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Protein folding: the basic probiem facing the biotechnologist

The ultimate biotechnological achievement would be to regenerate a fertile
egg from its three minutes boiled counterpart. A ‘living’ entity would have
been created from a patently dead assembly of macromolecules. Peruiz
introduced a meeting on Protein folding (Jaenicke, 1980) by drawing atten-
tion to the work of Anson and Mirsky that established the basic principles for
such a process of renaturation. They showed that heat-precipitated egg
albumin can be resolubilized and ‘refolded’ to native albumin. The principal
change that is being reversed is not chemical, involving covalent change, but
physico-chemical, involving non-covalent and conformational changes.
Proteins fold in vitro because the three-dimensional functional state is more
stable than the fully unfolded state (Anfinsen, 1967). This thermodynamic
staternent underlies ail the basic and biotechnological research aimed at
renaturing proteins. It is, however, research on the kinetic process that has
provided insights into how the protein folds up. While each protein poses its
own problems in folding and has to be considered on its own merits—or more
usually, demerits'—it is this research that has provided basic technical
expertise and some underlying rationale on which the biotechnology industry
has been able to build when faced with recombinant proteins in the form of an
insoluble, inactive and apparently intractable gunge. The oft-voiced com-
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plaint that research on protein folding is not relevant to how the protein folds
in vivo is itself irrelevant, for the biotechnrological problem is that of how to
refold a protein reproducibly and in high yield in vitro.

Proteins fold from the unfolded state stabilized by denaturants such as
guanidinium chloride or urea, through a series of conformational states of
generally increasing order. The basic problem underlying attempts fo rena-
ture or refold proteins lies in the fact that these intermediate states, under
conditions where the native state is stable, exhibit a tendency to aggregate—a
cul-de-sac reaction that competes effectively with the folding pathway to the
functional protein. The intermediate state that persists for the longest period
of time, and is therefore most prone to form aggregates, is the state |
immediately before the rate-determining step.
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Recent work has shown that this state, or collection of states, is compact
but ‘sticky’, due to an excess of solvent-exposed non-polar groups, and
exhibits a tendency to aggregate. This tendency is particularly marked with
folding subunits that will ultimately assemble into multisubunit proteins, and
nature appears to have evolved a mechanism to combat this competing
process. The folder’s art is likewise to act as a chaperone who prevents
improper liaisons between refolding polypeptides and allows them to realize
their true potential.

This review attempts, therefore, to survey briefly the aspects of protein
folding research that bear on the biotechnological problem and to follow this
with a more detailed account of ways in which the problem has been tackled
and frequently overcome. For those who wish to pursue the basic aspects in
more detail, the recent review by Kim and Baldwin (1990} lists other recent
reviews on various aspects of the field.

How proteins fold

THE EARLY STAGES OF PROTEIN FOLDING

It is becoming clear that the early stages of folding from the unfolded state,
U, involve both rapid formation of secondary structure and a rapid collapse of
the polypeptide chain into a compact intermediate state, 1, from which the
native protein, N, is then generated much more slowly,

fast slow

UJ—-1-»N

What is not clear at present is whether secondary structure formation
succeeds or precedes the collapse of the polypeptide chain or whether it is
possible to generalize on this point for all proteins under all conditions of
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folding. Until recently, it has proved ditficult to characterize the early stages
of protein folding. This is because of the speed with which they occur, within
the time-range of milliseconds, making them difficult to detect.

Indications about how folding is initiated have come, first, from studies
with peptides in solution. This has largely been possible due to recent
developments in nuclear magnetic resonance {NMR) techniques {Wright,
Dyson and Lerner, 1988). It has been found that quite small peptides are
capable of taking up regular conformations. The structures so far detected do
not adopt a stable conformation, but interconvert rapidly with non-structured
forms.

Studies with peptides corresponding to the C-peptide of RNase A (Shoe-
maker ef al., 1987) and P, the terminal helix of bovine pancreatic trypsin
inhibitor (BPTI} (Goodman and Kim, 1989) show that o-helical structures
can be formed under favourable conditions with peptides of about 12 amino
acids in length. Helix formation was found to be dependent on both pH and
the amino-terminal charge. The conclusion drawn from both of these studies
is that the introduction of charged groups can have a stabilizing effect.
Stabilization of the helix dipole may serve to stabilize intermediates in protein
folding. However, a more recent study has shown that helix formation in
C-peptide is not stabilized solely by dipole interactions (Shoemaker et al.,
1990). An interaction between the imidazolium ring of the protonated form of
His-12 and the side-chain ring of Phe-8, which is present in the native
structure of RNase A, contributes to the stabilization of the peptide.

A reverse turn structure has been detected in a 12-residue peptide
corresponding to residues 98-106 of the influenza virus haemagglutinin HA1
(Wright, Dyson and Lerner, 1988). 1t is also retained in a peptide as short as
four or five amino acids. The isomeric form of the proline involved in the turn
is important in maintaining the structure in aqueous solution, the trans isomer
being preferred over the cis. The primary determinant of (-turn stability
however, appears to be the amino acid at position 3 in the structure, where
there is a strong preference for glycine.

Oas and Kim (1988) characterized by NMR a synthetic peptide from BPTI,
in which the carboxy-terminal o-helical region is connected to a B-sheet
structure by a native disulphide bond. The formation of this disulphide bond,
between Cys-30 and Cys-51 is known to be of key importance in the refolding
of BPTI. Most of the secondary structure present in the corresponding region
of the native protein also occurs in the peptide, which demonstrates that
folding can occur autonomously at localized regions along the polypeptide
chain. The secondary structure was lost upon reduction of the disulphide,
indicating the importance of disulphide bond formation in its maintenance.

These and similar studies show that there is a significant tendency for
elements of a polypeptide chain to ‘flicker in’ to secondary structures,
presumably for a long enough time to create a sufficient probability for
mutual stabilization to give larger elements of structure (Anfinsen, 1972).
They suggest also that the B-turns that occur frequently in folded proteins act
positively to create a turn, rather than acting as a loose hinge. In this way they
would speed the formation of antiparallel strand pairs and form structured
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polar sites that would tend to locate on the surface of a compact intermediate
state.

Recently, deuterium-exchange technigues have been applied to character-
ize the early folding intermediates in proteins (Roder, Elove and Englander,
1988; Udgacnkar and Baldwin, 1988, 19940; Bycroft et al., 1990). A similar
approach was used in all of these cases. The native protein was unfolded in
D, and all the amide hydrogen atoms exchanged for deuterium. Folding was
initiated in D, O before dilution, after varying time intervals, into H,O-based
solvent (Figure 1). Thus, all amide groups would be protonated except those
where deuterium was trapped by the formation of a stable, hydrogen-bonded
structure. Refolding was then allowed to proceed to completion in slow
hydrogen-exchange conditions and two-dimensional NMR used to locate
where D replaced amide H. In this way, the rates of formation of structures
involving backbone amide groups participating in intramolecular hydrogen
bonds, or the exclusion of amides from the solvent environment could be
monitored. These results show rapid formation of some secondary structure:
a hydrogen-bonded network corresponding to the amino- and carboxy-
terminal helices of cytochrome ¢ was formed within 20 ms of initiating
refolding (Roder, Eldve and Englander, 1988). Other structures within the
protein were formed at different times during folding (Figure I). Rapid
formation of secondary structure was shown with barnase (Bycroft et al.,
1990) but the amide deuterons of three probes in the protein not involved in
regular secondary structure elements were protected in a time-course identi-
cal to that of the overall folding process. A B-pleated sheet was formed in
ribonuclease in similarly short times (Udgaonkar and Baldwin, 1988).

THE FORMATION OF COMPACT INTERMEDIATE STATES

The stable, compact or ‘molten globule” states of carbonic anhydrase (Semi-
sotnov et al., 1987} and B-lactamase (V. Uverski and R.H. Pain, unpublished
data) have been shown to bind the fluorescent probe anilino-naphthalene
sulphonic acid (ANS). In contrast, the fully unfolded proteins in denaturant
bind no ANS and native protein binds relatively small amounts. This property
has been used to detect the formation and accumulation during folding of
kinetic compact intermediate states for several proteins of different structural
type, ranging from high « to high § (Ptitsyn e al., 1990). These states are
characterized, like the stable states, by a high proportion of native-like
secondary structure, but otherwise few stable tertiary interactions and no
enzyme activity. The kinetic states are, however, more compactly folded than
the stable intermediates, being only marginally less stable than the native
state. They are formed rapidly within time-scales ranging from 10 to 100 ms.
Further discussion of the compact intermediate and molten giobule states will
be found in reviews by Ptitsyn (1987), Kuwajima (1989), Kim and Baldwin
(1990) and Christensen and Pain (1991).

The binding of ANS to the compact molten globule intermediates, both
those which accumulate transiently under folding conditions and those which
are stable in intermediate denaturant concentrations, highlights the fact that
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Figure 1. The identification of folding intermediates that can be characterized by NMR. (a) The
protein is unfolded in guanidine hydrochioride (GuHCI) solution in D,0, so that alt exchange-
able hydrogens become substituted by deuterium (F)—two such protons are represented as (@).
Refolding is initiated by dilution into a D,O-based solvent (II). At this stage of the experiment,
intermediates may be formed in which exchangeable deuterons become protected from solvent.
Bilution into excess H,O, under conditions that favour rapid exchange. leads to protonation of
all amides except for those protected by the formation of structure in the intermediate (111). This
pulse is then terminated by refolding the protein under conditions where the exchange rate is
slowest. In this way, amide sites involved at an early stage in structure formation would show
little proton incorporation, whereas those involved at a later stage would show more (from
Dobson and Evans. 1988). By increasing the time allowed for the protein to refold in D.O-based
solvent, the sequence of structure formation can be followed. In the case of cytochrome c. the
extent of protection against hydrogen exchange for some of the backbone amide sites is shown in
(b). Rapid protection from exchange (a low proton occupancy) is observed for NH sites in the N-
and C-heljces. Slower protection against exchange (2 high proton occupancy) is observed at other
sites along the polypeptide chain. including a central {60-80) helix. (From Roder. Eléve and
Englander, 1988.)
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they are ‘sticky’. In general, therefore, they have a greater tendency than the
native state to aggregate or to adhere to surfaces. Since the transient molten
globuie, or state I (see p. 50), comprises the most highly populated group of
states on the folding pathway, it is at this stage that problems of aggregation
and reduction of yield are most likeiy to occur. This point will be taken up
again later in the review. The possible relevance of the molten globule state to
protein translocation across membranes has been proposed (Bychkova, Pain
and Ptitsyn, 1988). It is also a likely candidate for interaction with chaperone
proteins {p. 62).

The question that the approaches mentioned so far have not been able to
answer 1s, how do the collapsed folding intermediates compare with the
native protein with respect to topology? Information about the ‘nativeness’ of
the structures formed has been provided in an elegant study using monoclonal
antibodies raised against the native protein as probes of folding (Blond and
Goldberg, 1987). Rapid binding of antibody to the refolding B,-subunit of
tryptophan synthase demonstrated that native-like epitopes form very early.
An additional slower phase to the reaction, however, indicated that the
epitope changes slightly as further general conformational rearrangement to
the native structure takes place.

THE RATE-DETERMINING STEPS IN PROTEIN FOLDING

The rate-determining step of protein folding occurs after the rapid formation
of the compact folding intermediate, which includes much secondary struc-
ture and from which the native state is generated. Forming a part of this slow
stage of refolding are other processes, such as proline isomerization, and the
formation and reshuffling of disulphide bonds.

Formation of the compact intermediate state can be viewed as being
essentially an intra-domain event. Consistent with its proposed role in folding
is the independent folding of individual domains in multidomain proteins.
The domains of veast phosphoglycerate kinase (PGK), for example, can
refold independently (Adams, Burgess and Pain, 1985), as can those of an
immunoglobulin light chain (Tsunenaga et al., 1987) as well as the ,-subunit
of tryptophan synthase (Blond and Goldberg, 1987; Blond-Elguindi and
Goldberg, 1990). The kinetics of in vitre renaturation of muiltidomain
proteins, however, cannot be explained simply in terms of the independent
refolding of domains. For example, an additional slow phase was detected in
the refolding of an immunoglobulin light chain (Tsunenaga et al., 1987) as
well as the f§,-subugit of tryptophan synthase (Blond-Elguindi and Goldberg,
1990), suggesting that domains interact with each other during refolding in
vitro, impeding the efficiency of folding. Further evidence for intramolecular
interference being responsible for slowing the kinetics comes from studies on
reduced and denatured serum albumin, which refolds more slowly than any of
the three isolated domains (Johansen et af., 1981).

Intermolecular association of intermediates during folding to the native
state has also been documented, notably for bovine growth hormone (bGH)
(Brems, 1988), but also for $-lactamase (V. Uverski and R.H. Pain,
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unpublished results}) and PGK (D. Dryden and R.H. Pain, unpublished
results). While this might be expected to slow the rate of folding, no firm
evidence yet exists that this is the case.

The proposal that cis-trans isomerization may play a determining role in
protein folding arose as a result of the finding that several small monomeric
proteins exhibit both fast and slow refolding kinetics to the native state. The
refolding of thermally denatured bovine pancreatic RNase A, for example,
was monitored by three criteria: the ability to bind inhibitor, enzyme activity
and formation of tertiary structure (Garel and Baldwin, 1973). This work
showed that there are two forms of the unfolded protein, spectroscopically
indistinguishable, both lacking tertiary structure and the ability to bind
inhibitor and yet which foid to the native state at very different rates. The
model in its simplest form was proposed as follows:

U1 .fast U2 siow N

This was confirmed by the diagnostic double-jump experiment, where the
rapidly unfolded protein is refolded at varying times after unfolding. The
amplitude of the slow refolding phase increases with time. Brandts, Halvor-
son and Brennan (1975) proposed that the slowly established equilibrium
between U, and U, represents the kinetics of isomerization between the cis
and frans forms of proline. This has been confirmed by studies on simple
proline-containing peptides. The involvement of proline isomerization in
protein folding has been shown in studies on the C fragment of an immuno-
globulin light chain (Goto and Hamaguchi, 1982), pepsinogen (McPhie,
1980), E. coli thioredoxin (Kelley and Stellwagen, 1984), iso-cytochrome ¢
(White, Berger and Wall, 1987) and RNase T1 (Kiefhaber et af., 1990a,b).
Supporting evidence for the slow folding phase being attributable to proline
isomerization was provided in a study of the refolding of parvalbumin
(Brandts, Brennan and Lin, 1977), which contains no proline residues.
Though the kinetics were biphasic, the slower phase was much faster than
that typical of proline isomerization, whereas in another parvalbumin con-
taining a single proline residue, a slow refolding rate consistent with that
observed for proline isomerization was observed (Lin and Brandts, 1978).
The replacement of conserved prolines in thioredoxin (Kelley and Richards,
1987) and iso-2-cytochrome ¢ (Wood et al., 1988) also resulted in the loss of
the slow phase of refolding of those proteins.

More complex models have been proposed in which the isomerization
process may occur in a collapsed intermediate or native-like state as well as in
the unfolded state. Prevention of the initial collapse may require the
simultaneous occurrence in the unfolded state of a number of incorrect
proline isomers.

The possibility that these limitations on rates of folding may not occur in
vivo has been raised by the discovery of an enzyme which catalyses proline
isomerization.
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CATALYSIS OF PROLINE ISOMERIZATION BY PEPTIDYL PROLYL CIS-TRANS
ISOMERASE

The enzyme peptidyl prolyl cis—rans isomerase (PPI) was first purified from
porcine kidney (Fischer, Bang and Mech, 1984) and shown to catalyse the
cis—trans isomerization of proline imide bonds in peptides. Subsequently, PPI
has been shown to catalyse the folding of several proteins in vitre (Lang,
Schmid and Fischer, 1987; Kiefhaber e al., 1990b). However, its role in vivo
remains to be fully established. PPI is also identical to cyclophilin (Fischer,
Bang and Berger, 1989; Takahashi, Hayano and Suzuki, 1989}, a protein
which is inhibited by the immunosuppressive agent, cyclosporin A. Whether
the immunosuppressive activity of cyclosporin A is related to inhibition of
PPI is not yet clear. In folding studies with PPI, it has been possible to
catalyse the slow folding phase of immunogiobulin light chain (Lang, Schmid
and Fischer, 1987). The extent of acceleration of folding is dependent on PPI
concentration: a molar ratio of PPElight chain of 1:20 leads to a twofold
increase in the rate of slow refolding. At high concentrations of PPI, the slow
folding reaction coincides with the fast phase. With RNase A, partially folded
intermediates are formed rapidly and more than one proline residue is made
inaccessible to the enzyme. In this case, PPI does not catalyse slow refolding
{L.ang, Schmid and Fischer, 1987). Interestingly, the presence of the enzyme
can alter the folding pathway of a protein. Unfolded RNase T1 can enter two
possible folding pathways, due to the presence of more than one incorrect
proline isomer. Kiefhaber et al. (1990b) have postulated that, depending
upon which one of two particular prolines isomerizes first, RNase T1 will
refold through either of two pathways, one slower than the other. Addition of
PPI shifted the relative amount of protein refolding from the slower to the
faster pathway. The activity of PPI is decreased by the presence of small
concentrations of guanidine hydrochloride {GuHC!) and by a decrease in pH
below 7 {(Lang, Schmid and Fischer, 1987) as well as by thiol blocking agents
(Takahashi, Hayano and Suzuki, 1989). Thus any potential use of PPI in
folding in vitro would need to take these factors into account. The susceptibil-
ity of the enzyme to thiol reagents has been taken as evidence that it exerts its
catalytic effect by acting as a nucleophile {Fischer, Bang and Berger, 1989).
However, more receni evidence argues against this and suggests that the
enzyme mechanism involves distortion of the substrate C-N amide bond
{Harrison and Stein, 1990).

THE REFOLDING OF DISULPHIDE BONDED PROTEINS

The major rate-determining step in the in vitro refolding of disulphide-bridge-
containing proteins is the formation of those bonds. The mechanism and
order of their formation has been studied intensively and, in the case of
bovine pancreatic trypsin inhibitor (BPTI) in particular. has led to a detailed
understanding of the folding pathway (Creighton, 1978, 1984; Kim and
Baldwin, 1990; Weissman and Kim, 1991}. As well as providing information
about the mechanism of protein folding, these studies are also of biotechno-



Protein folding 55

logical significance, as disulphide-containing proteins may be produced in
prokaryotic organisms which lack the appropriate environment to oxidize the
cysteines. The recombinant protein in these cases has to be folded and the
correct disulphides formed in vitro following extraction from the cell. It has
been established that the information and thermodynamic drive to bring
about the correct folding and disulphide bond formation reside in the primary
sequence of a protein (Anfinsen, 1967).

The oxidative folding of BPTI, which contains three disulphide bonds,
proceeds through a defined pathway, outlined in Figure 2. The key features of
this pathway can be summarized thus:

1. Although potentially a very large number of disulphide-bonded interme-
diates could form, only a limited number of these are observed during
folding.

2. Initially, a single species with a disulphide bond between cysteines 30 and
51 is formed, and is present in all subsequent folding steps.

3. Intermediates containing non-native disulphide bonds are formed during
folding.

4. The rate-determining step of folding involves a reshuffling reaction in
which an intermediate containing two native disulphide bonds is formed
from intermediates containing one native and one non-native disulphide
bond.

A recent study by Weissman and Kim (1991) shows that only intermediates
containing native disulphide bonds populate the folding pathway of BPTI.
Although rearrangements of disulphide bonds occur, it is a random process.
An NMR study of the folding intermediates showed that those containing
native disulphide bonds also possessed some native-like structure, and that
non-native disulphide bonds do not contribute to the acquisition of native
structure (States er al., 1987). The relation between the formation of
disulphide bonds and the stabilization of non-covalent secondary structure
intermediates is illustrated by the stabilization by a single disulphide of a
folding intermediate in a peptide from BPTI (Kim and Baldwin, 1990).

The approach used to characterize the folding of BPTI has also been
attempted in studying the folding of RNase A. Whereas a folding pathway
could clearly be demonstrated with BPTI, the results with RNase A were
much more complicated and an ordered folding pathway could not be
discerned. Two-dimensional gel electrophoresis of proteolytic digests of the
intermediates showed that a great many disulphide-bonded species are
formed, none of which seems to predominate (Creighton, 1979). With one
exception, they are all inactive and the polypeptide chain is unfolded (Galat er
al., 1981). However, one intermediate has been characterized which has
enzymic activity and a native-like conformation (Creighton, 1980a). It
contains three out of the four native disulphide bonds. The missing disulphide
bond, which is between cysteines 40 and 95, is located at one extremity of the
folded molecule, far from the active site. Clearly, the greatly increased
number of possible combinations that a protein containing four disulphide
bonds has in comparison to one containing three such bonds (Anfinsen and
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Scheraga, 1975) may reflect the greater number of intermediates observed
experimentally.

Inter-subunit disulphide bonds can be formed in vitro as, for example, in
immunoglobulins {Kishida, Azuma and Hamaguchi, 1976).

In general, the method adopted to study disulphide bond formation is an
exchange reaction of the reduced protein with a thiol reagent:

Rls_ + RzSSRz e R]SSRZ + RzSW

This occurs spontaneously at alkaline pH and is readily reversible. In the
first step of the reaction, a disulphide bond is formed between the thiol
reagent and a protein thiol, to yield a mixed disulphide. Then, a second thiol
group of the protein comes into close proximity with the first cysteine residue,
displacing the thiol reagent and forming an intramolecular disulphide bond.
The intermediates formed in this reaction may then be trapped. Potential
thiol reagents have been discussed by Creighton (1978, 1989). Disulphide
bond formation can also be promoted by air oxidation and, although this is
usually a slow process, it is economical on a large scale and can lead to good
yields.

THE ROLE OF PROTEIN DISULPHIDE ISOMERASE

Even under the most favourable conditions, the half-time of reactivation of
fully reduced RNase A, which in the native state contains four disulphide
bonds, is approximately 20 min (Epstein et af., 1962). The finding that the
presence of a microsomal fraction from rat liver could reduce the half-time to
less than 5 min (Goldberger, Epstein and Anfinsen, 1963), led to the proposal
that disulphide bond formation was catalysed in vivo. The enzyme responsi-
ble has been purified and characterized as protein disulphide isomerase
(PDI). There is a strong correlation between tissues synthesizing disulphide-
bonded proteins and PDI activity (Freedman, 1984; Freedman, Brockway
and Lambert, 1984) and it is located within the lumen of the endoplasmic
reticulum (Freedman er af., 1989). Strong support for an ir vivo role of PDI in
catalysing disulphide bond formation stems from cross-linking studies that
have shown PDI to be associated with immunoglobulins (Roth and Pierce,
1987}, The strongest evidence, however, was the demonstration that addition
of PDI-depleted microsomes to an in vitro translation system resulted in
defective formation of protein disulphide bonds which could be reversed by
reconstitution of the microsomes with PDI (Bulleid and Freedman, 1988).
Three kinds of experiment support the concept that P catalyses the
exchange of disulphides, viz the formation of native disulphide bonds in the
presence of a mild oxidant, the isomerization of protein containing ‘scram-
bled” disulphide bonds and the net reduction by PDI of disulphide bonds
under appropriate reducing conditions. /u vitro, the effects of PDI have been
tested on the refolding of BPTI. The same disulphide-bonded intermediates
of the folding pathway were formed in the same order, with the rate-
determining stages of folding being accelerated (Creighton, Hillson and
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Freedman, 1980). Chemical modification studies have shown that a thiol
group participates in the reactions catalysed by the enzyme (Lambert and
Freedman, 1984). The enzyme is dimeric, each subunit consisting of two
active-site thiols which act independently of each other (Freedman er al.,
1989). The cDNA sequences of four PDI variants (Parkkonen, Kivirikko and
Pihlajaniemi, 1988) show a high degree of conservation and internal duplica-
tion: two domains within the polypeptide chain show very strong homology to
thioredoxin, which participates in thiol-disulphide oxido-reductions. It seems
likely that PDI is not only structurally very similar to thioredoxin, but exhibits
similar active site chemistry.

In addition, PDI is almost identical in sequence to the [(-subunit of
proiyl-4-hydroxylase, which catalyses the hydroxylation of proline residues in
nascent procollagen polypeptides (Pihlajaniemi er af, 1987). Both proteins
have PDI activity (Koivu er al., 1987) and are encoded by one single copy in
the human genome (Piklajaniemi ef al., 1987). The participation of PDI in
other co-translational events has been proposed, including N-glycosylation
(discussed by Freedman, 1989). However, the mechanism of action of the
enzyme and its regulation in these processes is far from clear at present.
There is some debate concerning the ability of PDI to catalyse disulphide
bond formation in every disulphide-bonded protein. However, it is most
probable that the successful application of PDM in renaturation depends upon
optimizing the refolding conditions for any given case and not to an intrinsic
limitation of the catalytic abilities of the enzyme (Freedman, personal
communication).

THE FOLDING AND ASSOCIATION OF MULTISUBUNIT PROTEINS

Studies on the mechanisms of folding have concentrated largely on smali,
single-domain proteins in order to elucidate the fundamental mechanisms of
secondary structure formation and collapse. Many recombinant proteins are
also of this nature but already more complex multidomain and multisubunit
proteins are being expressed. It has been shown that domains in a *dumb-bell’
type protein, like the immunoglobulin light chain, can fold independently;
there is some evidence that, where the domains are closely associated as in
penicillin acylase, the N-terminal domain can fold and the next domain flicker
into the native-like conformation and associate (Lindsay and Pain, 1990,
1991). In this section we shall consider the assembly of independent subunits
to form more complex proteins: most of the detailed work has been carried
out on proteins containing identical subumnits.

The chief findings from studies of the assembly of muitisubunit proteins can
be summarized thus:

1. Rapid folding of the monomeric subunits occurs to a structural form
capable of apparently specific interaction with other subunits.

2. The folding reaction is not separable from association, and reorganiza-
tion of the subunits takes place after association has occurred.
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3. The rate-limiting steps in the assembly pathway may vary from protein to
protein.

The importance of the specificity of interactions in enabling productive
association to occur was demonstrated long ago by the failure to generate
hybrid enzymes (Cook and Koshland, 1969). This principle is supported by
the accumulated data for the rate constants of association steps during
assembly, which are in the range 10°-10° mol I''s™' (Jaenicke, 1987). This is
slower, by a factor of at least 10°, than those for diffusion-controlled
association processes. Structural characterization of the monomeric interme-
diates is limited, although they are known to possess considerable secondary
structure. An equilibrium intermediate of the homodimeric, aspartate
aminotransferase from F. coli has been studied recently, and shown to
possess the properties of the molten globule state (Herold and Kirschner,
1990).

In studying assembly, spectroscopic techniques used in the study of
monomeric proteins have been employed and others have been developed.
The most important of these has been chemical cross-linking, in which
intermediates of assembly are trapped, separated and characterized by
SDS-PAGE and quantified by gel scanning. The association pathway has also
been followed using limited proteolysis as a means of quenching. Association
has been followed after dissociating the oligomer by denaturant, high
pressure or low temperature. The presence of ligands during association can
have either a stabilizing or a destabilizing effect: there is no general rule.
Detailed discussion of the various methods has been provided by Jaenicke
and Rudolph (1986, 1989).

The study of association in vitro is complicated by competition with
aggregation which is favoured at higher protein concentrations. In many
cases, recovery is much less than 100%. Figure 3 shows that at a polypeptide-
chain concentration of 1 pM. regain of activity of porcine muscle lactate
dehydrogenase (LDH) is negligible, whereas at a concentration of 0.01 uM, it
is close to 100% . The practical implications of this finding are clear: that in a
production scheme for multisubunit proteins, the working limits of the
polypeptide-chain concentration range would need to be established. In
addition, techniques of renaturation need to be devised to overcome the
problems raised by the low protein concentrations generally found to be
necessary.

The assembly of multisubunit proteins has been comprehensively reviewed
{Jaenicke, 1987). Here, only some of the findings from these studies will be
discussed, beginning with dimeric proteins and progressing to structures of
increasing complexity. With most dimers, the folding and association of
monomers 1s found to obey a sequential uni-bimolecular mechanism, with
rate-determining folding and association steps:

M- 2M — D.

In the case of cytoplasmic malate dehydrogenase, fast folding into struc-
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tured monomeric intermediates occurs. The formation of the native enzyme is
governed by two parallel steps, one much slower than the other (Rudolph,
Fuchs and Jaenicke, 1986). The recovery of secondary structure is a multistep
process. Sixty-four per cent of the secondary structure, as determined by far
UV CD measurements, is regained in the initial fast phase, the remainder in
two further reactions involving both dimer formation and reshuffling within
the dimer. Cross-linking revealed the presence of a non-native dimeric
intermediate. The formation of the native protein from this intermediate was
responsible for the very siow phase. To account for the observed results,
these workers put forward the following mechanism in which the native state
is formed from two different pathways:

Ky
2U-M —-M-—->D (68%)
ks
2U-»D'—D (32%)

The most exhaustively studied tetramer has been porcine muscle LDH.
The kinetic mechanism shows a very rapid monomer—dimer equilibrium,
which is close to the rate limit imposed by diffusion (Hermann, Jaenicke and
Rudolph, 1981). Dimer formation is determined by folding of the monomers,
which is a first-order process (Zettlmeissl, Rudolph and Jaenicke, 1982):

fust

M -Sam 2L ap ST

Association of LDH was quenched by partial proteolysis (Girg, Rudolph
and Jaenicke, 1981}, where it was arrested at the dimer stage from which the
tetramer could not be reconstituted. An amino-terminal decapeptide, cleaved
by the proteolysis treatment, is essential for tetramer formation. Though the
dimer is inactive, it can bind NAD™ (Rudolph, 1985), so it must possess
native structure. However, activity could be induced in the dimer by the
presence of sulphate (Girg, Jaenicke and Rudolph, 1983). The kinetics of
formation of this ‘trapped’ dimeric intermediate were the same as those of
dimer formation in the native tetramer (Opitz et al., 1987).

The association pathway of phosphoglycerate mutase from yeast also shows
a monomer—dimer equilibrium {Hermann et ¢/., 1983}. The monomeric and
dimeric intermediates also exhibit partial activity (Hermann, Jaenicke and
Price, 1985). The association pathway of this enzyme can be summarized
thus:

AM’ 5'am T’k_’ mE T

The assembly of homohexameric bovine liver uridine diphosphoglucose
dehydrogenase is characterized by sequential uni-bimolecular kinetics, with

the rate-determining steps of the reaction occurring at the monomer level.
The hexamer is generated by dimer associating with tetramer in the following
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scheme (Jaenicke, Rudolph and Feingold, 1986):

fast slow slow fast fast

oU - 6M —-6M —3D - D+ T — H.

The association pathway of the 24-subunit iron storage protein, ferritin,
was shown to proceed via formation of a trimer (Gerl and Jaenicke, 1988), as
follows:

A practical consideration is the fact that specific association is always in
competition with aggregation that is usually irreversible. This is illustrated in
Figure 3, where the concentrations required for examination of the process of
assembly are seen to be low and impractically low when the aim is to produce
significant quantities of protein from the unfolded state. This competition can
occur even in vive, as shown for the wild-type tailspike protein (King, 1986),
but is nevertheless largely avoided by the concentration of free monomer
being kept very low. This may be brought about by rapid association
immediately following biosynthesis and folding to a collapsed state, and also
by the involvement of chaperone proteins (see below). In an in vitro assembly
process, therefore, processes h. ‘e to be developed to ensure that the
concentration of monomer at any time is kept low.

CLDH (}Jg/ml)
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Figure 3. The effect of protein concentration upon the in vitro reactivation of 2 multisubunit
protein. Reactivation (O) of acid-denatured lactate dehydrogenase competes with the formation
of aggregates (A), in which the protein is inactive. At low protein concentrations, the pathway
leading to aggregation is not a major one, but it becomes more favoured as the concentration
increases. (From Zettmeissl. Rudolph and }aenicke. 1979.)
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CHAPERONINS AND THE ART OF AVOIDING STICKY SITUATIONS

Currently, there is much interest in the role of a family of highly conserved
proteins known as chaperenins. They are involved in a wide range of cellular
processes, such as translocation of polypeptide chains across membranes and
the assembly of multisubunit proteins. These functions require that the
chaperone protein interacts with the polypeptide chain before it attains its
native confirmation. What is lacking at the moment is a precise knowledge of
the role of chaperonins in the folding process in vivo. Recent experimental
evidence shows that hsp70 strongly interacts with the polypeptide chain as it is
being synthesized (Beckmann, Mizzen and Welch, 1990). They are commonly
referred to as catalysts of folding. Whether they are indeed true catalysts,
which acceierate the rate of folding, is not clear. Hsp70 has been proposed to
act as an ‘unfoldase’, using the energy of ATP hydrolysis to disrupt incor-
rectly formed interactions within the polypeptide chain (Pelham, 1986).
However, the emerging view of the mechanism of action of other chaperonins
would appear to contradict this hypothesis (Goloubinoff et al., 198%; Buchner
et al., 1991; Mendoza, Lorimer and Horowitz, 1991).

Recent reviews include those by Georgopoulos and Ang (1990}, Gething
and Sambrook (1990), Hemmingsen (1990), Horwich, Neupert and Hartl
(1990}, and Wiech, Stuart and Zimmerman (1990). Here, we will briefly
summarize findings directly relevant to protein folding and assembly, and
consider their potential impact in biotechnology.

In the cell, chaperonins perform their roles in a co-ordinated fashion with
various proteins, including other chaperonins. ATP is frequently involved.
They have a broad substrate specificity and some of them have a greater
binding affinity for polypeptides than others (Kusters et al., 1989; Lecker et
al., 1989).

Current evidence suggests that chaperonins interact with an intermediate
conformational form of the polypeptide chain, and that this is the only form
of the polypeptide recognized by them. The role of chaperonins has been
demonstrated in the following celiular processes: the transport of the poly-
peptide to a site of translocation; translocation itself; enabling the polypep-
tide to interact with a ligand; and assembly of multisubunit proteins. It is now
becoming apparent that for all of these types of interaction to occur, the
polypeptide chain must be maintained in an appropriate conformational state
that is less completely folded than the native state. For example, the binding
of pre-B-lactamase and of chloramphenicol acetyl transferase to chaperone
GroElL was chased out using heat-denatured, but not native, myoglobin
(Bochkareva, Lissin and Girshovich, 1988); the polypeptide chains bound to
yeast hsp60 (Ostermann ez af., 1989), hsp70 (Deshaies er al., 1988) and SecB
(Weiss, Ray and Bassford, 1988) are protease sensitive. The clearest indica-
tion about the state of the bound protein, however, comes from the finding
that the acid and GuHC! denatured forms of a dimeric ribulose biphosphate
carboxylase (Rubisco), which differ in that the acid-denatured state still
contains some secondary structure, fold through a common intermediate,
Rubisco-I, that binds to GroEL (Goloubinoif et a/., 1989). Also, the presence
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of tertiary structure was demonstrated in ProOmpA bound to SecB by
fluorescence energy transfer (Lecker, Driessen and Wickner, 1990). By
studying the fluorescence energy properties of a derivatized form of
ProOmpA, these workers showed that SecB binds a non-native conforma-
tional state of the polypeptide chain, which is clearly not the fully unfolded
form of the protein seen upon GuHCI denaturation.

Native proteins do not interact with chaperonins. Once dihydrofolate
reductase acquired protease resistance, it did not bind to hsp60 (Ostermann ef
al., 1989) and glucocorticoid receptor which binds steroid does not interact
with hsp90 (Dalman er al., 1989). The fact that it is a non-native ‘sticky’,
mobile, intermediate state that binds is consistent with the fact that most
chaperone proteins are relatively non-specific with respect to the proteins that
can be stabilized against aggregation.

At present, the prospects for using chaperonins in the commercial produc-
tion of proteins are extremely hopeful. Current work indicates that, in
principle at least, there are two major ways in which chaperonins can be used
in the production of commercially useful proteins. A chaperonin gene can be
introduced into a host cell and co-expressed with the gene of interest
(Goloubinoff, Gatenby and Lorimer, 1989). Alternatively, since many purifi-
cation strategies involve solubilizing the protein from inclusion bodies in
denaturant, chaperonins could be constituents of the renaturation medium
(Goloubinoff et al., 1989). In the second approach, they could be employed
either to assemble proteins which would not otherwise fold or assemble under
in vitro conditions, or to increase the yield of refolding and assembly.

The broad substrate specificity of most chaperonins, as well as the fact that
more than one chapercnin will interact with any given protein, conceivably
allows scope for optimization of a refolding strategy for a particular protein
by selection of the best chaperone for a particular job. The fact that they are
induced under extreme physiological conditions can possibly be exploited to
oppose potentially restrictive factors, such as temperature for example, in the
folding and production of active protein.,

SIGNAL SEQUENCES AND THEIR INFLUENCE UPON FOLDING

The role of leader sequences as signals in targeting and secretion of proteins is
well recognized. What is not fully understood at present is their structural
relationship to what becomes the mature protein. The aim here is to
summarize briefly what is known about their structure and their relevance to
protein folding.

Signal sequences {Gierasch, 1989; Randall and Hardy, 1989) are typically
15-30 amino acids in length, very hydrophobic and lack primary sequence
homology. The most highly conserved site is at the point of proteolytic
cleavage, where there is a preference for amino acid residues which have
relatively small side-chains. Although the other regions of the peptide lack
homology, they show common distributions of residue type. There are three
regions with specific characteristics within and adjacent to the signal peptide.
Five to seven residues from the cleavage site, on the C-terminal side, the
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sequence is generally more polar than a hydrophobic region which is
immediately N-terminal to it. Typically, the latter consists of 10£3 residues.
The N-terminal region contains a net positive charge.

The importance of hydrophobicity of the signal sequence was demonstrated
by the finding that 20% of randomly generated peptide sequences could
function as an export peptide for invertase from Saccharomyces cerevisiae
(Kaiser er al., 1987). Though the primary sequence homology between the
effective peptides was low, ali of them were hydrophobic.

Despite this lack of sequence homology, isolated signal peptides have
similar conformational preferences: they are random in aqueous solution and
adopt an a-helical structure with non-polar solvents or micelles {Gierasch,
1989).

Several lines of evidence have been advanced to support the suggestion that
the signal sequence does not interact with the mature protein. Baty and
Lazdunski (1979) purified an antibody raised against precursor alkaline
phosphatase but which did not cross-react with the mature protein. As with
the mature form of the protein, the precursor of maltose binding protein
(MBP) is resistant to a variety of proteases; it also binds a non-ionic
detergent, whereas the mature protein does not {Dierstein and Wickner,
1985}. In addition, it can bind substrate (Ferenci and Randall, 1979). The
signal peptide has, however, been shown to interact with the protein during
folding {Park et al., 1988). The kinetics of refolding of both the precursor and
mature forms of guanidine-denatured MBP and ribose binding protein (RBP)
were compared. By extrapolation of the rates of refolding to solution
conditions of zero GuHCI, the refolding rate of MBP was decreased in the
precursor by a factor of 40, with the relaxation time increasing from 0-7 to
28 5. The presence of the leader also decreased the rate of folding of RBP. If
the signal is attached to the membrane while the protein folds, however, it is
difficult to predict the effect on the folding rate.

PROTEINS ACTIVATED BY PROTEOLYSIS

A range of important proteins, including several proteolytic enzymes and
protein hormones, are rendered functional by proteolysis with the loss of one
or more peptides. In certain cases, such as penicillin acylase (Sizmann,
Keilmann and Béck, 1990), the activation process accompanies translocation.
The obvious route to producing such proteins would be to clone and express
the gene for the precursor, followed by in vitro proteolysis. In many cases,
however, the degree of specificity of cleavage obtained in the cellular
environmeni cannot be reproduced fn vitro. This has led to the requirement
to express IDNA coding for the component chains of the activated protein—
usually as insoluble inclusion bodies to avoid proteolytic degradation—
followed by folding and assembly to the functional protein.

One of the significant experiments originally carried out in Anfinsen’s
laboratory was the addition of PDI to insulin and to chymotrypsin. Both these
proteins, in marked contrast to ribonuclease, became ‘scrambled’ with
respect to their disulphide bonds, lost activity and usually aggregated. The
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information in the amino acid sequence of proinsulin and of chymotrypsino-
gen that led to the correct folding of these precursors was apparently lost in
the cleaved and functional forms (Anfinsen, 1967).

The ability to reconstitute insulin from isolated A and B chains at yields up
to 60% (Frank and Chance, 1983) has led to a reconsideration of this
explanation. The assembly of active staphylococcal nuclease from comple-
mentary and overlapping peptides (Anfinsen, 1972} confirmed that informa-
tion for folding resides in smaller units than the complete amino acid
sequence. The view presented here is that smaller units of a protein, although
intrinsically capable of folding, attain a conformation that is both less stable
and more 'sticky’ due to the exposure of sites that would normally be satisfied
by interaction with neighbouring folding units. Thus the usual competition
with an aggregation reaction (Pain, 1977)

N= D->X

leads to low yields of correctly folded and assembled protein.

Penicillin acylase consists of two chains, o and B, of M, 23 800 and 62 200,
respectively, from proteolytic cleavage of a precursor, of M, 92 000. The
isolated and unfolded (B-chain aggregates strongly on refolding, even in
relatively high concentrations of urea, while the originally N-terminal a-chain
refolds in high yield to a compact globular state that closely resembles its
conformation in the active enzyme (Lindsay and Pain, 1990). Active enzyme
can be regenerated in up to 60% yield. The yield can be increased by adding
unfolded B-chain to folded o-chain, with higher activities being obtained by
increasing the molar ratio of o to f-chains (Figure 4). This leads to the
conclusion that the B-chain is capable of folding to a native-like conformation
that can be stabilized by interaction with a folded «-chain. It is also concladed
that the folded B-chain must meet an a-chain before meeting another f-chain
in order to assemble correctly and avoid aggregation (Lindsay and Pain,
1991).

These experiments, together with those on the high-yield refolding and
assembly of cross-linked insulin (Tang and Tsou, 1990}, lead to the proposal
that the intervening peptide in the precursor acts primarily to increase the
probability of the two chains meeting and thus avoiding aggregation. Inser-
tion of residues into the intervening peptide of penicillin acylase in vivo
slowed but did not prevent processing (Sizmann, Keilmann and Béck, 1990),
again supporting a primarily non-conformational role for the intervening
peptide.

A second type of activation process involves excision of an N-terminal
peptide, ranging from 44 residues for cathepsin D to 290 residues for activin
A. For cathepsin D (Pain, Lah and Turk, 1983), a-lytic protease (Silen and
Agard, 1989), subtilisin (Zhu et al., 1989), activin A and transforming growth
factor (TGF-B1) (Gray and Mason, 1990), however, the presence of the
pro-peptides is an absolute requirement for folding. It is particularly interest-
ing that the larger pro-peptides, when co-expressed with but not covalently
linked to the mature protein, still enable the protein to fold. These pro-
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Figure 4. Recovery of active penicillin acylase depends on the concentration of a-peptide.
Isolated B-peptide unfolded in 8 M urea was diluted into varying concentrations of previously
refolded «-peptide in borate buffer, pH 6-5 at 5-7°C. The percentage recovery of PA activity
based on the constant concentration of f-peptide (6:4 % 107® moi 17"} is plotted against the mole
ratio of w-peptide to P-peptide. Vertical bars indicate standard deviations for the three
determinations. It should be noted that addition of unfolded a-peptide to B-peptide in folding
conditions {i.c. absence of urea) results in zero yield of PA activity (Lindsay and Pain, 1991).

peptides therefore may act like disposable but genetically economical chaper-
onins that protect the intermediate states from aggregation during folding but
are not important for the function or stability of the folded protein (Silen and
Agard, 1989).

Unresolved questions still remain with mature human renin which has not
been renatured from inclusion bodies in E. coli, necessitating the expression
of pro-renin (Sharma et al., 1987). In mammalian cells, however, both
pro-renin and mature renin can be expressed in folded forms (Harrison ef al.,
1989}.

A COMPARISON OF PROTEIN FOLDING IN VITRO WITH FOLDING (N VIVO

In vitro studies of protein folding start with the completed polypeptide chain
already in solution, in which the refolding conditions are applied along the
length of the chain simultaneously. In vivo, however, the possibility exists
that folding is to some extent co-translational. The rate of chain elongation in
rabbit haemoglobin was estimated to be approximately two amino acids per
second (Dintzis, 1961). This is not inconsistent with experimentally observed



Protein folding 67

rates of refolding in vitro, which range from seconds to decades of minutes.
Also, as has already been discussed, secondary structure formation is very
rapid in vitro and does not require a great length of the polypeptide chain.
One possible limitation to the degree of co-translational folding is the finding
that during translation not all the amino acids added to the growing chain are
immediately available for folding: 30-35 of the most recently added residues
are estimated to be shielded by the ribosome (Malkin and Rich, 1967).

The question that must be addressed is, to what extent and in what form
does protein folding occur during translation?

There are more complex ways in which folding in vivo may differ from that
in vitro. It is not separable from other cellular processing events such as
proteolytic activation, translocation and glycosylation. The assembly of
multimeric proteins requires both spatial and temporal separation, for
example during the folding and association of immunoglobulin chains (Berg-
man and Kuehl, 1979). Enzymes and accessory proteins may also facilitate
folding, as described earlier.

Despite these differences, it has always been assumed that the experimen-
tally verifiable principles of folding in vitro will apply in vivo. For example, a
partially synthesized polypeptide still attached to the ribosome will, to the
extent that it is free from the ribosome surface, be able to flicker into
secondary structure. Further, a significant number of non-polar side-chains in
the nascent chain will be expected to extend a hydrophobicity-based drive to a
globule-like state. A reasonable proposal thus emerges that the globule, with
increasingly stabilized secondary structure, could grow like an oil drop until
finally released, to undergo any final shuffling to the native state. In
multidomain polypeptides, completed domains could fold while following
domains are still being synthesized.

The major question to be addressed is therefore to what extent findings
from the study of protein folding in vitro are consistent with what is known
about folding in vivo. Though the information obtained is relatively limited,
in vivo studies substantiate in vitro findings mentioned earlier. The impor-
tance of secondary structure formation early on in the folding pathway has
been demonstrated, as well as the independent folding of domains and also
the occurrence of aggregation.

Studies on the tailspike protein (TSP) of phage A-22 of Salmonella
typhimurium have been among the most revealing in this respect (King, 1986;
King, Haase and Yu, 1987). The folding of temperature-sensitive mutant
forms of the protein proceeds at permissive temperatures to produce func-
tional proteins at least as stable as the wild type. Raising the temperature,
however, favoured aggregation rather than continued folding and specific
association, and little or no active protein was obtained. Analysis of the
mutations revealed that in some cases glycines were substituted by bulky,
charged residues. Glycines commonly occur in f$-turns, which is particularly
significant in view of the mainly B-sheet structure of TSP. In other
temperature-sensitive mutants, threonine was replaced by amino acids lack-
ing a hydroxyl group. Threonines are commonly involved in internal hydro-
gen bonding, the loss of which may destabilize folding intermediates.
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The independent folding of domains in vive has been demonstrated, for
example, by creating inter-species hybrids of yeast and human PGK (Mas ef
al., 1986}. These chimeras had catalytic properties very similar to those of the
parent proteins, despite a 35% difference in amino acid sequence. Intermedi-
ates of assembly have been detected with immunoglobulins (Bergman and
Kueht, 1979). In one mouse myeloma cell line a completed light chain was
covalently associated with a nascent heavy chain, whereas in another celi line
association proceeded through the formation of a heavy chain dimer. The
minimum size of nascent heavy chain detected as an association intermediate
was 38 kDa, enough to allow synthesis and folding of the Vy and Cyl
domains that, with light chain, constitute the disulphide-bonded F,, frag-
ment. That aggregation may occur during folding in vivo as well as in vitro has
been shown with wild type as well as mutant forms of TSP (Haase-Pettingell
and King, 1988). A mutant form of «,-antitrypsin known as the Z-form, forms
intracellular inclusions, with only 15% of the protein being secreted in an
active form (Carrell, 1986). The remainder is blocked at the final processing
stage in the secretory pathway. In this mutant, a conserved glutamate which
forms an important salt bridge is lost. Urea gradient gel electrophoresis has
shown that the Z-protein, like the normal, wild-type protein, folds rapidly to
the compact intermediate, which then folds to the native state much more
slowly than the wild-type inhibitor (Brind ef a/., submitted for publication).

No significant inconsistencies have yet emerged between what is known
about in vitro and in vivo folding, but more work is required before we can be
certain about the details of the latter process.

Protein folding in biotechnology

THE PRODUCTION OF RECOMBINANT PROTEINS

The genetics of E. coli expression have lent themselves well to the exploita-
tion of this organism for the production of foreign proteins (reviewed by
Marston, 1986). However, advances in the technology of genetic manipula-
tion and understanding of the processes (e.g. Reznikoff and Gold, 1986;
Kingsman and Kingsman, 1988) have allowed molecular biologists to capital-
ize on the secretion pathways of yeast, mammalian cells, fungi and other
bacteria for the production of recombinant protein (Harris, 1990). Discussion
of the merits of these different systems lies outside the scope of this review.
Two routes of protein production are available in E. coli. The use of
various leader sequences can direct secretion of soluble protein which, in the
periplasmic space, is correctly folded and contains the correct disulphide
pairings. Examples of the successful use of this method are the alkaline
phosphatase signal sequence to secrete BPTI (Bermann-Marks ef al., 1986)
and the OmpA leader to produce human growth hormone at 10-15 pg
hGH/Agy, E. cofi cells in the periplasmic space (Hsiung, Mayne and Becker,
1986). The second route is the intracellular high expression of foreign protein,
often leading to the formation of refractile inclusion bedies within the cell
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(Marston, 1986). These inclusion bodies or granules are proteinaceous and
are visible by dark-field microscopy (Schoner, Ellis and Schoner, 1985),
providing an attractive route for the concentration of large amounts of
protein.

Although the secretion route produces folded, active protein, the levels of
expression tend to be lower than those obtained using the alternative
mtracellular route. Also, with the former, purification from the other
periplasmic proteins is required. The inclusion body route provides very high
protein expression levels, in some cases greater than 25% of the total
cytoplasmic protein (Hartley and Kane, 1988), in a discrete body that is a
distinct aid to further purification (Marston, 1986 and references within) and
which provides protection from proteolytic degradation of foreign (Kitano et
al., 1987) and labile (Cheng er al., 1981) protein by the host. However, these
inclusions require solubilization, refolding and, where appropriate,
re-oxidation to the native state.

THE NATURE OF INCLUSION BODIES

‘The physical process of inclusion-body formation is a subject arousing much
interest (Schein and Noteborn, 1988; Mitraki and King, 1989; Schein, 1989).
An understanding of the mechanism is desirable from a commercial aspect as
it would allow the optimization of production and recovery. The presence of
plasmids, ribosomal RNA and RNA polymerase within inclusion bodies
indicates that they form immediately after translation of the protein (Hartley
and Kane, 1988). It has been demonstrated that in the prochymosin inclusion
body some of the aggregated protein contains intermolecular disulphide
bonds, but that the majority of it is in a reduced form (Schoemaker, Brasnett
and Marston, 1985). The reducing environment of the E. coli cytoplasm
(Fahey, Hunt and Windham, 1977) will obviously inhibit disulphide forma-
tion, though recent findings argue that BPTI can oxidize in the E. coli
cytoplasm (Nilsson e al., 1989). It is probable that the formation of these
covalent disulphide linkages in inclusion bodies occurs on exposure to air
during the cell rupturing phase at the start of isolation (Marston, 1986;
Mitraki and King, 1989). However, the presence of reducing micro-
environments within the dense aggregate has not been ruled out (Schoe-
maker, Brasnett and Marston, 1985). Certainly, the periplasmic space
provides the oxidizing environment for disulphide formation in secreted
proteins (Hsiung, Mayne and Becker, 1986).

Attempts have been made to monitor the formation of the inctusion bodies
using single-cell light-scattering in order to quantitate accumulation of
product (Wittrup et al., 1988). Schoner, Ellis and Schoner (1985) observed
that small granules form first only at one pole of the cell. Subsequently, these
granules enlarge and this is followed by the appearance of granules at the
opposite pole of the cell and then finally between the poles. The polar and
sub-polar position of granules has been noted for other proteins (Kitano er
al., 1987},

No obvious mechanism was immediately discernible for the aggregation of
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proteins into inclusion bodies. Kane and Hartley (1988) have examined data
on a number of protein inclusions in E. coli K12 and found no correlation
between host strain or protein hydropathy and granule formation. Similarly,
the rate of production of protein and cellular concentration of protein show
no direct correlation with the appearance of intracellular protein aggregates
{Schein and Noteborn, 1988), though they do show a temperature effect on
formation. The protein A-f-galactosidase fusion shows the yield of inclusion
bodies to be dependent on growth conditions (Stransberg, Veide and Enfors,
1987). More recently the tight binding of an acidic component from E. coli to
the expressed heterologous protein has been implicated as a factor in
promoting protein aggregation to an inclusion body (Darby and Creighton,
1990},

A very basic model was postulated for refractile-body formation, based on
protein conformation {Hartley and Kane, 1988). As more evidence becomes
available, it is increasingly held that inclusion bodies form through ‘specific
aggregation’ of protein folding intermediates, for example in tailspike protein
(King, 1986; Haase-Pettingelt and King, 1988) and bGH (Brems er al., 1986,
1987; Havel et al., 1986; Brems, 1988). The work reviewed by Mitraki and
King (1989) indicates that exposed hydrophobic surfaces in intermediate
states play a crucial role in protein association, as illustrated for bGH (cited
above) and PGK (Mitraki er al., 1987). An understanding of the factors
influencing formation and stability of intermediate states during protein
folding (discussed in preceding sections) is thus crucial to controlling, and
therefore optimizing, the formation of inclusion bodies. It is Interesting to
note, however, that pro-subtilisin, which aggregates in the periplasmic space
with a certain expression vector, is produced with a sixteenfold increase in
concentration of soluble pro-protein when lower inducer concentration and
growth temperature are used (Takagi f al., 1988).

The requirement to recover active protein from insoluble aggregates
resulted in the ‘art’ of protein folding becoming critical for the initial
development of the biotechnology industry (Goldberg, 1985; King, 1986;
Pain, 1987). The formation of insoluble aggregates in bacteria is beginning to
be seen as a consequence of the mechanism by which proteins fold in vitro,
with solution conditions, i.e. pH, ionic strength and temperature, affecting
the stability of the intermediates, particularly the kinetic ‘molten globule’ that
accumulates during folding (see p. 50).

SOLUBILIZATION OF PROTEINS FROM INCLUSICN BODIES

Isolation of the inclusion body

The first step in recovery of protein from an inclusion body is to release it
from the cell. Cells harvested by centrifugation are resuspended in a suitable
buffer and then lysed. Typically, cell lysis is achieved using a French press, by
sonication or by enzymes such as lysozyme. Initial centrifugation at relatively
low speed is then used to sediment the inclusions from the cellular debris
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which remains in the supernatant. Speeds in the range 500-5000 g are quoted
in a broad patent (Jones, Olson and Shire, 1985), though speeds in the range
of 50600-12 000 g are used by other workers (Marston, 1986). The use of ‘kill’
treatment on cells to enhance the amount of precipitated protein before lysis
has also been used (Jones, Olson and Shire, 1985). Quoted ‘killing’ proce-
dures are acid or heat treatment or, alternatively, exposure to a non-polar
organic solvent. A number of published protocols kill the cells prior to
recovery of inclusion bodies (Furman ez al., 1987; Weir and Sparks, 1987).

Solubilization of the inclusion body

Washing the bGH inclusion body (Schoner, Ellis and Schoner, 1985) with
0-5M, 1 M and 2 M urea has been shown to remove large amounts of
contaminating E. coli protein from the spun pellet without significantly
solubilizing the granule. Increasing the concentration of urea to 5 M with
Triton X-100 included does not significantly increase purity within the
granule. Further purification can only be achieved after complete disassocia-
tion of the aggregate. Langley er al. (1987a) washed bGH granules with a
mixture of EDTA, lysozyme and deoxycholate to extract lipid, nucleic acid,
lipopolysaccharide and protein contaminants. Triton X-100 washes have been
used successfully to remove contaminants from the prochymosin inclusion
body (Marston et af., 1984). The ability to attain up to 90% protein purity in
two simple steps following cell lysis makes the intracellular granule expression
route an extremely useful aid to purification.

Marston (1986) quotes a range of published conditions and denaturants for
solubilizing various protein inclusions. These methods include the use of
alkaline pH, detergents and organic solvents, as well as urea and GuHCL A
patent series from Genentech covers solubilization, purification and recovery
of heterologous protein (a heterologous protein is defined as one not
normally produced in the host, or which is normally produced only in smali
quantity) from refractile bodies using strong denaturants, buffer solutions and
molecular sieving or centrifugation {Olson, 1985; Builder and Ogez, 1985;
Olson and Pai, 1985). A further patent application (Jones, Olson and Shire,
1985) for a process for ‘Purification and activity assurance of precipitated
heterologous proteins’ states the use of either various strong denaturants
(urea is classed as weak denaturant), with guanidine salts or sodium thiocy-
anate at 6-9 M concentration being preferred, or detergents (Triton, SDS) in
the 0-01~2-0% range. The next aspect of the patent is covered later in the
two-step renaturation procedure, exchanging strong for weak denaturant.
Some of the protein samples quoted are pro-renin, capsid protein of
foot-and-mouth disease (FMD) virus and porcine growth hormone. In the
case of the fusion VP1 protein of FMD, 8 M urea over a range of pH values
failed to fully solubilize inclusions (Shire ez af., 1984). A number of proteins
have been expressed using the CIIFX fusion protein (a factor X cleavable
fusion) and the inclusion bodies formed are only soluble in solutions such as
8 M urea or 6 M GuHCI (Nagai, Thorgerson and Luisi, 1988).

Thiol reagents do not usuaily need to be present for solubilization of



72 ROMAN HLODAN et al.

inclusions but, as will be discussed later, cysteine residues are an important
consideration during refolding. Interleukin-4 does not appear to be released
from granules by 1% SDS or urea; but 5 M GuHCI, pH 80 with 2 mM
reduced and 0-2 mM oxidized glutathione, produces soluble protein which
can be refolded (Kimmenade ¢f al., 1988). Platelet-derived growth factor-f
(PDGF-8) is produced in granules in E. coli (Hoppe, Weich and Eichner,
1989) which are dissolved in 50 mM TRIS pH 78, 2% SDS, 2% mercapto-
ethanol at 37°C, followed by the addition of acetone to reprecipitate the
protein. After cleavage of the fusion protein with cyanogen bromide, the
protein is resuspended in 6 M GuHCI and sulphitolysed to protect thiol
groups.

A novel procedure for solubilizing inclusion bodies involves the use of an
ion-exchange resin (Hoess er al., 1988). Addition of ion-exchange resin to
bacterial lysates containing inclusions of SV40 Th peptide and IL-2 show
recovery of soluble, active protein from the granule. The resins S- and
Q-Sepharose have been used, and stable binding to the resin is not a
prerequisite for solubilization. The ability of a charged resin to remove
protein from an aggregate, and for the solubilized protein to fold to an active
conformation, raises some interesting guestions about the foreces holding
inclusion bodies together. Soluble renin has been obtained from inclusions
using repeated French press passages in the absence of denaturant {(Sharma,
1986). This method does not completely solubilize the pellet and presumably
removes only weakly associated protein.

Two further procedures have recently been patented for the recovery of
active protein from inactive forms. In one patent, inclusion bodies are
dissolved with the aid of a surfactant, then exchanged with an aqueous solvent
to allow refolding, with contact to a second solution containing weak
denaturant to prevent precipitation (Patroni, 1990). The second method uses
a molecular sieve to convert solubilized denatured protein into a biologically
active form (Hermann, 1990).

REFOLDING PROTEINS FROM INCLUSION BODIES

Once solubilized, the recombinant protein may be further purified in its
unfolded (reduced if necessary) form to prevent any foreign proteins interfer-
ing in the refolding process. In the case of PDGF-§ the protein is chromato-
graphed in GuHC! over Sephacryl §-200, then reverse-phase HPLC prior to
reoxidation (Hoppe, Weich and Eichner, 1989). Insulin-like growth factor I
is purified after sulphitolysis using mono-Q FPLC (assisted by the negative
charges from the sulphitolysed cysteines) prior to renaturation (Furman et al.,
1987). In the case of recombinant human IFN, a mixture of ion-exchange, gel
filtration and reverse phase chromatography is used {Arakawa, 1986). The
wealth of chromatographic media available allows a great deal of choice,
depending on individual protein requirements. Genetically engineered
fusions of affinity (Hopp et al., 1988) and charged tails (Sassenfeld and
Brewer, 1984) have been used successfully to improve purification of recom-
binant proteins in different expression systems.
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The basic methods for refolding a protein have recently been set out
(Jaenicke and Rudolph, 198%}. Here, the techniques and parameter variables
involved in refolding a recombinant protein from an inclusion body will be
illustrated using some specific examples. An obvious way to refold proteins is
to reduce the denaturant concentration by dilution with buffer, diafiltration
or by dialysis. The drawback here is that precipitation of protein can occur
(Jones, Olson and Shire, 1985) resulting in low yields. Aggregation during
refolding can be exacerbated at high protein concentrations (London, Skrzy-
nia and Goldberg, 1974} and critical concentrations are therefore often
quoted (Marston, 1986; Furman et af., 1987; Kimmenade et af., 1988). In the
case of patent applications for the production of insulin by combining
recombinant A and B chains, broad concentration ranges are claimed but a
specific range preferred (Chance and Hoffman, 1981a,b).

USE OF DENATURANT EXCHANGE

The use of intermediate denaturing conditions during refolding suggested a
dependence of yield on denaturant concentration (Chan er al., 1973). A
detailed study of the folding of tryptophan synthase (London, Skrzynia and
Goldberg, 1974) demonstrated that on reduction first to an intermediate urea
concentration followed by dialysis to zero urea, a distinct minimum yield was
obtained at 3 M urea (though the protein concentration was also critical).

The problem of protein solubility during refolding from inclusion bodies
has been successfully addressed using buffer exchange from a ‘strong’ to a
‘weak’ denaturant {as defined in the preceding section) prior to complete
removal of denaturant (Jones, Olson and Shire, 1983). An aspect of the
patent involves solubilizing the inclusion body and ‘exchange against a
comparable concentration of denaturant whose chaotropic properties are
inherently weaker (e.g. GuHCI to urea) or by dilution to (if the solubility
characteristics of the subject protein will permit) a decreased concentration of
the same strong denaturant’. The approach has been used with human,
bovine and porcine growth hormone, urokinase, pro-renin and Sarc protein.
A further aspect of the patent involves the use of this technique for
maintenance of solubility during oxidation of disulphide bonds, as discussed
in a subsequent section.

SOLVENT SYSTEMS

Much of the work investigating the effects of pH on protein structure has
been concerned with studying the acid and alkali unfolding transitions of
protein. Often phi is considered in relation to thiol exchange reactions during
disulphide bond formation. The effects of pH on the refolding of recombinant
proteins have been recognized as important (Marston, 1986) and a pH drop
from 10-7 to 8 is used to refold prochymosin purified from inclusion bodies
(Marston et al., 1988). In the cases of 1L-1B (Craig er al., 1987) and IFN-y
(Mulkerrin and Wetzel, 1989} unfolding at certain pH values is irreversible.
Tumour necrosis factor shows no dependence of yield of refolding over a
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broad range of pH (Craig, Wingfield and Pain, 1987). The removal of acidic
components tightly complexed to unfolded protein obtained from inclusion
bodies may be a consideration in refolding protocols (Darby and Creighton,
1990).

In the case of B-lactamase, which has been well studied, pH dependence of
both the refolding pathway and kinetics have been observed to be associated
specifically with the titration of an anomalous carboxyl and a histidine
residue, respectively (Craig, 1986; Craig, Wingfield and Pain, 1987). Refoid-
ing of iso-2-cytochrome c at high pH (Nall, 1986) leads to the formation of an
alkaline form of the protein which is more stable than the native state. This
alkaline state is formed via non-native structural intermediates.

The effects of ionic strength during refolding of proteins must first be
addressed from the point of preferential hydration of protein molecules
(Timasheff and Arakawa, 1989; Arakawa, Bhat and Timasheff, 1990). In the
case of IFN (Hsu and Arakawa, 1985) lower ionic strength gives better
recovery of non-aggregated protein during refolding. A patent based on this
for production of IFN prefers ammonium acetate to phosphate buffer at low
ionic strength, giving an improved ratio of non-aggregated to aggregated
protein (Arakawa, 1986). The refolding pathway in the model BPTI system
appears to be independent of ionic strength (Creighton, 1980b) but is
dependent on the type of ion according to the Hofmeister series of salt
stabilization of native structure,

On the whole, lower ionic strengths are used in refolding processes,
although high ionic strength has been used to fold protein spontaneously in
the presence of intermediate denaturant concentrations. It has been shown
{Mitchinson and Pain, 1985) that unfolded B-lactamase in urea will fold to the
native state on addition of ammonium sulphate., The proposed mechanism
involves sulphate changing the degree of preferential solvation of the protein
surface by water and thereby weakening the denaturing effect. The structure-
stabilizing effect of sulphate is a recognized parameter when considering
protein folding protocols (Jaenicke and Rudolph, 1989). Concentrations of
MES buffer salt in the range 0-25-1-0 M have been demonstrated to have a
similar (though not identical) effect to ammonium sulphate on inducing the
folding of intermediate states in denaturing conditions (Craig, 1986).

An appreciation of solvation effects is important not only in refolding
proteins butalso in the handling and formulation of secreted folded mole-
cules. This is demonstrated for tissue plasminogen activator {Duffy, Prior and
Scott, 1990) where an arginine/citric acid buffer is required to obtain
concentrated protein solutions for intravenous administration.

The effect of ligands is another factor to be examined in attempts to refold
recombinant proteins. In the case of recombinant horseradish peroxidase
(Smith et al., 1990) a number of factors have been found to influence folding.
The presence of calcium ions during folding appears to be critical, probably
by stabilizing a native-like conformation around the haem-binding site and
thereby influencing the equilibrium. Other factors involved are the presence
of haem, the oxidation conditions and the urea concentration.

The non-ionic detergent, lauryl maltoside, has been used to refold



Protein folding 75

rhodanese successfully from GuHCI (Tanden and Horowitz, 1986, 1989). The
use of detergents provides a further option for maintaining solubility during
folding.

Schein {1990} has recently examined factors affecting the solubility of
proteins, and the prospect of modifying solubility by protein engineering is
discussed.

RE-OXIDATION OF DISULPHIDE BONDS

The methodology and protocols to adopt for formation and characterization
of disulphide bonds in proteins are set out by Creighton (1989). Oxidation of
cysteine residues between molecules during isolation and purification from
inclusions can lead to aggregation. Protection of thiol groups using the
sulphitolysis reaction is used during recombinant insulin production {Chance
and Hoffman, 1981a.b), recombinant IGF-II {Furman et al., 1987) and
urokinase {Jones, Olson and Shire, 1985). Sulphitolysis involves classic
chemical reactions using sodium sulphite in the presence of sodium
tetrathionate to protect free thiol groups. Cyanogen bromide cleavage of
fusion protein constructs at methionine residues in the linker region can lead
to modification of thiol groups. The addition of thiosulphate to the cleavage
reaction mixture is found to prevent these modifications (Di Marchi, 1984)
and, as a bonus, the thiol groups readily sulphitolyse when exposed to sodium
sulphite only. This reduces production costs as the expensive sodium
tetrathionate is not required.

The promotion of correct intramolecular disulphide pairing during refold-
ing is the next step. Air oxidation is slow, and when groups have been
protected, addition of excess cysteine (Furman et al., 1987) or mixtures of
reduced and oxidized thiol reagents (Creighton, 1989) can be used. The
exchange reactions are quenched cither by a rapid pH drop to below 6 and/or
desalting to remove the reagent. Aggregation often occurs, and wrongly
paired disulphides are found which are separated from the correct product
using gel filtration (Langley et al., 1987a), reverse phase (Furman et al., 1987)
and ion-exchange (Smith et al., 1989) chromatography or combinations
thereof. Copper chloride and (o-phenanthroline),Cu?* have been used to
selectively oxidize IFN-B and IL-2 solubilized in low chaotrope conditions at
pH 5-5-9 (Koths and Halennbeck, 1984). Examples where low chaotrope
concentrations have been used to maintain solubility during oxidative refoid-
ing are PDGF-B (Hoppe, Weich and Eichner, 1989) and other proteins
(Jones, Olson and Shire, 1985). The re-oxidation of cysteine residues in
reduced bovine growth hormone maintained in a stable state with native-like
secondary structure (in 4-5 M urea) has been examined (Holzman, Brems
and Dougherty, 1986). Refolding and re-oxidation of the monomeric species
was found to occur with a yield of around 90%.

A method has been claimed (Seely and Yang, 1988) where a reduced
protein which is maintained in its unfolded form is reacted with excess
cysteine for 12-36 h, allowing native disulphide bonds to form, resulting in
reduced levels of aggregation and inactive protein formation prior to subse-
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quent refolding. Langley er al. (1987a) also oxidized native disulphides in
GuHCl-denatured bGH using air oxidation over 20 h. The bGH was subse-
quently refolded by removal of GuHC! after separation from aggregates.

The procedure of refolding proteins bound non-covalently to a solid
column matrix (Creighton, 1986) has a potential application in this field. For
example, the binding of urea-unfolded protein to an FPLC ion-exchange
column with strict control of the concentrations of urea and reduced/oxidized
thiol reagent allows tight control over the oxidation of disulphides and
refolding. The fact that the protein is held close to the column reduces the
problem of aggregation. The folded protein can be eluted using normal
chromatographic methods and the system allows for easy recycling of
incorrectly folded material.

CHARACTERIZATION OF THE FINAL PRODUCT

Following its production, the folded, active recombinant protein requires
characterization before clinical trials, etc. The N-terminal methionine residue
is not always completely processed during production in E. coli, which can
lead to heterogeneous preparations. The slight differences in charge between
protein with and without N-terminal Met has been exploited to obtain
homogeneous preparations of recombinant IL-1p and bGH (Wingfield et al.,
1987a) and IL-2 (Yamada et al., 19860). A specific methionine aminopeptidase
has been characterized which may have an application in removing unproc-
essed methionine from the N-terminus of recombinant proteins (Wingfield er
al., 1989). Aminopeptidase P has been successfully used to remove the
N-terminal methionine from recombinant interleukin-6. Other charge heter-
ogeneity can occur in recombinant proteins due to deamidation, and genetic
engineering of the molecule has been successfully used to stabilize IL-la
against this (Wingfield et al., 1987b).

Many recombinant proteins that have been produced in F. coli arc
glycosylated in their authentic form. Parekh et al. (1989) recently reviewed
the bioiogical significance of N-glycosylation. The conformational stability
and folding of granulocyte macrophage colony stimulating factor does not
appear to be affected by glycosylation (Wingfield e al., 1988). Glycosylation
may be invoived in preventing aggregation of partially unfolded intermediates
during folding (Schulke and Schmid, 1988) and lack of sugar chains may be
the cause of low yields of refolded protein (due to aggregation) obtained from
some inclusion bodies (for example, horseradish peroxidase C; Smith et al.,
1990). Either the lack of, or the incorrect, glycosylation of vesicular stomatitis
virus G proteins has been implicated in the formation of intermolecular
disulphide-bonded aggregates of the protein (Machamer and Rose, 1988).
Giycosylation of o-antitrypsin increases its solubility and resistance to
aggregation without affecting the thermodynamic stability (L. Powell and
R.H. Pain, submitted for publication).

The purity of proteins to be used as pharmaceuticals must be assessed and
the procedures for toxicology, pyrogen testing, etc. have been outlined with
specific reference to tPA (Anicetti, Keyt and Hancock, 1989). For approval
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of a protein product, chemical identity with the authentic natural product is
required. In some cases structural and conformational identity is required,
and the patent for IFN production (Arakawa, 1986) includes biophysical
characterization of the recombinant product using CID. The range of biophys-
ical techniques available, such as CD, NMR, analytical ultracentrifugation
and fluorescence, have all been used to characterize a number of recombinant
proteins, such as TNF (Wingfield, Pain and Craig, 1987), bGH (Langley ef
al., 1987b), IL-1p {Craig et «f., 1987), 1GF-1 (Elliot et al., 1990) and a
genetically engineered, cysteine-free analogue of basic fibroblast growth
factor (Arakawa er al., 1989). Once characterized the analysis serves as proof
of identity and also as a baseline for production batch quality assurance. The
value of careful product analysis is illustrated in the case of IGF-II, where
folded protein containing a mis-matched disulphide has been isolated after
renaturation and re-oxidation (Smith ef al., 1989). The protein is active but is
not recognized by the major serum-binding protein. As the binding protein
controls serum levels of the growth factor, this could cause unwanted
biclogical side-effects upon administration.

FUTURE PROSPECTS

The whole area of bacterial expression of protein allows great scope for
optimization and improvement. The question of whether to follow the soluble
or insoluble production route remains open for debate (Schein, 1989). The
factors of cost, ease of purification, level of expression and overali recovery
must all be addressed.

The successful co-expression of GroE with Rubisco in E. coli, resulting in
subunit assembly of the protein {Goloubinoff, Gatenby and Lorimer, 1989),
suggests a possible application for chaperonins in high-expression production
systems. The implications of chapercnin-assisted polypeptide folding for
production of functional heterclogous proteins in bacteria are reviewed by
Gatenby, Viitanen and Lorimer (1990) and discussed further by Geisow
(1991). The possibility of mimicking other facets of mammalian expression in
bacterial systems (Schein, 1989) is a further consideration in optimizing the
production process. Combined with elucidation of the role of the compact,
‘molten globule’ state and the chaperone families of proteins in the protein-
folding story there is ample opportunity for further capitalizing on bacterial
expression.
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