
(5). These experiments lead to the con- 

We do not yet understand the control 
of any single eukaryotic gene with the 
molecular detail with which we under- 
stand the lac operon of Escherichia coli 
(I) or lambda phage genes (2). However, 
the picture that emerges suggests a rich 
variety of ways by which the expression 
of eukaryotic genes is controlled and an 
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that phage and E. coli have accounted 
for the most important discoveries in 
prokaryotic genetics. Moreover, tradi- 
tional genetics has not played a role in 
these discoveries as important as the mo- 
lecular analysis of genes and the tran- 
scription of genes. A case can be made 
that future progress in understanding 

Summary. Gene expression in eukaryotes is influenced by a wide variety of mecha- 
nisms including the loss, amplification, and rearrangement of genes. Genes are dif- 
ferentially transcribed, and the RNA transcripts are variably utilized. Multigene fami- 
lies regulate the amount, the diversity, and the timing of gene expression. The present 
level of understanding of gene expression in eukaryotes is attributable mainly to bio- 
chemical methods rather than to traditional genetics. The new techniques that permit 
analysis and modification of purified genes of known function will identify both the 
control regions in eukaryotic genes as well as the molecules within cells that influence 
gene expression. 

abundance of what could be called "con- 
trol points," steps along the path of gene 
expression that are ideal for exerting in- 
fluence on the final phenotype even 
though there is no evidence yet that 
these steps actually are controlled in 
vivo. I group these genetic mechanisms 
into those in which the genes are altered 
(diminution, amplification, rearrange- 
ment, add modification) and those in 
which gene expression is modulated 
(transcriptional, posttranscriptional, and 
translational control). I am convinced 
that the organization of genes in multi- 
gene families plays a significant role in 
the control of their expression, and some 
reasons for this view are outlined in the 
second half of this article. Many of these 
mechanisms, "control points," and spe- 
cialized gene arrangements do not exist 
in prokaryotes. 

Conversely, some important pro- 
karyotic control mechanisms have not 
yet been shown to occur in eukaryotes. 
As will be discussed, even those eu- 
karyotic genes that are prime candidates 
for bacterial-type regulation seem to be 
controlled differently. A variety of orga- 
nisms and techniques have contributed 
to our present understanding. No single 
organism has dominated research in eu- 
karyotic genetic mechanisms in the way 
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how genes are controlled in development 
will depend primarily on biochemistry, 
with an important contribution from ge- 
netics. 

Gene Loss and Germ Cell Determination 

Somatic cells of some animals are al- 
tered extensively during development by 
diminution of their chromatin or elimina- 
tion of certain chromosomes (3). This 
event occurs in early cleavage in pro- 
genitors of somatic cells so that only the 
germ cells maintain their genome intact. 
The discarded DNA is presumed to con- 
tain genes required for germ cell dif- 
ferentiation since the cells that lose DNA 
are incapable of becoming germ cells. 
Chromosome diminution has been ob- 
served in some nematodes, protozoa, 
crustaceans, and insects. The inability to 
detect diminution in other eukaryotes 
has led most investigators to believe that 
it is not a mechanism of general signifi- 
cance for gene control although, if small 
amounts of chromosomal material are 
lost from presumptive somatic cells, this 
loss could have escaped detection. The 
best evidence against loss of DNA is the 
totipotency of some nuclei from some 
differentiated frog cells (4) and plant cells 

clusion that at least some somatic cells in 
these organisms have not undergone an 
irreversible loss or change of essential 
genetic material. However, the number 
of instances of successful nuclear trans- 
plantation is too small to rule out pro- 
grammed genome alteration as a wide- 
spread phenomenon in differentiation. 
Even if obvious gene loss is restricted to 
a few species, the biological event with 
which it is related is a general one. I refer 
to the early determination of germ cells 
and their virtual segregation from somat- 
ic cells in cleaving embryos (6). It could 
be construed that something dramatic is 
happening to the genome of somatic cells 
from which germ cells must be pro- 
tected. It is the similarity in the biology 
of germ cell determination, regardless of 
whether gene loss has been detected, 
that suggests a search for less obvious 
genome changes in other animals might 
be fruitful. 

The protozoan Oxytrichia undergoes 
gene loss and is especially tractable for 
detailed biochemical examination (7). A 
micronucleus retains germ line continu- 
ity, while a macronucleus is responsible 
for all of the cell's RNA synthesis. The 
macronucleus is formed from the micro- 
nucleus by a process involving cleavage 
of the DNA, elimination of most of the 
DNA, and replication (polytenization) of 
the remaining fragments. These remain- 
ing DNA fragments are not replicated 
uniformly. A remarkable feature about 
this process is that most fragments in the 
macronucleus have the same DNA se- 
quence at each end (8). This terminal 
repetition could, be a cleavage site for 
some restriction-like enzyme, a site in- 
volved in DNA replication, or a pro- 
moter for RNA synthesis. 

Gene Amplification 

Gene amplification is one means by 
which a cell can produce immense quan- 
tities of a specific gene product. Several 
quite different mechanisms are used by 
cells to synthesize vast amounts of 
RNA's and proteins; these will be men- 
tioned later. Oocytes of some verte- 
brates and insects specifically amplify 
their genes for 18s and 28s ribosomal 
RNA (rRNA) (9, 10). This increase in the 
genes (which are termed ribosomal DNA 
or rDNA) supports extremely active 
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rRNA synthesis in oocytes, a synthetic 
rate so high that one oocyte of Xenopus 
synthesizes several thousand times more 
ribosomes per unit time than a single so- 
matic cell. The amplified rRNA genes 
only function during oogenesis; after 
meiosis, these genes become inactive. 
When rRNA synthesis begins in embryo- 
genesis, it is directed by the normal com- 
plement of rDNA in the chromosomes. 

Somatic cells with varying demands 
for rRNA synthesis are serviced by a 
constant number of rRNA genes, usually 
numbering in the hundreds, per haploid 
complement of DNA. This number ex- 
ceeds the needs of even the most active- 
ly growing somatic cells in Xenopus, 
since animals having only half the diploid 
rDNA complement can survive perfectly 
well with unaltered rates of rRNA syn- 
thesis (11). Ribosomal RNA synthesis is 
modulated in somatic cells by the physi- 
ological state of the cell, by hormones, 
and by other influences. It is presumed 
that this modulation must occur by tran- 
scriptional control mechanisms since the 
number of rRNA genes remains constant 
(9). 

Some eukaryotes can differentially 
replicate their rRNA genes relative to 
other regions of the genome. In the 
acellular slime mold, the extrachromo- 
soma1 copies of rDNA are present at 
all stages of the life cycle, and these 
are replicated asynchronously with the 
rest of the genome (12). Tetrahymena 
has a single copy of rDNA integrated in 
the genome in its micronucleus, but hun- 
dreds of copies of rDNA in a macronu- 
cleus, the nucleus responsible for RNA 
synthesis in the organism (13). Dif- 
ferential replication of rDNA relative to 
the DNA that surrounds it on the 
chromosome occurs during polyteniza- 
tion in larval cells of Drosophila (14). 

Until recently, rRNA genes were the 
only genes that had been demonstrated 
to be amplified or differentially replicat- 
ed at a specific time in the development 
of a cell. However, Spradling and Maho- 
wald have found that genes for chorion 
proteins in Drosophila are amplified in 
ovarian follicle cells before their active 
expression in those cells (15). These are 
the first genes coding for proteins shown 
to be amplified as a normal process of de- 
velopment. Again, the reason for ampli- 
fication seems to be the need for large 
amounts of product. In this case, large 
quantities of these proteins are synthe- 
sized during a very short time. As I dis- 
cuss later, massive amounts of protein 
can be synthesized from a single gene via 
the amplification provided by the accu- 
mulation of a stable messenger RNA 
(mRNA). However, if a cell needs to 

synthesize large amounts of a protein in 
a short time and then express a different 
set of genes, it is logical to solve this 
problem by synthesizing more mRNA 
with a short half-life. 

Cells in culture can be forced to am- 
plify genes for certain proteins by selec- 
tion techniques. For example, cells cul- 
tured with methotrexate, an inhibitor of 
dihydrofolate reductase, gradually be- 
come resistant to the drug. Increased re- 
sistance correlates with increased levels 
of the enzyme folate reductase. This in 
turn is related to increased amounts of 
the folate reductase gene (16). Cells in- 
crease their gene number gradually, per- 
haps by duplications introduced by rare 
unequal crossover events and selection 
of those cells with the increased gene 
number. Analogous examples are well 
known for genes for antibiotic resistance 
in microorganisms (17). Perhaps any 
gene that cannot modulate its expression 
is a candidate for "forced" gene amplifi- 
cation if the right selective agent is avail- 
able. A demand for more gene product is 
not met by a change in gene expression 
so that the only mechanism for increas- 
ing the gene product is to have more 
genes. There is no evidence that 
"forced" gene amplification plays a role 
in any normal developmental process. 

Nondirected Gene Rearrangement 

That genes in eukaryotes change their 
chromosomal location and that this rear- 
rangement can have important effects on 
gene expression has been known for dec- 
ades from the work of McClintock (18). 
She described controlling elements 
whose effects on genes in maize could 
only be explained by the movement of 
these controlling elements from one ge- 
netic locus to another. How transposable 
elements in maize function at the molec- 
ular level is not known, but molecular 
details of systems that seem to be analo- 
gous have been described in prokaryotes 
and other eukaryotes. In bacteria, trans- 
posable elements appear to be DNA 
fragments, containing genes in some cas- 
es, that are readily excised from one 
DNA region and inserted into another 
(19). 

The more that is learned about 
"middle repetitive DNA" in eukaryotes, 
the more that it seems to behave like the 
prokaryotic transposable elements and 
may contain within it the DNA se- 
quences that account for the controlling 
elements in maize. Middle repetitive 
DNA is the name given to one of the sev- 
eral kinds of repetitious DNA's that are 
found in all eukaryotic genomes (20). 

Each genome has many families of 
middle repetitive DNA; a family consists 
of from tens to hundreds of the same or 
closely related short DNA sequences 
that are dispersed throughout the ge- 
nome. The reason that this DNA is a 
good candidate for controlling elements 
is that the chromosomal position of vari- 
ous family members changes, even in 
closely related organisms. This has been 
well documented in Drosophila (21) and 
yeast (22). 

The movement of these DNA ele- 
ments has not been correlated with a de- 
velopmental timetable nor are their 
chromosomal locations in any way pre- 
dictable. It appears that their influence 
on a neighboring gene may be a for- 
tuitous event caused by a chance rear- 
rangement of the middle repetitive ele- 
ment next to the gene, rather than an im- 
portant means of controlling related 
genes in a coordinate fashion (23). 

Directed Gene Rearrangement 

The structural genes for immunoglob- 
ulins in specialized cells of the immune 
system provide the best known example 
of a precise genetic rearrangement pro- 
grammed into the development of a cell 
for an important biological purpose. The 
possibility that one immunoglobulin pro- 
tein molecule was encoded by two sepa- 
rate genes that were rearranged into a 
single functional gene in an immunocyte 
was predicted in 1965 by Dryer and Ben- 
nett (24). A combination of data obtained 
from amino acid sequencing of purified 
immunoglobulins and genetic data sug- 
gested that gene rearrangements were in- 
volved, but the details and surprising in- 
tricacies of the process could never have 
been known without the isolation by 
cloning of immunoglobulin genes and 
their characterization by DNA sequenc- 
ing (25). The genetic rearrangement 
fuses two (or more) coding regions that 
are far apart but still located on the same 
chromosome. This example of gene rear- 
rangement differs from those described 
earlier in two important ways. First, 
while the molecular mechanism of immu- 
noglobulin gene rearrangement is un- 
known, the resulting recombination is re- 
markably precise. Second, the rear- 
rangement has demonstrable biological 
significance. It not only results in the for- 
mation of a functional gene, but it could 
even be the event that commits the cell 
to become specialized as an immuno- 
cyte. 

Is rearrangement of the gene respon- 
sible for commitment of the cell to ex- 
press that gene? Since cell commitment 
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is a widespread phenomenon, by analogy 
is gene rearrangement also a general 
mechanism? Preliminary studies with re- 
striction enzymes have not detected re- 
arrangements within or next to globin 
genes (26), fibroin genes (27), or oval- 
bumin genes (28) in cells that express 
these genes or in those in which the 
genes are inactive. Except for the possi- 
bility of very subtle rearrangements that 
will be determined only with complete 
DNA sequencing, it seems likely that 
cell commitment and gene specialization 
can occur without altering the gene itself 
and the DNA that immediately flanks 
it. However, a genomic rearrangement 
could be very distant from a gene and 
still affect its function. 

Rearrangement of DNA is apparently 
responsible for switch in mating types in 
yeast (29). Preliminary information cor- 
relates genomic rearrangement with the 
change in surface antigens exhibited by 
trypanosomes (30). By analogy, I expect 
that gene rearrangement will explain 
changes in surface antigens in Para- 
mecium (31) and perhaps also the ex- 
traordinary variety of surface antigens in 
tumors of mice induced by carcinogens 
(32). 

DNA Modification 

The major way that eukaryotic DNA is 
modified is by methylation of cytosine at 
the 5-position (33). Modification can im- 
print DNA in a stable manner that can be 
transmitted to progeny cells at each divi- 
sion. Methylcytosine (C, cytosine) is 
found *mainly next to G (guanine) resi- 
dues (CpG) in eukaryotic DNA (34). This 
dinucleotide has the dyad symmetry of 
5'CpG3' in DNA, and cytosines on both 
strands are often methylated. The pre- 
ferred substrate for the enzyme is a CpG 
on one strand opposite one on the other 
strand in which the C residue is already 
methylated (35). Immediately after repli- 
cation, the DNA is in the hemimeth- 
ylated state. The methylated parental 
strand directs methylation of the daugh- 
ter strand. Change of this imprint would 
require either an enzyme that demeth- 
ylates DNA (and these have never been 
found) or multiple cell divisions in the 
absence of methylation. Changes in cell 
commitment are thought to require cell 
division, and this correlation provides an 
attractive connection between DNA 
modification and gene expression. Re- 
cently, restriction enzyme analysis has 
been used to compare the state of 
methylation of specific genes in cells in 
which the genes are silent compared to 
those in which they are active, and some 

rather striking differences have been 
found (36). These new findings suggest 
that methylation of certain residues may 
be one of the factors that is correlated 
with inactivity of that gene. However, 
rDNA is known to be methylated in so- 
matic cells but not in oocytes of Xen- 
opus, yet it is active in both cell types 
(37). Furthermore, the extent of cytosine 
methylation seems to be a species-spe- 
cific characteristic rather than a develop- 
mentally related phenomenon; some or- 
ganisms have no detectable levels of 5- 
methylcytosine (38). Although other 
kinds of modification have no! been de- 
tected in eukaryotes, they would be diffi- 
cult to find should they occur at the level 
of a single modified residue per gene. 

Transcriptional Control 

"Differential gene activation" is the 
time-honored explanation for how genes 
are controlled in development. The mod- 
ern term for this is transcriptional con- 
trol, which, of course, is the principal 
mechanism for gene control in pro- 
karyotes. Although it is often assumed 
that control of all eukaryotic genes oc- 
curs at the level of transcription, direct 
evidence has been obtained only recent- 
ly. An important demonstration of tran- 
scriptional control is the finding that 
three distinct forms of RNA polymerase, 
present in eukaryotic cells, transcribe 
different sets of genes (39). 

There is now strong evidence for tran- 
scriptional control of highly specialized 
genes whose products make up a very 
large proportion of cellular mRNA and 
protein. Examples of these genes are glo- 
bin, ovalbumin, and fibroin. The critical 

Fig. 1. Posttranscriptional 
control could occur at any 
one of these steps. [Cour- 
tesy of J. E. Darnell, Jr. 
(4211 

experiment is to show that the rate of 
RNA synthesis is modulated; a cell that 
does not express a gene should have no 
detectable RNA transcripts of that gene. 
Clones of DNA copies of mRNA (com- 
plementary DNA or cDNA) are the only 
probes with sufficient specificity and sen- 
sitivity to detect very low levels of tran- 
scripts. It has been reported, for ex- 
ample, that in virgin oviduct tissue of the 
chicken and in nontarget tissues (40) less 
than one molecule of RNA homologous 
to ovalbumin cDNA is present before 
hormone induction. In the fully dif- 
ferentiated state, there are hundreds of 
nuclear RNA copies and, of course, 
thousands of cytoplasmic copies. This is 
unequivocal evidence of transcriptional 
control. 

The majority of cellular genes are re- 
sponsible for only a small number of pro- 
tein molecules in each cell (41). In the 
steady state, the amounts of a nuclear 
precursor RNA transcribed from these 
active genes might be as low as a single 
molecule per nucleus. It would be almost 
impossible to determine whether these 
genes were influenced by transcriptional 
or posttranscriptional control. 

Posttranscriptional Control 

The separation of the genetic material 
in a nucleus from the translation machin- 
ery in the cytoplasm is at the heart of 
posttranscriptional control mechanisms 
that are unique to eukaryotes. The long- 
standing truth of that observation did not 
prepare the biological community for a 
succession of remarkable discoveries on 
processing of eukaryotic mRNA. Trans- 
lation and degradation of a prokaryotic 
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mRNA molecule can begin before its 
synthesis has been completed. A eu- 
karyotic gene is transcribed completely, 
and then the RNA is usually modified in 
several ways, none of which is known to 
occur in prokaryotes (Fig. 1). An enzy- 
matic complex joins ("caps") the 5' end 
of the RNA transcript with an inverted 
GTP (guanosine triphosphate) residue; it 
then methylates one internal adenine (A) 
residue (or more) of the mRNA (42). An- 
other early event is the addition of 
poly(A) (polyadenylate) residues to the 
5' end of the completed RNA molecule 
(42). Although it had been proposed for a 
long time that mature mRNA is derived 
from longer precursor RNA molecules, it 
was assumed that the extra sequences 
would be found at either end of the mole- 
cule. No one predicted that they would 
interrupt the coding sequences. There 
are many theories, but none that ade- 
quately explains why the majority of eu- 
karyotic genes that have been isolated 
from genomic DNA have one or more in- 
tervening sequences that are transcribed 
with the coding regions into a long pre- 
cursor RNA molecule (43). This pre- 
cursor RNA is then processed by ex- 
cision of the extra transcripts and splic- 
ing of the coding pieces of RNA (44). 

None of these three posttranscription- 
a1 modifications can be said to have a 
well-explained role in cell metabolism, 
although there is evidence that they are 
essential steps in gene expression. Re- 
cent studies suggest that capping of 
mRNA facilitates binding to eukaryotic 
ribosomes (45) and enhances stability of 
mRNA (46). While mRNA's can func- 
tion without poly(A), it is thought that 
poly(A) can prolong the half-life of 
mRNA (47). Thus, controlled inhibition 
of capping and poly(A) addition (48) 
could regulate gene expression. The 
presence of alternative transcription ter- 
mination sites coupled with complex 
splicing patterns of RNA transcripts 
gives rise to more than one functional 
mRNA from the same DNA region in 
adenovirus (49). Recently, two forms of 
p heavy chain immunoglobulin proteins 
differing at their carboxyl termini have 
been shown to result from two different 
transcription termination sites of a single 
gene (50). One of the two proteins at- 
taches to cell surfaces by means of its ex- 
tra long carboxyl terminal fragment; the 
shorter protein is secreted from the cell. 

The role of intervening sequences in 
genes remains the biggest enigma of all. 
The primary transcripts of most genes 
have extra sequences that interrupt the 
coding region at multiple locations; the 
5' and 3' ends of the precursor remain 

intact in the mature mRNA. None of the 
many theories that account for the func- 
tion of intervening sequences is consist- 
ent with all of the data. For example, 
there are two insulin genes in the rat, one 
with a single intervening sequence and 
the other with two (51). Since both genes 
are known to be expressed, what is 
the significance of this difference? The 
rRNA genes of some strains of Tetrahy- 
menu have intervening sequences while 
those in a closely related strain do not 
(52). In one experimental system, the 
splicing step has been shown to be essen- 
tial for the transport of mRNA from the 
nucleus into the cytoplasm (53). This 
suggests a powerful posttranscriptional 
mechanism in which the presence of spe- 
cific splicing enzymes or alternative 
splicing patterns could determine which 
mRNA's can reach the cytoplasm and 
function there. 

Prime candidates for posttranscrip- 
tional control are the proteins that inter- 
act with RNA in the nucleus, even dur- 
ing transcription, forming ribonucleopro- 
tein (RNP) particles. This is because pro- 
cessing of RNA, its transport to the 
cytoplasm, and its attachment to ribo- 
somes almost certainly occur while the 
RNA is in a complex with protein; RNA 
(except for transfer RNA or tRNA) may 
never be naked in the cell. Perhaps the 
proteins in RNP particles are themselves 
the splicing enzymes; they are certainly 
involved in processing or transport 
events. 

Translation Control 

Modulation of translation by one or 
more of the factors involved in protein 
synthesis is a potentially powerful way 
to influence gene expression. Evidence 
that factors can select specific mRNA's 
for translation is disputed. One means of 
translation control that is important for 
eukaryotes is the stability of mRNA. A 
single fibroin gene from the posterior silk 
gland of Bombyx mori is responsible for 
the synthesis of about 101° fibroin protein 
molecules in several days (54). This is 
accomplished by a high rate of mRNA 
synthesis and efficient utilization and sta- 
bilization of the mRNA formed. About 
lo5 molecules are transcribed from one 
gene, and each mRNA serves as tem- 
plate for the synthesis of about lo5 pro- 
tein molecules. We refer to this as 
"translational amplification"-the pro- 
longed synthesis of protein on stable 
mRNA. At each larval molt, fibroin 
mRNA is degraded and is resynthesized 
during the next instar (55). Genes that 

account for very large amounts of pro- 
tein synthesis are characterized by high 
transcription rates and stable mRNA's. 
If there are factors that specifically influ- 
ence protein synthesis by one subset of 
mRNA's then there could be a dis- 
proportionate relation between mRNA 
content and protein synthesis. Alpha and 
beta globin mRNA's in the same cell 
have been found to be translated at 
slightly different rates (56). However, no 
one, to my knowledge, has system- 
atically correlated the abundance of dif- 
ferent mRNA's with the amount of pro- 
tein synthesized in more than one cell 
type or under different physiological 
conditions. 

With pure hybridization probes for in- 
dividual mRNA's, it is possible to study 
directly the stability of mRNA's present 
even in small amounts in cells. Recently, 
an interesting example of the change in 
stability of the mRNA for casein in mam- 
mary glands induced by a change in hor- 
mone concentration has been described. 
When the hormone prolactin is with- 
drawn, the synthesis of casein by mam- 
mary glands is known to decrease. This 
has been shown to be due in part to in- 
creased lability of the mRNA in the ab- 
sence of the hormone (57). 

An extreme example of stable and in- 
active mRNA is the well-known, but still 
poorly understood, phenomenon re- 
ferred to as "masked" mRNA (58). Un- 
fertilized sea urchin eggs store mRNA 
for months in an inactive state. Minutes 
after fertilization, the rate of protein syn- 
thesis increases, encoded by this stored 
mRNA. The activation of other dormant 
states (seeds, encysted embryos) may 
occur by similar but still unknown mech- 
anisms. 

Polyproteins 

Linked genes in prokaryotes are trans- 
cribed into a polycistronic mRNA. 
Translation starts independently at sig- 
nals preceding each gene transcript along 
a single RNA molecule. In eukaryotes, 
however, there is no example of the in- 
dependent translation of multiple pro- 
teins from one mRNA molecule. How- 
ever, multiple proteins can be cleaved 
from a single polypeptide precursor. The 
first example was the translation and 
processing of viral proteins from picor- 
naviruses (59). Recently, some hor- 
mones have been shown to originate in 
this manner. The insulin A and B chains 
are cleaved from a single "polyprotein" 
(60). The protein precursor of ACTH 
(adrenocorticotropic hormone) contains 
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the structure of other biologically active 
polypeptides (61). Maturation of poly- 
proteins represents anothercontrol point 
by which the action of a eukaryotic gene 
can be influenced. 

Multigene Families 

Many eukaryotic genes are arranged in 
multigene families. An examination of 
their diverse arrangement and abun- 
dance provides the tantalizing suggestion 
that membership in a family imposes cer- 
tain rules on the expression of a gene. 

Simple multigene families. Some 
genes are present in many reiterated cop- 
ies in tandem array along a chromosome. 
The first of these multigene families that 
was studied was the 18s and 2 s  rRNA 
gene family (rDNA) (62) followed by 5S 
rRNA genes (5s DNA) (63) in Xenopus. 
These genes could be purified and char- 
acterized from genomic DNA before the 
development of recombinant DNA tech- 
nology because of their abundance in the 
genome and the availability of their RNA 
products as hybridization probes. Stud- 
ies with purified high-molecular-weight 
genomic rDNA and 5S DNA demon- 
strated that these genes are organized in 
tandem along chromosomes and sepa- 
rated from each other by "spacer" DNA 
(Pig. 2). Entire repeating units of five dif- 
ferent multigene families of 5s DNA 
from two species of Xenopus have been 
sequenced completely (64). One repeat- 
ing unit usually, but not always, consists 
of a single gene for 5S rRNA and a spa- 
cer region from two to six times the 
length of the gene. There are hundreds to 
thousands of these genes in one or more 
clusters in the Xenopus genome. The 
genes for the larger rRNA's are also con- 
structed in simple multigene families. 
The 1 s  and 28s rRNA genes are closely 
linked and separated by short trans- 
cribed spacer regions and longer non- 
transcribed spacer regions (65). One 
large RNA transcript is processed to the 
18s and 28s RNA's. 

Multiple copies of rRNA genes are 
present because of a demand for large 
amounts of their products. This has been 
shown conclusively in Drosophila and 
Xenopus where a substantial reduction 
in the number of rRNA genes is known 
to be lethal. Drosophila usually has 
about 400 copies of rRNA genes in each 
diploid cell; deficiency symptoms appear 
when the number of copies falls below 60 
(66). In Xenopus a diploid cell has about 
900 copies of rDNA. Animals with half 
that many genes are unaffected (II) ,  but 
those with fewer than 250 cannot survive 

Fig. 2. Three kinds of mul- Gene Gene Gene 
tigene families. They are A L & - - - - ,u 
not drawn to scale. The 
genes are represented by 
heavy lines and the arrows 
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transcription. (A) A simple 
- -  - - 

multigene family, such-as 
the genes for 5S ribosomal 
RNA, consists of the same 
repeating unit (gene plus C E G Y  A Y  p 
spacer) repeating many 

- 
times in tandem (63). (B) A complex multigene family of transfer RNA genes in Drosophila. 
Eight transfer RNA genes, each comprising a separate transcription unit are clustered in the 
genome on a stretch of DNA about 9000 base pairs long (76). (C) The genes for the P-type 
globins in humans (79), an example of a multigene family under developmental control. These 
related genes are expressed from left to right as development proceeds: embryonic (€1, fetal 
(y), and adult (6, P). Abbreviations for amino acid residues: Arg,  arginine; Ile,  isoleucine; Lys, 
lysine; Asn , asparagine. 

(67). Each ribosome (prokaryotic and eu- genes. A single repeating unit of sea ur- 
karyotic) contains one molecule each of chin histone genes contains one gene for 
5S, I s ,  and 28s RNA. In E. coli, the each of the five histones H2a, H2b, H3, 
three genes comprise a single transcrip- H4, and H I  (72). These are separated by 
tion unit, and the three RNA's are pro- spacer regions, and there are about 400 
cessed from one polycistronic RNA. to 1000 copies of this repeating unit per 
Yeast (68) and the cellular slime mold haploid complement of sea urchin DNA. 
(69) have all three genes in each repeat- Even though all five of these genes are 
ing unit, but the 5S RNA gene is trans- oriented in the same direction for tran- 
cribed separately from the 18s and 28s scription, no polycistronic RNA pre- 
rRNA genes. Different forms of RNA cursor has been detected. In Drosophila, 
polymerase transcribe the 5S RNA genes the five genes are also clustered but so 
and the large rRNA genes. In multi- scrambled in their orientation that each 
cellular eukaryotes, the 5s RNA genes gene must have an independent tran- 
are clustered in their own separate multi- scription start (73). Two unlinked his- 
gene families (70). It is not clear why the tone gene clusters have been found in 
simple coordinated transcription and yeast (74). Each contains one gene for 
processing of these three genes has H2a and one for H2b; the genes for H3 
evolved to these more complex inde- and H4 are located elsewhere. 
pendently controlled arrangements. The With the demonstration in sea urchins 
dilemma is more puzzling when one con- that different histones are synthesized at 
siders the control mechanism of 5s RNA different developmental stages (73 ,  the 
genes that has evolved in fish and am- histone gene system has become much 
phibians. In the oocytes of these animals more interesting from the point of view 
there is massive amplification of rDNA, of developmental regulation. The char- 
and these cells are capable of thousands acterization of histone genes is under 
of times higher rate of ribosome syn- way, but is incomplete at present. I pre- 
thesis than occurs in single somatic cells, sume that the histones synthesized at 
The 5S RNA genes are not amplified (9). each developmental stage will comprise 
Instead, the genome contains one or a different multigene family, and the size 
more large additional multigene families of the family will depend on the rate at 
encoding 5S RNA (71). The oocyte-spe- which their respective proteins are syn- 
cific 5S DNA is only expressed in grow- thesized when demand for them is maxi- 
ing oocytes; these genes are shut off in mal. 
somatic cells so that only members of the Some, but not all, tRNA genes are 
smallest of the multigene families, 
termed somatic 5S DNA, function. The 
largest oocyte-specific 5 s  DNA multi- 
gene family that we have studied has 
about 20,000 copies per haploid set of 
chromosomes, an amount that comprises 
about 0.7 percent of the genomic DNA 
(63 1. 

Complex multigene families. Multi- 
gene families can have several related 
genes in a repeating unit. Two examples 
are the histone genes and some tRNA 

clustered in multigene families. Frag- 
ments of DNA containing several tRNA 
genes have been cloned and character- 
ized from Drosophila (Fig. 2) (76), and 
Xenopus (77). More than one copy of the 
same tRNA gene may be present in a 
cluster, but each tRNA gene appears to 
comprise a separate transcription unit. 
In contrast, the eight tyrosine tRNA 
genes in yeast are dispersed throughout 
the genome and are not linked to any 
other tRNA gene as far as is known (78). 
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Thus, there does not seem to be any sim- function of simple multigene families is The majority have been determined by 
ple explanation for the clustering (or lack 
of it) of related but different genes. How- 

to increase an organism's capacity to 
synthesize a product. In the case of 5S 
rRNA genes, we know that each repeat- 
ing unit can synthesize 5S RNA inde- 
pendently (88). Therefore, members of a 
tandem multigene family are not con- 
trolled together by a single "promoter" 

biochemistry. I refer to this as genetics 
by DNA analysis. The major tool, of 
course, now taken for granted, has been 
the use of molecular hvbridization of nu- 

ever, a pure evolutionary explanation 
that relates clustering of genes to recent 
gene duplication is clearly inadequate 
since the duplication of tRNA and his- 

cleic acids by base complementarity. 
Quantitative hybridization methods (20) 
are to the molecular biologist what en- tone genes was not a recent event. 

Linked, related genes, under develop- 
mental control. Five dserent functional 

at one end. I believe that there are evolu- 
tionary advantages as well as influences 
on gene function to explain why identical 

zyme assays are for a protein biochem- 
ist. Recombinant DNA technology has 
solved two technical problems. It pro- p-type globin genes have been described 

in humans (79) (Fig. 2C) and four a-type genes are arranged in a tandem array. If 
members of a multigene family are adja- 
cent to one another, they can evolve to- 
gether by a process of duplication and 

duces pure probes for hybridization, 
making possible hybridization of ex- 
treme sensitivity and specificity, and, in 
addition, it provides large amounts of ho- 

genes (80). The p-globin-type genes are 
closely linked; all have been cloned and 
characterized (Fig. 2). The genes are re- 
lated to each other and must have 
evolved from a common ancestral gene. 
The a-type genes probably diverged 

deletion-presumably, by a crossing- 
over mechanism (89). This "parallel" 
evolution maintains the tandem genes 

mogeneous gene fragments for analysis. 
Essentially any gene for which there is a 
hybridization probe can be cloned and 

from the same ancestral gene as the p similar if not identical in length and in se- grown in milligram amounts in E. coli, 
making accessible for study genes nor- 
mally present in only one copy per cell 
(90). A plethora of enzymes (mainly of 

genes, but much earlier. These genes are 
not on the same chromosome as the p- 

quence, which is advantageous to the or- 
ganism for genes involved in making the 

type genes. The controlled pathway of same product. In addition, it may be 
globin gene expression is well known. 
Human embryos, fetuses, and adults 
make globins with different p-type sub- 

more efficient to shut off or modulate all 
members of a multigene family if they 
are arrayed in tandem rather than if they 

bacterial origin) that cleave, ligate, and 
polymerize DNA have made working 
with DNA simpler than working with 

units. Perhaps it is coincidental that P- are dispersed throughout the genome. 
More complex multigene families 

group together genes that are related but 
not identical. In some cases, their prod- 

any other macromolecule (91). New 
type genes are arranged in the same or- 
der along the chromosome as they are 
expressed chronologically in develop- 

methods make sequencing an average 
gene a trivial exercise (92). Indeed, the 
data accumulated from DNA sequencing 

ment. One deletion that removes adult p 
genes alters the control of the fetal 0- 
type genes (termed y) that are linked to 
them (81). This suggests that regions 
some distance from a gene may influence 
its expression. 

ucts are needed at the same time by a cell 
and for related purposes (for example, 
multiple tRNA's or the five histones). 

outstrip our ability to analyze the infor- 
mation. 

Genetics by DNA analysis was not 
Yet each gene in a cluster is transcribed 
independently, even though more or less 
coordinately with the others. Neighbor- 

complete until recently, when assay sys- 
tems were developed that accurately 
transcribe a purified gene. When 5S 

The immunoglobulin genes in mam- 
mals consist of three multigene families 
(82). Each family usually has multiple re- 
lated, but not identical, genes encoding 

ing genes in some multigene families are DNA was injected into living Xenopus 
oocyte nuclei, it supported synthesis of 
5S RNA. This was shown first for ge- 
nomic high-molecular-weight 5s DNA 

expressed at different developmental 
stages to carry out related functions (glo- 
bin and chorion multigene families). The 

the variable part of immunoglobulin (var- 
iable genes) located on the same chromo- 
some at an unknown distance from one 

former examples suggest that in some 
way gene clustering coordinates inde- 
pendent transcription units. The latter 

(93), but then, even more important, for 
single repeating units of 5S DNA in re- 
combinant form (88). This finding per- 
mits us to alter a cloned gene enzymati- or a few genes encoding the carboxyl ter- examples suggest that gene clustering 

minal part (constant genes). One or more 
rearrangement places one of the variable 
genes next to a constant gene, and that 

can be important for differential control 
of related genes. In a third kind of multi- 
gene cluster, the immunoglobulin genes, 

cally or chemically in vitro, to clone the 
altered genes, to characterize exactly the 
mutation or deletion by DNA sequenc- 

cell is then committed to express the 
newly assembled structural gene. This is 
one case in which a multigene family is 

one of many variable region genes, is re- 
arranged next to a linked but distant con- 
stant region gene giving the organism the 

ing, and then to assay the mutated gene 
in its recombined form, thus testing its 
ability to support accurate RNA syn- 

part of an evolutionary solution to pro- 
duce a large number of closely related 
but distinct molecules rather than large 

ability to synthesize an enormous variety 
of proteins with a limited amount of ge- 
netic material. 

thesis. 
Two kinds of assay systems have been 

developed to test functional genes-in 
amounts of a single substance. vitro transcription systems (94) and the 

Other structural genes are being iden- 
tified as members of multigene families. 
There are now known to be several kinds 
of actin (83), vitellogenin (84), collagen 
(85), and keratin (86) proteins encoded 
by multiple genes. Batteries of genes for 

introduction of genes into living cells (95, 
96). Each of these methods has certain The Power of Modern Methods 
strengths and weaknesses. The major ad- 

I find it appropriate to end this article 
by discussing methods rather than theo- 
ries. Not many of the interesting discov- 
eries about eukaryotic gene expression 
have resulted from elaborate theories; 
they have come from experiments made 
possible by the development of new 
methods. The results were often quite 
unexpected. Most of the discoveries 
were not made by traditional genetics. 

vantages of an in vitro assay system in- 
clude its rapidity for screening and the 
possibility of fractionating in the extract 
the components that influence transcrip- 
tion. Injection of living cells has been ap- 

eggshell proteins in silkworm follicle 
cells are expressed at specific times in 
development of the egg chorion (87). 
These genes are clustered in the silk 
worm genome evidently in some kind of 
developmental order. 

Function of multigene families. The 

plied most successfully to Xenopus 00- 

cytes (95). These large cells with their 
enormous nuclei (germinal vesicles) are 
especially suited for experimental ma- 
nipulation. It is possible to trace tran- 
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scription of the injected genes and local- 
ize cellular sites for RNA processing 
(97). These cells are capable not only of 
transcribing the added genes and pro- 
cessing the transcript, but also of making 
proteins from the mature mRNA's. 

The remarkable feat of transforming 
animal cells in culture (96) and yeast (98) 
with DNA opens up another set of exper- 
imental possibilities. The powerful ge- 
netics of yeast and its ability to direct 
isolated genes to their homologous re- 
gion in the chromosome permits the pro- 
duction of genetic mutations in vitro, 
which can then be transformed back into 
yeast, and, by genetic "tricks," even re- 
place the original chromosomal copy. 
This biological assay, although some- 
what more cumbersome than in vitro as- 
says, tests the function of a gene in a liv- 
ing cell, and, in the case of yeast, in a 
predetermined location in the genome. 
Introduction of genes into cells will an- 
swer some long-standing questions. 
Does the cell type into which a gene is 
introduced affect its transcription? Does 
the chromosomal location of the gene af- 
fect its control? Genes can be introduced 
into teratocarcinoma cells which can in 
turn be injected into an early mouse em- 
bryo. Teratocarcinoma cells are known 
to differentiate along with the host em- 
bryonic cells. If they can differentiate in- 
to functional germ cells in the mouse, 
then this will be the first scheme for pro- 
ducing directed mutations in an animal 
(99). 

Developmental Genetics by DNA Analysis 

The question to be asked is whether 
we can reconstruct in vitro the exact mo- 
lecular control of a gene of known func- 
tion. By altering DNA, we can delimit 
the DNA regions that are responsible for 
accurate initiation and termination of 
RNA synthesis. Using an in vitro assay 
system for genes transcribed by RNA 
polymerase 111, we have tested a series 
of deletions of a cloned repeating unit of 
5S DNA and have established that accu- 
rate initiation of transcription is con- 
trolled by a region in the center of the 5s 
RNA gene (Fig. 3) (100). The same meth- 
od of mutating a gene in vitro and reclon- 
ing and testing the altered genes is now 
being used to identify the nucleotides re- 
sponsible for accurate termination of 
transcription. Another part of this exper- 
iment involves the fractionation of cell 
extracts to identify the factors that, 
along with RNA polymerase, are respon- 
sible for transcription of the gene. Ex- 
periments of this kind have resulted in 
the isolation of a transcription factor that 

is required for accurate transcription of 
5s RNA genes (101). This protein inter- 
acts specifically with the control region 
in the center of the gene and represents 
the first specific transcription factor to be 
isolated from eukaryotes. 

An in vitro system for genes trans- 
cribed by RNA polymerase I1 has re- 
cently been described (102). This should 
lead to the identification of DNA regions 
that control transcription of specialized 
genes for proteins. When an assay sys- 
tem becomes available in which an iso- 
lated gene can be brought under develop- 
mental control, then the whole battery of 
mutants can be used to localize DNA re- 
gions responsible for this control. The fi- 
nal problem will involve the analysis of 
extracts to identify the active molecules 
responsible for this developmental con- 
trol. 

Prospects for Developmental 

Genetics by DNA Analysis 

I have no doubt that existing tech- 
nology will soon elucidate important de- 
tails of gene control. The gene encoding 
any protein detected as a discrete spot 
on a two-dimensional gel can, in prin- 
ciple, be isolated. Groups of genes that 
are expressed together as a response to 
hormone stimulation, tissue specificity, 
or some developmental timetable can be 
identified and analyzed to determine 
what underlies their coordination. Will 
such a library of genes ever replace the 
traditional accumulation of organisms 
that are mutant for some specific func- 
tion? Collection of a library of genes by 

means of hybridization technology will 
only include genes that are transcribed 
into RNA as a result of a particular phys- 
iological change or event. Should any 
constitutive genes be involved, or genes 
that do not make RNA, they will prob- 
ably be missed. It seems certain that the 
collection of mutants affecting some pro- 
cess can never be fully replaced by bio- 
chemical methods. This means that orga- 
nisms suitable for traditional genetics 
such as Drosophila and Caenorhabditis 
elegans will be essential for deciphering 
complex developmental functions. (I 
purposely omit yeast from the list since it 
does not perform many of the com- 
plicated functions that we will want to 
study .) 

We can expect to have an overlapping 
library of cloned DNA fragments span- 
ning the entire genome of these two 
simple eukaryotes. With a few reference 
points and traditional genetics, any inter- 
esting developmental mutant, identi- 
fiable only by its complex phenotype and 
its genetic linkage, can be mapped and 
its gene can be located and isolated. 
With the purified gene as a hybridization 
probe, it can be determined whether the 
gene functions by making RNA, and if 
so, whether there is a protein product. 
Mutant genes that produce a product can 
be assayed in vitro for their effect on 
transcription and translation. Of great 
value will be the ability to reintroduce al- 
tered genes into mutant organisms as an 
assay for their physiological effect. This 
has not yet been accomplished with 
Drosophila or C. elegans. Such an assay 
may be necessary for any gene that does 
not function by producing an RNA prod- 

5s ! RNA Gene 

I I 0 , I  0 I 

-80 -40 +40 +80! + 120 
t 

Fig. 3. A deletion map of one repeating unit of 5S DNA delimits a control region in the center of 
the gene (100). The rectangle represents the gene; it is 120 nucleotides long. The heavy lines 
denote the limits of deletions prepared enzymatically. The plus marks next to a deletion means 
that this piece of 5S DNA still supports accurate initiation of RNA transcription. Deletions 
beyond the borders of the control region (crosshatched) have lost this ability. The control 
region determined by this criterion is about 30 nucleotides in length. 
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