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Termination of Polypeptide Synthesis Requires a Stop Codon

A chain-terminating UAG, UAA, or UGA codon in the A site does not promote
binding of any tRNA species. Instead, another complex nonribosomal protein,
release factor (eRF), binds the ribosome as an eRF ? GTP complex (Figure
17.10). The peptide–tRNA ester linkage is cleaved through the action of peptidyl
transferase, acting here as a hydrolase, and the completed polypeptide is re-
leased from its carrier tRNA and the ribosome. Dissociation of eRF from the
ribosome requires hydrolysis of the GTP and frees the ribosome to dissociate
into subunits and then reenter the protein synthesis cycle at the initiation stage.
In prokaryotes three release factors, RF-1, RF-2, and RF-3, carry out the termina-
tion function. The factor RF-1 acts in response to UAG or UAA codons, RF-2
acts in response to UGA or UAA codons, and RF-3 is a GTPase that activates
RF-1 and RF-2.

Translation Has Significant Energy Cost

There is a considerable use of energy in synthesis of a polypeptide. Amino acid
activation converts an ATP to AMP and pyrophosphate, which is normally
hydrolyzed to Pi; the net cost is two high-energy phosphates. Two more high-
energy bonds are hydrolyzed in the actions of EF-1a and EF-2, for a total of
four per peptide bond formed. Posttranslational modifications may add to the
energy cost, and of course energy is needed for biosynthesis of the multi-use
mRNA, tRNAs, ribosomes, and protein factors, but these costs are distributed
among the proteins formed during their lifetime.

Protein Synthesis in Mitochondria Differs Slightly

Many characteristics of mitochondria suggest that they are descendants of aero-
bic prokaryotes that invaded and set up a symbiotic relationship within a
eukaryotic cell. Some of their independence and prokaryotic character are
retained. Human mitochondria have a circular DNA genome of 16,569 base
pairs that encodes 13 proteins, 22 tRNA species, and two mitochondrion-specific
rRNA species. Their independent apparatus for protein synthesis includes RNA
polymerase, aminoacyl-tRNA synthetases, tRNAs, and ribosomes. Although the
course of protein biosynthesis in mitochondria is like that in the cytosol, some
details are different. The synthetic components, tRNAs, aminoacyl-tRNA synthe-
tases, and ribosomes, are unique to the mitochondrion. The number of tRNA
species is small and the genetic code is slightly different (see Table 17.3).
Mitochondrial ribosomes are smaller and the rRNAs are shorter than those of
either the eukaryotic cytosol or of prokaryotes (see Table 17.1). An initiator
Met-tRNAMet

i is modified by a transformylase that uses N10-formyl H4-folate to
produce fMet-tRNAMet

i . Most mitochondrial proteins are encoded in nuclear DNA
and synthesized in the cytosol, but mitochondrial protein synthesis is clearly
important (see Clin. Corr. 17.4). Cells must also coordinate protein synthesis
within mitochondria with the cytosolic synthesis of proteins destined for import
into mitochondria.

Some Antibiotics and Toxins Inhibit Protein Biosynthesis

Protein biosynthesis is central to the continuing life and reproduction of cells.
An organism can gain a biological advantage by interfering in the ability of its
competitors to synthesize proteins, and many antibiotics and toxins function
in this way. Some are selective for prokaryotic rather than eukaryotic protein
synthesis and so are extremely useful in clinical practice. Examples of antibiotic
action are listed in Table 17.8.

Several mechanisms of interfering in ribosome subunit–tRNA interactions
are utilized by different antibiotics. Streptomycin binds the small subunit of



CLINICAL CORRELATION 17.4

Mutation in Mitochondrial Ribosomal RNA
Results in Antibiotic-Induced Deafness

In some regions of China a significant percentage of irreversible
cases of deafness has been linked to use of normally safe and
effective amounts of aminoglycoside antibiotics such as streptomy-
cin and gentamicin. The unusual sensitivity to aminoglycosides
is transmitted only through women. This maternal transmission
suggests a mitochondrial locus, since sperm do not contribute
mitochondria to the zygote. Aminoglycosides are normally targeted
to bacterial ribosomes, so the mitochondrial ribosome is a logical
place to look for a mutation site.

A single A R G point mutation at nucleotide 1555 of the gene
on mitochondrial DNA for the rDNA of the large subunit has been
identified in three families with this susceptibility to aminoglyco-
sides. The mutation site is in a highly conserved region of the
rRNA sequence that is known to be involved in aminoglycoside
binding; some mutations in the same region confer resistance to
the antibiotics, and the RNA region is part of the ribosomal A

Fischel-Ghodsian, N., Prezant, T., Bu., X., and Öztas, S. Mitochondrial
ribosomal RNA gene mutation in a patient with sporadic aminoglycoside
ototoxicity. Am. J. Otolaryngol. 14:399, 1993. Prezant, T., Agapian, J.,
Bohlman. M., et al. Mitochondrial ribosomal RNA mutation associated
with both antibiotic-induced and non-syndromic deafness. Nature Genetics
4:289, 1993.

site. It is hypothesized that the mutation makes the region more
‘‘prokaryote-like,’’ increasing its affinity for aminoglycosides and
the ability of the antibiotic to interfere in protein synthesis in
the mitochondrion. Proteins synthesized in the mitochondrion are
needed to form the enzyme complexes of the oxidative phosphory-
lation system, so affected cells are starved of ATP. Aminoglycosides
accumulate in the cochlea, making this a particularly sensitive
target and leading to sensorineural deafness.
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prokaryotic ribosomes, interferes with the initiation of protein synthesis, and
causes misreading of mRNA. Although streptomycin does not directly bind
ribosomal protein S12 of the small subunit, mutations in this protein or in the
small subunit rRNA can confer resistance to or even dependence on streptomy-
cin. Protein S12 is involved in tRNA binding, and streptomycin alters the interac-
tions of tRNA with the ribosomal subunit and mRNA, probably by affecting
subunit conformation. Other aminoglycoside antibiotics, such as the neomy-
cins or gentamicins, also cause mistranslation; they interact with the small
ribosomal subunit, but at sites that differ from that for streptomycin. The amino-
glycoside kasugamycin binds small subunits and inhibits the initiation of trans-
lation. Kasugamycin sensitivity depends on base methylation that normally
occurs on two adjacent adenine moieties of small subunit rRNA. Tetracyclines
bind directly to ribosomes and interfere in aminoacyl-tRNA binding.

Other antibiotics interfere with elongation. Puromycin (Figure 17.11) re-
sembles an aminoacyl-tRNA; it binds at the ribosomal A site and acts as an
acceptor in the peptidyltransferase reaction. However, since it does not interact
with mRNA it cannot be translocated, and since its aminoacyl derivative is not
in an ester linkage to the nucleoside it cannot serve as a peptide donor. Thus
puromycin prematurely terminates translation, leading to release of peptidyl-
puromycin. Chloramphenicol directly inhibits peptidyltransferase by binding
the transferase center; no transfer occurs, and peptidyl-tRNA remains associated

TABLE 17.8 Some Inhibitors of Protein Biosynthesis

Inhibitor Processes Affected Site of Action

Streptomycin Initiation, elongation Prokaryotes: 30S subunit
Neomycins Translation Prokaryotes: multiple sites
Tetracyclines Aminoacyl-tRNA binding 30S or 40S subunits
Puromycin Peptide transfer 70S or 80S ribosomes
Erythromycin Translocation Prokaryotes: 50S subunit
Fusidic acid Translocation Prokaryotes: EF-G
Cycloheximide Elongation Eukaryotes: 80S ribosomes
Ricin Multiple Eukaryotes: 60S subunit
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with the ribosome. The translocation step is also a potential target. Erythromy-
cin, a macrolide antibiotic, interferes with translocation on prokaryotic ribo-
somes. Eukaryotic translocation is inhibited by diphtheria toxin, a protein
toxin produced by Corynebacterium diphtheriae; the toxin binds at the cell
membrane and a subunit enters the cytoplasm and catalyzes the ADP-ribosyla-
tion and inactivation of EF-2, as represented in the reaction:

EF-2 1 NAD1

(active)
i ADP-ribosyl EF-2 1 nicotinamide 1 H1

(inactive)

ADP-ribose is attached to EF-2 at a posttranslationally modified histidine residue
known as diphthamide. Posttranslational events are discussed in the next
section.

A third group of toxins attack the rRNA. Ricin (from castor beans) and
related toxins are N-glycosidases that cleave a single adenine from the large
subunit rRNA backbone. The ribosome is inactivated by this apparently minor
damage. A fungal toxin, a-sarcin, cleaves large subunit rRNA at a single site
and similarly inactivates the ribosome. Some E. coli strains make extracellular
toxins that affect other bacteria. One of these, colicin E3, is a ribonuclease
that cleaves 16S RNA near the mRNA-binding sequence and decoding region;
it thus inactivates the small subunit and halts protein synthesis in competitors
of the colicin-producing cell.

17.4 j PROTEIN MATURATION: MODIFICATION, SECRETION,
AND TARGETING

Some proteins emerge from the ribosome ready to function, while others un-
dergo a variety of posttranslational modifications. These alterations may
result in conversion to a functional form, direction to a specific subcellular
compartment, secretion from the cell, or an alteration in activity or stability.
Information that determines the posttranslational fate of a protein resides in its
structure: that is, the amino acid sequence and conformation of the polypeptide
determine whether a protein will be a substrate for a modifying enzyme and/
or identify it for direction to a subcellular or extracellular location.

Proteins for Export Follow the Secretory Pathway

Proteins destined for export are synthesized on membrane-bound ribosomes
of the rough endoplasmic reticulum (ER) (Figure 17.12). A ribosome has no
means of classifying the polypeptide it is about to synthesize, so initiation and
elongation begin on free cytosolic ribosomes. Proteins of the secretory pathway
have a hydrophobic signal peptide, usually at or near their amino terminus.
There is no unique signal peptide sequence, but its characteristics include a
positively charged N terminus, a core of 8–12 hydrophobic amino acids, and
a more polar C-terminal segment that eventually serves as a cleavage site for
excision of the signal peptide.

The signal peptide of 15–30 amino acids emerges from the ribosome early
during polypeptide synthesis. As it appears it is bound by a cytosolic signal
recognition particle (SRP) (see Figure 17.13). The SRP is an elongated particle
made up of six different proteins plus a small (7S) RNA molecule that serves
as a backbone. Binding to SRP halts protein synthesis and the ribosome moves
to the ER. SRP recognizes and binds to an SRP receptor or ‘‘docking protein,’’
localized at the cytosolic surface of the ER membrane, in a reaction that requires
GTP hydrolysis and presumably involves conformational changes in the SRP
and/or the receptor. The ribosome is transferred to a ‘‘translocon,’’ a ribosome
receptor on the membrane that serves as a passageway through the membrane.
Both SRP and docking protein are freed to direct other ribosomes to the ER,
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Puromycin (right) interferes with protein syn-
thesis by functioning as an analog of amino-
acyl-tRNA, here tyrosyl-tRNA (left) in pepti-
dyltransferase reaction.
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and the translational block caused by SRP binding is relieved. The hydrophobic
signal sequence, probably complexed by a receptor protein, is inserted into
the membrane, further anchoring the ribosome to the ER. Translation and
extrusion into or through the membrane are now coupled. Translocon proteins
form a pore or channel through which the growing polypeptide passes; even
very hydrophilic or ionic segments are directed through the hydrophobic mem-
brane into the ER lumen and folding into secondary and tertiary structures
begins.

The completed export-destined protein within the ER lumen will probably
be anchored to the membrane by the signal peptide. A cleavage site on the
protein is hydrolyzed by signal peptidase, an integral membrane protein
located at the luminal surface of the ER. The protein completes folding into a
three-dimensional conformation, disulfide bonds can form, and components
of multisubunit proteins may assemble. Other steps may include proteolytic
processing and glycosylation that occur within the ER lumen and during transit
of the protein through the Golgi apparatus and into secretory vesicles.

Glycosylation of Proteins Occurs in the
Endoplasmic Reticulum and Golgi Apparatus

Glycosylation of proteins to form glycoproteins (see p. XXX) is important
for two reasons. Glycosylation alters the properties of proteins, changing
their stability, solubility, and physical bulk. In addition, carbohydrates of
glycoproteins act as recognition signals that are central to aspects of protein
targeting and for cellular recognition of proteins and other cells. Glycosylation
can involve addition of a few carbohydrate residues or the formation of
large branched oligosaccharide chains. Sites and types of glycosylation are
determined by the presence on a protein of appropriate amino acids and
sequences, and by availability of enzymes and substrates to carry out the
glycosylation reactions.

FIGURE 17.12

Rough endoplasmic reticulum of a
plasma cell.
Three parallel arrows indicate three ribo-
somes among the many attached to the exten-
sive membranes. Single arrow indicates a mi-
tochondrion for comparison.
Courtesy of Dr. U. Jarlfors, University of Miami.

FIGURE 17.13

Secretory pathway: signal peptide recog-
nition.
At step A a hydrophobic signal peptide
emerges from the exit site of a free ribosome
in the cytosol. Signal recognition particle
(SRP) recognizes and binds the peptide and
peptide elongation is temporarily halted (step
B). The ribosome moves to the ER membrane
where docking protein binds to SRP (step C).
In step D the ribosome is transferred to a ribo-
some receptor or translocon, protein biosyn-
thesis is resumed, and newly synthesized pro-
tein is extruded through the membrane into
the ER lumen.
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Glycosylation involves many glycosyltransferases, classes of which are
summarized in Table 17.9. Up to 100 different enzymes each carry out a similar
basic reaction in which a sugar is transferred from an activated donor substrate
to an acceptor, usually another sugar residue that is part of an oligosaccharide
under construction. The enzymes show three kinds of specificity: for the mono-
saccharide that is transferred, for structure and sequence of the acceptor mole-
cule, and for the site and configuration of the anomeric linkage formed.

One class of glycoproteins has sugars linked through the amide nitrogen
of asparagine residues in the process of N-linked glycosylation. The antibiotic
tunicamycin, which prevents N-glycosylation, has been valuable in elucidating
the biosynthetic pathway. Formation of N-linked oligosaccharides begins in the
ER lumen and continues after transport of the protein to the Golgi apparatus.
A specific sequence, Asn-X-Thr (or Ser) in which X may be any amino acid
except proline or aspartic acid, is required for N-glycosylation. Not all Asn-X-
Thr/Ser sequences are glycosylated because some may be unavailable due to
protein conformation.

Biosynthesis of N-linked oligosaccharides begins with the synthesis of a
lipid-linked intermediate (Figure 17.14). Dolichol phosphate (structure on p.
xxx) at the cytoplasmic surface of the ER membrane serves as glycosyl acceptor
of N-acetylglucosamine. The GlcNAc-pyrophosphoryldolichol is an acceptor
for stepwise glycosylation and formation of a branched (Man)5(GlcNAc)2-pyro-
phosphoryldolichol on the cytosolic side of the membrane. This intermediate
is then reoriented to the luminal surface of the ER membrane, and four additional
mannose and then three glucose residues are sequentially added to complete
the structure. The complete oligosaccharide is then transferred from its dolichol
carrier to an asparagine residue of the polypeptide as it emerges into the ER
lumen. Thus N-glycosylation is cotranslational, that is, occurs as the protein
is being synthesized, hence it can affect protein folding.

Processing or modification of the oligosaccharide by glycosidases in-
volves removal of some sugar residues from the newly transferred structure.
The glucose residues, which were required for transfer of the oligosaccharide
from the dolichol carrier, are sequentially removed, as is one mannose. These
alterations mark the glycoprotein for transport to the Golgi apparatus where
further trimming by glycosidases may occur. Additional sugars may also be
added by a variety of glycosyltransferases. The resulting N-linked oligosaccha-
rides are diverse, but two classes are distinguishable. Each has a common core
region (GlcNAc2Man3) linked to asparagine and originating from the dolichol-
linked intermediate. The high-mannose type includes mannose residues in a
variety of linkages and shows less processing from the dolichol-linked interme-
diate. The complex type is more highly processed and diverse, with a larger
variety of sugars and linkages. Examples of mature oligosaccharides are shown
in Figure 17.15.

TABLE 17.9 Glycosyltransferases in Eukaryotic Cells

Sugar Transferred Abbreviation Donors Glycosyltransferase

Mannose Man GDP-Man Mannosyltransferase
Dolichol-Man

Galactose Gal UDP-Gal Galactosyltransferase
Glucose Glc UDP-Glc Glucosyltransferase

Dolichol-Glc
Fucose Fuc GDP-Fuc Fucosyltransferase
N-Acetylgalactosamine GalNAc UDP-GalNac N-acetylgalactosaminyltransferase
N-Acetylglucosamine GlcNAc UDP-GlcNAc N-acetylglucosaminyltransferase
N-Acetylneuraminic acid NANA or NeuNAc CMP-NANA N-Acetylneuraminyltransferase

(or sialic acid) SA CMP-SA (sialyltransferase)
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The second major class of glycoproteins have sugars that are bound through
either serine or threonine hydroxyl groups. Such O-linked glycosylation occurs
only after the protein has reached the Golgi apparatus, hence O-glycosylation
is posttranslational and occurs only on fully folded proteins. O-linked carbohy-
drates always involve N-acetylgalactosamine attachment to a serine or threonine
residue of the protein. There is no defined amino acid sequence in which the

FIGURE 17.14

Biosynthesis of N-linked oligosaccharides
at the surface of the endoplasmic re-
ticulum.
Synthesis is initiated on the cytoplasmic face of
the ER membrane by transfer of N-acetylglucos-
amine phosphate to a dolichol acceptor (step
A) followed by formation of the first glycosidic
bond upon transfer of a second residue of N-
acetylglucosamine (step B). Five residues of
mannose are then added sequentially (step C)
from a GDP mannose carrier. At this stage lipid-
linked oligosaccharide is reoriented to the lumi-
nal face of the membrane, and additional man-
nose (step D) and glucose (step E) residues are
transferred from dolichol-linked intermediates.
Dolichol sugars are generated from cytosol nu-
cleoside diphosphate sugars. The completed oli-
gosaccharide is finally transferred to a protein
in the process of being synthesized at the mem-
brane surface; signal peptide may have already
been cleaved at this point.
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serine or threonine must occur, but only residues whose side chains are in an
appropriate environment on the protein surface serve as acceptors for the
GalNAc-transferase.

Sequential addition of sugars to the GalNAc acceptor follows, using the
same glycosyltransferases that modified N-linked oligosaccharides in the Golgi
apparatus. The structures synthesized depend on types and amounts of glycosyl-
transferases in a given cell. If an acceptor is a substrate for more than one
transferase, the amount of each transferase controls the competition between
them. Some oligosaccharides may be formed that are not acceptors for any
glycosyltransferase present, hence no further growth of the chain occurs. Other
structures may be excellent acceptors that continue to grow until completed
by one of a number of nonacceptor termination sequences. These processes
can lead to many different oligosaccharide structures on otherwise identical
proteins, so heterogeneity in glycoproteins is common. Examples are shown
in Figure 17.16.

17.5 j ORGANELLE TARGETING AND BIOGENESIS

Sorting of Proteins Targeted for Lysosomes
Occurs in the Secretory Pathway

Protein transport from ER to Golgi apparatus occurs through carrier vesicles
that bud from the ER. This transport requires GTP; inhibitors of oxidative phos-
phorylation cause proteins to accumulate in the ER and vesicles. Sorting of
proteins for their ultimate destinations occurs in conjunction with their glycosyla-
tion and proteolytic trimming as they pass through the cis, medial, and trans
elements of the Golgi apparatus.
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FIGURE 17.15

Structure of N-linked oligosaccharides.
Basic structures of both types of N-linked
oligosaccharides are shown. In each case
structure is derived from that of the initial
dolichol-linked oligosaccharide through ac-
tion of glycosidases and glycosyltransferases.
Note the variety of glycosidic linkages in-
volved in these structures.
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The best understood sorting process is targeting of specific glycoproteins
to lysosomes. In the cis Golgi some aspect of tertiary structure allows lysosomal
proteins to be recognized by a glycosyltransferase that attaches N-acetylglucos-
amine phosphate (GlcNAc-P) to high-mannose type oligosaccharides. A glycosi-
dase then removes the GlcNAc, forming an oligosaccharide that contains man-
nose 6-phosphate (Figure 17.17) that is recognized by a receptor protein
responsible for compartmentation and vesicular transport of these proteins to
lysosomes. Other oligosaccharide chains on the proteins may be further pro-
cessed to form complex type structures, but the mannose 6-phosphate deter-
mines the lysosomal destination of these proteins. Patients with I-cell disease
lack the GlcNAc-P glycosyltransferase and cannot correctly mark lysosomal
enzymes for their destination. Thus the enzymes are secreted from the cell (see
Clin. Corr. 17.5).

Other sorting signals are reasonably well understood. Proteins are retained
in the ER lumen in response to a C-terminal KDEL (Lys-Asp-Glu-Leu) sequence,
and a different sequence in an exposed C terminus signals retention in the ER
membrane. Transmembrane domains have been identified that result in reten-

FIGURE 17.16

Examples of oligosaccharide structure.
Structures 1–3 are typical N-linked oligosac-
charides of high-mannose (1) and complex
types (2, 3); note the common core structure
from the protein asparagine residue through
the first branch point. Structures 4–8 are com-
mon O-linked oligosaccharides that may be
quite simple or highly complex. Note that al-
though the core structure (GalNAc-Ser/Thr)
is unlike that of N-linked oligosaccharides,
the termini can be quite similar (e.g., struc-
tures 2 and 6, 3, and 7). Abbreviations:
Man 5 mannose; Gal 5 galactose; Fuc 5
fucose; GlcNAc 5 N-acetylglucosamine;
GalNAc 5 N-acetylgalactosamine; NANA 5
N-acetylneuraminic acid (sialic acid).
Adapted from J. Paulson, Trends Biochem. Sci.
14:272, 1989.
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CLINICAL
CORRELATION 17.5

I-Cell Disease
I-cell disease (mucolipidosis II) and pseudo-
Hurler polydystrophy (mucolipidosis III) are
related diseases that arise from defects in
lysosomal enzyme targeting because of a de-
ficiency in the enzyme that transfers N-ace-
tylglucosamine phosphate to the high man-
nose-type oligosaccharides of proteins
destined for the lysosome. Fibroblasts from
affected individuals show dense inclusion
bodies (hence I-cells) and are defective in
multiple lysosomal enzymes that are found
secreted into the medium. Patients have ab-
normally high levels of lysosomal enzymes
in their sera and other body fluids. The dis-
ease is characterized by severe psychomotor
retardation, many skeletal abnormalities,
coarse facial features, and restricted joint
movement. Symptoms are usually observ-
able at birth and progress until death, usually
by age 8. Pseudo-Hurler polydystrophy is a
much milder form of the disease. Onset is
usually delayed until the age of 2–4 years,
the disease progresses more slowly, and pa-
tients survive into adulthood. Prenatal diag-
nosis of both diseases is possible, but there
is as yet no definitive treatment.

For a review of lysosomal enzyme trafficking, see
Kornfeld, S. J. Clin. Invest. 77:1, 1986. For a com-
prehensive review of these diseases, see Kornfeld,
S., and Sly, W. S., I-cEll disease and pseudo-Hurler
polydystrophy. In: C. R. Scriver, A. L. Beaudet, W.
S. Sly, and D. Valle (Eds.), The Molecular and
Metabolic Basis of Inherited Disease, 7th ed. New
York: McGraw-Hill, 1995, pp. 2495–2508.



tion in the Golgi. Polypeptide-specific glycosylation and sulfation of some
glycoprotein hormones in the anterior pituitary mediate their sorting into storage
granules. Polysialic acid modification of a neural cell adhesion protein appears
to be both specific to the protein and regulated developmentally. Many other
sorting signals must still be deciphered to explain fully how the Golgi apparatus
directs proteins to its own subcompartments, various storage and secretory
granules, and specific elements of the plasma membrane.

The secretory pathway directs proteins to lysosomes, the plasma mem-
brane, or outside the cell. Proteins of the ER and Golgi apparatus are targeted
through partial use of the pathway. For example, localization of proteins
on either side of or spanning the ER membrane can utilize the signal recogni-
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Targeting of enzymes to lysosomes.
Completed N-linked glycoprotein is released from ER membrane,
and during transport to and through the Golgi apparatus the oli-
gosaccharide is modified by glycosidases that remove glucose res-
idues (step 1). Some mannose residues may also be removed. An
element of protein structure is then recognized by a glycosyl-
transferase that transfers one or sometimes two N-acetylglucos-
amine phosphate residues to the oligosaccharide (step 2). A gly-
cosidase removes N-acetylglucosamine, leaving one or two man-
nose 6-phosphate residues on the oligosaccharide (step 3). The
protein is then recognized by a mannose 6-phosphate receptor
and directed to lysosomes.
Adapted from R. Kornfeld and S. Kornfeld, Annu. Rev. Biochem. 54:631,
1985.
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tion particle in slightly different ways (Figure 17.18). If the signal sequence
is downstream from the amino terminus of the protein, the amino end may
not be inserted into the membrane and may remain on the cytoplasmic sur-
face. Internal hydrophobic anchoring sequences within a protein can allow
much of the sequence either to remain on the cytoplasmic surface or to be
retained, anchored on the luminal surface of the ER membrane. Multiple
anchoring sequences in a single polypeptide can cause it to span the membrane
several times and thus be largely buried in it. Such hydrophobic sequences
are separated by polar loops whose orientation is determined by positively
charged flanking residues that predominate on the cytoplasmic side of the
membrane.

Import of Proteins by Mitochondria Requires Specific Signals

Mitochondria provide a particularly complex targeting problem since specific
proteins are located in the mitochondrial matrix, inner or outer membrane,
or intermembrane space. Most of these proteins are synthesized in the cytosol
on free ribosomes and imported into the mitochondrion, and most are synthe-
sized as larger preproteins; N-terminal presequences mark the protein not
only for the mitochondrion but also for a specific subcompartment. The
mitochondrial matrix targeting signal is not a specific sequence, but
rather a positively charged amphiphilic a-helix. With the aid of a protein
chaperone, it is recognized by a mitochondrial receptor and the protein
is translocated across both membranes and into the mitochondrial matrix in
an energy-dependent reaction. Passage occurs at adhesion sites where the
inner and outer membranes are close together. Proteases remove the matrix
targeting signal but may leave other sequences that further sort the protein
within the mitochondrion. For example, a clipped precursor of cytochrome-
b2 is moved back across the inner membrane in response to a hydrophobic
signal sequence. Further proteolysis frees the protein in the intermembrane
space. In contrast, cytochrome-c apoprotein (without heme) binds at the outer
membrane and is passed into the intermembrane space. There it acquires its
heme and undergoes a conformational change that prevents return to the
cytosol. Outer membrane localization can utilize the matrix targeting mecha-
nism to translocate part of the protein, but a large apolar sequence blocks
full transfer and leaves a membrane-bound protein with a C-terminal domain
on the surface of the mitochondrion.

Targeting to Other Organelles Requires Specific Signals

Nuclei must import many proteins involved in their own structure and for DNA
replication, transcription, and ribosome biogenesis. Nuclear pores permit the

Cytoplasm

ER lumen

N

C

C

C
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N

N

(d)(c)(b)(a)

N

FIGURE 17.18

Topology of proteins at membranes of
endoplasmic reticulum.
Proteins are shown in several orientations
with respect to the membrane. In (a) the pro-
tein is anchored to the luminal surface of the
membrane by an uncleaved signal peptide. In
(b) the signal sequence is not near the N ter-
minus; a domain of the protein was synthe-
sized before emergence of signal peptide. In-
sertion of the internal signal sequence,
followed by completion of translation, re-
sulted in a protein with a cytoplasmic
N-terminal domain, a membrane-spanning
central segment, and a C-terminal domain in
the ER lumen. Diagram (c) shows a protein
with the opposite orientation: an N-terminal
signal sequence, which might also have been
cleaved by signal peptidase, resulted in extru-
sion of a segment of protein into the ER lu-
men. A second hydrophobic anchoring se-
quence remained membrane associated and
prevented passage of the rest of the protein
through the membrane, thus allowing forma-
tion of a C-terminal cytoplasmic domain. In
(d ), several internal signal and anchoring se-
quences allow various segments of the pro-
tein to be oriented on each side of the mem-
brane.



CLINICAL
CORRELATION 17.6

Familial Hyperproinsulinemia
Familial hyperproinsulinemia, an autosomal
dominant condition, results in approxi-
mately equal amounts of insulin and an ab-
normally processed proinsulin being re-
leased into the circulation. Although affected
individuals have high levels of proinsulin in
their blood, they are apparently normal in
terms of glucose metabolism, being neither
diabetic nor hypoglycemic. The defect was
originally thought to result from a deficiency
of one of the proteases that process proinsu-
lin. Three enzymes process proinsulin: en-
dopeptidases that cleave the Arg31–Arg32
and Lys64–Arg65 peptide bonds, and a car-
boxypeptidase. In several families the defect
is the substitution of Arg65 by His or Leu,
which prevents cleavage between the C-
peptide and the A chain of insulin, resulting
in secretion of a partially processed pro-
insulin. In one family a point mutation
(His10RAsp10) causes the hyperproinsuli-
nemia, but how this mutation interferes with
processing is not known.

Steiner, D. F., Tager, H. S., Naujo, K., Chan, S.
J., and Rubenstein, A. H. Familial syndromes of
hyperproinsulinemia with mild diabetes. In: C. R.
Scriver, A. L. Beaudet, W. S. Sly, and D. Valle
(Eds.), The Molecular and Metabolic Basis of In-
herited Disease, 7th ed. New York: McGraw-Hill,
1995, pp. 897–904.

passage of small proteins, but larger proteins are targeted by nuclear localization
signals that include clusters of basic amino acids. Some nuclear proteins may be
retained in the nucleus by forming complexes within the organelle. Peroxisomes
contain a limited array of enzymes. One targeting signal is a carboxy-terminal
tripeptide, Ser-Lys-Leu (SKL). An N-terminal targeting signal also exists, and
others may yet be discovered.

A different targeting problem exists for proteins that reside in more than
one subcellular compartment. Sometimes gene duplication and divergence have
resulted in different targeting signals on closely related mature polypeptides.
Alternative transcription initiation sites or pre-mRNA splicing can generate
different messages from a single gene. An example of the latter is seen in
a calcium–calmodulin-dependent protein kinase; alternatively spliced mRNAs
differ with respect to an internal segment that encodes a nuclear localization
signal. Without this segment, the protein remains in the cytosol. Alternative
translation initiation sites lead to two forms of rat liver fumarase, one of
which includes a mitochondrial targeting sequence while the other does not
and remains in the cytosol. A suboptimal localization signal can lead to inefficient
targeting and a dual location, as is seen in the partial secretion of an inhibitor
of the plasminogen activator. Finally, some proteins contain more than one
targeting signal, which must compete with each other.

17.6 j FURTHER POSTTRANSLATIONAL PROTEIN MODIFICATIONS

Several additional maturation events may modify newly synthesized polypep-
tides to help generate their final, functional structures. Many of these events
are very common, while others are specialized to one or a few known instances.

Insulin Biosynthesis Involves Partial Proteolysis

Partial proteolysis of proteins is a common maturation step. Sequences can
be removed from either end or from within the protein. Proteolysis in the ER
and Golgi apparatus helps to mature the protein hormone insulin (Figure 17.19).
Preproinsulin encoded by mRNA is inserted into the ER lumen. Signal pepti-
dase cleaves the signal peptide to generate proinsulin, which folds to form
the correct disulfide linkages. Proinsulin is transported to the Golgi apparatus
where it is packaged into secretory granules. An internal connecting peptide
(C peptide) is removed by proteolysis, and mature insulin is secreted. In familial
hyperproinsulinemia, processing is incomplete (see Clin. Corr. 17.6).

This pathway for insulin biosynthesis has advantages over synthesis and
binding of two separate polypeptides. First, it ensures production of equal
amounts of A and B chains without coordination of two translational activities.
Second, proinsulin folds into a three-dimensional structure in which the cysteine
residues are placed for correct disulfide bond formation. Proinsulin can be
reduced and denatured but refolds correctly to form proinsulin. Renaturation
of reduced and denatured insulin is less efficient, and incorrect disulfide linkages
are also formed. Correct formation of insulin from separately synthesized chains
might have required evolution of a helper protein or molecular chaperone.

Proteolysis Leads to Zymogen Activation

Precursor protein cleavage is a common means of enzyme activation. Digestive
proteases are classic examples of this phenomenon (see p. XXX). Inactive
zymogen precursors are packaged in storage granules and activated by proteol-
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ysis upon secretion. Thus trypsinogen is cleaved to give an amino-terminal
peptide plus trypsin, and chymotrypsinogen is cleaved to form chymotrypsin
and two peptides.

Amino Acids Can Be Modified After Incorporation into Proteins

Only 20 amino acids are encoded genetically and incorporated during transla-
tion. Posttranslational modification of proteins, however, leads to formation
of 100 or more different amino acid derivatives in proteins. Modification may
be permanent or highly reversible. The amounts of modified amino acids may
be small, but they often play a major functional role in proteins. Examples are
listed in Table 17.10.

Protein amino termini are frequently modified. Protein synthesis is initiated
using methionine, but in the majority of proteins the amino-terminal residue is
not methionine; proteolysis has occurred. The amino terminus is then sometimes
modified by, for example, acetylation or myristoylation. Amino-terminal gluta-
mine residues spontaneously cyclize; one possible result is the stabilization of
the protein. Amino terminal sequences are occasionally lengthened by the
addition of an amino acid (see Section 17.8, Protein Degradation and Turnover).

Posttranslational disulfide bond formation is catalyzed by a disulfide iso-
merase. The cystine-containing protein is conformationally stabilized. Disulfide
formation can prevent unfolding of proteins and their passage across mem-
branes, so it also becomes a means of localization. As seen in the case of insulin,
disulfide bonds can covalently link separate polypeptides and be necessary
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FIGURE 17.19

Maturation of human proinsulin.
After cleavage at two sites indicated by arrows,
the arginine residues 31, 32, and 65 and lysine
residue 64 are removed to produce insulin and
C-peptide.
Redrawn from G. I. Bell, W. F. Swain, R. Pictet, B.
Cordell, H. M. Goodman, and W. J. Rutter, Nature
282:525, 1979.
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for biological function. Cysteine modification also occurs; multiple sulfatase
deficiency arises from reduced ability to carry out a posttranslational modifica-
tion (see Clin. Corr 17.7).

Methylation of lysine «-amino groups occurs in histone proteins and may
modulate their interactions with DNA. A fraction of the H2A histone is also
modified through isopeptide linkage of a small protein, ubiquitin, from its C-
terminal glycine to a lysine «-amino group on the histone. A role in DNA
interactions is postulated. Biotin is also linked to proteins through amide link-
ages to lysine.

Serine and threonine hydroxyl groups are major sites of glycosylation and
of reversible phosphorylation by protein kinases and protein phosphatases. A
classic example of phosphorylation of a serine residue is glycogen phosphoryl-
ase, which is modified by phosphorylase kinase (see p. XXX). Tyrosine kinase
activity is a property of many growth factor receptors; growth factor binding
stimulates cell division and the proliferation of specific cell types. Oncogenes,
responsible in part for the proliferation of tumor cells, often have tyrosine kinase
activity and show strong homology with normal growth factor receptors. Dozens
of other examples exist; together the protein kinases and protein phosphatases
control the activity of many proteins that are central to normal and abnormal
cellular development.

ADP-ribosylation of EF-2 at a modified histidine residue represents a dou-
bling of posttranslational modifications. First, a specific EF-2 histidine residue is
modified to generate the diphthamide derivative (Figure 17.20) of the functional
protein. This modification is probably not absolutely required since yeast mu-
tants that cannot make diphthamide survive. ADP-ribosylation of the diphtham-

TABLE 17.10 Modified Amino Acids in Proteinsa

Amino Acid Modifications Found

Amino terminus Formylation, acetylation, aminoacylation, myristoylation, gly-
cosylation

Carboxyl terminus Methylation, glycosyl-phosphatidylinositol anchor formation,
ADP-ribosylation

Arginine N-Methylation, ADP-ribosylation
Asparagine N-Glycosylation, N-methylation, deamidation
Aspartic acid Methylation, phosphorylation, hydroxylation
Cysteine Cystine formation, selenocysteine formation, palmitoylation,

linkage to heme, S-glycosylation, prenylation
Glutamic acid Methylation, c-carboxylation, ADP-ribosylation
Glutamine Deamidation, cross-linking, pyroglutamate formation
Histidine Methylation, phosphorylation, diphthamide formation, ADP-ri-

bosylation
Lysine N-acetylation, N-methylation, oxidation, hydroxylation, cross-

linking, ubiquitination, allysine formation
Methionine Sulfoxide formation
Phenylalanine b-Hydroxylation and glycosylation
Proline Hydroxylation, glycosylation
Serine Phosphorylation, glycosylation, acetylation
Threonine Phosphorylation, glycosylation, methylation
Tryptophan b-Hydroxylation, dione formation
Tyrosine Phosphorylation, iodination, adenylation, sulfonylation, hy-

droxylation

Source: Adapted from R. G. Krishna and F.Wold, Post-translational modification of proteins. In:
A. Meister (Ed.), Advances in Enzymology, Vol. 67. New York: Wiley-Interscience, 1993, pp.
265–298.
a The listing is not comprehensive and some of the modifications are very rare. Note that no de-
rivatives of alanine, glycine, isoleucine, and valine have been identified in proteins.
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FIGURE 17.20

Diphthamide (left) is a posttranslational modi-
fication of a specific residue of histidine
(right) in EF-2.



Schmidt, B., Selmer, T., Ingendoh, A, and von Figura, K. A novel amino
acid modification in sulfatases that is deficient in multiple sulfatase defi-
ciency. Cell 82:271–278, 1995.

The molecular defect in multiple sulfatase deficiency arises
from a deficiency in a posttranslational modification that is com-
mon to all sulfatase enzymes and is necessary for their enzymatic
activity. In each case a cysteine residue of the enzyme is normally
converted to 2-amino-3-oxopropionic acid; the UCH2SH side chain
of cysteine becomes a UCHO (aldehyde) group, which may itself
react with amino or hydroxyl groups of the enzyme, a cofactor,
and so on. Fibroblasts from individuals with multiple sulfatase
deficiency catalyze this modification with significantly lowered
efficiency, and the unmodified sulfatases are catalytically inactive.

CLINICAL CORRELATION 17.7

Absence of Posttranslational Modification: Multiple Sulfatase Deficiency
A variety of biological molecules are sulfated; examples include
glycosaminoglycans, steroids, and glycolipids. Ineffective sulfation
of the glycosaminoglycans chondroitin sulfate and keratan sulfate
(see p. XXX) of cartilage results in major skeletal deformities.
Degradation of sulfated molecules depends on the activity of a
group of related sulfatases, most of which are located in lysosomes.
Multiple sulfatase deficiency is a rare lysosomal storage disorder
that combines features of metachromatic leukodystrophy and mu-
copolysaccharidosis. Affected individuals develop slowly and from
their second year of life lose the abilities to stand, sit, or speak;
physical deformities and neurological deficiencies develop and
death before age 10 is usual. Biochemically, multiple sulfatase
deficiency is characterized by severe lack of all the sulfatases. In
contrast, deficiencies in individual sulfatases are also known, and
several distinct diseases are linked to single enzyme defects.
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ide by diphtheria toxin then inhibits EF-2 activity. Other instances of physiologi-
cal ADP-ribosylation not mediated by bacterial toxins are reversible.

Formation of c-carboxyglutamate from glutamic acid residues occurs in
several blood-clotting proteins including prothrombin and factors VII, IX, and
X. The c-carboxyglutamate residues chelate calcium ion, which is required for
normal blood clotting (see p. XXX). In each case the modification requires
vitamin K and can be blocked by coumarin derivatives, which antagonize
vitamin K. As a result, the rate of coagulation is greatly decreased.

Collagen Biosynthesis Requires Many Posttranslational Modifications

Collagen, the most abundant protein (or family of related proteins) in the human
body, is a fibrous protein that provides the structural framework for tissues
and organs. It undergoes a wide variety of posttranslational modifications that
directly affect its structure and function, and defects in its modification result
in serious diseases. Collagen is an excellent example of the importance of
posttranslational modification.

Different species of collagen, designated types I, II, III, IV, and so on (see
Table 2.XX) are encoded on several chromosomes and expressed in different
tissues. Their amino acid sequences differ, but their overall structural similarity
suggests a common evolutionary origin. Each collagen polypeptide, designated
an a chain, has a repeating sequence Gly-X-Y that is about 1000 residues long.
Every third residue is glycine, about one-third of the X positions are occupied
by proline and a similar number of Y positions are 4-hydroxyproline, a posttrans-
lationally modified form of proline. Proline and hydroxyproline residues impart
considerable rigidity to the structure, which exists as a polyproline type II helix
(Figure 17.21; see also p. xx). A collagen molecule includes three a chains
intertwined in a collagen triple helix in which the glycine residues occupy the
center of the structure.

Procollagen Formation in the Endoplasmic Reticulum and Golgi Apparatus
Collagen a chain synthesis starts in the cytosol, where the amino-terminal signal
sequences bind signal recognition particles. Precursor forms, designated, for
example, prepro a1(I), are extruded into the ER lumen and the signal peptides
are cleaved. Hydroxylation of proline and lysine residues occurs cotranslation-
ally, before assembly of a triple helix. Prolyl 4-hydroxylase requires an -X-Pro-
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FIGURE 17.21

Collagen structure, illustrating the regularity
of the primary sequence, the left-handed he-
lix, the right-handed triple helix, the 300-nm
molecule, and the organization of molecules
in a typical fibril, within which collagen mole-
cules are cross-linked.

1 LINE SHORT
DEVLIN 3-2709(PagEdit System C)

s

s

s

CYAN MAGENTA 35 YELLOW BLACK
(Chapter 17)

Gly- sequence (hence 4-hydroxyproline is found only at Y positions in the -
Gly-X-Y- sequence). Also present in the ER is a prolyl 3-hydroxylase, which
modifies a smaller number of proline residues, and a lysyl hydroxylase, which
modifies some of the Y-position lysine residues. These hydroxylases require
Fe2+ and ascorbic acid, the extent of modification depending on the specific a-
chain type. Proline hydroxylation stabilizes collagen and lysine hydroxylation
provides sites for interchain cross-linking and for glycosylation by specific
glycosyl transferases of the ER. Asparagine residues are also glycosylated at this
point, eventually leading to high mannose-type oligosaccharides.

Triple helix assembly occurs after the polypeptide chains have been com-
pleted. Carboxy-terminal globular proprotein domains fold and disulfide bonds
are formed. Interaction of these domains initiates winding of the triple helix
from the carboxyl end toward the amino terminus. The completed triple helix,
with globular proprotein domains at each end, moves to the Golgi apparatus
where oligosaccharides are processed and matured. Sometimes tyrosine resi-
dues are modified by sulfation and some serines are phosphorylated. The
completed procollagen is then released from the cell via secretory vesicles.

Collagen Maturation
Conversion of procollagen to collagen occurs extracellularly. The amino-termi-
nal and carboxyl-terminal propeptides are cleaved by separate proteases that
may also be type specific. Concurrently, the triple helices assemble into fibrils
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and the collagen is stabilized by extensive cross-linking (see Figure 2.xx).
Lysyl oxidase converts some lysine or hydroxylysine to the reactive aldehydes,
allysine, or hydroxyallysine. These residues condense with each other or with
lysine or hydroxylysine residues in adjacent chains to form Schiff’s base and
aldol cross-links. Further and less well-characterized reactions can involve other
residues including histidines and can link three a chains. Defects at many of
these steps are known. Some of the best characterized are listed in Table 17.11
and described in Clin. Corr. 17.8.

17.7 j REGULATION OF TRANSLATION

Translation requires considerable energy, and the formation of functioning
proteins has significant consequences for the cell. It is logical that the process
is carefully controlled, both globally and for specific proteins. The most efficient
and common mechanism of regulation is at the initiation stage.

The best understood means of overall regulation of translation involves the
reversible phosphorylation of eIF-2a. Under conditions that include nutrient
starvation, heat shock, and viral infection, eIF-2a is phosphorylated by a specific
kinase. Phosphorylated eIF-2a ? GDP binds tightly to eIF-2b, the guanine nucleo-
tide exchange factor, which is present in limiting amounts. Since eIF-2b is
unavailable for nucleotide exchange, no eIF-2a ? GTP is available for initiation.
Phosphorylation can be catalyzed by a heme-regulated inhibitor kinase,
which, in the absence of heme, is activated by autophosphorylation. This kinase
is present in many cells but is best studied in reticulocytes that synthesize
hemoglobin. Deficiencies in energy supply or any heme precursor activate the
kinase. A related double-stranded RNA-dependent kinase is autophosphory-
lated and activated in response to binding of ds-RNA that results from many
viral infections. Production of this kinase is also induced by interferon. Initiation
factor eIF-4e (a component of the cap binding protein eIF-4f) is activated by
phosphorylation in response to, for example, growth factors and is inactivated
by a protein phosphatase following, for example, viral infection. These effects
may be greatest in the translation of mRNAs with long, highly structured leader
sequences that need to be unwound to allow identification of a translational
start site.

Regulation of translation of specific genes also occurs. A clear example is
the regulation by iron of synthesis of the iron-binding protein, ferritin. In

TABLE 17.11 Selected Disorders in Collagen Biosynthesis and Structure

Disorder Collagen Defect Clinical Manifestations

Osteogenesis Decreased synthesis of type Long bone fractures prior to
imperfecta 1 I puberty

Osteogenesis Point mutations and exon Perinatal lethality; mal-
imperfecta 2 rearrangements in triple formed and soft,fragile

helical regions bones
Ehlers–Danlos IV Poor secretion, premature Translucent skin, easy bruis-

degradation of type III ing, arterial and colon
rupture

Ehlers–Danlos VI Decreased hydroxylysine in Hyperextensive skin, joint
types I and III hypermobility

Ehlers–Danlos VII Type I procollagen accumu- Joint hypermobility and dis-
lation: N-terminal propep- location
tide not cleaved

Cutis laxa Decreased hydroxylysine Lax, soft skin; occipital
(occipital horn due to poor Cu distri- horn formation in adoles-
syndrome) bution cents



CLINICAL CORRELATION 17.8

Defects in Collagen Synthesis
Ehlers–Danlos Syndrome, Type IV
Ehlers–Danlos syndrome is a group of at least ten disorders that
are clinically, genetically, and biochemically distinguishable, but
that share manifestations of structural weaknesses in connective
tissue. The usual problems are fragility and hyperextensibility of
skin and hypermobility of the joints. The weaknesses result from
defects in collagen structure. For example, type IV Ehlers–Danlos
syndrome is caused by defects in type III collagen, which is particu-
larly important in skin, arteries, and hollow organs. Characteristics
include thin, translucent skin through which veins are easily seen,
marked bruising, and sometimes an appearance of aging in the
hands and skin. Clinical problems arise from arterial rupture, intes-
tinal perforation, and rupture of the uterus during pregnancy or
labor. Surgical repair is difficult because of tissue fragility. The
basic defects in type IV Ehlers–Danlos appear to be due to changes
in the primary structure of type III chains. These arise from point
mutations that result in replacement of glycine residues and thus
disruption of the collagen triple helix, and from exon-skipping,
which shortens the polypeptide and can result in inefficient secre-
tion and decreased thermal stability of the collagen, and in abnor-
mal formation of type III collagen fibrils. In some cases type III
collagen is accumulated in the rough ER, overmodified, and de-
graded very slowly.
Superti-Furga, A., Gugler, E., Gitzelmann, R., and Steinmann, B. Ehlers–
Danlos syndrome type IV: a multi-exon deletion in one of the two COL 3A1
alleles affecting structure, stability, and processing of type III procollagen. J.
Biol. Chem. 263:6226, 1988.

Osteogenesis Imperfecta
Osteogenesis imperfecta is a group of at least four clinically, geneti-
cally, and biochemically distinguishable disorders, all character-
ized by multiple fractures with resultant bone deformities. Several
variants result from mutations producing modified a(I) chains. In
the clearest example a deletion mutation causes absence of 84
amino acids in the a1(I) chain. The shortened a1(I) chains are
synthesized, because the mutation leaves the reading frame in
register. The short a1(I) chains associate with normal a1(I) and
a2(I) chains, thereby preventing normal collagen triple helix for-
mation, with resultant degradation of all the chains, a phenomenon
aptly named ‘‘protein suicide.’’ Three-fourths of all the collagen
molecules formed have at least one short (defective) a1(I) chain,
an amplification of the effect of a heterozygous gene defect. Other
forms of osteogenesis imperfecta result from point mutations that
substitute another amino acid for one of the glycines. Since glycine
has to fit into the interior of the collagen triple helix, these substitu-
tions destabilize that helix.
Barsh, G. S., Roush, C. L., Bonadio, J., Byers, P. H., and Gelinas, R. E.
Intron mediated recombination causes an a(I) collagen deletion in a lethal
form of osteogenesis imperfecta. Proc. Natl. Acad. Sci. USA 82:2870, 1985.

Scurvy and Hydroxyproline Synthesis
Scurvy results from dietary deficiency of ascorbic acid. Most ani-
mals can synthesize ascorbic acid from glucose but humans have
lost this enzymatic mechanism. Among other problems, ascorbic
acid deficiency causes decreased hydroxyproline synthesis be-
cause prolyl hydroxylase requires ascorbic acid. The hydroxypro-
line provides additional hydrogen-bonding atoms that stabilize the

collagen triple helix. Collagen containing insufficient hydroxypro-
line loses temperature stability, becoming less stable than normal
collagen at body temperature. The resultant clinical manifestations
are distinctive and understandable: suppression of the orderly
growth process of bone in children, poor wound healing, and
increased capillary fragility with resultant hemorrhage, particularly
in the skin. Severe ascorbic acid deficiency leads secondarily to a
decreased rate of procollagen synthesis.
Crandon, J. H., Lund, C. C., and Dill, D. B. Experimental human scurvy.
N. Engl. J. Med. 223:353, 1940.

Deficiency of Lysyl Hydroxylase
In type VI Ehlers–Danlos syndrome lysyl hydroxylase is deficient.
As a result type I and III collagens in skin are synthesized with
decreased hydroxylysine content, and subsequent cross-linking of
collagen fibrils is less stable. Some cross-linking between lysine
and allysine occurs but these are not as stable and do not mature
as readily as do hydroxylysine-containing cross-links. In addition,
carbohydrates add to the hydroxylysine residues but the function
of this carbohydrate is unknown. The clinical features include
marked hyperextensibility of the skin and joints, poor wound
healing, and musculoskeletal deformities. Some patients with this
form of Ehlers–Danlos syndrome have a mutant form of lysyl
hydroxylase with a higher Michaelis constant for ascorbic acid
than the normal enzyme. Accordingly, they respond to high doses
of ascorbic acid.
Pinnell, S. R., Krane, S. M., Kenzora, J. E., and Glimcher, M. J. A heritable
disorder of connective tissue: hydroxylysine-deficient collagen disease. N.
Engl. J. Med. 286:1013, 1972.

Ehlers–Danlos Syndrome, Type VII
In Ehlers–Danlos syndrome, type VII, skin bruises easily and is
hyperextensible, but the major manifestations are dislocations of
major joints, such as hips and knees. Laxity of ligaments is caused
by incomplete removal of the amino-terminal propeptide of the
procollagen chains. One variant of the disease results from defi-
ciency of procollagen N-protease. A similar deficiency occurs in
the autosomal recessive disease called dermatosparaxis of cattle,
sheep, and cats, in which skin fragility is so extreme as to be lethal.
In other variants the proa1(I) and proa2(I) chains lack amino acids
at the cleavage site because of skipping of one exon in the genes.
This prevents normal cleavage by procollagen N-protease.
Cole, W. G., Chan, W., Chambers, G. W., Walker, I. D., and Bateman, J.
F. Deletion of 24 amino acids from the proa(I) chain of type I procollagen
in a patient with the Ehlers–Danlos syndrome type VII. J. Biol. Chem.
261:5496, 1986.

Occipital Horn Syndrome
In type IX Ehlers-Danlos syndrome and in Menkes’ (kinky-hair)
syndrome there is thought to be a deficiency in lysyl oxidase
activity. In type IX Ehlers–Danlos syndrome there are consequent
cross-linking defects manifested in lax, soft skin and in the appear-
ance during adolescence of bony occipital horns. Copper-deficient
animals have deficient cross-linking of elastin and collagen, appar-
ently because of the requirement for cuprous ion by lysyl oxidase.
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Peltonen, L., Kuivaniemi, H., Palotie, A., et al. Alterations of copper and
collagen metabolism in the Menkes syndrome and a new subtype of Ehlers–
Danlos syndrome. Biochemistry 22:6156, 1983. For a detailed overview of
collagen disorders see: Byers, P. H. Disorders of collagen biosynthesis and
structure. In: C. R. Scriver, A. L. Beaudet, W. S. Sly, and D. Valle (Eds.)
The Metabolic and Molecular Basis of Inherited Disease, Vol. III, 7th ed.New
York: McGraw-Hill, 1995, pp. 4029–4077.

In Menke’s (kinky-hair) syndrome there is a defect in intracellular
copper transport that results in low activity of lysyl oxidase, and
in occipital horn syndrome there is also a defect in intracellular
copper distribution. A woman taking high doses of the copper-
chelating drug, d-penicillamine, gave birth to an infant with an
acquired Ehlers–Danlos-like syndrome, which subsequently
cleared. Side effects of d-penicillamine therapy include poor
wound healing and hyperextensible skin.
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the absence of iron a repressor protein binds to the iron-responsive element
(IRE), a stem-loop structure in the 59 leader sequence of ferritin mRNA . This
mRNA is sequestered for future use. d-Aminolevulinic acid synthase, an en-
zyme of heme biosynthesis, is also regulated by a 59-IRE in its mRNA.
In contrast, more ferritin receptor mRNA is needed if iron is limited; it has
IREs in its 39-nontranslated region. Binding of the repressor protein stabilizes
the mRNA and prolongs its useful lifetime. Many growth-regulated mRNAs,
including those for ribosomal proteins, have a polypyrimidine tract in their
leader sequence. A polypyrimidine-binding protein helps regulate their
translation.

17.8 j PROTEIN DEGRADATION AND TURNOVER

Proteins have finite lifetimes. They are subject to environmental damage such
as oxidation, proteolysis, conformational denaturation, or other irreversible
modifications. Equally important, cells need to change their protein comple-
ments in order to respond to different needs and situations. Specific proteins
have very different lifetimes. Cells of the eye lens are not replaced and their
proteins are not recycled. Hemoglobin in red blood cells lasts the life of these
cells, about 120 days. Other proteins have lifetimes measured in days, hours,
or even minutes. Some blood-clotting proteins survive for only a few days, so
hemophiliacs are only protected for a short period by transfusions or injections
of required factors. Diabetics require insulin injections regularly since the hor-
mone is metabolized. Metabolic enzymes vary quantitatively depending on
need; for example, urea cycle enzyme levels change in response to diet. Most
amino acids produced by protein degradation are recycled to synthesize new
proteins but some degradation products will be excreted. In either case, proteol-
ysis first reduces the proteins in question to peptides and eventually amino
acids. Several proteolytic systems accomplish this end.

Intracellular Digestion of Some Proteins Occurs in Lysosomes

Digestive proteases such as pepsin, trypsin, chymotrypsin, and elastase hy-
drolyze dietary protein and have no part in intracellular protein turnover within
an organism (see Chapter 25). Intracellular digestion of proteins from the extra-
cellular environment occurs within lysosomes. Material that is impermeable
to the plasma membrane is imported by endocytosis. In pinocytosis large
particles, molecular aggregates, or other molecules present in the extracellular
fluid are ingested by engulfment. Macrophages ingest bacteria and dead cells
by this mechanism. Receptor-mediated endocytosis uses cell surface recep-
tors to bind specific molecules. Endocytosis occurs at pits in the cell surface
that are coated internally with the multisubunit protein clathrin. Uptake is by
invagination of the plasma membrane and the receptors to form intracellular
coated vesicles. One fate of such vesicles is fusion with a lysosome and degrada-
tion of the contents. Some intracellular protein turnover may also occur within
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FIGURE 17.22

ATP and ubiquitin-dependent protein deg-
radation.
Ubiquitin is first activated in a two-step reac-
tion involving formation of a transient mixed
anhydride of AMP and the carboxy terminus
of ubiquitin (step 1a), followed by generation
of a thioester with enzyme E1 (step 1b). En-
zyme E2 can now form a thioester with ubi-
quitin (step 2) and serve as a donor in E3-
catalyzed transfer of ubiquitin to a targeted
protein (step 3). Several ubiquitin molecules
are usually attached to different lysine resi-
dues of a targeted protein at this stage. Ubi-
quitinylated protein is now degraded by ATP-
dependent proteolysis (step 4); ubiquitin is
not degraded and can reenter the process at
step 1.
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lysosomes, and under some conditions significant amounts of cellular material
can be mobilized via lysosomes. For example, serum starvation of fibroblasts
in culture or starvation of rats leads to the lysosomal degradation of a subpopula-
tion of cellular proteins. Recognition of a specific peptide sequence is involved,
indicating that the lifetime of a protein is ultimately encoded in its sequence.
This concept will be more apparent in the next section on ubiquitin-depen-
dent proteolysis.

Although lysosomal degradation of cellular proteins occurs, it is not the main
route of protein turnover. Calcium-dependent proteases, also called calpains, are
present in most cells. Activators and inhibitors of these enzymes are also present,
and calpains are logical candidates for enzymes involved in protein turnover.
However, their role in these processes is not quantitatively established. Golgi
and ER proteases degrade peptide fragments that arise during maturation of
proteins in the secretory pathway. They could also be involved in turnover of
ER proteins. Apoptosis, programmed cell death, requires several proteases. It
is likely that other uncharacterized mechanisms exist in both the cytosol and
in the mitochondrion.

Ubiquitin Is a Marker in ATP-Dependent Proteolysis

One well-described proteolytic pathway requires ATP hydrolysis and the partici-
pation of ubiquitin, a highly conserved protein containing 76 amino acids.
One function of ubiquitin is to mark proteins for degradation. Ubiquitin has
other roles; as an example, linkage of ubiquitin to histones H2A and H2B is
unrelated to turnover since the proteins are stable, but modification may affect
chromatin structure or transcription.

The ubiquitin-dependent proteolytic cycle is shown in Figure 17.22. Ubiqui-
tin is activated by enzyme E1 to form a thioester; ATP is required and a transient
AMP–ubiquitin complex is involved. The ubiquitin is then passed to enzyme
E2, and finally via one of a group of E3 enzymes it is coupled to a targeted
protein. Linkage of ubiquitin is through isopeptide bonds between «-amino
groups of lysine residues of the protein and the carboxyl-terminal glycine
residues of ubiquitin. Several ubiquitin molecules may be attached to the protein
and to each other. ATP-dependent proteases then degrade the tagged protein
and free the ubiquitin for further degradation cycles.

Ubiquitin-dependent proteolysis plays a major role in the regulation of
cellular events. Cyclins are involved in control of progress through the cell
cycle. The ubiquitin-dependent destruction of a cyclin allows cells to pass from
the M phase into G1. Other proteins known to be degraded by ubiquitin-
dependent proteolysis include transcription factors, the p53 tumor suppressor
and other oncoproteins, a protein kinase, and immune system and other cell
surface receptors.

Damaged or mutant proteins are rapidly degraded via the ubiquitin path-
way. In cystic fibrosis a mutation that results in deletion of one amino acid
greatly alters the stability of a protein (see Clin. Corr. 17.9), but it is not always
clear how native proteins are identified for degradation. Selectivity occurs at
the level of the E3 enzyme, but most specific recognition signals are obscure.
One determinant is simply the identity of the amino-terminal amino acid. Other-
wise identical b-galactosidase proteins with different amino-terminal residues
are degraded at widely differing rates. Amino termini may be modified to alter
the lifetime of the protein, and some residues serve as aminoacyl acceptors
for a destabilizing residue from an aminoacyl-tRNA. Internal sequences and
conformation are also likely to be important; destabilizing PEST sequences (rich
in Pro, Glu, Ser, and Thr) have been identified in several short-lived proteins.

The ATP-dependent degradation of ubiquitin-marked proteins occurs in
a 26S organelle called the proteasome. Proteasomes are dumbbell-shaped
complexes of about 25 polypeptides; a proteolytically active 20S cylindrical
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CLINICAL CORRELATION 17.9

Deletion of a Codon, Incorrect Posttranslational Modification, and
Premature Protein Degradation: Cystic Fibrosis

Cystic fibrosis (CF) is the most common autosomal recessive dis-
ease in Caucasians, with a frequency of almost 1 per 2000. The
CF gene is 230 kb in length and includes 27 exons encoding a
protein of 1480 amino acids. The protein known as the cystic
fibrosis transmembrane conductance regulator or CFTR is a mem-
ber of a family of ATP-dependent transport proteins and it includes
two membrane-spanning domains, two nucleotide-binding do-
mains that interact with ATP, and one regulatory domain that
includes several phosphorylation sites. CFTR functions as a cyclic
AMP-regulated chloride channel. CF epithelia are characterized by
defective electrolyte transport. The organs most strongly affected
include the lungs, pancreas, and liver, and the most life-threatening
effects involve thick mucous secretions that lead to chronic obstruc-
tive lung disease and persistent infections of lungs.
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FIGURE 17.23

Model of proteasome.
A 20S central segment is made up of four
stacked heptameric rings of two types. The
core is hollow and includes 12–15 different
polypeptides; several proteases with different
specificities are localized within the rings. V-
shaped segments at each end cap the cylin-
der and are responsible for ATP-dependent
substrate recognition, unfolding, and translo-
cation into the proteolytic core. Upper cap
structure is also in contact with the central
segment but it is shown displaced from it in
order to illustrate the hollow core of the cyl-
inder.
Adapted from D. Rubin and D. Finley, Curr. Biol.
5:854, 1995; and J.-M. Peters, Trends Biochem. Sci.
19:377, 1994.

Ward, C., Omura, S., and Kopito, R. Degradation of CFTR by the ubiquitin–
proteasome pathway. Cell 83:121, 1995.

In about 70% of affected individuals the problem is traced to
a three-nucleotide deletion that results in deletion of a single amino
acid, phenylalanine 508, normally located in ATP-binding domain
1 on the cytoplasmic side of the plasma membrane. As with several
other CF mutations, the Phe 508 deletion protein is not properly
glycosylated or transported to the cell surface. Instead, it is only
partially glycosylated, and it is degraded within the endoplasmic
reticulum. It is postulated that the mutant protein does not fold
properly and is marked for degradation rather than movement to
the plasma membrane.

core is capped at each end by V-shaped complexes that bestow ATP dependence
(Figure 17.23). It is speculated that the cap structure is involved in recognizing
and unfolding polypeptides and transporting them to the proteolytic core. The
complex E. coli proteases Lon and Clp and similar enzymes in other microorgan-
isms (and in mitochondria) also require ATP hydrolysis for their action, but
ubiquitin is absent in prokaryotes and the means of identification of proteins
for degradation is still obscure. It is likely that protein degradation will turn out
to be as complex and important a problem as protein biosynthesis.
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Löwe, J., Stock, D., Jap, B., et al. Crystal structure of the 20S proteasome
from the archaeon T. acidophilum at 3.4Å resolution. Science 268:533,
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1. Degeneracy of the genetic code denotes the existence of:
A. multiple codons for a single amino acid.
B. codons consisting of only two bases.
C. base triplets that do not code for any amino acid.
D. different protein synthesis systems in which a given triplet

codes for different amino acids.
E. codons that include one or more of the ‘‘unusual’’ bases.

2. Deletion of a single base from a coding sequence of mRNA may
result in a polypeptide product with any of the following
EXCEPT:
A. a sequence of amino acids that differs from the sequence

found in the normal polypeptide.
B. more amino acids.
C. fewer amino acids.
D. a single amino acid replaced by another amino acid.

3. During initiation of protein synthesis.
A. methionyl-tRNA appears at the A site of the 80S initiation

complex.
B. eIF-3 and the 40S ribosomal subunit participate in forming

a preinitiation complex.
C. eIF-2 is phosphorylated by GTP.
D. the same methionyl-tRNA is used as is used during elon-

gation.
E. a complex consisting of mRNA, the 60S ribosomal subunit,

and certain initiation factors is formed.

4. Requirements for eukaryotic protein synthesis include all of the
following EXCEPT:
A. mRNA.
B. ribosomes.
C. GTP.
D. 20 different amino acids in the form of aminoacyl-tRNAs.
E. fMet-tRNAMet

i .

5. During the elongation stage of eukaryotic protein synthesis:
A. the incoming aminoacyl-tRNA binds to the P site.
B. a new peptide bond is synthesized by peptidyl transferase

site of the large ribosomal subunit in a GTP-requiring re-
action.

C. the peptide, still bound to a tRNA molecule, is transloated
to a different site on the ribosome.

D. streptomycin can cause premature release of the incom-
plete peptide.

E. peptide bond formation occurs by the attack of the carboxyl
group of the incoming aminoacyl-tRNA on the amino group
of the growing peptide chain.

6. Diphtheria toxin:
A. acts catalytically.
B. releases incomplete polypeptide chains from the ribosome.
C. inhibits translocase.
D. prevents release factor from recognizing termination signals.
E. attacks the RNA of the large subunit.

7. How many high-energy bonds are expended in the formation
of one peptide bond?
A. 1
B. 2
C. 3
D. 4
E. 5

8. Formation of mature insulin includes all of the following
EXCEPT:
A. removal of a signal peptide.
B. folding into a three-dimensional structure.
C. disulfide bond formation.
D. removal of a peptide from an internal region.
E. c-carboxylation of glutamate residues.

9. 4-Hydroxylation of specific prolyl residues during collagen syn-
thesis requires all of the following EXCEPT:
A. Fe21.
B. a specific amino acid sequence.
C. ascorbic acid.
D. succinate.
E. individual a-chains, not yet assembled into a triple helix.

10. In the formation of an aminoacyl-tRNA:
A. ADP and Pi are products of the reaction.
B. aminoacyl adenylate appears in solution as a free interme-

diate.
C. the aminoacyl-tRNA synthetase is believed to recognize and

hydrolyze incorrect aminoacyl-tRNAs it may have produced.
D. there is a separate aminoacyl-tRNA synthetase for every

amino acid appearing in the final, functional protein.
E. there is a separate aminoacyl-tRNA synthetase for every

tRNA species.

11. During collagen synthesis, events that occur extracellularly in-
clude all of the following EXCEPT:
A. modification of prolyl residues.
B. amino-terminal peptide cleavage.
C. carboxyl-terminal peptide cleavage.
D. modification of lysyl residues.
E. covalent cross-linking.

12. In the functions of ubiquitin all of the following are true EXCEPT:
A. ATP is required for activation of ubiquitin.
B. ubiquitin-dependent degradation of proteins occurs in the ly-

sosomes.
C. linkage of a protein to ubiquitin does not always mark it

for degradation.
D. the identity of the N-terminal amino acid is one determinant

of selection for degradation.
E. ATP is required by the protease that degrades the tagged

protein.

j QUESTIONS j J. BAGGOTT AND C. N. ANGSTADT
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Match each of the following numbered markers with the appropriate
lettered target site.

A. export from the cell
B. lysosomes
C. mitochondria
D. nucleus
E. peroxisomes

tive of translocase, which irreversibly inactivates the translo-
case (p. XXX).

7. D One ATP is converted to AMP during activation of an amino
acid (p. XXX), and two GTP are converted to GDP during
elongation (p. XXX). The ATP R AMP counts as two high-
energy bonds expended.

8. E See p. XXX. c-Carboxylation is of special importance in sev-
eral blood clotting proteins (p. XXX).

9. D See p. XXX.
10. C Bonds between a tRNA and an incorrect smaller amino acid

may form but are rapidly hydrolyzed (p. XXX). A and B:
ATP and the amino acid react to form an enzyme-bound
aminoacyl adenylate; PPi is released into the medium (p.
XXX). D: Some amino acids, such as hydroxyproline and
hydroxylysine, arise by co- or posttranslational modification
(p. XXX). E: An aminoacyl-tRNA synthetase may recognize
any of several tRNAs specific for a given amino acid (p. XXX).

11. A See p. XXX. Some modification of lysyl residues also occurs
intracellularly (p. XXX).

12. E A–D: True (see p. XXX). B: Linkage to histones does not
result in their degradation.

13. D (see p. XXX).
14. B (see p. XXX).
15. C (see p. XXX).
16. E (see p. XXX). This tripeptide must occur at the carboxyl ter-

minal.

13. Clusters of lysine and arginine amino acid residues.
14. Mannose 6-phosphate.
15. Positively charged amphiphilic a-helix.
16. Ser-Lys-Leu (SKL).

j ANSWERS j

1. A This is the definition of degeneracy (p. XXX). B and E are
not known to occur, although sometimes tRNA reads only
the first two bases of a triplet (wobble), and sometimes un-
usual bases occur in anticodons (p. XXX). C denotes the
stop (nonsense) codons (p. XXX). D is a deviation from
universality of the code, as found in mitochondria (p. XXX).

2. Deletion of a single base causes a frameshift mutation (p.
XXX). The frameshift would destroy the original stop codon;
another one would be generated before or after the original
location. In contrast, replacement of one base by another
would cause replacement of one amino acid (missense muta-
tion), unless a stop codon is thereby generated (p. XXX).

3. B A: Methionyl-tRNAMet
i appears at the P site. C: Phosphorylation

of eIF-2 inhibits initiation. D: Methionyl-tRNAMet
i is used inter-

nally. E: mRNA associates first with the 40S subunit (p. XXX).
4. E fMet-tRNAMet

i is involved in initiation of protein synthesis in
prokaryotes.

5. C A: The incoming aminoacyl-tRNA binds to the A site. B:
Peptide bond formation requires no energy source other
than the aminoacyl-tRNA (p. XXX). D: Streptomycin inhibits
formation of the prokaryotic 70S initiation complex (analo-
gous to the eukaryotic 80S complex) and causes misreading
of the genetic code when the initiation complex is already
formed (p. XXX). E: The electron pair of the amino group
carries out a nucleophilic attack on the carbonyl carbon.

6. A This toxin catalyzes the formation of an ADP ribosyl deriva-


