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Post-translational modification of proteins

HARVEY F. LODISH

Department of Biology, Massachusetts institute of
Technology, Cambridge, MA 02139, US4 and Biolnforma-
tion Assoctates, 65 E India Row, Boston, MA 02110, USA

Summary. Many proteins, especiually those produced by
eukaryotic cells, undergo extensive, essentially wreversible,
modifications after thewr synthesis. This review focuses on
three classes of such reactions proteolytic cleavages,
formation of S~S cystine bonds, and formation of
asparagine-inked carbohydrate chains, Emphasis is placed
on the mechanism of these reactions, and on the importance
of these modifications for the proper structure, function
and stabiity of the affected proteins. Using recombinant
DNA technmques, it is now possible to synthesize the
polypeptide portion of many proteins, such as mammahan
peptide hormones and enzymes, in bacterial and yeast cells
These host cells, however, may be unable to carry out
essential post-translational modifications. Ways in which
the properly modified form of these ‘engineered’ proteins
can be produced are considered.

Introduction

Through the use of modern techniques of molecular genetics
and recombinant DNA, it is now possible to synthesize the
polypeptide portion of many animal cell proteins, including
enzymes, peptide hormones, and viral proteins, in bacterial
or fungal (yeast) cells. Some of these, such as human
insulin and human interferon, are rapidly approaching the
commercial production phase, and it can be anticipated
that many more proteins produced by this procedure will
be important in the agricultural, pharmaceutical and
chemical industries in the coming years.

The sequence of 20 common amino acids in a polypeptide
is determined by the sequence of triplet nucleotide codons
in the messenger RNA. This information, in turn, is a copy
of that in the DNA genome. However, most, if not all,
proteins are modified extensively after their synthesis by
specific cuts, proteolytic cleavages, in the peptide chain, or
by chemical modification of certain amino acid residues, or
by the addition of one or more non-amino acid prosthetic
groups, such as sugar, lipid or phosphate restdues. For
several reasons, these post-translational modifications are
of interest and importance to the biochemical engineer. The
nature of these modifications is very different for the
three types of cells used for these genetic manipulations —
bacterial cells (Escherichia coli, in particular), yeast and
mammalian cells. For instance, there are few documented
cases of glycoproteins in bacteria,! and there is no evidence
that they contain asparagine-linked oligosaccharides of the
sort so common in mammalian and yeast proteins. There
are, too, many significant differences between the carbo-
hydrate substituents of yeast and mammalian glycoproteins,
and these will be discussed. The specific nature of these
carbohydrate substituents can be of great importance in
determining the stability and function of glycoproteins.
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Other covalent modifications of proteins, such as proteo-
lytic cleavages, differ not only between bacterial and
eukaryotic cells, but may also differ among the various
specialized cell types of a multicellular animal; these, too,
are often essential for proper function and stability of a
protein. Further, recent work has demonstrated that
many modifications of viral proteins, such as specific
proteolytic cleavages, are due to enzymes which are encoded
by the viral genome, and which are different, therefore,
from cellular enzymes. It is possible that intervention in
the replication of these viruses could be achieved by
selective inhibition of these reactions.

Covalent modification of proteins, the principal subject
of this review, are of two types, reversible and irreversible.
The catalytic activity of many cellular enzymes is often
mediated by the covalent addition and removal of a variety
of substituents, such as phosphate, AMP and UMP
residues.®2~% An understanding of these reversible molecular
alterations is clearly important in any application of these
enzymes as catalysts for the production or modification of
chemicals. Also, in ‘moving’ such enzymes from one cell
type to another by recombinant DNA techniques, one
must ensure that the enzymes which carry out these modi-
fications are also present in the recipient cell in order for
the ‘transferred’ protein to be optimally active. As extensive
reviews are available concerning the nature and mechanism
of these reversible regulatory modifications,'®276 they
will not be considered further in this review. Rather, we
shall focus on irreversible modifications of proteins,
particularly those which take place on proteins which are
secreted from the cell, such as hormones and viral proteins.

This paper will emphasize three of the well-understood
types of irreversible modifications — proteolytic cleavages.
glycosylation, and formation of cystine (S—S) disulphide
bonds — which occur 1n animal cells. After describing
these reactions and their importance for protein function,
the possibility of synthesizing proteins with these modifi-
cations in bacterial or yeast cells will be considered.

There are many other essentially irreversible modifi-
cations that will not be covered. These include sulphation,
hydroxylation of lysine or proline residues (in collagen),
vitamin K-dependent carboxylation, methylation,
acetylation, and ADP-ribosylation.” 1

Proteolytic cleavages of animal cell proteins and
viral proteins

Animals and their cells contain a large number of proteolytic
activities, although relatively few intracellular proteases —
mostly the lysozomal enzymes — have been purified to

date =" Importantly, these activities appear to be localized
to specific subcellular regions or membrane-limited

0141-0229/81/030178—11 $02.00
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organelles, or are extracellular, e.g. in the serum. Many
proteins. such as viral structural proteins and secreted
cellular proteins, are acted upon intracellularly and sequen-
tially by a series of such enzymes; the protein can perhaps
be visualized as moving on a subcellular conveyor belt,
subjected to specific proteolytic {and other) modifications
as 1t moves along the assembly line preparatory to
export.® =17 It 1s this multitude of successive reactions,
unique to higher celis, that will be difficult to reconstruct
m bacterial and possibly in yeast cells by using genetic
engineering techniques.

The internal structural proteins of many picornaviruses
and RNA tumour viruses are modified by a series of
proteolytic activities.'® 2! Poliovirus, a typical member
of the picornavirus group, is a well-studied example. The
poliovirus genomic RNA is the only known polio
messenger RNA. It contains ~5000 nucleotides, and is
translated by ribosomes in the cytopiasm of an animal cell
into a ‘polyprotein’ which contains >2000 amino acids
(Figure 1). This protein contains the amino acid sequences
of all of the poliovirus-specified proteins. Even while this
protein is still being fabricated on the ribosomes, two
specific proteolytic cleavages take place. The enzyme(s)
which catalyses this reaction is believed to be a normal
constituent of the cell cytoplasm.!® The three resultant
polypeptides are, after a lag period lasting several minutes,
processed proteolytically into even smaller proteins. The
capsid precursor (p95, MW 95 000) for instance, is cleaved
into three smaller proteins — VP, VP, and VP3, which
bind with viral RNA to form a virus-like particle. In order
for this particle to be infectious, however, an additional
cleavage of VP, into two smaller proteins, VP, and VP4, is
essential; thus reaction takes place after VP, 1s assembled
into the ‘provirus’ particle. All of these later proteolytic
cleavages are, as indicated in the Figure, probably catalysed
by a virus-encoded enzyme.This active enzyme s itself

5 2

B i e e i

AUG pohovirus mRNA

NH, CQOH
polyprotemn

Cleavage of nascent
chain by cell protease

Capsid precursor X replicase - protease
Cp 951 Lp401 precursor [p75]
Viral Viral
protease profease ?

VPg VP3  VPI

replicase [p201 VPg
Ep4ll [p26] [p35] [ |8

p551 p51

Maturation
cleavage

VP4 VP2

Cp73 Lp30]
Figure 1 Proteolytic cleavage of poliovirus proteins in infected
cetls. The numbers given refer to estimated molecular wetghts (in
SDS gels}). The VP designation refers to a structural polypeptide,
pre.ent in virus capsids. Redrawn after refs 18 and 21
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derived from the proteolytic cleavage of one of the viral
protein 8precursors, probably the one indicated ‘replicase
{P75)!® The precursor of the RNA tumour virus (retro-
virus) capsid proteins 1s processed in much the same way

as the polio capsid precursor, and it also appears that a
virus-specified protease might be mvolved.24=2¢ Although
these virus-specified proteases have not been purified to
homogeneity, further studies of their substrate specificity
and mechanism might grovide the basis of design of specific
anti-viral compounds.!5—25

Synthesis of most proteins in bacterial and 1n higher celis
is initiated with a methionine residue, This amino acid 15
usually removed proteolytically from the nascent chain.
However, these proteases have never been purified, so one
is uncertain of the substrate specificity of the enzyme or
whether the specificities of bacterial, yeast and mammalian
enzymes are the same.

Many mammalian proteins of medical or commercial
interest are secreted by the cell. These include all peptide
hormones, such as insulin and interferon, growth factors,
serum proteins, and many enzymes, such as trypsin and
amylase. These are made on the ribosome-studded mem-
branous organelle termed the rough endoplasmic reticulum
(ER), and are transported during or immediately after ther
synthesis into the ER lumen (Figure 2b).15:16:26=32 The
proteins move next to the Golgi complex of intracellular
membranes. Depending on the protein, it is then secreted
immediately, or 1s stored in secretory granules awaifing a
hormonal stimulus for secretion (Figure 3a).15-16-33
Extensive proteolytic processing generally occurs in each
of the above organelles.

The biogenesis of many surface membrane glycoproteins,
such as the Vesicular Stomatitis Virus G protein and the
histocompatability proteins HLA-A and HLA-B, follows an
analogous RER — Golg: — cell surface pathway (Figure 3b).
However, these proteins remain anchored in the phospholipid
membranes of the various organelles, rather than soluble in
the organelle lJumen (Figure 2g).1"2%3!

In the case of most, but not all, secretory and membrane
glycoproteins in which at least the NH,-terminal segment, if

not the whole protein, crosses the ER membrane, 15—-26 NH,-

terminal amino acid residues are removed proteolytically while
16,28—31,35—37

the polypeptide is still growing on the ribosome.
Thus, this so-called “pre’ piece is not normally observed on
intracellular forms of the completed protein. Its existence
was noted when mRNAs encoding these proteins were

translated in cell-free systems in the absence of ER membranes,

which are the source of these protease(s); the resultant
proteins contained the extra ‘pre’ residues 26:29:38 These
‘pre’ sequences are often called ‘signal’ sequences, and are
believed to be involved in directing the ribosome which is
translating the mRNA to the ER membrane. They have been
found on a variety of both bacterial and mammalian
protemns. Figure 4 shows that there is little amino acid
sequence homology among the various ‘pre’ sequences,
although most do contain a contiguous stretch of §—10
strongly hydrophobic amino acids, including leucine,
1soleucine, and valine residues. There is also little homology
with respect to the site of cleavage by this ‘signal peptidase’.
Generally, but not invariably, 1t occurs at the carboxyl side
of a small, neutral amino acid side chain. Few studies have
been reported on the purification and properties of these
peptidases 340 and it is not even clear how many different
such proteases there are in a cell. Nor, more importantly, is
it clear whether bacterial cells can properly cleave off the
‘pre’ peptides on anumal proteins. There is one report that

Enzyme Microb. Technol., 1981, Vol. 3, July 179
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Figure 2 Co-translational insertion of a transmembrane glyco-
protein (VSV G protein) into the ER membrane {a) and (b)
co-translational sequestration of a secretary protein into the lumen
of the ER. Among the first 50 amino acid residues of G or of a
secretory protein s a ‘signal sequence’ that identifies the protein as
one destined to be inserted into the membrane of the rough ER.
Because some 40 amino acids remain buried in the rnibosome, the
signal sequence does not emerge until the polypeptide 1s ~70 amino
acid units long. At that time the signal sequence is recognized by
some molecule, presumably a protein, in the membrane of the ER.
This hypothetical protein 15 thought to facilitate the passage of the
polypeptide through the lipid bilayer, Once in the lumen of the
reticulum at least part — 16 to 25 amino acids, depending on the
protein — of the signal sequence generally is removed. The protein
continues to elongate, and as 1t grows it is extruded through the
membrane and folds up in the lumen. As it enters preformed
carbohydrata side chains (Figure 70a) are transferred to G or to
most secretory proteins from a hpid carrier. Proteins secreted by
the ceil pass all the way through the membrane but for reasons that
are not totally clear, G becomes stuck at about the time that
translation s completed, with some 30 amino acids at the COOH
terminus remaining in the cytoplasm. Thus the completed G glyco-
protein has 1ts amino terminus, most of its bulk and all of its
carbohydrates in the Jumen of the ER, and a short stub that includes
the carboxy! terminus on the cytoplasmic side,!?-28,32,3%

CYTOPLASM

E. coli can correctly process lpre—proinsuhn to proinsulin
(and will secrete proinsulin),*! but other proteins such as
pre-fibroblast (human) interferon are apparently not
processed in this way *?

In the case of some secreted proteins, such as growth
hormone, placental lactogen, lysozyme, and ovomucoid,
and certain viral membrane proteins, such as the Vesicular
Stomatitis Virus glycoprotein, removal of the ‘pre’ sequence
is the only known proteolytic cleavage; the ‘pre’ form is
converted directly into the mature protemn.!”*3 In most
cases, however, there is an additional, relatively long-lived
intracellular form, termed the pro-protein or pro-hormone
(Figures 5 and 6).3V4%7 Proteolytic conversion of the
pro-protein fo the mature molecule occurs at a late stage
in intracellular maturation, probably within the Golg
membrane complex.46:49:50 [n contrast to the ‘pre’ amino
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acids, which are always at the NH,terminus, the additional
amino acids in the ‘pro™form can be either at the NH,-
{proPTH, proalbumin) or COOH- (proglucagon) terminal
region of the proprotein (Figure 5). In the case of proinsulin,
the ‘extra’ amino acids, termed the C peptide, are located
miernally in the polypeptide. The NH,-terminal B chain

and the COOH-terminal A chain of mature insulin are

linked, in proinsulin, by disulphide bonds, and remain
attached when the C peptide is removed.5!

Examination of the amino acid sequences surrounding
the cleavage sites in preprotein to protein conversions
suggests a common mechanism for conversion of many
proproteins. The cleavage site is invariably comprnised of two
or three adjacent basic amino acids — lysine or arginine. In
the case of proalbumin, proPTH and progastrin, a single
endopeptidase with trypsin-like specificity is sufficient
to generate the mature protein. In others, such as proinsulin

s
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— @
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/ 428 VHRNA S
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e %
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Figure 3 Maturanion of secretory and membrane glycoprotein. (a}
Secratory proteins. They migrate first to the Golgi complex of
membranes, where there occurs certamn proteolytic cleavages and also
maodifications 1o Asn-linked oligosaccharides. In some cells, such as
tha hiver, the proteins are secreted constitutively; in others, such as
the exocrine pancreas, they are stored in secretory granuies awaiting
a hormonal signal for secretion® {b} Schematic diagram 1llustrafing
the pathways of maturation of the major structural proteins of VSV,
especiaily the G glycoprotein. Shawn are the blocks in virion
assembly due to temperature-sensitive lesions in viral structurafl
proteins; ts L8511, ts L513, and ts 045 are mutants in the G poly-
peptidel'® +, Denotes a high mannose oligosaccharide; ¥, denotes
a complex oligosaccharide in G. Redrawn from ref 17
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CLEAVAGE
POINT

Figure 4 Amino acid sequences of pre-pieces of several secretory and membrane proteins. The vertical dotted line denotes the site of cleavage
of these residues: this generally oceurs during elongation of the growing polypeptide chain, Redrawn after ref 28

and proglucagon, both the action of this endopeptidase
and an exopeptidase with the specificity of carboxypeptidase
B are essential to generate the mature protein (see Figure
5 and refs cited therein). Highly efficient conversion of
proPTH to PTH in >85% yield could be accomplished by
dilute solutjons of pancreatic trypsin.*® Likewise, preinsulin
can be converted efficiently to insulin in vitro by the
combined action of trypsin and carboxypeptidase B33
The nature of the enzymes which catalyse these cleavages
within animal cells is unknown, but they appear to be
localized to the Golgi.

A particularly interesting example concerns the biogenesis
of the peptide hormones ACTH, 8-lipotropin, § endorphin,

Pro-hormones
CP CP CP T

® AR

Pro-PTH H,N MWW Lys Lys Arg ———— COOH
T
Pro-Albumin  H,N MVWWMW Arg  Arg COOH
Cf cp I
Pro-Gastrin HoN AMVWVWWW LYS  Lys swmme—— COCH
CP CP T
Pro-Glucagon  HN Lys Arg AVVWAAACOOH
cp cr T cP T

© s bV bl
HoN—————— Arg Arg MWVVWM Lys Arg COCH

Figure 5 Schemes for combined actions of tryptic {T) and carboxy-
peptidase B-like (CP) activities in the conversion of proproteins
(prohormones) to the authentic product: A, Mechanism whereby
tryptic cleavage alone results in formation of final product; B,
combined action of the two enzymes 1s necessary for production
of glucagon; C, both cleavage mechanisms tllustrated by {A) and (B}
are involved In the formation of insulin and C peptide from
promsulin, Data sources are as follows: ProPTH, ref 52; proalbumin,
ref 53; progastrin, ref 54; proglucagon, ref 31; proinsulin, ref 50.
Solid lines denote the mature form of the protein; jagged lines
denote the ‘pro’ sequences
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Figure 8 Amino acid sequence of pre-proparathyroid hormone
{pre-proPTH). Residues in hatched circles constitute the NH,-
terminal ‘pre’ or signal sequence. Shaded residues are specific to
the prohormone, Residues tn open circles denote PTH, the principal
secreted form of the hormone. The arrows denote the peptide band
cleaved in removal of, first, the pre, and later, the pro extensions.
Redrawn from ref 47
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Figure 7 Structure of the common precursor molecule of ACTH
and g-endorphin, and pathways of synthesis of the smaller peptides
in various pituitary celis, Note that the cleavage of ACTH to @ MSH
(and also other cleavages) takes place only in intermediate lobe
cells. Data taken from refs 57 and 58

and o MSH by the rat pituitary. As is indicated in Figure 7,
all are synthesized as part of a long precursor molecule
which contams ~300 amino acids.>¢~5% The initial
proteolytic cleavage of the common precursor for ACTH
and 8 LPH occurs ~20 min after synthesis. This is followed
rapidly by a second proteolytic cleavage which separates
the glycosylated NH,-terminal segment from the mature
ACTH. On a slower time scale, § LPH is cleaved to produce
B endorphin and y-lipotropin (y LPH). In the intermediate
lobe of the pituitary, but not the anterior lobe, ACTH is
further cleaved to the hormone a MSH. 1t is believed that
the enzyme which catalyses this specific cleavage is localized
in the intermediate lobe cells.

Analogous proteolytic cleavages occur during maturation
of many viral surface glycoproteins, and are important for
infectivity of the virus. Many animal viruses contain a hipid
envelope, and bud off from the surface of infected cells.
Examples include influenza virus, Newcastle disease virus
(a pest of bird flocks), measles virus, Vesicular Stomatitis
Virus, and others. In all cases, these viruses encode one or
more glycoproteins which accumulate on the surface
membranes of the cell and on the surface of the budded
viral particles (see Figure 3b). These glycoproteins are
essential for adsorption of viruses to the target cells, and
determine the host range of the virus. Also, they are the

HA1 l HA2
AlVictoria/3/75 NH, s=meme Val. Pro, Glu, Lys, Gin, Thr. Arg. -»==~-re——=-~Gly, lle, Phe. Gly, -~---- COOH
A/FPV /Rostock/34 NH, --anme Val. Pro, Glu, Pro. Ser. Lys, Lys. Arg. Glu. Lys. Arg. Gly. Leu. Phe. Gly, --~--- COOH

Figure 8 Proteolytic processing of the influenza HA surface glycoprotein. The partial sequence of HA, from two influenza strains is presented.
In both casss, two proteolytic cuts are required to generate the mature HA, and HA, glycoproteins, but the number of amino acids removed is

different. These cleavages are essentfal for infectivity of the virus®?
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targets of immunological response to the mfecting virus.
Figure 8 shows the maturation process of the nfluenza HA
glycoprotein, one of many of this class that undergoes a
late proteolytic cleavage. The two polypeptides, HA and
HA,, which comprise the haemagiutinin glycoprotein are

formed as a nrecursor HA - olunamen falio -

10rmed as a preécursor riAg giycoprotein, The mtracellular
proteolytic cleavage of HAq to HA; and HA, 1s essential
for infectivity of the resultant virus;3%~62 this processing
can be reproduced in vitro by treatment of non-infectious
virions, containing HAy, with trypsin.**=! Similar cleavages
occur during the maturation of the F (fusion) glycoprotein
of the unrelated paramyxovirus Newcastle Disease Virus 63
It is important to note, finally, that precursors of some °
secreted proteins are cleaved after secretion. Well-studied
examples include the zymogen precursors of digestive
enzymes, fibrinolysins, complement, and blood clotting
factors. Here, cleavage is essential for the induction of
enzyme activity. The reactions can, in some cases, occur in
cell-free reactions using purified proteases.!! ¥ Likewise,
proteolytic removal of sequences from both the NH,-
and COOH-terminal of the three polypeptide chains of the

These cleavages facilitate assembly of the proper multichain
quaternary structure.”®

It 1s most unlikely that bacterial cells (and probably
yeast cells) contain enzymes which can correctly process *
the prepro or pro-forms of mammalian proteins. How, then,
will it be possible to convert the proprotein or pre-proproten,
synthesized in bacteria as a result of recombinant DNA
methodology, to the mature protem?

A first possibility, as noted above, is to conduct the
cleavage reaction in vitro, using one or more purified
enzymes. This should work most efficiently for proteins,
such as proPTH, in which only a single proteolytic cleavage,
by an enzyme of known specificity is required (Figure 6).
Human proinsulin can be made in £. coli cells, but it is not
known whether it can subsequently be processed to wmsulin
in vitro*t

Second, one can manipulate the gene for the protem in
question so that an AUG (methionine) codon on the mRNA
which specifies initiation of bacterial protein synthesis now
immediately precedes the mRNA codons for the mature
(rather than the prepro or pro) form of the polypeptide.

The DNA splicing methodology involved here is rather
complex, but is well within the range of current recombinant
DNA technology. The cloned gene (or cDNA) for the protein
is cut with a specific restriction enzyme at a region just
inside the coding sequence for the NH,-terminus of the
mature form of the protein. It is then necessary to synthesize
chemically a DNA segment which contains, in addition to
the signals for initiation of bacterial RNA synthesis and
binding of bacterial ribosomes to the mRNA, the AUG
‘start” codon and the balance of the NH,-terminal sequence
of the protein in question. This DNA is enzymatically
spliced to the fragment of cloned DNA which contains the
balance of the protein, and the reconstructed chimeric
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DNA s recloned 1n a suitable bacterial cell. The protein
produced should be the mature form of the mammalian
polypeptide, although there could be an extra NH,-terminal
methionine residue 1f the initiator methionine is not
removed. This approach has been employed for the produc-
tion of human growth hormone %% A related method was
used for human fibroblast interferon. Here, methionine is
the natural NH,-terminal residue of the mature polypeptide,
and a DNA ‘gene’ was constructed i which the AUG codon
for this methionine residue, rather than the normally
employed AUG at the beginning of the ‘pre’ sequence, was
used to itiate interferon synthesis.*2

In « different type of cloning strategy, the coding
sequence (cDNA) of the mammalian protein is inserted into
an internal position in a bacterial gene so that the sequences
are in phase with the bacterial coding sequences. This results
in the synthesis of a hybrid bacterial—-mammalian protein,
from which the mammalian protein has to be released by
chemical or enzymatic means. An example 1s that of human
somatostatin, which was synthesized as a precursor contain-
Ing, at its NH,-terminus, a fragment of £. coli §-galactosidase.

Fortunately, there are no methionine residues in somatostatin,

and the construction of the cloned gene was such that a
single methionine residue separated the §-galactosidase and
somatostatin segments of the chimeric precursor protein. It
was possible chemically to cleave off the somatostatin, at
the methionine residue, using CNBr, but this cannot be said
to be a general procedure.5 Refated procedures have been
used to produce human insulin®’ and murine f-endorphin®®
from such hybrid polyproteins.

Finally, attention should be given to the use of mammalian
cells as systems for production of some peptide hormones or
other secretory proteins, since most of the relevant
proteolytic (and glycosy! transferase) enzymes are present
in most lines of cultured cells. The economical use of such

systems awaits the development of new cloning methodologies

which will permit the production of large amounts of a
particular protem whose gene has been cloned and introduced
into the cell. Examples of this approach are given in refs
69-72.

Formation of S—S disulphide bonds

Disulphide bonding between two cysteine resides is one of the
most important stabilizing forces in the secondary structure
of a polypeptide. In proteins which contain more than two
cysteine residues, formation of the proper arrangement of
S—S bonds 1s essential for normal structure and enzymatic
or homonal action. In higher cells, S—S bonds are generally
confined to secreted proteins and certain membrane
proteins. Possibily, because of a greater reducing potential,
cytoplasmic proteins in higher cells generally do not utilize
the more oxidized (2SH ~ S—S + 2H) S-S bond as a stabi-
lizing force. This point is important for the genetic engineer
who wishes to synthesize such a secreted protein in
bacterial cells, as, in most cases studied thus far, the
mammalian proteins remain in the bacteral cytoplasm.
it is not known whether the right S—S bonds could form
under these conditions.

In animal cells it is believed that the formation of Cys—
Cys bonds occurs while the polypeptide 1s still growing
on the ribosome (Figure 9).73 In the case of the secreted
immunoglobin light chain polypeptide, which is portrayed
in Figure 9, the S—S bonds are formed on the lumenal
surface of the ER, and bond formation occurs sequen-
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Figure @ Formation of disulphide bonds on nascent secretad
immunogiobin light chain polypeptides, Note in particular that the
cystine bonds form on the {umen side of the ER and that, in this
molecule, they form sequentially while the polypeptide is growing.
Redrawn from ref 73

tially, in that the first cysteine pairs with the second, and
the third with the fourth. This sequential ordering does
not occur in all $—S bonded proteins.

Will bacterial cells form the proper S—S bonds of
mammalian proteins, such as nsulin or proinsulin? We do
not know, as there are little relevant published data. There
are numerous examples of S—S bonds of mature proteins
undergoing reduction (forming S—H cysteine) and then
reoxidization, with the protein achieving its original,
mature configuration and activity.”®75 It is not known
whether this can be achieved on a commercial scale.
Questions of the purity of the reformed oxidized protein
are very real if the matenal, e.g. as insulin, is to be used
in humans or other animals. Abnormally folded proteins
may well elicit an immune response which could restrict
the long-term use of the matenal.

Protein glycosylation

Many secreted proteins of industrial or pharmaceutical
interest are glycoproteins. This class includes serum proteins
(certamn complement proteins, transfernin); hormones
(fibroblast and immune mterferon, possibly leucocyte
interferon), and virus surface glycoproteins (influenza,
measles and mumps viruses). Bacterial cells, as noted above,
contain little 1f any protein-linked saccharide residues. In
yeast cells and in mammals, sugar residues are commonly
linked to three different amino acid residues; they are
classified as O-linked (serine, threonine) and N-linked
(asparagine). The structures of N- and O-linked oligo-
saccharides are very different, and different sugar residues
are usually found in each type. Oligosaccharides which are
O-linked are generally shorter, often one to three sugar
residues, and more variable than the N-linked structures.
Unfortunately, little 1s known of the function of these
O-linked sugars, or of the details of their biogenesis (see
refs 76 and 77).

Much recent interest has focused on the ‘complex’,
galactose and stalic acid-containing asparagine-linked
oligosaccharides. The structures of most ‘complex’
N-linked oligosaccharides of membrane and secreted
glycoproteins are quite similar;”%7® an example, the
structure of the two identical N-linked oligosaccharides on
the VSV G protein, is shown in Figure 10b. Differences
among different proteins reflect primarily the number of
branches (two or three), the number of sialic acid
residues (zero to three), and the chemical nature of thetr
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Figure 10 Structures of asparagine-linked oligosaccharides. (a)
Structure of the two high mannose carbohydrate chains found on
the microsomal form of VSV G protein (drawn from refs 76 and
15); including the site of cleavage by endoglycosidase H. (b)
Structure of the asparagine-linked oligosaccharide found on the
VSV glycoprotein®? (¢} Structure of one of the related high-
mannose glycopeptides of hen ovatbumin®® {d} Structure of the
carbohydrate portion of yeast mannoprotein®®

linkage to galactose.”®7® The oligosaccharides on the
major membrane protein on human erythrocytes contain
variable numbers of the repeating disaccharide (Gal-GlcNAc)
penultimate to the sialic acid residues, but are otherwise
similar to that on VSV G.”® The structure of the N-linked
‘high mannose’ oligosaccharide on certain glycoproteins

is different from that of complex oligosaccharides (Figures
10b and 10c), in that they lack fucose, sialic acid, galactose
and the three peripheral GIcNAc residues. Rather, they
contain six to nine Man residues, as well as two GlcNAc
residues adjacent to the Asn residue.”®7® As an example,
Figure 10c¢ depicts one of several related “high mannose’

oligosaccharides on hen ovalbumin.

80

Despite this difference in structure, it is believed that
both the ‘complex’ and ‘high mannose’ oligosaccharides
are derived from a common precursor. The biosynthesis
of these asparagine-linked oligosaccharides is a multistep
process which mvolves both the addition and removal of
specific saccharide residues (Figure 11).81-82 A branched
oligosaccharide precursor contaning three glucose, nine
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mannose and two N-acetylglucosamune residues, 15 preformed
on a polyisoprenoud lipid carrer molecule (dolichol) and
15 focalized in the rough ER. The biogenesis of this mnter-
mediate utilizes a complex of membrane-bound enzymes,
and involves a step-by-step sequential addition of GlcNAc.
Man, and Glc residues to dolichol phosphate 8!-82 '

This oligosaccharide chain is transferred, en bloc, to the
nascent polypeptide. Many studies of the biogenesis of
glycoproteins use viral membrane proteins as model systems.
In particular, it was possible to show by synchronized i
vitro translation studies that one of the two chains of the
VSV G protein is added when the nascent chain 1s about
one-third completed, the other when it is about 70%
complete. 3 The N-linked oligosaccharides are invariably
found in the tripeptide sequences Asn-X-Ser/Thr. Recent
work suggests that this tripeptide is the minimal substrate
for the oligosaccharide—protein transferase 3285 The oligo-
saccharides invariably face the lumenal side of the ER, and
it is believed that the enzyme which transfers the sacchande
to the polypeptide is localized on the lumenal surface of
the ER (Figure 2)%6

Immediately after transfer to the polypeptide, one or
two of the glucose residues are removed. Further processing
of the oligosaccharide to the ‘complex’ form begins only
10—20 min after synthesis of the protein, presumably at
the time it is transferred to the Golgi complex. In a stepwise, ’
concerted set of reactions, the remaining glucose residue and
six of the nine mannose residues are removed from the
oligosaccharide, and the ‘peripheral” sugar residues
N-acetylglucosamine (three residues per chain), galactose

>- 4
S,
SZ o
A (1{(
@ G

!

Figure 11 Proposed sequence for the synthesis of complex-type
oligosaccharides (refs 81, 83). Dol = dolichol, the lipid carrier of the
oligosaccharide. Symbols m», N-acetylglucosamine, 0, mannose;

A, glucose; @, galactose; ¢, stalic acid; o, fucose
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(three residues), sialic acid (one to three residues per
chain) and fucose (one residue) are added (Figures 10
and 11)8183:87-92 Qligosaccharide processing s completed
~ 10 min before the protein reaches the cell surface®? or is
secreted 2%

. Note that the ‘high mannose’ oligosaccharides which
are found on the mature form of certain glycoproteins
resemble an intermediate (MangGleNAc,) in processing
of the ‘complex’ oligosacchanides (Figures 10a, 10c and
11). Tt is believed that both classes of N-hinked oligo-
saccharides do derive from this same intermediate, the
difference being the action of an a-mannosidase on the
(Mang._gGlcNAc,) oligosacchanides 87 Since both ‘complex’
and ‘high mannose’ oligosaccharides are occastonally
found on the same protein molecule, the differences in
processing may reflect the accessibility of a particular sugar
side chain to a Golg: mannosidase.

Yeast cells are increasingly used as cloning hosts for the
synthesis of mammalian (and other) proteins. They do
contain V-linked oligosaccharides, but it is important to
emphasize that the structure of these is very different than
those on mammalian glycoproteins (Figure 10d). Linked
to the common ‘core’ disaccharide GleNAc-GlcNAc-Asn
are 20—40 Man residues, in a highly specific configura-
tion.?5:96 Interestingly, the oligosaccharide which 1s
transferred initially to the polypeptide Asn residue is
identical to that found in mammalian cells —
Glc;MangGleNAc, *7 Clearly, the difference in structure
between the multiple types of mature oligosaccharides —
the yeast mannans and the mammalian ‘complex’ and
‘hugh mannose’ oligosaccharides — resides in the later
processing steps. The yeast Saccharomyces cerevesie
contains several specific GDP-mannose al—6, ¢1-3, and
al—2 glycosyl transferases which are involved in mannan
synthesis 78~100 Viable mutants exist in several of these
enzymes, a result indicating that many, but probably not
all, of the peripheral mannose residues are not essential
for cell viability 79100

What 15 the function of these N-linked oligosaccharides?
In many, but not all cases, they appear to be required for
secretion of secretory proteins, or for maturation to the cell
surface of membrane glycoproteins. Many of these studies
utilize tunicamycin, an antibiotic which blocks the first
stage in formation of the oligosaccharide—lipid donor; in its
presence, the polypeptide is synthesized but it contains no
N-inked sugar chains. Secretion of some but not all proteins
will take place even in the presence of tunicamycin.®? For
instance, the rate and extent of secretion of glycosylated
and unglycosylated fibronectin by fibroblasts'® or trans-
ferrin by a cultured line of rat hepatoma cells is the same.
Secretion of some classes of immunoglobulins, but not
others, will occur if addition of the asparagine-linked
oligosaccharide is blocked,'°? as will secretion of immune
interferon.!%22 Unglycosylated HLA-A (histocompatability
antigen) protein matures to the cell surface at the same
rate, and to the same extent, as does the normally glycosy-
lated form.'®3 A similar result has been obtained with
glycophorin.®* However, maturation of most viral glyco-
proteins requires the carbohydrate moiety. Clearly, the
requirement for glycosylation is an idiosyncratic property
of the individual protein species. It has been suggested that
addition of the high mannose oligosaccharide chain modi-
fies the conformation of the polypeptlde with respect to
the membrane phospholipid;!®% in some cases, this alteration
may be essential for subsequent movement.

94
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Because, 1n general, non-glycosylated proteins are not
secreted, 1t has not been possible to study the metabolic

SIHC MO20QUC

fate of, for instance, a non-glycosylated denvatlve of a serum
protein or hormone in an experimental animal, 1n compari-
son to its normally modified form. Non-glycosylated human
leucocyte interferon, produced in £. coli using recombinant
DNA methodology, is functional as an antiviral agent both

it cell culture and in monkeys, but it 1s not known whether
the potency or the stability of the molecule 1s normal.'®®
Human leucocyte interferon probably contains attached
carbohydrates, but the exact nature of this substituent is

not clear 1062

Oligosaccharides may act to stabilize protein structure.!97
For example, fibronectin is a cell surface glycoprotein
which is involved in binding cells to their substrate. Non-
glycosylated fibronectin is as active as the normal form in
agglutinating sheep erythrocytes, and in mediating the
attachment of cultured cells to collagen. Unglycosylated
fibronectin is twice as sensitive to protease digestion as is
the glycosylated form, suggesting that the oligosaccharide
chains stabilize the molecule against proteolytic digestion.
Vesicular Stomatitis Virus particles which contain unglycosy-
lated surface viral glycoprotein are as infectious as normal
virions; other properties of these partlcles such as anti-
genicity or stability, were not tested.!®

Some proteins in nature are only partially glycosylated.
About 75% of bovine pancreatic ribonuclease contains no
attached carbohydrate (RNase A) while ~25% contains one
Asn-linked oligosaccharide (RNase B). Both enzymes appear
equally active, although their differential stability in the
intestinal lumen 1s not known.

While the total absence of NJinked sugars on a secreted
protein may (or may not) affect its physiological properties,
recent work makes it clear that mcompletely glycosylated
serum proteins are physiologically unstable. Ashwell and
coworkers showed that serum glycoproteins from which
the termunal sialic acid residues have been removed are
rapidly (half-life <20 min) removed from the circulation.
Enzymic readdition of the sialic acid residues restores
normal stability (half-life of several days) (Figure 12). Rapid
clearance of asialoglycoproteins is due to a surface receptor
protein on hepatocytes which binds to, and directs inter-
nalization and destruction of, proteins which contain
exposed galactose residues!'% 1! Other receptors, localized
in other cells, particularly phagocytes and macrophages,
specifically bind glycoproteins with terminal GleNAc or
mannose residues,”* '~ These incompletely glycosylated
proteins are also unstable in the circulating blood.

How, then, is one to synthesize large amounts of glyco-
proteins by recombinant DNA techniques? Clearly, the
ideal situation would be if the non-glycosylated protein,
synthesized in bacteria, is completely normal with respect
to structure, activity, stability and immunological reactivity.
There are insufficient data to predict whether this hope
will be realized for any particular glycoprotein. Yeast would
appear to be a very poor host cell for the production of
mamimalian glycoproteins, if these are to be introduced into
animals or humans. The presence of a mannan side chain
{Figure 10) would certainly induce an immunological
reaction by the animal against the protein. Also, the exposed
mannose residues might cause a rapid clearance of the
protein from the circulation by binding to one of the
lectin-like receptors present on hepatocytes or phago-
cytes.M271% Iy principle, it should be possible enzymatically
to convert the yeast mannan obigosaccharide to one

108
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Figure 12 Disappearance from serum of [**Cul labelled native and
modified rabbit ceruloplasmin injected into rabbits. Each point is
the average value obtained from two animals. A, ceruloplasmin;
B, astaloceruloplasmin (i.e exposed galactose}; C, oxidized
cerulopiasmin; D, asialoagalactoceruloplasmin, i.e, both galactose
and sialic acid removed, exposing GIcNAG residues, Redrawn from
ref 110

resembling the ‘complex’ oligosaccharide found on mammalian

glycoproteins. Most of the requisite mannosidases (for
removal of the ‘excess’ Man residues) and GlcNAc-, Gal,
and sialyl-transferases have been purified, and are active in
soluble form; activity is often low when an intact glyco-
protein is tested as a substrate.”” Yeast mutants exist in
which some, but not all, of the outer mannose residues are
missing ®% 190 All of the ‘inner-core-mannose’ residues apper
to be present normally in these strains. Thus, to use even
these mutant forms as a substrate for synthesis of complex
oligosaccharides, considerable and controlled a-mannosidase
degradation would be an essential prerequisite. The problem,
however, with the enzymic approaches is that the glycosyl
transferases must modify 100% of the saccharide chains;
as noted above, chains with exposed GlcNAc or Gal residues
may be unstable physiologically.

If the ‘complex’ N-linked oligosaccharide is essential
for function or stability of a protein, there may be no real
alternative at present to the use of cultured mammalian
cells.

Conclusions

Recombinant DNA technology now permits the synthesis
of virtually any polypeptide in yeast or bacterial cells,

in relatively high amounts. Whether these proteins will be
useful for industrial or pharmaceutical applications without
further modifications is not yet clear. Most proteins,
secreted proteins in particular, are extensively modified
after their synthesis by proteolytic cleavages, S—S bond
formation, and glycosylation. The roles of each of these
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modifications in the structure, function or stability of any
particular protein must be determined directly as it 1s not
yet possible to make any generalizations or predictions
concerning the physiological importance of these post-
translational alterations of any specific glycoprotein or

secreied protein. While it may be possibie to reconstruct, on
bacterially engineered proteins, the proper proteolytic
cleavages and S—S bonds, it is unlikely that this can be
achieved for the complex set of glycosylation reactions.
Much basic research in this area needs to be done in order
to assess the ultimate applicability of these engineered
proteins. In particular, many of the requisite proteolytic
enzymes, glycosidases and glycosyl transferases have not
been punified, and we cannot estimate when 1t will be
feasible to modify proteins made in yeast or bacterial
cells with isolated enzymes in vizro. Ultimately, this may
be the best approach to the synthesis of rare peptide
hormones or growth factors which need to be made in
relatively small amounts.
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