
LECTURE 30 
 
GENE REGULATION IN EUKARYOTES 
 
A.  General considerations: 

 
1.  Multicellular organization and occurrence of differentiated cell/tissue types indicates that gene 

expression must be considered in at least two-dimensions (spatial and temporal). 
 

a)  The spatial component regards expression of different genes in different tissues. 
 
b)  The temporal component regards expression of different genes during development.  A 

good example of temporal expression is regulation of hemoglobins in animals. 
 

(i) Hemoglobin is responsible for oxygen transport in blood.  In adult, higher 
vertebrates, hemoglobin is a tetramer comprised of two α polypeptides and two β 
polypeptides; the iron-containing heme molecule is bound to these polypeptides and 
together they bind molecular oxygen. 

 
(ii) In humans, the hemoglobin genes are in two discrete clusters (α cluster on 

chromosome 16) and the β cluster (on chromosome 11).  Both gene clusters are 
activated sequentially.  The use of different hemoglobins (expression of different 
hemoglobin genes) appears to be related to different oxygen requirements during 
different phases of developmental growth 

 
 α cluster (#16): ξ        ψξ        ψα        ψα        α2        α1        θ 
 
 β cluster (#11): ε         Gγ        Aγ        ψβ        δ        β 
 

 ξ, ε      → embryonic expression 
 Gγ, Aγ  → fetal expression 

ψ   → pseudogenes 
   α, β      → adult expression 

 
 

2.  General mechanisms of regulating gene expression: 
 

a)  Transcriptional regulation: 
 

(i)  Regulation at this level is more complex than in prokaryotes because of nuclear 
compartmentalization.  This means that “cues” from the environment must be transmitted 
from the cell surface through the cytoplasm across the nuclear membrane to the DNA.  
This necessitates specific types of “internal signaling systems” 

 
(ii)  In addition, the multicellular nature of eukaryotes means “cues” may also have to pass 

through several layers of cells, necessitating a form of “intercellular communication.” 
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(iii) Finally, regulation of transcription regulation in eukaryotes involves a series of 
enhancers and transcription factors; the former are DNA sequences to which 
transcription factors bind, while the latter are  proteins that bind to DNA and stimulate or 
inhibit transcription or rate of transcription. 

 
b)  Alternate splicing: 

 
(i)  This occurs when more than one intron is removed simultaneously, resulting in removal 

of the “intervening” exon as well.  This allows a “gene” to encode more than one 
polypeptide. 

 
(ii)  The best-documented example involves regulation of sex determination in Drosophila 

and the X-linked, sex-lethal (Sxl) gene (8 exons,7 introns). 
 

(a)  In XX females, the transcript is spliced such that introns 2 and 3 (and exon 3) are 
spliced together, producing a polypeptide comprised of exons 1, 2, 4-8.  This 
polypeptide is a regulatory protein that induces expression a set of genes that cause 
embryos to develop into females. 

 
(b)  In XY males, introns are spliced sequentially, and the transcript produced contains 

exon 3.  The DNA sequence in exon 3 contains a translation stop codon such that 
translation of the transcript is terminated.  This generates a short polypeptide with 
no function.  When no Sxl protein is produced, embryos develop into males. 

 
c)  Cytoplasmic control of mRNA stability 

 
(i)  At least three different mechanisms appear to affect longevity of mRNA transcripts in the 

cytoplasm.  These mechanisms are… 
 

(a)  length of poly A tail (influences mRNA stability in a general manner) 
(b)  structure of 3’ untranslated region preceding poly A tail 
(c)  metabolic state of cell 

 
 
B.  Induction of transcription by environmental and/or biological factors: 
 

1.  Temperature: best exemplified by the “heat-shock” genes [produce heat-shock proteins]. 
 

a)  These are a class of genes found in both prokaryotes and eukaryotes whose protein products 
function to stabilize internal cellular environment under conditions of heat stress.  In 
general, these are very conserved proteins. 

 
b)  The best-studied example is the hsp70 gene family in Drosophila.  The gene family 

includes 5-6 functional sequences that are found in two chromosomal clusters.  The 
products are referred to as HSP70 proteins. 
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(i)  Heat-induced transcription of hsp70 genes is stimulated by a transcription factor (a 
protein) called HSTF.  This stands for heat-shock transcription factor.  HSTF is a low-
level, constitutively produced protein. 

 
(ii)  When Drosophila cells are exposed to temperatures in excess of 33O C, the HSTF protein 

is phosphorylated.  This means that upon exposure to heat, a kinase gene expressed 
(which phosphorylates the HSTF protein) 
 

(iii) When phosphorylated, the HSTF protein binds to sequences upstream of the hsp70 genes 
and makes them more accessible to RNA polymerase II.  The sequences to which the 
phosphorylated HSTP protein binds are called heat-shock response elements (HSEs).  
The HSEs are enhancers. 

 
 

2.  Light: best exemplified by the ribulose 1, 5-bisphosphate carboxylase (RBC) gene. 
 

a)  RBC is likely the most abundant protein on earth, occurring in plants and being responsible 
for the enzymatic incorporation of CO2 into sugar (photosynthesis).  Light or light energy 
stimulates transcription of RBC. 

 
b)  The RBC protein is comprised of large and small subunits, each encoded by different genes.  

In some plants, both large and small subunit genes are in the cpDNA; whereas in others, the 
small subunit is encoded in the nucleus (the rbcS gene).  The large subunit is always 
encoded in the cpDNA. 

 
c)  Light-induced transcription of rbcS involves a cytoplasmic protein called “phytochrome” 

that has attached to it a light-absorbing molecule called a chromophore. 
 
d)  Absorption of light by a chromophore causes conformational changes in phytochrome, 

which then triggers changes in other proteins (transcription factors) that bind to regions 
upstream of the rbcS gene and stimulate transcription. 

 
 

3.  Hormones: These are intercellular signal molecules that circulate, make contact with target 
cells, and initiate a series of events that regulate gene expression.  There are two 
general types of hormones: 

 
Steroid hormones, small, lipid-soluble molecules derived from cholesterol; and 
 

 Peptide hormones, linear chains of amino acids and encoded by genes. 
 
a) Steroid hormones: 

 
(i)  The lipid solubility of steroid hormones facilitates passage through membranes.  Well-

known steroid hormones include estrogen and progesterone (female reproductive 
cycles), testosterone (male differentiation), glucocorticoids (blood sugar levels), and 
ecdysone (insect development). 
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(ii)  When inside cells, steroid hormones interact with cytoplasmic proteins called hormone 

receptors.  The complex of hormone-hormone receptors then enters the nucleus, where 
it acts as a transcription factor to regulate expression of specific genes. 

 
b) Peptide hormones:   examples include insulin (blood sugar levels) and somatotropin 

(growth  
  hormone). 

 
(i) Peptide hormones are generally too large to pass freely through membranes.  

Typically, peptide hormones interact with receptor proteins on cell membranes, 
called membrane-bound receptor proteins.  This binding causing a conformational 
alteration in the receptor, which then leads to changes in the intracellular 
(cytoplasmic) proteins that transmit signal to the nucleus, where expression of 
specific genes is regulated.  This cascade process is called signal transduction. 

 
 

c)  Hormone-induced gene expression involves specific DNA sequences called hormone 
response elements  [HREs].  The HREs are enhancers and are analogous to the HSEs (heat-
shock elements), in that they are situated near the genes they regulate, bind specific proteins 
(transcription factors), and regulate transcription. 

 
 
C.  Molecular control of transcription: 

 
1.  Enhancers and Silencers: DNA sequences that presumably respond to transcription factors 

 
  Enhancers: factor binding stimulates transcription 
  Silencers: factor binding represses transcription 
 

a) Enhancers are better known (after a fashion). 
 

(i)  “Enhancement” can occur over considerable distances (> 1,000 base pairs) from the 
target gene or genes. 

 
(ii)  “Enhancement” is independent of orientation and position (of enhancer or gene) and 

occurs in a tissue-specific manner. 
 

(iii) The working model is that proteins that bind to enhancers influence proteins that bind 
to promoters.  DNA folding and secondary structure is likely involved. 

 
 

2.  Protein transcription factors: the underlying principal is nucleo-protein interaction. 
 

a)  Protein transcription factors have from two to three important “binding” domains: one for 
DNA-binding, one for transcriptional activation, and one for steroid hormones (if 
applicable). 
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b)  One of four DNA-binding motifs appears to be common to most protein transcription 

factors. 
 

(i)  Zinc-fingers:  These are short peptide loops that are formed when two cysteine residues 
in one part of the polypeptide and two histidines in another part bind a zinc ion.  The 
complex is somehow involved in DNA binding. 

 
(ii)  Helix-turn-helix:  These are stretches of three, short amino-acid helices that are “turned” 

from one another in multidimensional space.  They are associated with highly conserved 
regions called homeodomains that in turn are associated with homeotic mutants (best 
known in Drosophila). 

 
(iii) Leucine zippers:  These are stretches of amino acids with a leucine at every seventh 

position.  Polypeptides with this feature can form dimers via interactions of the trans-
leucines.  The leucines are usually adjacent to a series of positively charged amino acids 
that form a surface that can bind to negatively charged DNA. 

 
(iv) Helix-loop-helix:  This is a stretch of two helical regions of amino acids, separated by a 

non-helical loop of amino acids.  The helical regions permit dimerization of two 
polypeptides.  The motif typically is near a stretch of positively charged amino acids 
that form a surface that can bind to negatively charged DNA 

 
D.  Gene expression and chromosome organization 

 
1.  Genes must be “open” for transcription.  The evidence is from EM-observations of lampbrush 

(meiotic) chromosomes of amphibian oocytes and polytene chromosome “puffs” in Drosophila. 
 
2.  Transcriptionally active DNA is hyper sensitive to pancreatic deoxyribunuclease I [DNase I], 

further indicating that chromatin may need to be locally unwound for transcription to occur. 
 

3.  Heterochromatin and euchromatin: position effects 
 

a)  Stable position effects: Bar eye in Drosophila 
 

(i) The number and position of Bar duplication affects the number of facets in eye. 
 
---β--- homozygous normal   ---β---β--- heterozygous duplication 
---β---    >500 facets     ------β------       ≈ 150 facets 
 
---β---β---      homozygous duplication  ---β---β---β--- four “doses” 
 
---β---β---     ≈70 facets      ---------β--------  ≈45 facets 
 
---β---β---β---   five “doses”    ---β---β---β---   six “doses” 
 
------β---β------      ≈30 facets    ---β---β---β---    ≈20 facets 
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b)  Variegated position effects (gene repositioning): eye color (w+ allele) in Drosophila 
 
 

4.  Whole chromosome effects 
 

a)  X-inactivation in mammals:  facultative vs. constitutive heterochromatin 
 

(i)  May stem from addition of acetyl groups (acetylation) to  lysine residues of histone H3.  
Acetylated H3 molecules are found on all chromosomes, except for the facultative 
(inactive) X where they are restricted to three, fairly narrow regions.  Acetylated H3 
molecules also are depleted in areas of constitutive heterochromatin. 

 
b)  Hyperactivation of the X in male Drosophila: the working hypothesis is that a protein 

complex binds to and enhances transcription of X-linked genes in males (dosage 
compensation). 

 
c)  Hypoactivation of one X in XX males of nematode Caenorhabditis elegans): the working 

hypothesis is that protein complex binds to and represses transcription of X-linked genes in 
XX males (also dosage compensation). 

 
 


