes have led to speculations concerning the
possible existence of analogous enzymes in uninfected eucaryotic cells.

In the case of Elongation Factor-2, the ADP-ribose acceptor of the
diphtheria toxin catalyzed reaction, there are compelling reasons to

believe that an endogenous EF-2 ADP-ribosylating reaction can occur. The



unique amino acid, diphthamide, serves as the site of ADP-ribosylation in
EF-2. Since this amino acid has been conserved in evolution, it is
likely that it serves an important function in the survival of the cell.
If this is so, it would seem very unlikely that this site has been
conserved only for the convenience of bacterial intoxication.
Furthermore, the toxin-producing bacterial parasite has a very restricted
host range. It is difficult to see the advantage conferred to the
parasite by the ability of diphtheria toxin to ADP-ribosylate EF-2 from a
wide variety of organisms. The most plausible explanation for the
appearance of this amino acid in the native form of EF-2 is that
modification of EF-2 by ADP-ribosylation within physiological limits

serves to benefit the cell. The questions this thesis will address are:

1 Can an endogenous EF-2 ADP-ribosylating enzyme be found in a
eucaryotic cell line?

2, If such an enzyme exists, what is its mechanism of action?
3r What is the nature of the modified product of this reaction?
4, Can this enzyme be found in other cell lines?

Dis Can a model be defined for the role of an endogenous EF-2

ADP-ribosylating reaction?



REVIEW OF THE LITERATURE

Gene expression, resulting in the synthesis of a protein, can
theoretically be regulated at many different levels. These include: (1)
the preferential amplification of the gene; (2) transcription of the gene
into RNA; (3) processing of the RNA tramscript to alter its physical
properties in terms of its translatability and stability; and (4)

processing the protein to its final form.

Regulation of Protein Synthesis By Gene Amplification

Possible mechanisms of gene amplification include gene duplication
and subsequent crossing over. The general feature of gene amplifications
studied so far is that they arise to meet the requirement for an increase
in a specific gene product in organisms or somatic cells where evolution
has not provided for a regulatory process that increases gene
transcription sufficiently. The requirement can be related to
developmental needs, the presence of a growth inhibitory agent, or the
existence of a catalytically defective enzyme (1). In most instances,
the increased expression of a specific gene is related to an increase in
transcription. In some cases, the increased amount of a protein is due
to multiple copies of a particular gene. Examples of gene amplification
include genes which are amplified in response to developmental regulation
(2,3), and genes that are amplified in the presence of various enzyme
inhibitors (4). However, the molecular mechanism of gene amplification is

not yet known (5).



Regulation of Protein Synthesis at the Level of Transcription

In a mammalian cell, a gene that is selected for transcription is
selected from enough DNA to code for one million genes (6). It is
believed that DNA which is actively transcribed has a chromatin structure
different from that of inactive chromatin. The packaging of DNA
sequences into non-random characteristic chromatin structures has been

reported for the histone genes of D. melanogaster (7), the heat shock

genes of D. melanogaster (8), and the 5S RNA genes of Xenopus (9),

suggesting that distinct chromatin arrangements must be a widespread
phenomenon. It has been convincingly demonstrated that there is a
dramatic increase in the relative DNAse I sensitivity of genes that are
either about to be transcribed or are being transcribed (10, 11, 12, 13).
A similar nuclease sensitivity is found at the 5' end of the
preproinsulin IT gene in tissues in which it is expressed but not in
tissues that do not synthesize insulin (14). These exposed regions may
reflect a preferential accessibility of the chromatin to regulatory
molecules (14). It is likely that the binding of certain kinds of
proteins to the DNA or posttranslational modifications of histones or
both are the reasons for the hypersensitivity of DNA. For example, the
level of acetylated histone H4 has been directly correlated with the

DNAse I susceptibility of chromatin from trout testis (15).

L The Transcription Process

Actively transcribed genes are found in nucleosomal structures (16,

17). The nucleosomes present in transcriptionally active chromatin are



apparently structurally different from those present in untranscribed
regions as shown by differences in DNAse I sensitivity (10,11,18,19).
However, the nucleosome remains intact during in vitro transcriptional
initiation as evidenced by the presence of core histones in the
transcription complex (20). Transcription by E. coli RNA polymerase can
occur through regions of the DNA that is organized into nucleosomes (21).
After transcription there is no loss of nucleosomes from the chromatin
complex (21). The nucleosomes become displaced during in vitro
transcription but afterwards reform on the same DNA (22).

On the other hand, regulatory proteins can recognize and bind to
specific DNA sequences on nucleosome organized DNA. For instance, the
lac repressor can recognize and bind specifically to the lac operator
contained in restriction fragments that have been complexed with the four
core histones to form artificial nucleosomes (23). Since the lac
repressor can recognize and bind to nucleosome organized DNA without
displacing the histone octamer, the DNA must be wound onto the core in
such a way that the operator sequence is exposed. This indicates that
DNA does not associate randomly with nucleosomes but adopts particular
configurations such that certain sequences are exposed on the outside of

the structure.

A. Mammalian RNA Polymerases.

There are three different polymerase enzymes in the nuclei of
eucaryotic cells (24). These are referred to as polymerases I, IT and
I1I, although they are sometimes referred to as A, B, and C,

respectively. The classification of the RNA polymerases is based on an



unequivocal criterion: the relative sensitivies to amanitin. However,
classification based on order of elution from DEAE sephadex is also used
(24).

The type II enzyme exists in three forms, but it is not yet known
how these forms are interrelated. All three forms of this enzyme are
nucleoplasmic and are responsible for the synthesis of heterogeneous
nuclear RNA (hnRNA). This RNA is processed to give messenger RNA (mRNA)

and some small nuclear RNA species (snRNAs).

B. Nucleotide Sequences Important for Structural Gene Transcription

by RNA Polymerase IT.

Studies on eucaryotic genes have concentrated on the sequences
preceeding the start of transcription. Several common features are
apparent. There is a sequence very similar to the "Pribnow'" box sequence
of bacterial mRNA coding genes approximately 25-30 bp upstream from the
mRNA start sites of all as yet sequenced eucaryotic mRNA-coding genes
transcribed by RNA polymerase II (25). This is usually referred to as
the 'TATA' or Hogness Box. Using in vitro transcription systems where
gene fragments with substantial amounts of 5' flanking sequence were
cloned and then mutated in vitro by deletion of segments of sequence, the
TATA box sequence has been found to ensure an accurate starting location
for the initiation of transcription (26,27). These experiments have also
established that sequences upstream of the TATA box are required for
transcription (26,28). When these sequences are deleted, no transcripts
are initiated, even if the TATA box is left intact. The nucleotide
sequence as far as 500 base pairs upstream from the start of the sea

urchin histone H2A gene is essential for its in vivo transcription (29).



This suggests a model for the binding of RNA polymerase Il to active
genes. In this model, the DNA immediately upstream from the actual start
of transcription is organized into nucleosomes in a very precise way such
that a particular conformation, recognizable by RNA polymerase, is
created. This conformation exposes specific nucleotide sequences that
facilitate polymerase binding and its location of the correct site for
the initiation of transcription. The introduction of any protein to, or
the modification of proteins already existing on these critical
nucleosomes may alter the efficiency at which transcription is initiated

and regulate the expression of the gene (30).

Cs Other RNA Polymerases Use Different Promoter Sequences

RNA polymerases I and III transcribe RNA molecules for the ribosomal
RNA components and the small nuclear RNAs, respectively. None of these
genes are preceeded by the TATA box sequence found near the start of
structural genes (30). In the case of the 55 ribosomal RNA gene of
Xenopus, a region within the gene directs the initiation of 55 rRNA
synthesis (31). This internal regulatory sequence stretches from +50 to
+83 base pairs. When this sequence is intact, transcription starts
approximately 50 base pairs upstream, regardless of the upstream
sequence. Deleting the entire 5' flanking region of the 5S rRNA gene of

Xenopus borealis gave rise to deletion mutants that were still capable of

supporting 55 rRNA transcription in an oocyte nuclear extract (31).
However, accurate and highly efficient transcription only occurs when the
26 base pairs immediately before the start of transcription are intact.

A specific transcription factor has been found that binds tightly to
this regulatory sequence (32) which has been shown to be required for

initiation of tramscription (31,33). In the presence of this protein,



RNA polymerase III rapidly and accurately transcribes the gene (34).

This protein also binds with 55 rRNA to form a ribonucleoprotein complex
(34). Presumably, when all the transcription factor is complexed with RNA
in the cytoplasm, there is none left for activation of the gene, and
transcription stops. Thus, the transcription of the gene is controlled
by the concentration of free transcription factor protein. 58 rRNA
prevents further transcription when its concentration reaches a level

that complexes all the protein.

i The Regulation of Transcription

A. Activators of RNA polymerase.

The development of in vitro transcription assays established that
proteins other than the RNA polymerases are required for accurate in
vitro transcription of purified DNA templates (35,36). Both RNA
polymerase II and RNA polymerase III require a specific set of factors
for transcription. In general, these proteins are currently being

characterized.

B. Histone Modifications and Changes in Template Availability.

Histones are conformationally unstable proteins because a high
degree of covalent modification of their amino acid residues is possible.
The histones have been shown to undergo phosphorylation, acetylation, and

ADP-ribosylation.



i3 Phosphorylation of Histones

The phosphorylation of histone proteins may play a functional role
in modulating the structure of chromatin, allowing for gene expression
and replication during cell division (37). There are a number of
correlations between histone H1 phosphorylation and changes in chromosome
organization. Ajiro et al. (38,39) have measured the extent of
phosphorylation of 2 histone variants (HIA and H1B) during the cell cycle
of HeLa cells. Both subtypes undergo a general increase in
phosphorylation levels of ~ 1 phosphate per histone molecule during the S
phase of the cell cycle (DNA replication) and a further increase of 3-4
phosphates per molecule during mitosis. However, in the late G1 phase of
the cell cycle, the level of histone H1 phosphorylation is very low.
Moreover, there are differences in the location of the phosphate
residues. They are located almost exclusively in the C-terminal region
of the molecule during DNA replication but are located in both N and
C-terminal regions during mitosis. During replication, two different
C-terminal residues were found to be phosphorylated in both subtypes; one
site is phosphorylated immediately before replication and the second site
is phosphorylated immediately afterwards (39). These findings are in
accord with the hypothesis that the H1 subtypes are functionally
distinct, such that subtype specific phosphorylations contribute to the
control of chromatin organization.

Histone HZA can also be phosphorylated, and there appears to be a
direct correlation between the number of H2A molecules phosphorylated and
the amount of constitutive heterochromatin (40), suggesting that this

modification locks DNA into an inactive higher order structure.
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In summary, histone phosphorylation appears to play a major role in
determining the amount of DNA in the various levels of chromatin
structure and in increasing the availability of the template for
transcription. The nucleus contains histone specific kinases (41),
indicating that this form of covalent modification may be a mechanism for
the regulation of gene transcription by hormones. A calmodulin-dependent
phosphoprotein phosphatase that specifically dephosphorylates histones

H1, H2A, and H2B may be an essential part of this mechanism (42).

ii) Acetylation of Histones

On the other hand, histone acetylation may also play an important
role in the control of gene expression. Allfrey (43) describes many
examples of the correlation between increases in gene expression and
increases in core histone acetylation. Increased acetylation of core
histone H3 and H4 introduces alterations in nucleosome structure, seen

mainly as an increased sensitivity towards DNAse I (44).

iii) ADP-ribosylation of Histones

Important novel types of modification that have attracted much
attention due to their ubiquitous distribution and their implicated roles
in the regulation of cell proliferation, protein synthesis, DNA and RNA
metabolism are poly-and mono({ADP-ribosyl)ation reactions. Histones and
other nuclear proteins were first shown to be modified by ADP-ribose
groups in 1968 (45) by a chromatin associated enzyme, poly(ADP-ribose)
polymerase. This enzyme is present in the nuclei of all eucaryotic cells
so far examined (46). This enzyme is able to catalyze 3 enzymatic
reactions: (1) the initial modification using a monomer of ADP-ribose,

(2) elongation, or consecutive transfer of ADP-ribose units to result in
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a homopolymer of repeating ADP-ribose units and (3) branching, where two
ADP-ribose residues are both attached to a common ADP-ribose unit,
forming a branched structure (47). The enzyme absolutely requires DNA for
activity (48); leaving out DNA reduced enzyme activity to less than 1% of
control values (49). The binding of poly(ADP-ribose) polymerase to DNA
is believed to induce a conformational change of the enzyme into an

active state (50).

o) Possible Functions of Histone ADP-Ribosylation

Histones were used for studies of enzyme activity since the time
poly(ADP-ribosyl)ated histones were first discovered (45). Among the 5
major subgroups, histone Hl1 was the first demonstrated to be modified by
poly(ADP-ribose) (51,52). Four other subgroups, H2A, H2B, H3 and H4 have
subsequently been shown to be modified (53). The highest acceptor
activity was found with histone Hl; this was followed by histone H2B;
histone H2A, H3 and H4 were poor acceptors (54).

Among all the proteins modified by mono and poly(ADP-ribose),
histone Hl represents the most extensively studied acceptor. It has been
shown to be ADP-ribosylated in isolated nuclei of several tissues in
vitro (45,55) as well as in vivo (56,57). Initiation of poly-
(ADP-ribosyl) histone synthesis was achieved in vitro using a homogeneous
preparation of poly(ADP-ribose) polymerase (54). Elongation of a histone
bound ADP-ribose monomer into a polymer by this enzyme has also been
demonstrated (58).

Poly(ADP-ribose) synthesis is initiated by the covalent attachment
of an ADP-ribose monomer, followed by elongation from the monomer.
Histone and non-histone proteins including poly(ADP-ribose) polymerase

itself can serve as a substrate for poly(ADP-ribosyl)ation (51). It has
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been found that ADP-ribose is bound through an ester linkage to a
y-carboxyl group of a glutamic acid residue of histone H1 or H2B or the «
carboxyl of a COOH-terminal lysine residue of histone H1 (59,60,61).

The biological function of this polymer is not yet fully understood
(47). Although the data thus far are not conclusive, they suggest that
the true catalytic function of poly(ADP-ribose) polymerase in chromatin
is histone modification (62). It is proposed that poly(ADP-ribosyl)ation
of the C and N terminal regions of histones lead to condensation of
chromatin structure (63). It is further proposed that poly(ADP-
ribosyl)ation of the termini of histone H1 will act as a bridge to
neighbéring histone molecules, causing compaction in a specific domain of
chromatin (64). Therefore, H1-DNA interactions are sacrificed for H1-H1
interactions when H1 is poly(ADP-ribosyl)ated (46). The following
sequence of events is visualized to occur which may involve
poly(ADP-ribosyl)ation with a role in DNA repair and/or replication.

Upon DNA strand breakage as a result of drug treatment or radiation, the
enzyme quickly responds to the breaks in DNA by ADP-ribosylating histone
Hl. Modification of Hl in the vicinity of the breaks maintains the
continuity of the DNA molecule in chromatin until the DNA is repaired or
replicated. After DNA synthesis, the poly(ADP-ribose) is subsequently
degraded.

Treating cells with agents that induce DNA fragmentation and DNA
repair is associated with increased poly(ADP-ribose) polymerase activity
(65), with elevated levels of poly(ADP-ribosyl) residues in intact cells,
(66,67,68) and with a dramatic stimulation of mono(ADP-ribosyl) and

poly(ADP-ribosyl) turnover (67,68).
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Although the precise role of the enzyme is unknown, it is dependent
on DNA for its activity and is activated by nicks in DNA (51). It has
been suggested that (ADP-ribose)n biosynthesis is necessary for the
repair of some types of DNA damage (69) effecting repair via activation
of DNA ligase ITI (70). Furthermore, inhibitors of poly(ADP-ribose)
polymerase appear to retard DNA repair, and they increase the
cytotoxicity of alkylating agents (69).

ADP-ribosylation of chromatin proteins may also be involved in
differentiation, possibly by regulating DNA recombination necessary in
cell differentiation which regulates gene expression (70,71,72).

Additional evidence for an association between differentiation and
poly(ADP-ribosyl)ation has been provided by studies of enzyme activity
levels during differentiation in vitro. Increased poly(ADP-ribosyl)
polymerase activity has been observed during the differentiation of
murine erythroleukemia cells (73,71) and in a number of other
differentiating cell systems (74). However, there are many exceptions.
For example, poly(ADP-ribosyl) polymerase activity was found to decrease
during the induced differentiation of both mouse preadipocytes (75) and
the human promyelocytic cell line HL-60 (76). Inhibitors of poly(ADP-
ribosyl) polymerase can also induce differentiation (77). Thus, while
suggesting a role for poly(ADP-ribosyl) polymerase in differentiation,
these data suggest that the mechanism may be different in the different
cell lineages.

In summary, the nuclei of eucaryotic cells possess enzyme activities
that can modify the interaction between histones and DNA such that the
double helix can become more accessible to the transcriptional ap-

paratus. Some modifications such as ADP-ribosylation or histone H2A



14

phosphorylation may move DNA into transcriptionally inactive regions of
chromatin, whereas other modifications such as histone H1 phosphorylation
at some sites and core histone acetylation make DNA available for
transcription.

Although the function of poly(ADP-ribosyl)ation is not fully under-
stood, many correlations between the synthesis of poly(ADP-ribose) and
DNA repair or cellular differentiation have been noted. All classes of
histones can be modified by ADP-ribosylation; however, histone Hl appears
to be the preferred substrate, and is consequently the most extensively
studied acceptor. The location of the ADP-ribosylation sites at the C
and N terminal regions of histone Hl is believed to be involved in the
condensation of localized regions of chromatin. It is proposed that
histone H1 molecules can be linked together by poly(ADP-ribose). A
decrease in the length of the ADP-ribose polymer between them will result
in the formation of compact regions of chromatin. These internucleosomal
histone Hl linkages may also be involved in DNA repair. Several
observations have shown a positive correlation between DNA fragmentation
and poly(ADP-ribose) polymerase activity. Other observations have shown
a positive association between polymerase activity levels and
developmental changes in many differentiating cell lines. However, there
are many exceptions to these observations, suggesting that the mechanism

of differentiation may be different in different cell lines.
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Regulation by Post Transcriptional Modification of RNA Transcript

e RNA Processing of Eucaryotic Cells

A. The Nature of the Primary RNA Transcript: Intervening sequences

The sequences of DNA that code for many proteins are not continuous
on the eucaryotic genome (78). Non-coding sequences intervene between
the coding sequences, giving rise to split genes. These non-coding
sequences, introns, have been found to occur in virtually all mammalian
structural genes so far examined, with the exception of the histone
genes. It has now been established that the whole gene is transcribed
and primary transcripts contain both coding and intervening sequences.
This has been cenfirmed by probing heterogeneous nuclear RNA (hnRNA) with
cDNA (which is complementary to cytoplasmic mRNA) and with probes
containing intervening sequence DNA and showing that they both exist in
primary transcript RNA. Several studies on liver and brain tissue (79)
indicate the presence of transcribed sequences in the nuclei of these
tissues that never appear in the cytoplasm. This implies the existence
of a selection process which determines the sequences of the hnRNA to be

saved for processing and exporting to the cytoplasm.

B Splicing

Splicing is defined as the mechanism by which a single functional
RNA molecule is produced by the removal of one or more internal stretches
of RNA during the processing of the primary transcript, reducing it in
size until all the coding sequences are contiguous (80).

Two possible splicing mechanisms have been proposed. One model

requires the primary transcript to take up a thermodynamically stable
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secondary structure in which the intervening sequences are looped out
such that the ends to be spliced are brought together. Trapnell et. al.
(81) have analyzed the sequences of 17 introns and have used computer
simulations of secondary structures for a number of primary transcripts
to demonstrate how highly base paired, stem loop structures could bring
the sequences to be spliced into very close proximity. However, it is
not clear whether all transcripts could be spliced by a mechanism
depending solely on intramolecular base-pairing. An alternative
processing mechanism has been proposed, independently, by a number of
people, (82,83,84), that uses a small RNA molecule from a family of small
nuclear RNAs (snRNAs), as a matrix upon which to align the ends of the
intervening sequences so that splicing can occur. This mechanism depends
upon intermolecular base pairing between the ends of intervening
seauences and the snRNA. snRNAs are known to co-extract with hnRNP
particles, making them likely candidates for their proposed role.

An example of this mechanism of splicing is the alignment of snRNA
Ul with the 2 ends of intervening sequence G of the ovalbumin primary
transcript (84). There is extensive complementarity in such a way that
the intervening sequence is looped out when the two adjacent coding
sequences are brought close together. After the appropriate bonds are

cleaved, the coding sequences can be spliced together.

G Splicing and the Regulation of Gene Expression

Splicing is a critical stage of gene expression in eucaryotic cells
because it is the step at which a functional, information carrying
molecule is generated. Splicing reactions represent mechanisms to

regulate cytoplasmic mRNA levels since unspliced mRNA precursors are not
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stable and are degraded before entering the cytoplasm (85,86,87,88). If
the rate of processing is altered, the concentration of mature mRNA will
also be altered. Moreover, if the number of splicing events is
modulated, new information carrying mRNA molecules can be generated.
Direct evidence that splicing is a regulatory process exists.
Splicing can combine sequences from a transcript in different ways to
generate different mRNAs from one primary transcript. Several examples
have been found among animal cell viruses (78,89). TFor example, the
primary transcript of the SV40 early genes can be spliced in two
different ways to produce t or T antigen, depending on whether or not the
second coding sequence is eliminated from the mRNA (90). A similar
example of flexibility in splicing occurs in the processing of adenovirus
primary transcripts (91,92) where the same set of DNA sequences is used
to code for three different proteins, a result of differential splicing.
Differential splicing has been found to occur in eucaryotic cells
also and suggests a role for splicing in cellular differentiation. The
enzyme @-amylase is synthesized in the cells of the parotid gland and
also in the cells of the liver. The polypeptide is identical in each
tissue, but the concentration of the enzyme in liver is only 1% of that
in parotid cells. Surprisingly, the mRNAs coding for this identical
polypeptide are completely the same (93). The parotid gland mRNA has a
nontranslated leader sequence of 93 nucleotides, a coding sequence of
1540 nucleotides followed by a 33 nucleotide nontranslated 3' tail. The
liver mRNA has a 204-nucleotide leader sequence of which the last
nucleotides are identical to the last 48 nucleotides of the parotid
leader. The coding and 3' tail sequences are also identical. There the

mRNAs differ only in the sequence of their 5' leaders, a difference that
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could only arise by differential splicing in the two tissues. At the
present time it is not known how the difference in non-translated leader
sequences affects the processing, transport, translatability and
stability of the two mRNAs. Although all cells may have the same set of
DNA sequences, the presence of multiple promoters coupled with
differential splicing gives cells the capacity to generate new
information carrying products and to generate more than one polypeptide

from the same DNA sequence.

s Structural Aspects of the RNA Transcript

A. Modifications of mRNA

The earliest detectable covalent modification to the primary
transcript is the addition of a guanosine residue, via a 5'-5' sugar
phosphate bond, to the 5' nucleotide of the transcript (capping). This
process appears to occur soon after the initiation of transcription (94).
Pulse labelling studies have shown that the cap structure is conserved
during processing and appears in mature cytoplasmic mRNA (95). Capping
appears to protect the 5' end of all transcripts against degradation, and
its presence may also assist in the formation of the translational
initiation complex at the 5' end of the molecule. However, the
dependence of eucaryotic mRNA translation on the cap appears to be
neither absolute nor universal (94).

A high proportion of mature mRNA molecules in the cytoplasm have a
long sequence of adenyl residues attached to the 3' end, usually referred
to as the poly (A) tail (96). It is now known that the tail is added to

hnRNA in the cell nucleus almost immediately after the hnRNA is
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transcribed (96). The length of the poly (A) tails of hnRNA varies
considerably, but the size of a newly synthesized poly (A) segment is
about 200 nucleotides long (97). The poly (A) tail is not synthesized by
transcription; it is a post transcriptional event involving the stepwise
addition of adenyl residues to the 3' end of the tranmscript by the enzyme
poly (A) polymerase (98).

There is no consensus on the function of the poly (A) tail although

5 possible functions have been considered (99,100).

il It is involved in transcription termination.
2.2 It stabilizes the 3' end of the transcript.

3 It is involved in the selection of sequences that are to
be transported to the cytoplasm.

4. It plays a role in the transport mechanism.

S It is involved in mRNA stability and translatability.

The sequence AAUAAA is found near the 3' end of virtually all
primary transcripts and is believed to be the signal that is recognized
by poly (A) polymerase. The highly conserved sequence AAUAAA, discovered
by Proudfoot and Brownlee (101), is found 10-30 nucleotides upstream of
most polyadenylation sites. Direct evidence for this has been obtained
by studying deletion mutants of the SV 40 viral genome in the region of
transcription termination of the later mRNAs (102). If the AAUAAA
sequence is deleted, the transcripts are not polyadenylated. However,
recent evidence indicate that this signal alone is not sufficient for
poly (A) addition since AAUAAA is sometimes found in transcribed regions
far removed from any known polyadenylation site (103).

The poly (A) tail is conserved during processing and appears in the
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mature mRNA. It is possible that the poly (A) tail is involved in the
transport of hnRNP particles from their site of formation to the nuclear
pores. The refolding of the molecule during transport to the cytoplasm
may bring the poly (A) tail into contact with internal oligo (U)
sequences interspersed throughout the mRNA, providing the basis for a

stabilized mRNP particle.

B. The Structural Organization of hnRNP Particles

The long primary transcript generated by RNA polymerase II is wound
into a series of hnRNP particles (nuclear ribonucleoprotein complexes)
linked together by spacer RNA. hnRNA is complexed with protein
immediately upon synthesis (104). Purified hnRNPs are presumably
composed entirely of RNA and protein. When large hnRNP complexes were
isolated from sucrose gradients and examined in the electron microscope,
they appeared as chains of monomers (105). The data presented were
consistent with a simple polymeric model in which hnRNA is bound to a
series of identical protein particles forming a beads-on-a-string
structure. In some tissues there is evidence for a nonrandom phasing of
the particles along the transcript (106).

A small number of proteins (Mr: 30,000 - 40,000) account for a large
proportion of the mass of protein associated with these particles. Since
they are found in hnRNPs from all species, they may be the structural

core proteins that interact with the transcript to generate the particle.

G Factors Which Affect the Functional Half Life of Cytoplasmic mRNA

Either during, or immediately after processing, the mRNA is
translocated to a nuclear pore complex to be exported to the cytoplasm.

Virtually all of the proteins associated with the mRNA prior to transport
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are retained within the nucleus with the exception of one protein (Mr:
110,000) which is believed to exit the nucleus along with the mRNA (107).

Once in the cytoplasm, the mature mRNA will be distributed into
distinct populations that is characteristic for each individual mRNA
(108). The mRNA in the cytoplasm of eucaryotic cells appears to exist in
two distinct states, as polysome bound mRNP actively engaged in protein
synthesis, or as free mRNP (messenger ribonucleoprotein particles not
associated with polyribosomes) (109). Some cellular mRNA species appear
to be totally translationally active, while others are found in both the
free mRNP and polysome compartments. Among the individual mRNAs that are
found in both the free mRNP and the polysomes, there is variation in the
fraction of the mRNA species found in the free mRNP state (108). It
appears that there are some RNA species in these particles that are never
translated, indicating that the selection of mRNAs from the mRNP pool for
translation may be an important step in the regulation of gene expression
(108,109).

Another way that the functional mRNA concentration can be altered is
by changing the rate of degradation of the molecule. However, very
little is known about this process. What is known is that there is a
great heterogeneity of mRNA turnover in eucaryotic cells; some mRNAs have

half lives of 15-20 min whereas others appear to be very stable.
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Regulation of Eucaryotic Gene Expression at the Translational Level

T The Mechanism of Protein Synthesis

A. Initiation

Polypeptide chain initiation in eucaryotes begins with formation of
a tertiary complex consisting of equimolar amounts of eIF-2, GTP and the
initiator methionyl tRNA (Met—tRNAi) (110). The tertiary complex then
binds to a 40S eIF-3 ribosomal subunit complex giving rise to a 408
preinitiation complex (110). 1In the presence of a 60S ribosome, mRNA,
additional factors and ATP, an 80S initiation complex is formed, setting
the stage for chain elongation. Mg+2 ions are required for the last two
steps (110). Formation of the 80S initiation complex is accompanied by
hydrolysis of the bound GTP and release of eIF-2 in the form of an
eIF-2:GDP complex (111). The release of eIF-2 from GDP is catalyzed by
GEF (GDP exchange factor) provided that the & subunit of eIF-2 is not
phosphorylated (112). In the absence of GEF, eIF-2 would not be able to
recycle and initiation would stop when the available eIF-2 is tied up as

elF-2:GDP.

B- Elongation: General Overview

Polypeptide chain elongation comprises a cyclic sequence of events.
Each cycle involves the binding of AA-tRNA to the ribosome, peptide bond
formation and translocation. In the binding reaction, an AA-tRNA
molecule is attached to the acceptor site (A site) on the ribosome. The
type of AA-tRNA to be bound is specified by the mRNA codon present at the
A site. The binding of AA-tRNA is mediated by a tertiary complex

involving, besides AA-tRNA, elongation factor 1 (EF-1) and GIP. The
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binding of AA-tRNA is followed by peptide bond formation, i.e., the
transfer of the peptidyl moiety of the peptidyl-tRNA present at a second
ribosomal site (peptidyl or P site), to the amino acid of AA-tRNA at the
A site. The peptidyl transferase activity resides in the structure of
the ribosome and does not require the participation of any soluble
protein factor. The peptidyl transfer reaction results in the formation
of a new A site bound peptidyl-tRNA, the peptidyl moiety of which is now
extended by one amino acid residue at its COOH end. The last step of the
elongation cycle, translocation, involves the movement of the ribosome
along the mRNA in the 5'-3' direction by one codon, together with the
shift of the peptidyl-tRNA from the A to the P site. The translocation
step thus results in the appearance of a new codon at the A site that
then is available for the next incoming AA-tRNA. Translocation is
catalyzed by EF-G in procaryotes and EF-2 in eucaryotes. One molecule of

GTP is hydrolyzed during each step of translocation (113).

Gix Termination

The termination of protein synthesis is signaled by one of the three
termination codons. When UAA (Ocher), UAG (Amber), or UGA (Opal) becomes
aligned with the A site of ribosome, no aminocyl-tRNA can bind. This
signals the completion of elongation. The newly formed polypeptide chain
is released. In eucaryotic cells there is only one releasing factor,
RF-1. Termination is an energy requiring process with one molecule of
GTP being hydrolyzed per polypeptide chain released. The monoribosome is
released from the mRNA and becomes available for a new round of protein

synthesis.
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2 Eucaryotic Elongation Factors

Two elongation factors (EF-1 and EF-2) exist in the cytoplasm of the
eucaryotic cell. EF-1, first isolated from reticulocytes (114), displays
properties similar to those of procaryotic EF-T. EF-1 has been purified
to apparent homogeneity from a variety of sources, including rabbit
reticulocytes (115), wheat germ (116) and calf brain (117). EF-1 from
several sources has been resolved into two functionally complementary
factors (EF-1 o and EF-1 B) (118,119,120) corresponding to bacterial
EF-Tu and EF-Ts. EF-2 has been purified to apparent homogeneity from
many tissues, including that from rat liver (121, 122), pig liver (123),

wheat germ (124), and rabbit reticulocytes (125).

A. Elongation Factor-2

Elongation factor-2 (EF-2) was first isolated by Schweet and
Arlinghaus as one of two soluble factors in rabbit reticulocytes which
were required for polypeptide elongation referred to as amino-
acyltransferases 1 and 2 (126). Aminoacyltransferase 2 is currently
referred to as Elongation Factor-2.

EF-2 was initially purified from rat liver by Galasinski and Moldave
(121). Based on this procedure Raeburn et al. were able to obtain a
preparation that appeared to be close to be 95% pure (122). EF-2 has
been purified from a variety of tissues: rabbit reticulocytes (125), calf
brain (127), hen oviduct (128), wheat germ, (129) and PyBHK hamster
tumors (130). EF-2 purified from various sources appears to have many
properties in common. EF-2 consists of a single polypeptide chain with a
molecular weight ranging from 65,000 to 112,000, depending upon the

source and the technique used to measure molecular weight. The
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differences in the amino acid composition of the EF-2 isolated from
rabbit reticulocyte (125) pig liver (123,131) and rat liver (132) are
small.

EF-2 and EF-G have considerable similarities in their amino acid
compositions (131,125,132). However, EF-2 differs from EF-G in the
ability of diphtheria toxin to transfer the ADP-ribose group from NAD+
into a covalent linkage with EF-2 (133). This causes EF-2 to lose its

ability to catalyze protein synthesis (134,135).

There are four ways of measuring EF-2 content (122).
i Polypeptide synthesis dependent on EF-2.

2 Puromycin-peptide formation using polysomes containing
nascent protein chains.

3. GTP hydrolysis dependent on EF-2 and ribosomes.
4. ADP-ribosylation of EF-2 in the presence of diphtheria

toxin.

B- ADP-Ribosylation of EF-2

Diphtheria toxin fragment A specifically inactivates protein
synthesis elongation factor-2 from all eucaryotes by catalyzing the
covalent attachment of ADP-ribose to EF-2 (134,135). In vitro studies of
this reaction show that EF-2 from all eucaryotic sources tested is
specifically modified by the toxin. Other proteins, including the
procaryotic analogue of EF-2, elongation factor G (EF-G), are not
ADP-ribosylated (136,137). The basis of this specificity was first
examined by Maxwell et al., who isolated and sequenced the ADP-ribose
containing tryptic peptide from rat liver EF-2 (138). Subsequently,
the ADP-ribosylated amino acid was isolated in milligram quantities

(139) and assigned a proposed structure (140) chemically defined as



26

2-[3-carboxyamido-3-(trimethyl ammonio) propyl] histidine. Since this
amino acid occurs only once in EF-2 (138), it is apparent that only one
ADP-ribose residue is attached to each EF-2 (132,122).

The trypsin derived sequences containing the ADP-ribosylation site
have been shown to be highly conserved in yeast, wheat germ, rat and
bovine liver (136), suggesting that this region serves an indispensable
function in protein synthesis in addition to being the site of attack by

diphtheria toxin.

G Functional Properties of EF-2

Skogerson and Moldave first reported that rat liver EF-2 could bind
to ribosomes in the presence of GITP and a sulfhydryl compound (141). In
subsequent studies (142,143) these authors showed that the binding of
EF-2 to ribosomes could be obtained with the nonhydrolyzable GTP analogue
GDPCP as well as GDP. However, GTP was required to yield a ribosome-EF-2
complex that was active in stimulating AA-tRNA transfer to the ribosomes.
These results indicate that a ribosome-EF-2 complex prepared in the
presence of GTP made available an AA-tRNA binding site on the ribosome
due to translocation of any peptidyl-tRNA on the ribosome from the A site
to the P site. The binding of EF-2 to the ribosome requires sulfhydryl
groups on both the ribosome and EF-2. It has been reported that the EF-2
binding site can be occluded by the presence of peptidyl-tRNA at the
acceptor site (144). The ribosomal EF-2 binding site has been found to
lie on the 60S subunit (145). EF-2 preparations from liver (144,146),
reticulocytes (147) and calf brain (127) can form a complex with GTP.
EF-2 can also bind to GDP (148). Equilibrium dialysis studies carried

out with a homogeneous EF-2 preparation from rat liver indicate a common
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binding site for GDP and GTP on EF-2 (146). The affinity of EF-2 for GDP
is about five times higher than for GTP (146). ADP-ribosylated EF-2
binds guanine nucleotides equally well (149). ADP-ribosylated EF-2 is
also capable of forming a tertiary complex with ribosomes and GTP
(127,150). However, ADP-ribosylated EF-2 is incapable of catalyzing GIP
hydrolysis and translocation (148). EF-2 requires only the 60S ribosomal
particle for GTPase activity, although hydrolysis occurs more efficiently
in the presence of both subunits (151). At the concentrations used in
these experiments, 60S and 40S particles either alone or combined show no
detectable GTPase activity in the absence of EF-2 (151). The hydrolysis

of GTP is necessary for translocation to occur (152).

3. Regulation of Enzyme Synthesis at the Translational Level in

Eucaryotes

Since protein synthesis is a complex process involving many
different enzymes and components, it is important to define a role for
each step of the protein synthetic pathway. Much of our present
knowledge of translational control mechanisms is derived from studies
with reticulocytes and their lysates because the control of protein
synthesis in these cells is confined to translation. Fortunately, the
cell free systems developed from these cells retained many of the
characteristics of the cells themselves and was of immense help in
elucidating the control mechanisms involved in this step.

In light of the evidence given for the importance in regulating
intracellular protein concentrations by transcriptional controls, what
evidence is there for translational regulation? The synthesis of

specific proteins for the most part seem to be correlated with the
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activation of transcription. The clearest examples of this are the
induction of the synthesis of ovalbumin, conalbumin, and other egg
proteins in the hen oviduct by steroid hormones (153). Studies using
cloned cDNAs from mouse liver mRNA populations have shown that there is
nermally a good correspondence between the rate of transcription of a
specific mRNA and its concentration in the cytoplasm. This suggests that
the expression of most moderately abundant liver mRNAs is regulated
primarily at the transcriptional level (154). However, the comparatively
long half life of mRNA means that such transcriptional changes are not
sufficiently sensitive to allow for the rapid adjustments in protein
synthesis. Thus, the rapid initial decreases in protein synthesis seen
in cells in mitosis (155) or after stimulation of cell growth by addition
of hormones or growth factors (156,157,158,159) are due mainly to changes
acting to regulate the rate of translation of pre-existing mRNA by
pre-existing ribosomes.

Translation may be regulated at initiation or elongation steps, but
in most cases studied so far, it is initiation which is the process that
is primarily affected. This conclusion is supported by the fact that
translational inhibition is normally accompanied by a decrease in the
number and average size of polysomes and an increase in the number of
inactive monoribosomes and free cytoplasmic mRNA (155).

The converse changes are usually seen after translational activation
(156,157,158,159), and the ribosome transit time is normally not affected
(155,160). There have been a few reports of translational controls which
restrict the rate of elongation when cultured mammalian cells are
deprived of serum (161,162). In these cases the activity of Elongation

Factor-1 (EF-1) is inhibited whereas Elongation Factor-2 activity is
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unaffected. The cells that behave in this way are all aneuploid lines
with very rapid growth rates, and it may be that under adverse growth
conditions the primary controls acting to restrict initiation have been

lost, revealing secondary controls affecting elongation.

A. Translational Controls Acting at the Level of 408 Initiation

Complexes in the Cell Free Reticulocyte Lysate

Translational control mechanisms have been elucidated mainly by
studies of the rabbit reticulocyte and its corresponding cell-free
system, the reticulocyte lysate.

Protein synthesis in the reticulocyte lysate is regulated by the
availability of heme, as it is in whole cells (163,164). In the absence
of heme, the activity of the lysate declines abruptly after a lag period
to approximately 10% of its initial rate. The inhibition of protein
synthesis is accompanied by polysome disaggregation and an accumulation
of inactive 808 ribosomes (163,164). Consistent with this is the finding
by Legon et al. that heme deficiency also causes a decline in the level
of 40S initiation complexes from as early as the second minute of
incubation without heme (165). Heme deficiency activates an inhibitor of
protein synthesis initiation referred to as heme controlled inhibitor or
HCI, from a proinhibitor of similar molecular weight (166,167,168). When
purified HCI is added to a lysate that is actively synthesizing protein
in the presence of hemin, it rapidly inhibits protein synthesis
(169,170). The time course of translation in the presence of hemin and
HCI is essentially the same as in the absence of hemin.

In both cases, the kinetics are biphasic with a normal rate for the
first few minutes and an almost complete shutoff thereafter. Low

concentrations of double stranded RNA (dsRNA) activate a similar
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inhibitor referred to as the dsRNA activated inhibitor (DAI) (170,171).
HCI and DAI are cyclic AMP-independent protein kinases that specifically
phosphorylate the small o subunit of the initiation factor eIF-2, which
interferes with the function of eIF-2 (170,172,173). Both HCI and DAI
phosphorylate the same sites of the & subunit of eIF-2 (174). Both
inhibitors are also autophosphorylated which is thought to be involved in
their activation (110).

The fact that HCI and DAI are capable of inhibiting translation in
hemin containing reticulocyte lysates and both can phosphorylate the «
subunit of eIF-2 strongly suggests that translational inhibition by HCI
and DAT is a consequence of this modification of the factor. This
assumption appears to be true based on the observations that purification
of these inhibitors copurifies with elIF-2 a kinase activity (170,172,
173). It is also consistent with the observation that antibody against
HCI eliminates both the inhibitory and phosphorylation activities of this
protein (173).

Protein kinases similar to HCI and DAI have been found to exist in a
number of normal cells (175,176,177,178) including rat liver, wheat germ,
and brine shrimp embryos (artemia salina), which suggests that this
mechanism may be occurring widely. All of these kinases phosphorylate
the small subunit of eIF-2. However, there has been no direct demonstr-
ation that the phosphorylation of eIF-2 prevents its participation in the
process of initiation.

On the other hand, several observations argue against a direct
causal relation between cessation of protein synthesis in a hemin -

deprived lysate and the phosphorylation of elIF-2 a:
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1. A decrease in elF-2 activity due to the phosphorylation of the
« subunit has not been demonstrated unambiguously (173).

2. Protein synthesis in a hemin deprived lysate can be restored to
its maximum level by the addition of a protein factor (anti-inhibitor)
without any decrease in the level of phosphorylation of eIF-2u« (179).

3. In heme deficient lysates showing almost complete inhibition of
protein synthesis, only 20-30% of the eIF-2a subunit appears to be

phosphorylated (180).

These observations support the idea that phosphorylation of elF-2a
is not the direct cause of cessation of protein synthesis in rabbit
reticulocyte lysates.

The role of phosphorylation became apparent following a series of
breakthrough discoveries. In 1978, the search for the way in which
phosphorylation of the eIF-2a subunit relates to translational inhibition
led to the discovery of a new initiation factor first named ESP for eIF-2
stimulating protein (181,182). This factor is now known to catalyze the
exchange of eIF-2 bound GDP for GTP, thus permiting the released eIF-2 to
function in subsequent rounds of initiation. ESP is now renamed GEF for
GDP exchange factor (110). Following the initial description of ESP,
ESP-like factors from rabbit reticulocytes and other sources have been
reported (179,183). They all share the property of stimulating in vitro
ternary or 40S complex formation by intact, but not by o« phosphorylated
elF-2 in the presence of Mg2+. The addition of eIF-2 or GTP to heme
deficient reticulocyte lysates can restore translation (176) as can the
addition of GEF or eIF-2:GEF (179,183,184). Thus, eIF-2, GTP and GEF can

each restore ternary complex formation that has been inhibited by elF-2 «
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phosphorylation. These experiments show that in fact, the exchange of
GTP for GDP bound to elF-2 is inhibited following eIF-2 a phosphorylation
(112,185). Phosphorylation of the & subunit of elF-2 could modify its
interaction with GEF by either decreasing or increasing their mutual
binding affinity. The fact that only 20-30% of the eIF-2 appears to be «
phosphorylated in fully inhibited heme-deficient lysates (180) would seem
to favor the second alternative.

To test this hypothesis, experiments using only purified elF-2
(aP): [H3]GDP, eIF-2:[H3]GDP, and eIF-2:GEF were performed to determine
the level of exchange of [H2]GDP with unlabelled GDP (110). Inhibition
of the exchange became greater with an increasing ratio of «
phosphorylated to unphosphorylated eIF-2:GDP, suggesting that
translational inhibition results from immobilization of GEF in a complex
with eIF-2 (aP). Any GEF in excess of that trapped by eIF-2 (aP) will
function catalytically with the nonphosphorylated eIF-2 still available.
Because of its high affinity for GDP, elF-2 will not recycle if anything
interferes with the activity of GEF. Phosphorylation of the eIF-2 «
subunit blocks the GDP exchange and immobilizes GEF in an eIF-2 (oP):GEF

complex, thus inhibiting ternary complex formation.

B. Translational Controls Acting Later in the Initiation Sequence

Although the most clearly established examples of translational
control in eucaryotic systems are those which act before the 408
initiation complex is formed, there is indirect evidence of regulation
after the formation of the 40S complex.

As an example, the formation of 80S initiation complexes after

activation of peripheral blood lymphocytes by PHA correlates closely with
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the increased rate of initiation and protein synthesis in the intact
cells (186). The cytoplasm of unstimulated lymphocytes contains, in
addition to a translational inhibitor which inhibits 40$ initiation
complex formation, a further factor which inhibits the conversion of 40S
complexes to 80S complexes in the reticulocyte lysate (187).

A reduction in the level of 805 initiation complexes, even in the
presence of an excess of added mRNA, is also seen in cell-free systems
from Krebs ascites cells that have been incubated at 45°C (188). 1In this
case there is no detectable defect in 40S initiation complex formation in
the cell free systems, although initiation in the intact cells is
strongly inhibited. These examples suggest that in nucleated cells
regulation of different steps in the initiation sequence may occur,
sometimes simultaneously, so that several different control mechanisms

may operate together to control the rate of protein synthesis.

C. Regulation of Translation at the Elongation Step

Codon degeneracy can be used as a means of regulating the rate of
translation of specific mRNAs at the elongation step because when a rare
codon occurs, the system may have to wait for the appropriate aminoacyl-
tRNA, which may be at a low concentration (189). These are referred to
as modulating aminoacyl-tRNAs. Since the relative proportions of the
isoaccepting tRNAs for each amino acid vary from tissue to tissue, the
same mRNAs may be translated much more efficiently in one tissue than in
another. Moreover, the relative proportions of the tRNAs change within
the cells of the same tissue during differentiation and may contribute to

the changes in the spectrum of proteins synthesized.
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4.  mRNA Structure and the Regulation of Translation

Any model for the regulation of gene expression at the level of
translation must be able to explain how the rate of translation of one or
a small number of mRNAs can be altered without any change in the rates of
the translation of thousands of other mRNAs. All other factors being
equal, the structures of individual mRNAs, especially near or at the
region of initiation must influence the ability of the molecule to
interact with the initiation complex.

Models for the secondary structure of the o and B globin mRNAs of
mouse and rabbit have been generated by computer analysis of the products
of digestion of the molecules with single and double strand specific
RNAses (190). These results indicate that the AUG initiator codon in
both mouse and rabbit B-globin mRNA is quite susceptible to cleavage with
51 and Tl nucleases, suggesting that it resides in a single stranded
exposed region. In contrast, the AUG initiator codon in the a-globin
mRNA of both species is inaccessible to cleavage, indicating that it is
either buried by tertiary structure or is base paired. Since the rate of
initiation of protein synthesis with fB-globin mRNA in rabbit reticulo-
cytes is faster than for o globin mRNA, these results imply a possible
correlation between the differential rates of initiation with these two
mRNAs and the accessibility of the respective AUG initiator codons (190).
Moreover, translatability will also be affected by the proteins and RNA
molecules bound to the mRNA, which may mask or expose ribosome binding

sites and the AUG codon.
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A. Discrimination Between mRNAs by Translational Mechanisms

There is now a great deal of evidence that translational level
controls cannot only regulate the overall rate of protein synthesis but
can also discriminate between different mRNAs. It has been demonstrated
both by hybridization techniques and by extraction of the mRNA from the
free and ribosome bound fractions and comparison of the products
synthesized in cell free systems, that the distribution of individual
mRNA species between the two fractions is non-random. It was concluded
from studies done on mouse Taper ascites cells that these cells maintain
a highly polarized distribution of certain mRNA species between the
functioning (polysome) and non-functioning (free mRNP) compartments of
the cytoplasm (108,109).

Typically, the same mRNA species are found in both the free mRNP and
ribosome bound fractions, but the distribution between the two fractions
can vary from one mRNA to another, and may also be affected by the
overall rate of protein synthesis in the cell. This was first observed
in reticulocytes, where o and P globin chains are normally synthesized at
the same rate. When globin synthesis in the reticulocytes is reduced by
starving the cells for iron, the synthesis of ¢ globin is preferentially
inhibited (191).

Lodish has proposed an explanation for this phenomenon (192). He
has suggested that some mRNAs, such as the B globin mRNA, may be
intrinsically more efficient at initiating than are others so that under
conditions where initiation is restricted, these mRNAs will compete
successfully for the initiation opportunities that are available. At low
mRNA concentrations ®-and B-globin mRNAs are translated in cell-free
systems with approximately equal efficiency, but when competition is

introduced, by raising the mRNA concentration, by the use of inhibitors
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of initiation or by the use of ionic conditions suboptimal for
translation, the synthesis of f-globin predominates (193,194). These
results are believed to be caused by an initiation factor which
preferentially translates B-globin mRNA, but is required for translation
of both mRNAs.

Differences in the translational efficiency of different mRNAs have
also been observed in many other types of cells such as the immuno-
globulin heavy and light chains in mouse plasmacytoma cells (195),
ferritin mRNA in rat liver (196) and proinsulin mRNA in pancreatic islet
cells (197).

Why one mRNA should be more efficient than another at initiation is
unknown, but one possibility is that the secondary structure of the mRNA
may be important. Payvar and Schimke have shown that chick conalbumin
mRNA is much less efficient in initiation in cell free systems than is
ovalbumin mRNA, but that this difference is much reduced if the mRNAs are
first denatured with methylmercury hydroxide (198).

Perhaps the most dramatic examples of translational regulation which
affect the competition between different mRNAs for initiation are those
responsible for the shutoff of host protein synthesis in cells infected
by certain RNA viruses. Extracts of poliovirus-infected Hela cells
translate picornavirus RNAs efficiently, but are unable to utilize Hela
cell or vesicular stomatitis virus mRNAs (199,200).

Other changes in translation which are superficially rather similar
to those seen after viral infection occur after a heat shock is given to
Drosophila cells by raising the temperature of incubation from 25°C to
36°C (201,202). The immediate effect is for transcription of all

previously active genes to cease, but the very rapid synthesis of a
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number of heat shock mRNAs begin. Translation of all pre-existing mRNAs
cease, although they are not degraded and their translation resume if the
temperature is returned to 25°C. Lysates from normal Drosophila cells
will translate both normal and heat shock mRNAs indiscriminately, but
those from heat shocked cells will translate only the heat shock mRNA.
The defect in the systems from heat shocked cells appears to be due to
the inactivation of some factor necessary for the translation of the
normal mRNA rather than to a translatiomal inhibitor (203).

A class of small cytoplasmic RNA, about 70-90 nucleotides in size,
and sedimenting as 4S in sucrose gradients are described as potent
inhibitors of in vitro mRNA translation (204). This RNA, isolated from
chick embryonic muscle, is able to inhibit the translation of a variety
of mRNAs in a nondiscriminatory manner. The inhibitory 4S RNA (iRNA)
from chick embryonic nuclei has been purified as an RNA-protein complex
(10S cytoplasmic RNP) (204). The properties of iRNA indicate that it is
unrelated to cytoplasmic mRNP. iRNA also appears to be distinct from
small nuclear RNAs in size and base composition.

Taken together, these studies indicate that eucaryotic translational
controls can discriminate among different mRNAs. Several different
mechanisms appear to be involved. Changes at this level can lead to
drastic alterations in the qualitative pattern of protein synthesis. It
is likely that selectivity in mRNA translation is determined at the mRNP
level by either the mRNA itself or by the association/dissociation or
modification of various initiation factors and possibly, the effect of

small cytoplasmic RNA molecules.
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Da Regulation of Enzyme Activity by Posttranslational Modification

Posttranslational modification is necessary for functional or
structural activation of some protein molecules. There are two kinds of
posttranslational modification: proteolytic cleavage of the polypeptide
chain and covalent modification of the amino acid residues of the
polypeptide. Proteolytic cleavage is irreversible and is used in three
different ways: liberation of an active enzyme from an inactive
proenzyme or zymogen, fixation of an enzyme or protein into a cell
membrane, and removal of the enzyme or protein from the cell by degrading
it. Covalent modification of amino acid residues, on the other hand, is
often reversible and is used to modulate the activity of the gene

product.

A. Posttranslational Protein Modifications

The definition given to posttranslational modification by Finn Wold
is the conversion of any of the 20 primary amino acids that have been
established to be specified by the genetic code to a derivitive form,
although it is still possible for the genetic code to specify more than
20 amino acids (205).

In the most general terms the types of chemical transformation
involved in posttranslational modifications can be categorized as follows

(205}):

1) A simple reversible reaction catalyzed by a single enzyme. An

example of this reaction type is the reaction by which sulfhydryls and
disulfides may be reversibly interconverted in response to variations in

the environmental redox potential.
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2) A reversible modification reaction catalyzed by two separate enzymes.

This type of modification is common; certain phosphorylation/dephos-
phorylation, methylation/demethylation, ADP-ribosylation/de-ADP-
ribosylation and acetylation/deacetylation reactions are typical examples
in this category. The reversible nature of the reactions here and in the
first category are associated with a regulatory effect on the proteins
modified, turning their activity on in one direction and off in the other
direction.

3) An irreversible modification reaction. This is the most common

reaction type; the product of this reaction is a new amino acid which is
permanently associated with the functional protein.

4) Non-enzymatic modification. These reactions proceed in all living

cells and are slow and spontaneous.

A new model for understanding the specificity of posttranslational
modification reactions superimposes a complicated shooting gallery
mechanism onto the traditional lock and key model of enzyme specificity.
In this shooting gallery, the targets (proteins) passing across the line
of fire (posttranslational modification) are constantly changing in color
and shape, and a hit (modification) is only recorded if the proper shape
and color is displayed when the shot is made, and each compartment of the
cell appears to have its own set of game rules. The proteins thus have
to encounter the proper enzyme, in the proper compartment, at exactly the
time when they display the proper structural feature for a 'hit' to be
recorded. However, the amino acid sequence is the primary specificity
determinant as even the initial processing of proteins by transport,

cleavage or modification is based on sequence recognition. On the other
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hand, all aspects of sequence information could be included, from simple

short sequences to tertiary and quaternary structures.

B. ADP-Ribosylation of Proteins as a Posttranslational Modification

ADP-ribosylation reactions occur through the transfer of the
ADP-ribose portion of NAD' into a covalent linkage with substrates
specified by the particular ADP-ribosylating enzyme. As a process which
occurs to proteins after the ADP-ribose acceptor site has been
incorporated into the primary structure of the polypeptide chain, such
reactions can and will be considered as posttranslational modifications
in this manuscript.

In these reactions, the high energy bond linking the ADP-ribose and
nicotinamide moieties of B—NAD+ is cleaved. The ADP-ribose is
transferred to an appropriate acceptor, either a protein or another
ADP-ribose already attached to a protein. Two general types of enzymes
that catalyze ADP-ribose transfer have been identified, poly(ADP-ribose)
polymerase and mono(ADP-ribosyl)transferase (206,207,208).

As mentioned previously, poly(ADP-ribose) polymerase catalyzes both
the initial ADP-ribosylation of protein and the subsequent addition of
ADP-ribose moieties linked through ribose-ribose bonds to form a
homopolymer. This enzyme is localized primarily in the nucleus and is
tightly bound to chromatin. Although the role(s) of poly(ADP-ribose)
polymerase has not been precisely defined, this enzyme may be involved in
DNA synthesis, cell proliferation, cell differentiation, and DNA repair.

The other type of ADP-ribosyltransferase catalyzes the convalent
attachment of single ADP-ribose residues to specific protein substrates.

This type of mono(ADP-ribosyl)ating enzyme can be divided into 3 groups:
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bacteriophage enzymes, enzymes endogenous to animal cells and bacterial
toxins that exert their effects on animal cells by catalyzing the

ADP-ribosylation of specific cellular proteins.

C. Endogenous mono{ADP-ribosyl)ating Enzymes

There is evidence for the existence of mono(ADP-ribosyl)transferases
in several animal tissues (207). An enzyme that catalyzes the NAD-
dependent ADP-ribosylation of guanidino compounds, such as arginine and
purified synthetic and cellular proteins, has been purified from the
soluble fraction of turkey erythrocytes (209). Using the same
purification procedure as used for the turkey erythrocyte enzyme, similar
enzymes have been identified in rat liver and in human and rabbit
erythrocytes (210,211).

The turkey erythrocyte ADP-ribosyltransferase (transferase A) as
described by Moss (214), has an Mr of 25,000 as determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and gel permeation
chromatography (212). The enzyme is activated in the presence of
chaotropic salts which dissociate the enzyme from an inactive oligomeric
form to an active protomeric form (213). In the absence of salt, enzyme
activity can be stimulated by histones which can also dissociate the
enzyme to an active protomeric species. The transferase can
ADP~ribosylate a variety of purified proteins as well as proteins from
the soluble and particulate fractions of erythrocytes. However, this
enzyme does not activate turkey erythrocyte membrane ad