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Foreword 

T H E ACS S Y M P O S I U M SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset, but are reproduced as they are submit
ted by the authors in camera-ready form. Papers are reviewed 
under the supervision of the editors with the assistance of the 
Advisory Board and are selected to maintain the integrity of the 
symposia. Both reviews and reports of research are acceptable, 
because symposia may embrace both types of presentation. 
However, verbatim reproductions of previously published 
papers are not accepted. 
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Preface 

I H E A M I N O A C I D S E Q U E N C E O F A P R O T E I N determines its three-
dimensional structure, as was shown 30 years ago by Afinsen and his co
workers. However, understanding how a protein folds to its native confor
mation still represents a major challenge to scientists. Protein folding is 
also a significant problem in biotechnology. The production of genetically 
engineered polypeptides frequently results in the accumulation of insolu
ble protein aggregates within the cells. These aggregates, known as inclu
sion bodies, must be solubilized and refolded to produce a biologically 
active product. The refolding process is often the critical bottleneck in the 
production of high-value proteins. 

Recently, our understanding of the forces governing protein folding has 
greatly improved because of carefully designed detailed studies of the 
folding of small globular proteins. However, some of these successes 
remain to be translated into technological advantages. 

This book attempts to bridge the gap between fundamental and applied 
studies on protein folding. Some of the issues addressed include in vivo 
protein folding, protein aggregation and inclusion body formation, eluci
dation of the folding pathway, characterization of folding intermediates, 
and practical considerations in protein renaturation. 

We gratefully acknowledge the assistance of many reviewers who pro
vided the authors with helpful comments and suggestions. We would also 
like to thank the ACS Books Department for their help throughout the 
process of editing this book. 

G E O R G E G E O R G I O U 
University of Texas 
Austin, TX 78712 

E L I A N A  D E  B E R N A R D E Z - C L A R K  

Tufts University 
Medford, MA 02155 

March 7, 1991 

ix 
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Chapter 1 

Inclusion Bodies and Recovery of Proteins 
from the Aggregated State 

Eliana De Bernardez-Clark1 and George Georgiou2 

1Department of Chemical Engineering, Tufts University, 
Medford, MA 02155 

2Department of Chemical Engineering, University of Texas—Austin, 
Austin, TX 78712 

In recent years protein folding has emerged as a central issue in cell physiology, 
immunology and biotechnology. In-vivo protein folding plays an important role in 
cellular responses such as the transport of polypeptides through membranes, cellular 
adaptation to extreme conditions, the assembly of viruses and multimeric enzymes and 
the destruction of aberrant polypeptides by proteases. Folding also appears to be 
directly related to certain disease states and immunosupression (1,2). 

In biotechnology the synthesis of biologically active recombinant proteins is the 
key issue for the production of commercially important polypeptides and when the 
expression of foreign genes is employed to manipulate the metabolism of the cell. 
Frequently, recombinant polypeptides are not able to fold properly within the host cell 
and form amorphous protein aggregates usually consisting of misfolded, often 
denatured polypeptides. These aggregates are known as inclusion bodies or refractile 
bodies since they appear as highly refractile areas when the cells are observed 
microscopically (3,4). The aggregation of recombinant proteins was first observed 
with human insulin expressed in Escherichia coli. However, it is now well established 
that inclusion bodies are formed in other gram-negative as well as in gram-positive 
bacteria (5,6). Furthermore, several recombinant proteins have been shown to 
accumulate in insoluble form in Saccharomyces cerevisiae, other lower eucaryots, 
insect cells and even animal cells (7,8). Aggregation is particularly important for the 
development and production of engineered proteins. Mutants (often called muteins), 
derived by amino acid substitutions of naturally occurring proteins and ab-initio 
designed polypeptides are frequently unable to fold properly within the cell. The 
folding pathways for such proteins can be different from their naturally occurring 
homologues. For this reason, it is often very difficult to recover biologically active 
proteins by conventional procedures, i.e. by solubilization of the intracellular 
aggregates in-vitro and renaturation. 

The formation of inclusion bodies is by no means an aberrant phenomenon related 
only to the expression of heterologous polypeptides. Protein aggregation in-vivo is 
also observed with native proteins in cells carrying certain genetic lesions or grown in 
stressful environments. Noteworthy examples of the latter include the accumulation of 
β-galactosidase in insoluble form in Escherichia coli cells grown in the presence of the 
amino acid pyromycin (9), and the formation of protein aggregates in cells subjected to 
heat shock (10). Thus, the formation of inclusion bodies of recombinant proteins is 
just one of the manifestations of protein misfolding. As will be discussed later, 
aggregation results from the accumulation of partially folded polypeptide chains that 

0097-6156/91/0470-0001$06.00/0 
© 1991 American Chemical Society 
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2 PROTEIN REFOLDING 

fail to reach the native conformation. The chapters by Mitraki et al. and Chen and 
King illustrate how the study of aggregation can provide important information on the 
mechanism of polypeptide folding within the cell. 

In biotechnology, the need to recover functional polypeptides from aggregated 
material has forced a réévaluation of conventional protein production and purification 
strategies. Normally, soluble protein products are purified from other cellular 
components by a series of chromatographic separations conducted under non-
denaturing conditions (11). The objective is to remove impurities while recovering the 
highest possible amount of active material. On the other hand, aggregated 
polypeptides are usually misfolded and therefore devoid of any biological activity. 
The key issue in product recovery is to reconstitute the correct three-dimensional 
conformation. In some cases resuspension of the inclusion bodies in buffers of high 
ionic strengths or in the presence of ion exchange resins is sufficient to solubilize the 
protein in an active conformation (12,13). In a recent study it was observed that 
protein aggregates of human apolipoprotein formed in the periplasmic space of E.coli 
could be solubilized by dilution (14). As a rule however, aggregated polypeptides 
must be first solubilized under denaturing conditions such as concentrated solutions of 
chaotropic agents, detergents, extreme pH or organic solvents. The yield of active 
protein following renaturation from the solubilized state can vary greatly depending on 
the amino acid sequence, refolding conditions and the presence of impurities 
(originating from the inclusion bodies). 

When a protein can be refolded at a high yield by using a straightforward 
procedure, then the formation of inclusion bodies is an advantage rather than an 
impediment for protein production. Soluble heterologous proteins are often 
susceptible to extensive degradation within the host cell (75). Proteolysis results in 
low yields of the desired products despite high rates of transcription and translation. 
Cheng et al. (16) have reported that intracellular proteases do not attack inclusion body 
proteins thereby increasing the stability of overexpressed proteins. Aggregation 
prevents degradation, presumably because protease sensitive sites become inaccessible 
(75). Not only will protein accumulation be greater in such systems, but losses due to 
proteolytic clipping will also be reduced. Clipped proteins, which are large fragments 
of a given protein that are not biologically active, often prove difficult to remove and 
act to complicate purification schemes. In fact, certain foreign polypeptides cannot be 
produced in intact form unless they are expressed in an aggregated, protease-resistant 
conformation. For this reason, proteins that are normally soluble within the host cell 
are sometimes purposely engineered to form aggregates (7). However, there are some 
instances where proteins in inclusion bodies are susceptible to degradation. Babbitt et 
al. (17 and this volume) showed that an E.coli proteolytic enzyme co-aggregates with 
creatine kinase inclusion bodies. This enzyme is activated upon refolding leading to 
extensive degradation. Bowden and Georgiou have found that TEM β-lactamase 
inclusion bodies formed under different expression conditions exhibit significant 
differences with respect to their resistance to trypsin in-vitro (unpublished 
observations). These observations indicate that the expression of polypeptides within 
protein aggregates does not always guarantee protection from degradation. 

The formation of inclusion bodies also offers distinct advantages for the 
production of proteins that are toxic to the host cell and cannot be expressed in active 
form. Finally, protein aggregation allows to monitor the productivity of recombinant 
bacterial cultures on-line. Intracellular protein particles are highly refractile and affect 
the light scattering properties of the cell (18). The light scattering distribution obtained 
from a cell sorting apparatus may be used for fermentation monitoring and control. In 
contrast, the amount of soluble proteins must be determined by time consuming 
procedures such as enzymatic assays or gel electrophoresis. 

The accumulation of recombinant proteins in an insoluble form offers even more 
significant benefits for downstream processing. Typically, the desired protein product 
represents at least 40 to 50 % of the total polypeptide content of inclusion bodies. The 
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1. DE BERNARDEZ-CLARK & GEORGIOU Inclusion Bodies & Protein Recovery 3 

protein aggregates can be easily separated from the soluble components of lysed cells 
by centrifugation or microfiltration. Non-proteinaceous impurities such as lipids, 
ribosomes and nucleic acids represent a small fraction of the nominal mass of the 
inclusion bodies (Valax and Georgiou, unpublished observations). Depending on the 
separation procedure, membranes and nucleic acids sometimes cofractionate with the 
protein particles and appear to be present in larger amounts. In any case, these 
impurities can be easily extracted from the inclusion bodies to provide a highly purified 
form of the product for subsequent steps. The aggregated protein is then solubilized 
under denaturing conditions. The product may be purified from residual polypeptide 
impurities in the denatured state by employing high resolution separation techniques 
such as hydrophobic or reverse phase chromatography. Finally the purified protein is 
renatured under conditions that ensure the highest possible yield of the biologically 
active species. 

It must be emphasized that the the expression of proteins in insoluble form is 
advantageous only when the recovery of the active product is sufficiendy high. 
Currendy several commercially important polypeptides including human insulin, 
somatotropins and interleukins are produced from Escherichia coli inclusion bodies. 
Although these are relatively small and simple molecules, there is increasing evidence 
that even complex monomelic proteins can be refolded in-vitro with reasonable 
efficiency. A very impressive example is the production of biologically active tissue 
plasminogen activator (TPA) from Escherichia coli inclusion bodies. The folding 
pathway for this monomelic protein is very complicated and depends on the correct 
pairing and oxidation of 34 out of the 35 cysteines of the molecule into 17 disulfide 
bonds. Nevertheless, high yields of active TPA at appreciable final protein 
concentrations (>100 μg/ml) have been obtained through the use of optimal conditions 
and an ingenious fed-batch refolding procedure (79). However, these impressive 
success stories should not obscure the fact that protein refolding remains a challenge. 
Complex proteins requiring the assembly of many subunits or the incorporation of 
prosthetic groups can rarely be reconstituted in-vitro. 

In summary, protein folding is presently a very significant issue in both 
fundamental and applied biological research. Progress in the efficient production of 
recombinant proteins depends closely on the understanding of the physicochemical 
interactions, genetics and biochemistry of the processes which are responsible for the 
generation of the correct three dimensional structure. This chapter is intended to 
highlight the key aspects of protein folding, aggregation and refolding both in the 
laboratory and in industry. 

Protein folding thermodynamics and kinetics 

The amino acid interactions that determine the formation of stable secondary and 
tertiary structures can only be characterized in a well defined chemical environment. 
For this reason, the energetic and kinetic aspects of protein folding have been deduced 
primarily from in-vitro experiments. 

The three dimensional structure of proteins in aqueous solutions is stable within a 
narrow range of temperatures, pH and cosolvent concentrations. Under these 
conditions the folded state is generally (but not universally) considered to be 
energetically favored, i.e. its Gibbs free energy is lower than any other possible 
conformation (20). A free energy minimum implies that the correcdy folded protein is 
in equilibrium with molecules in a non-native conformation. Relatively small 
perturbations in temperature or solvent conditions shift the equilibrium towards the 
non-native species. The folding transition is a highly cooperative process. For small 
proteins, the change in the fraction of native protein as a function of temperature or 
dénaturant concentration can be described well by a two state model. If the two state 
model applies, partially folded species missing some of the native interactions of the 
native protein should not be detectable at equilibrium. In contrast, larger proteins 
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4 PROTEIN REFOLDING 

often consist of structural domains which can form independently of each other. 
Species with a partially folded structure can be distinguished by spectroscopic 
techniques and can be populated (i.e. their relative concentration increased) at 
moderately denaturing conditions. 

The change in free energy that accompanies the transition between the unfolded 
and the folded state of die polypeptide is generally small, typically between 20-45 
KJ/mol. This free energy difference provides the driving force for folding. 
However, the transition from the unfolded state which approximates a random coil to 
an intricate three-dimensional structure, is a very complex process. The initial events 
in folding have not yet been clearly defined (27). It appears that folding begins with 
the formation of certain elements of secondary structure involving neighboring amino 
acids or the collapse of the polypeptide chain into a conformation that minimizes the 
exposure of hydrophobic amino acids to the solvent (the molten globule state). The 
molten globule model is supported by the results of recent experiments which have 
provided detailed information regarding the structure of folding intermediates (22). 
Specific interactions between distant parts of die molecule may serve to stabilize the 
folded structure. Kim and colleagues have demonstrated that the formation of 
secondary structure in different peptide segments of the bovine pancreatic trypsin 
inhibitor (BPTI) cannot occur unless the peptides are joined via the appropriate 
disulfide bonds (23,24). 

The rate of folding of different proteins can vary from less than one second to 
several hours and even days. Some polypeptides fold by two (or more) pathways 
which exhibit distinctly different kinetics (25). As a rule, folding is slow when it 
involves intermolecular interactions (e.g. assembly of polypeptide chains and 
prosthetic groups), rate limiting isomerization steps around peptide bonds or finally, 
covalent modification(s) of the polypeptide chain. When the rate of formation of a 
partially folded molecule exceeds the rate at which the subsequent rearrangement steps 
take place, then a kinetic intermediate accumulates at a detectable level. Depending on 
the pH, temperature and dénaturant concentration, the dissipation of such intermediates 
may take from seconds to hours. The folding pathway of many proteins involves the 
formation of several intermediates. Extensive studies by Creighton and others have 
illustrated the complex pattern of folding intermediates formed during the refolding of 
BPTI (20, 24). 

Kinetic intermediates can be identified by spectroscopic techniques or chemical 
trapping. However, their structural characterization has proved very difficult. 
Folding intermediates have an increased tendency to aggregate and therefore it is not 
possible to obtain the relatively concentrated solutions required for high resolution 
structural analysis by two-dimensional NMR. The problems related to structural 
studies of associated and aggregated proteins are discussed in a subsequent chapter by 
Katherine Schein. Recendy a very powerful technique was developed for monitoring 
the folding rates of different parts of the polypeptide chain. Detailed structural 
characterization of partially folded intermediates of small proteins such as 
ribonuclease, cytochrome c, apomyoglobin, barnase and lysozyme was obtained by 
trapping slowly exchanging protons and analyzing them using 2-D NMR (26-28, see 
also Elôve and Roder, this volume, for a detailed discussion). 

Protein aggregation is an important problem in renaturation studies. In-vitro 
folding and aggregation appear to be parallel processes (Mitraki et Û/., this volume). 
For monomelic proteins, folding is a unimolecular event exhibiting a first order 
dependency on the polypeptide concentration. In contrast, aggregation involves the 
interaction of at least two polypeptide chains and follows higher order apparent 
kinetics (29,30). Consequently, aggregation is favored at elevated protein 
concentrations. The relation between protein concentration and self association is 
particularly important in die context of folding within the cell. 
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1. DE BERNARDEZ-CLARK & GEORGIOU Inclusion Bodies & Protein Recovery 5 

Intracellular Folding Events 

The folding of proteins in the cell proceeds under conditions markedly different from 
those employed in refolding studies. Although little conclusive information is 
available it is generally thought that the in-vivo folding pathway is direcdy affected by 
the synthesis, covalent modification and localization of die polypeptide chain. 

The issue of whether the rate of translation is important for folding has been 
contested for at least two decades. Completion of the nascent polypeptide chain during 
ribosomal synthesis can take from seconds to several minutes depending on the size of 
the protein, the organism and the growth rate. Neighboring amino acids in the 
incomplete chain are likely to be able to participate in the initial events of folding such 
as the formation of certain elements of secondary structure (31). However, the 
relation between protein synthesis and folding is uncertain. There is at least one 
protein, the enzyme phosphoribosyl anthranilate isomerase from E.coli, for which it 
has been shown that translation is not coupled to folding (32). 

The localization of a polypeptide chain within a non-cytoplasmic cellular location 
can affect folding in a variety of ways. For steric and energetic reasons secreted 
proteins must be unfolded during transport so that they can snake through the lipid 
bilayer in a more or less vectorial fashion. The premature folding of newly 
synthesized secreted proteins in the cytoplasm is prevented by the signal sequence and 
through interactions with cellular factors such as chaperonins. The native 
conformation is obtained only after export has been completed. As may be expected, 
the vectorial transport of the amino acid chain through the membrane and the 
environment of secretory compartments exert a profound effect on folding. 

The removal of the signal sequence which directs the transport of secreted 
proteins is a critical step in protein export. Extensive studies by Randall, Hardy and 
coworkers have demonstrated that the leader sequence prevents the proper folding of 
the mature polypeptide within the cytoplasm (33,34)- For the E.coli β-lactamase, the 
presence of the leader sequence decelerates the folding kinetics but does not prevent 
the formation of the enzymatically active conformation (35). Bowden and Georgiou 
(36) showed that the mode of translocation of β-lactamase across the cytoplasmic 
membrane of Escherichia coli exerts a profound effect on the folding of the mature 
protein following secretion, presumably by affecting the unfolded state in the 
periplasmic space. 

The conditions in secretory compartments, for example pH, redox potential and 
macromolecular composition are considerably different from those of the cytoplasm. 
Secreted proteins are also subject to a variety of chemical modifications such as 
acylation, glycosylation, the removal of signal or leader peptides, and formation of 
disulfide bonds. Protein glycosylation which occurs in the endoplasmic reticulum of 
eucaryotic cells has been shown to affect protein solubility and folding (37). Even 
more importandy, the pairing and oxidation of cysteines to form disulfide bonds 
occurs primarily at non-cytoplasmic locations which have the proper oxidizing 
environment. Clearly, the temporal and topological sequence of post-translational 
modifications of the polypeptide chain must exert a significant role on the folding 
pathway. 

With the exception of disulfide bonds, all post-translational modifications musti>e 
catalyzed by cellular enzymes. The formation of disulfide bonds can occur at 
appreciable rates in the absence of enzymes and involves two steps: (i) the relatively 
rapid pairing of cysteines to form S-S bonds that do not correspond to those in the 
native structure and (ii) disulfide rearrangement (20). The isomerization of disulfide 
bonds to form the correct cysteine pairs that are present in the native protein is slow 
and represents an important rate limiting step in folding. For this reason the in-vitro 
refolding of polypeptides containing several cysteines is usually very slow and 
inefficient. In eucaryotic cells the formation of the correct disulfide bonds is 
accelerated by the enzyme protein disulfide isomerase or PDI (38,39). PDI is located 
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6 PROTEIN REFOLDING 

in the luminar side of the endoplasmic reticulum where the environment favors 
cysteine oxidation. It is a very abundant enzyme and represents up to 2% of the total 
protein of certain mammalian cells. At present, there is no clear evidence of a 
disulfide isomerase activity in bacteria. The absence of such an enzyme from E. coli 
may be partly responsible for the misfolding of heterologous proteins with many 
cysteines. 

Other than the formation of disulfide bonds, the only well characterized rate 
limiting step in protein folding is the cis-trans isomerization of the X-Pro peptide 
bonds. Nearly all peptide bonds in proteins are in the trans configuration except for 
about 7% of the X-proline bonds (X can be any amino acid) which are in cis (40). 
To form the correct stereoisomer, the C-N bond of certain proline linkages must be 
rotated by 180e. This process is slow and often determines the overall folding 
kinetics as is the case with ribonuclease T l (25). Enzymes with peptidyl-prolyl cis-
trans isomerase activity have been shown to accelerate folding by catalyzing the rate 
limiting isomerization step. So far, two classes of peptidyl-prolyl cis-trans 
isomerases (PPI) have been distinguished: enzymes inhibited by cyclosporin (25) and 
those inhibited by the synthetic compound FK506 (41, 42). Both compounds are 
potent immunosupressants indicating a strong link between protein folding and the 
regulation of the immune response. Recendy it was shown that at least one class of 
PPI's has been conserved from gram-negative bacteria to man suggesting that it must 
be playing an important role in cell physiology (43). However, preliminary studies 
have failed to demonstrate a relation between PPIase and the formation of inclusion 
bodies in E.coli (10). 

Although post-translational modifications influence the rate of protein folding, 
the main driving forces that determine the three dimensional structure of proteins do 
not involve the formation of covalent bonds (more information on the forces that 
determine folding can be found in a recent review by Dill, 44). Since the cell employs 
enzymatic mechanisms for the catalysis of reactions critical to polypeptide folding, it 
is reasonable to expect that some processes for facilitating non-covalent interactions 
must also be in place. Nevertheless, the idea that proteins interact and guide the 
proper folding of newly synthesized polypeptides is fairly recent and did not become 
accepted immediately. In 1983 Haas and Wabl demonstrated that the protein BiP is 
required for the assembly of immunoglobulins in the endoplasmic reticulum (45). 
Subsequent studies have shown that BiP belongs to a much more general class of 
folding-assisting proteins termed chaperonins (46). According to a general definition 
proposed by Ellis and Hemmingsen in 1989 (47), chaperonins are "proteins whose 
role is to mediate the folding of certain other polypeptides and, in some instances their 
assembly into oligomeric structures but which are not components of these final 
structures". Most, but not all, are induced by elevated temperatures and can be 
classified within three families of heat shock proteins (hsp's) based on molecular 
weight: hsp60 or the GroEL family, hsp70 and hsp90 (7, 48,49). Table 1 lists the 
known chaperonins and foldases of Escherichia coli and their functions. Chaperonins 
are involved in several important cellular functions including, the assembly of 
multimeric proteins, assembly of phages, protection of proteins from thermal 
deactivation (hence the induction of many chaperonins under temperature stress 
conditions), protein export from the cytoplasm and protein turnover. Furthermore, 
there is evidence that dnaK, an hsp70 member, can even mediate the ATP reactivation 
of aggregated proteins (50,51). The GroEL-GroES complex may also be able to 
exhibit a similar activity. The common theme in all these processes is a polypeptide 
folding/unfolding transition and this is where chaperonins come into play. The 
diverse functions of chaperonins are best illustrated into the following two examples. 

The assembly of multimeric enzymes requires very specific orientation of two or 
more partially folded subunits. The encounter and precise interaction of two large and 
complex macromolecules in solution is normally a low probability event. As a result, 
in-vitro in the absence of additional factors, the correct assembly of protein subunits 
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1. DE BERNARDEZ-CLARK & GEORGIOU Inclusion Bodies & Protein Recovery 7 

Table 1. Escherichia coli Foldases and Chaperonins 

Name Molecular Weight, (d) 
Subunit/Oligomer 

Functions 

GroEL 

GroES 

DnaK 

SecB 

58,000/812,0000 

10,000/70,000 

69,000 

17,000/119,0001 

Forms complex with GroES 
Secretion; Phage assembly 

Proteolysis; Reactivation of 
associated proteins (?) 
Secretion; Proteolysis; 
Deaggregation of aggregated proteins 
Secretion 

Trigger 
Factor 

63,000 Secretion; Regulation of cell wall 
synthesis 

PapD Assembly of pili 

Peptidyl-prolyl 18,500/? 
cis-trans isomerase 

Isomerization of Xaa-Pro 
peptide bonds 

! Approximate M.W. based on gel filtration chromatography 
D M.W. has not been reported 
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8 PROTEIN REFOLDING 

is inefficient and therefore non-specific aggregation of the polypeptide chains 
predominates, at least at physiological temperatures (48J52). This role of chaperonins 
was demonstrated in the assembly of the active 16mer of the chloroplast ribulose 
bisphosphate decarboxylase, or rubisco (Goloubinoff et al., this volume, 53,54). 
The formation of active rubisco in chloroplasts is facilitated by the rubisco binding 
protein. Similarly, the production of active rubisco in E.coli, requires the GroEL-
GroES chaperonin complex. It turns out that the rubisco binding protein and the 
bacterial chaperonin are homologous. The assembly of rubisco by the GroEL and 
GroES chaperonin complex, requires ATP and K+ ions. GroES associates into a 
heptameric complex whereas GroEL forms a 14mer consisting of two stacked rings of 
seven subunits each. Not surprisingly, the assembly of the GroEL complex itself is an 
autocatalytic process (55). Very litde is known about how chaperonins recognize and 
bind a variety of structurally diverse substrates or how they facilitate the assembly 
process. Based on studies with BiP and hsc70, two folding catalysts from 
eucaryotic cells, Rothman and colleagues have proposed that the role of chaperonins is 
to retain the subunit polypeptides in a partially unfolded conformation necessary for 
assembly (48). 

Chaperonins have a distincdy different role in protein secretion: they prevent the 
premature folding of the polypeptide chain in the cytoplasm and keep the protein in an 
"export competent conformation", i.e. sufficiendy unfolded to be able to pass through 
the cytoplasmic membrane. For example, die GroEL chaperonin binds to and arrests 
the folding of the precursor form of secreted proteins, /.^.containing the signal 
sequence (56). Hydrolysis of ATP is required to release the precursor protein and 
allow it to continue folding. Interestingly, when GroEL was incubated with the folded 
precursor of β-lactamase in the absence of ATP in-vitro it caused unfolding which 
could be reversed when ATP was added (56). A similar result has been observed with 
dihydrofolate reductase (Gatenby et al., in press). In addition to GroEL, at least three 
other chaperonins bind to protein precursors during transport (Table 1). Although 
chaperonins have somewhat overlapping specificities for protein substrates, some are 
more important than others (57). In Escherichia coli GroEL is essential for cell 
viability whereas mutants deficient in SecB or dnaK have been isolated but grow 
considerably more slowly. 

A relation between chaperonin-polypeptide interactions and the formation of 
inclusion bodies of recombinant proteins has been widely speculated (1,10) but no 
conclusive studies have been published so far. It is possible that aggregation occurs 
when a heterologous protein expressed in bacteria is either unable to bind to the host 
cell chaperonins or binds very tightly preventing dissociation and further interaction 
with newly synthesized molecules. Alternatively, even when proper binding can take 
place, the chaperonin concentration within the cell may be insufficient to cope with 
proteins expressed at high levels. Large differences in the extent of inclusion body 
formation are frequendy observed when a protein is expressed in different E. coli 
strains with very similar genotypes and growth rates. The extent of aggregation in a 
particular strain may be related to the level of synthesis of chaperonin proteins. As 
more information on intracellular folding becomes available, it may be possible to 
manipulate the extent of inclusion body formation. For example, heterologous 
chaperonins could be cloned in E. coli to facilitate the folding of desired products or 
the synthesis of native chaperonins may be amplified to meet the increased demand 
when a foreign protein is overproduced. 

The most extensively studied model for the study of folding and aggregation in 
vivo is the tailspike endorhamnosidase of phage P22 in Salmonella typhimurium 
(Mitraki et al. and Chen and King, this volume). The ratio of aggregated to native 
tailspike increases at elevated temperatures and is further enhanced by certain amino 
acid substitutions. These observations indicate that the extent of protein aggregation in 
the cell can be controlled by growing the cells at suboptimal temperatures or by 
selecting for mutants that exhibit a decreased tendency to form inclusion bodies. The 
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1. DE BERNARDEZ-CLARK & GEORGIOU Inclusion Bodies & Protein Recovery 9 

formation of inclusion bodies is often suppressed significandy by growing the cells at 
low temperatures (58 £9). Furthermore it has been shown that the culture pH, the 
addition of ions and non-metabolizable sugars in the growth medium can influence the 
extent of soluble protein production (7). However, there are many proteins whose 
folding is not affected by the fermentation conditions. Recently, Wetzel and 
colleagues developed a very versatile selection scheme for the selection of interferon-γ 
mutants which exhibit increased solubility in the cell relative to the wild type protein. 
Some mutants exhibited antiviral activity comparable to the authentic interferon-γ but 
were produced in soluble form even when they were expressed at a high level (60, R. 
Wetzel, personal communication). The isolation of folding mutants with altered 
solubility characteristics is a promising method for preventing the formation of 
inclusion bodies. 

Characteristics of Inclusion Bodies 

Although there are numerous reports on the aggregation of different proteins in 
bacteria and yeasts, there is surprisingly little information about the composition and 
physicochemical properties of inclusion bodies. In Escherichia coli inclusion bodies 
can form in one of two locations, the cytoplasm or die periplasmic space (61). 
Bowden et al. (62) have shown that the characteristics of the protein aggregates in E. 
coli depend on how the protein is expressed. Constructs coding for β-lactamase with 
the wild type or the OmpA signal sequence and with a complete deletion of the signal 
peptide were expressed at a high level causing the formation of inclusion bodies. The 
first two polypeptides accumulated in inclusion bodies in the periplasmic space and the 
latter in cytoplasmic aggregates. The inclusion bodies have distincdy different sizes 
and morphologies as evident from scanning electron microscopy observations (Figure 
1). These differences extend to the surface morphology, composition and probably 
the conformation of the aggregating polypeptides. 

Although inclusion bodies are generally amorphous, expression of insecticidal 
proteins in E. coli has been shown to result in the formation of crystalline, 
bipyramidal inclusion bodies in the cytoplasm when the cells were grown at 30°C (63). 
Growth at at 37°C induced the production of amorphous, spherical structures. The 
foreign potein corresponded to 70% of the total protein of these aggregates compared 
to 90% in the bipyramidal inclusion bodies formed at 30°C. 

The size distribution and density of inclusion bodies have been studied only for 
two proteins, calf prochymosin and γ-interferon (64). The mean particle sizes of γ-
interferon and prochymosin inclusion bodies were 0.81μπι with a standard deviation 
of Ο.Πμιη and 1.28μπι with a standard deviation of 0.46μηι, respectively. The 
buoyant density of the γ-interferon and prochymosin inclusion bodies was proportional 
to the density of the suspension medium indicating a relatively high voidage within the 
particles. The void fraction (=void volume/total volume) was 70% for γ-interferon and 
85% for prochymosin. 

The conformation of the polypeptide chains in the aggregates has not been 
investigated. In general, inclusion bodies are held together by non-covalent forces, 
mostly hydrophobic interactions. The cytoplasm of E. coli contains a rather high 
concentration of glutathione which normally prohibits the formation of disulfide bonds 
(40). As a result, proteins requiring disulfide bond formation for folding usually 
aggregate when they are expressed in the E. coli cytoplasm. Careful isolation of the 
inclusion bodies by sucrose gradient centrifugation showed that β-lactamase derived 
polypeptides constitute more than 95% of proteinaceous material of the aggregates 
(62). These results indicate that in some cases other cellular proteins are not 
incorporated into the aggregate and therefore the formation of these structures must be 
an extremely specific process. Furthermore, chaperonins such as GroEL or SecB 
could not be detected in the inclusion bodies by immunobloting indicating that they do 
not associate with aggregating polypeptides. 
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10 PROTEIN REFOLDING 

Figure 1. Scanning Electron Micrographs of β-lactamase inclusion bodies from 
Escherichia coli. Strain RB791 containing plasmid ptacll which allows the 
overexpression of the wild type β-lactamase or plasmid pGBl which codes for the 
mature polypeptide without its signal sequence (62) were grown in minimal media. 
24 hours after inoculation the cells were harvested by centrifugation, lysed and the 
inclusion bodies purified by sucrose gradient centrifugation. A: Inclusion bodies 
formed by the wild type β-lactamase in the periplasmic space. B. Aggregates 
formed in the cytoplasm of RB791(pGBl) cells. Bar is equal to 1 μιη. 
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1. DE BERNARDEZ-CLARK & GEORGIOU Inclusion Bodies & Protein Recovery 11 

Recovery of Proteins from Inclusion Bodies 

There are many advantages to expressing recombinant proteins in inclusion body form 
from a downstream processing perspective. The protein of interest usually represents 
more than 50 % of the total protein contained in refractile bodies. The initial 
purification steps involve cell disruption and separation of the insoluble refractile 
material from soluble cellular components. Such processes are considered to be 
relatively simple. Once the inclusion bodies have been isolated, they are solubilized in 
the presence of strong dénaturants and further purified in the denatured state. 
Purification sequences for inclusion body proteins generally require fewer steps than 
sequences for comparable proteins expressed in soluble form, which tends to save 
time and reduce losses. 

The most important step of the inclusion body protein recovery scheme is the 
refolding of the denatured protein to form a biologically active product. Refolding can 
be relatively simple, for small monomelic proteins, or quite complicated when the 
protein consists of more than one polypeptide chains or contains several disulfide 
bonds. Difficult refolding processes can result in overall low recovery yields of active 
protein. This limits the use of inclusion body processes for the production of some 
recombinant products. 

A general outline of an inclusion body protein recovery/purification scheme is 
presented in Figure 2. For a given protein, optimal conditions for each individual step 
have to be established and are a function of the composition of the starting material and 
the characteristics of the protein including protein size, the presence of inter and/or 
intramolecular disulfide bonds, the number and types of subunits in the protein 
molecule, and the presence of prosthetic groups. 

The first step in the purification scheme is the release of inclusion bodies from the 
cells. Cells are concentrated by either centrifugation or crossflow filtration and are 
subsequently resuspended in a buffer of suitable ionic strength (-0.4 - 0.6 M salt). 
Cells are then lysed using mechanical techniques such as homogenization or by 
chemical or enzymatic methods such as treatment with lysozyme and EDTA. Soluble 
cellular materials are removed from the inclusion body preparation by cycles of 
centrifugation and resuspension in buffer (65). Soluble materials may also be 
removed by diafiltration (66), which decreases the fixed and operating costs and is 
more amenable to scale-up. At the completion of this step, the resulting preparation 
contains essentially all the inclusion body protein with a small amount of 
contaminating cell debris. Differential centrifugation in a sucrose gradient may be used 
to remove contaminants such as cell debris and membrane proteins. In cases where 
the desired protein is partially produced in soluble form, its recovery in the inclusion 
body fraction can be enhanced by treating the cells with non-polar solvents (such as 
phenol or toluene) or detergent prior to disruption. This cell killing step has been 
successfully used to increase the recovery of human growth hormone from 
recombinant E. coli inclusion bodies (67-69). 

The purified inclusion body fraction is then solubilized and the residual insoluble 
material is pelleted and discarded. Solubilization of inclusion bodies is accomplished 
by using a combination of dénaturants to disrupt non-covalent interactions and thiol 
reagents or sulfitolysis to break disulfide bonds. 

The most commonly used denaturing agents are guanidine hydrochloride 
(GuHCl), urea, and ionic detergents. Chaotropic dénaturants such as guanidine 
hydrochloride or urea, act by disrupting noncovalent bonds between polypeptide 
chains in the native molecule (70). As was mentioned above, unfolding is a 
cooperative process. There is some disagreement as to the precise mechanism of 
unfolding by chaotropic agents (20). Binding of the dénaturant to protein molecules in 
the unfolded conformation is favored at high solute concentration (71). Typical 
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12 PROTEIN REFOLDING 

Cells containing inclusion bodies 

(1) Lysis/ homogenization 
(2) Centrifugation / filtration 

Pellet Supernatant 
(discard) 

(1) Washing 
(2) Solubilization 

/ S . (3) Centrifugation / filtration 

Pellet 
(discard) 

Supernatant 

(1) Refolding 
(2) Purification 

(1) Purification 
(2) Refolding 

Pure biologically active protein 

Figure 2. Inclusion body protein recovery scheme. 
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1. DE BERNARDEZ-CLARK & GEORGIOU Inclusion Bodies & Protein Recovery 13 

concentrations used to solubilize proteins are 4-7 M for guanidine hydrochloride and 
5-10 M for urea. 

Factors affecting protein denaturation in urea solutions differ in several respects 
from those influencing guanidine hydrochloride denaturation. Proteins in urea 
solutions are affected by the pH and ionic strength as a result of the electrostatic 
interactions between charged groups of the protein. These parameters are not as 
important in guanidine hydrochloride solutions which have a high ionic strength. Urea 
also has a tendency to undergo decomposition, especially at elevated temperatures 
(71). The reactive product of this reaction is cyanate ions which can react readily with 
free amines causing irreversible modification of the protein. Chemical modification of 
proteins in urea solutions is particularly important at neutral or alkaline pH. 

While the mode of action of detergents and organic solutes is similar in some 
respects, the interaction between protein and reagent is significandy different for each 
type of denaturing agent The binding between protein and detergent molecule is very 
strong and the conformational change between native and unfolded states occurs at low 
detergent concentrations. Detergents are used at concentrations in the range of 0.01 to 
2 percent by weight. Detergents, particularly SDS, are generally used to solubilize 
inclusion bodies as a pretreatment of samples for gel electrophoresis. However, they 
are not used for the recovery of active inclusion body protein because their can bind to 
the protein irreversibly (72). 

While dénaturants are used to disrupt non-covalent interactions during 
solubilization, reducing conditions are utilized to disrupt disulfide bonds. Thiol 
reagents such as β-mercaptoethanol (BME) and dithiothreitol (DTT) in the presence of 
a chelating agent such as EDTA are generally used as reducing agents in the cleavage 
of disulfide bonds. Typical concentrations are 0.1 M for DTT and 0.1-0.3 M for BME 
(73). An alternative method involves the use of sulfitolysis in the solubilization step, 
followed by sulfonate deletion in the refolding step (68). Sulfitolysis results in the 
transformation of the protein into its S-sulfonate form and is carried out by treating the 
protein with a mixture of a sulfite and a weak oxidizing agent. 

When inclusion body protein accumulation levels are high (> 50% total cell 
protein), removal of cell debris and soluble cellular materials may not be necessary. 
Inclusion body protein may be direcdy solubilized by treating the cell concentrate with 
a strong denaturing solution, such as 4 M guanidine hydrochloride (74). This 
alternative strategy drastically reduces fixed and operating costs by eliminating the cell 
disruption and centrifugation operations. However, it requires an initial separation step 
to remove the contaminating materials prior to renaturation. Although in most 
inclusion body protein recovery processes solubilization and renaturation occur in 
separate steps, it is possible to solubilize, oxidize and refold a protein in a single step. 
The inclusion body protein is placed in a buffer of sufficient denaturing power to keep 
all the intermediate configurations during oxidation/refolding in solution. Urokinase 
(67) and methionyl bovine somatotropin (Storrs and Przybycien, this volume) have 
been recovered from inclusion body preparations by this procedure. 

A different approach to a one-step inclusion body protein recovery process has 
been presented by Hoess et al. (12). Simultaneous solubilization and renaturation can 
be accomplished by incubating die inclusion body preparation with a strong ion 
exchange resin. This approach was demonstrated with the recovery of three proteins 
of different molecular size and complexity by incubating the inclusion bodies with a 
strong anionic resin (Q-Sepharose). The proteins recovered where the S V40 Τ antigen 
peptide Th, human interleukin 2 and the retroviral v-myb oncoprotein. It was also 
shown that the Th peptide can be effectively recovered from inclusion bodies by 
incubation with a strong cationic resin (S-Sepharose), indicating that adsorption of the 
protein to the ion exchanger is not essential for simultaneous solubilization and 
refolding. The mechanisms responsible for these phenomena are not yet known (72). 
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14 PROTEIN REFOLDING 

Refolding of inclusion body protein 

In theory, renaturation may be accomplished by removal of the denaturing agent. 
However, in practice, the problem is far more complex and suboptimal renaturation 
can often lead to protein aggregation and/or inactivation with a low recovery of 
correcdy folded protein. 

The degree of protein aggregation is dependent on environmental parameters. 
Often aggregation is reduced when the pH of the medium is far removed from the 
isoelectric point of the protein. However, much more complex relations between the 
solution pH and the degree of protein aggregation have been reported (75). 
Aggregation generally increases with increasing temperature due in part to an increased 
probability of collision between protein molecules at elevated temperatures. This 
behavior has been observed with many proteins including ovalbumin (76), 
phenylalanyl - tRNA synthetase (77) and Fab fragments (78). 

Protein concentration probably has the most important effect on aggregation. 
Since it is an intermolecular process, it exhibits a reaction order equal to or greater than 
two (30). As a result, refolding processes are conducted at low protein 
concentrations, generally in the range of 10 - 100 μg/ml (75, 79). The specificity of 
the protein-protein contacts in aggregation is an open question. For a long time the 
association of polypeptides during refolding was considered a non-specific process. 
However, London et al. (80) observed that the aggregation of tryptophanase following 
refolding from a 3M guanidine-HCl solution is not affected by the addition of bovine 
serum albumin or crude extract from E. coli cultures. They concluded that foreign 
proteins do not interact with tryptophanase monomers during refolding and 
aggregation is caused by incorrect but specific binding of the polypeptide chains. The 
specificity of aggregation was also observed with phosphoglycerate kinase (81). 
Finally, Brems and coworkers demonstrated that the formation of protein aggregates 
in renaturation experiments arises from specific interactions among partially folded 
intermediates (82-84). They showed that a folding intermediate of bovine growth 
hormone forms rapidly upon refolding from urea solutions. This intermediate has an 
extended structure in which a hydrophobic segment located between the amino acids 
110-127 is exposed to the solvent. At protein concentrations in excess of 0.2 mg/ml, 
intermolecular hydrophobic interactions lead to the formation of a dimeric intermediate. 
This dimeric species is the first step in the aggregation pathway (83). Protein 
association is enhanced when a lysine at position 112 is substituted with a 
hydrophobic leucine (84). On the other hand, the addition of a fragment of bovine 
growth hormone consisting of amino acids 96-133 to the refolding mixture prevents 
intermolecular interactions and the subsequent aggregation steps. Apparently, this 
peptide binds to the exposed hydrophobic domain of bovine growth hormone and 
protects it from associating with other partially folded protein molecules. 

Although aggregation is the predominant means by which proteins become 
inactivated during refolding, several other inactivation pathways have also been 
observed. Proteins can be inactivated by thiol-disulfide exchange or alteration of the 
primary structure by chemical modification of amino acid side chains. In addition, 
refolded proteins may be inactivate due to the absence of prosthetic groups and metals 
or because of improper association of the subunits in multimeric proteins (79). 

Proteins which are difficult to fold often contain disulfide bonds. However, the 
presence of disulfide bonds does not necessarily constitute a difficult refolding 
process. Salmon growth hormone has been successfully refolded without the addition 
of thiol reagents or other additives which promote thiol-disulfide exchange (85). Less 
than 2% of bovine growth hormone was found to be in an aggregated form when 
refolding was done without the addition of reagents which promote thiol-disulfide 
exchange (86). Of course this result is certainly not representative of all proteins 
which contain disulfide bonds. 
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1. DE BERNARDEZ-CLARK & GEORGIOU Inclusion Bodies & Protein Recovery 15 

The formation of cysteine pairs can occur through oxidation by air, through the 
presence of both reducing reagents and oxidized thiol compounds, and through the 
activity of proteins that catalyze the interchange of disulfide bonds. Air oxidation is 
the oldest technique used to renature thiol-containing proteins. Air oxidation of 
reduced proteins can be catalyzed by trace metal ions. Both C u 2 + and Co2"1* have been 
observed to be effective catalysts for the oxidation of cysteines in a number of 
proteins. The rate and yield of correcdy folded protein following air oxidation is 
usually disappointing. For example the renaturation of reduced RNAase takes several 
hours and results in only 10% yield of active protein (87). 

The rearrangement of disulfide bonds during protein refolding can be accelerated 
by facilitating thiol-disulfide exchange. Both the addition of a small quantity of 
reducing or oxidizing agent or the addition of a mixture of reduced and oxidized thiols 
act in a similar manner. The basic thiol exchange reaction involves the ionized form of 
the thiol and is therefore pH dependent. Typical reagents used in these reactions 
include β-mercaptoethanol (BME), dithiothreitol (DTT), and glutathione; the latter is 
the most commonly used. Typical concentrations are 1-5 mM thiol and 0.01-0.5 mM 
disulphide reagent. Optimum oxidation usually occurs with a 10-fold molar excess of 
the reduced thiol reagent relative to the molar concentration of cysteines in the protein 
(73). Disulfide-sulfhydryl interchange can also be accelerated by utilizing the 
reshuffling enzyme protein disulfide isomerase (88). Thioredoxin has also been 
reported to facilitate disulfide isomerization (87). However, in our experience, 
thioredoxin does not accelerate the refolding of RNAase with respect to air oxidation 
but not relative to redox buffers (Cronau and Georgiou, unpublished observations). 

In addition to pH, temperature and protein concentration, other factors that have 
to be considered in maximizing refolding yields include protein purity and the rate of 
solubilizing agent removal. Although it has been suggested that the removal of 
contaminants prior to refolding may result in an increase in the overall renaturation 
yield (89), Buchner and Rudolph (78) found that the homogeneity of the inclusion 
body preparation has no effect on the recovery of functional recombinant F ab 
fragments. Nevertheless, many processes involve an initial purification step before 
removal of the solubilizing agent (69,90). When guanidine hydrochloride and 
detergents are used for solubilization, the initial purification step is gel filtration 
chromatography. Ion exchange chromatography can also be used when urea is the 
solubilizing agent, resulting in the simultaneous removal of nucleic acids, 
phospholipids and electronegative contaminant proteins (97). Hydrophobic and 
reverse phase chromatography has also been used for the purification of proteins in the 
denatured state (92). 

In order to maximize refolding yields, conditions must be established so that the 
kinetic competition between folding and inactivation/aggregation reactions favors 
folding. Since the kinetic constants in the refolding pathway are a strong function of 
the concentration of solubilizing agents, the rate at which these agents are removed 
affects the rate of accumulation of folding intermediates, and thus, protein inactivation 
and aggregation. The selection of an optimal rate of solubilizing agent removal and its 
implications are discussed by Vicik and De Bernardez-Clark (this volume). 

The removal of the solubilizing agents can be accomplished by a variety of 
techniques. These include dilution, dialysis, gel filtration, diafiltration and 
immobilization on a solid support. Dilution is the simplest way to initiate refolding 
and has been used extensively (93,94). However, downstream processing volumes 
are large, increasing purification costs. Dialysis allows for separation of substances 
by means of a semipermeable membrane. In principle, smaller molecules and ions 
diffuse through the membrane readily, whereas larger molecules and colloidal particles 
pass through slowly or not at all. Examples of proteins which have been refolded 
using dialysis are the E. coli tryptophanase (80), bovine growth hormone, urokinase 
and FMD virus protein type A (67-69, 95,96). While the refolding of polypeptide 
chains using dialysis can result in biologically active proteins, this diffusion limited 
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16 PROTEIN REFOLDING 

process is very slow. Because of the characteristically slow processing times, dialysis 
is not used in large scale production processes. 

The refolding of a given protein through a reduction in dénaturant concentration 
may also be accomplished through gel filtration. The continuous addition of buffer 
during size exclusion chromatography acts to dilute the dénaturant The protein exiting 
a column is normally more concentrated and purer than the material loaded. However, 
it should be noted that the loss of protein solubility or aggregate formation during 
dénaturant removal could cause flow restrictions within die column. Amons and 
Schrier (97) have effectively used gel filtration to remove SDS from proteins after the 
protein had been dissociated from the detergent with propionic acid. 

Diafiltration is traditionally used for buffer exchange, the new buffer is 
continuously added while the old one is removed at an equivalent rate, thereby keeping 
the protein in a constant volume environment. Diafiltration through a semipermeable 
membrane selectively removes dénaturant and other small molecules while retaining 
the protein of interest. These attributes make it attractive for large scale processing. 
Diafiltration has been used in the refolding of prorennin (68) and interferon-β (98). 

In order to reduce interactions between protein molecules, and thus prevent the 
formation of aggregates, proteins can be refolded while immobilized on a solid 
support. Sinha and Light (99) have refolded trypsinogen with 60-70% yields and 
trypsin with 50% yield by first binding the protein to agarose beads and subsequendy 
refolding it in the presence of mercaptoethanol or a mixture of reduced and oxidized 
glutathione. Creighton (100) proposed the use of ion-exchange resins as solid 
supports for the refolding of proteins denatured by urea. Folding was induced by 
gradually altering the solvent. High yields were obtained in the refolding of 
cytochrome c but it was observed that binding of the protein to the resin interferes with 
the refolding of BPTI. Furthermore, only 10% renaturation yield was obtained in the 
refolding of α-lactalbumin and lysozyme. This was attributed to a combination of 
protein aggregation and interference in folding by adsorption of the protein to the 
resin. 

Another technique to reduce the aggregation of proteins during refolding is 
through treatment with citraconic anhydride. Addition of this reagent changes the 
positively charged amino group of residues such as lysine to a negatively charged 
carboxylate ion. This change reduces protein-protein interactions which depend on 
electrostatic effects. The citraconic anhydride-protein interaction is readily reduced at 
low pH (101). Light (102) has used this approach to refold trypsinogen. 

Refolding yields can be improved by utilizing "defensive reversible denaturation". 
This technique has been shown to be effective in restoring the activity of denatured 
interferon preparations (103). It was observed that interferons denatured by a variety 
of techniques can be partially refolded by incubation in low concentrations of urea. 
When SDS was added to the urea-interferon solutions prior to renaturation, full 
activity of the interferons could be restored. Stewart et al. (103) interpreted the 
stabilizing effect of SDS as "defensively" denaturing the protein solution. 

When protein aggregation occurs under native conditions, refolding yields can be 
improved by incubation of the protein in non-denaturing concentrations of chaotropic 
agents. Refolding yields of chymotrypsinogen from 6M GuHCl were optimized by 
incubating the protein solution in 1.2M GuHCl in the presence of reduced and 
oxidized glutathione (104). Similarly, Tsuji et al. (105) found that oxidation of 
interleukin 2 during refolding has to be carried out at intermediate concentrations of 
GuHCl (2 M) in order to minimize aggregation. Incubation at intermediate dénaturant 
concentrations during oxidation was also used to improve TPA refolding yields (106). 

Labilizing and stabilizing agents have also been used to enhance renaturation 
yields. Preferential destabilization of incorrecdy folded species can be accomplished 
by addition of labilizing agents, such as L-arginine, during refolding. Buchner and 
Rudolph (78) studied the effect of labilizing agents on the refolding of recombinant 
fragments. They found that the most pronounced effect on yield was achieved by 
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1. DE BERNARDEZ-CLARK & GEORGIOU Inclusion Bodies & Protein Recovery 17 

adding L-arginine to the renaturation buffer. Concentrations of L-arginine in the range 
of 0.35 - 0.5 M resulted in a 60% increase in the refolding yield. Conversely, 
intermediates can be protected from self-association by stabilizing agents. Cleland and 
Wang (107) showed that bovine carbonic anhydrase Β refolding rates can be 
significandy increased by adding polyethylene glycol (PEG) to the refolding buffer. 
The presence of PEG also prevented the formation of aggregates during refolding. 
Hershenson et al. (98) obtained high renaturation yields of interferon-β when 
stabilizing agents were added to the refolding buffer. Among the stabilizing agents 
utilized are detergents (such as Trycol, Durfax, Pluraface, and Tween) and sugars, 
alcohols and polyols including glycerol, sucrose, isopropanol and PEG of 100-2000 
MW. Finally, Valax and Georgiou (this volume) showed that the addition of sucrose 
or other sugars in the refolding buffer increases the recovery of active β-lactamase 
following dialysis from guanidine-HCl solutions. 

Conclusions 

The formation of protein aggregates or inclusion bodies is a widespread phenomenon 
that occurs not only during the expression of recombinant proteins but also under 
physiologically relevant conditions. It is generally thought that protein aggregation in-
vivo, as well as in-vitro, results from the failure of a polypeptide intermediate to 
complete folding leading to self-association. The accumulation of proteins in inclusion 
bodies is related to the polypeptide sequence, expression rate, availability of 
chaperonins and the growth environment. To an extent all these factors may be 
manipulated to influence the solubility of the protein within the cell. 

Although the formation of inclusion bodies may seem undesirable, there are many 
advantages to expressing recombinant proteins in refractile form, especially in 
downstream processing. However, the application of inclusion body processes has 
been limited by the low yields obtained in the refolding step. Since the factors that 
determine protein folding are not completely known, no general rules or procedures 
have been established for recovery of inclusion body proteins in high yields. 
Numerous techniques have been explored to improve refolding yields and some 
guidelines for developing an efficient refolding procedure have been established based 
on these techniques. As our understanding of protein folding improves, the recovery 
of functional proteins from the aggregated state is likely to become increasingly 
simplified. 
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Chapter 2 

Physical Methods and Models for the Study 
of Protein Aggregation 

Catherine H. Schein 

Laboratory for Organic Chemistry, Swiss Federal Institute of Technology 
(E.T.H.), CH8092 Zürich, Switzerland 

Of course the chicken had to come first, 
for how else would the egg know what it had to look like? 

Two of the major problems in refolding proteins from "inclusion 
bodies", the insoluble particles formed in bacterial cells producing 
recombinant proteins, are precipitation during the refolding process 
and chemical alteration of the protein during the fermentation, 
denaturation step, or purification. Precipitation can occur at any point 
in protein purification, so it is important to define the solubility limits 
of the protein as soon as practicable during the isolation. Physical 
methods for following the course of aggregation and for detection of 
modified forms of recombinant proteins are summarized. 

As the limited solubility of recombinant proteins is a major problem in their 
purification and use^, we would like to determine why some proteins form 
aggregates rather than their native soluble state. Aggregation can occur at any point 
in the purification and storage of a protein, but is frequentiy ignored unless a 
precipitate is seen. Besides interfering with many purification steps, aggregation of 
proteins lowers process yields and the specific activity (units/mg pure protein) 
attainable. Many "new" spectral methods can be used to determine the presence of 
aggregation before visible precipitation occurs. Spectral measurements can also be 
used to discriminate between native and denatured forms of the protein and thus to 
follow the course of refolding or to check for structural lability during storage. 

Table I summarizes physical methods available for following the course of 
aggregation, determining the structure of protein precipitates, and characterizing the 
native state structures of proteins. Most of these techniques are old workhorses that 
have been taken from chemistry and physics and adapted for biochemistry. The 
solution spectra of proteins are very complex due to the large number of different 
side chains and the size of the molecules themselves. Fortunately, a few 
researchers find such systems a challenge; protein NMR would not be possible today 
without the theoretical underpinnings developed by physicists/physical chemists and 
the biochemists 2,3 w h 0 p U t t h e methods to the test. Recent improvements in 
vibrational spectroscopy, mass spectrometry, and laser light scattering at both the 
measurement and the interpretation level mean that they can provide much better 
characterization of protein structure in solution or solids. To take advantage of these 
methods, lab equipment in the 1990's will need to be updated and biotechnologists 
must become a bit more conversant in the relevant theory. 

0097-6156/91/0470-0021$06.00A) 
© 1991 American Chemical Society 
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2. SCHEIN Physical Methods and Models for Aggregation Study 23 

This does not mean that physical measurements can stand alone. The 
characteristics of a protein that may lead to aggregation are precisely those that are 
hardest to determine with spectroscopic methods: patches of amino acids that may 
attract other areas of the protein; conformation of the main chain that limit flexibility; 
acceptance of alternate hydrogen bond donors from the solvent in place of the 
intraprotein contacts of the native state; groups on the surface that form covalent or 
ionic linkages if brought within a close enough distance to another molecule; 
hydrophobic or ionic attachment of side chain residues to the glass or plastic 
receptacle4; proteolysis of N- and C- termini due to traces of protease in the 
preparation; deamination or oxidation of side chains. For this reason, physical 
methods give the most meaningful information when combined with information 
from site directed mutagenesis or antibody studies. 

Comparative sequence analysis of even well described inter-protein 
interactions (i.e., from X-ray structure of multi-domain or subunit proteins) has 
only recently been possible; initial results have however shown some common 
features of quaternary interactions .̂ There is hope that interactions in naturally self-
associating proteins will be similar to those that lead to irreversible interactions in 
refolded proteins, and that one can then use this knowledge to prevent precipitation. 
For example, fibrin clots can be dissolved by adding the tetra-peptide Gly-Pro-Arg-
Pro, the amino acids at the N-termini of fibrinogen molecules after thrombin 
cleavage**. A related peptide, Arg-Gly-Asp-Ser, from the carboxy- terminus of 
fibrinogen, inhibits platelet aggregation?. 

Model systems for the study of irreversible protein aggregation 

There are many ways that a protein can form contacts with itself; thus results 
from one model system may be very difficult to transfer to another. For example, an 
early assumption that inclusion bodies of recombinant proteins were due to 
hydrophobic interactions similar to those of membrane protein aggregates led to the 
use of purification protocols based on those used to dissolve proteins in cell 
membranes. But one generally cannot use membrane protein purification protocols 
for the isolation of IB protein, for the simple reason that the aggregates differ in their 
structure and the mechanism of formation**. Native membrane proteins have 
hydrophobic patches on their surface that enable them to interact with lipids in the 
membrane; well chosen detergents replace these interactions and allow the protein to 
be isolated^. Detergents encourage proteins to unfold by serving as an alternate 
binding site for hydrophobic residues that should be "buried" within the native 
protein; thus they can prevent the proper refolding of proteins after denaturation. 

A single mechanism will not describe even the "controlled" aggregation of 
proteins in nature. A single viral coat protein, for example, may form several 
different contacts with itself and other proteins, depending on its final position 
within the shell structure Indeed, the original postulate of "quasi-equivalent" 
binding at lattice points in virus capsules was modified to "non-equivalency" when 
the first structure was solved at atomic dimensions. For example, the coat of Tomato 
bushy stunt virus consists of 180 identical subunits of a 43 kD protein which self-
interact at lattice points in at least three distinct wayŝ  

Although cell membrane proteins interact with each other and lipid 
components to allow maintenance of a negatively charged, hydrophobic bilayer that 
permits the entry of nutrients but keeps the nucleic acids of the cell from escaping1^ 
the contacts formed are not exclusively "hydrophobic". Several parts of the 
sequence must interact with a series of other molecules in order for the protein to be 
properly placed within the membrane: amino terminal leader peptides target the 
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24 PROTEIN REFOLDING 

protein to the membrane, "stop-transfer" and "insertion domains" (hydrophobic 
stretches separated by polar regions) allow interaction with lipids, and other amino 
acid sites (many as yet unidentified) serve as sites for attachment of linkers 
molecules like fatty acids !3. 

In view of the diversity of possible inter-protein contacts, the best method for 
dealing with aggregation problems is to study the protein at hand. The most 
important step is to prepare a good phase diagram of the protein in terms of its 
solubility as a function of salt, pH and other co-solvents 8. When this is done, 
laser light scattering techniques can then be used to follow aggregation or vibrational 
spectroscopic methods used to characterize the spectrum of the protein in different 
environments. The following examples suggest ways of combining methods to 
obtain maximum information. 

Physical methods for studying aggregation 

Traditional: 
Of the commonly used spectral methods, UV and fluorescence spectroscopy 

of non-modified proteins are limited as the spectra usually consist of fairly wide 
bands, attributable largely to the tryptophan content of the protein. Visible spectra 
can be used to follow an increase in turbiditry with time but give litde qualitative 
data. Stopped-flow turbidimetry has been used to derive a kinetic model for the 
precipitation of α-chymotrypsin by different salts14. Circular dichroism (CD) is the 
most commonly used method to determine peptide secondary structure, but can only 
determine what percent of the structure of a larger protein is in a particular 
conformation. Even this determination is open to debate, as there is no clear 
"random coil" reference structure for use in deconvoluting the spectrum15. 
Vibrational CD spectroscopy in the amide 1 band region may give more 
information16. CD is most useful for following the course of denaturation under 
conditions where aggregation can be ignored or for establishing that a protein has 
refolded properly when a reference spectrum of the native protein is available. For 
example, CD has been used to demonstrate that addition of polyols increases the 
concentration of guanidinium hydrochloride needed to denature lysozyme or 
ribonuclease1?, and (coupled with UV difference spectra) to show conformational 
changes in ovalbumin during freeze denaturation !8 . Residual structure in fragments 
of Staphylococcal nuclease was demonstrated by comparing their CD spectra with 
the spectrum of the full length wild type protein1* 

The traditional method to determine the presence of aggregation after 
differential centrifugation is gel electrophoresis (also coupled with immunoblotting or 
isoelectric focusing19); inclusion bodies have been shown to contain non-SDS/ 
mercaptoethanol separable protein-polymers^,^! by this method. The low pH and 
C a 2 + dependent aggregation of secretogranin II was observed in vitro by 
centrifuging samples after dialysis against various buffer solutions and observing the 
protein content of the pellet and supernatant fractions^. (The authors concluded that 
the observed aggregation may be essential for protein sorting to secretory granules, 
as the in vivo packaging of secretogranin could be prevented by neutralizing the pH 
of acidic compartments of the cell with ammonium chloride.) Methods based on gel 
electrophoresis are convenient to use for initial solubility determination as they 
require very litde protein and can be used with complex protein samples. 

Another method which requires litde protein is electron microscopy (EM), 
which has long been the tool of choice for the characterization of cell organelles and 
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2. SCHEIN Physical Methods and Models for Aggregation Study 25 

non-crystalline complexes. The method was used to demonstrate in vitro 
reconstruction of organelles such as Salmonella flagellar filaments (phosphotungstic 
acid stained preparations)2 3 and microtubules (frozen-hydrated or 
glutaraldehyde/tannic acid fixed and stained)24. In the latter study, the authors were 
able to distinguish three classes of microtubules differing by only one protofilament, 
and both preparation methods showed the same results. Assuming that the 
precipitate is stable to the sample preparation conditions, stained thin sections, 
scanning, or cryo-electron micrographs can be used to characterize its size and 
shape. A three dimensional interpretation of two dimensional data can be obtained 
from micrographs made before and after tilting the specimen (which can be fixed on 
a special tiltable platform). For example, a structure at 37 Â resolution for ribosomes 
from rabbit reticulocytes (which have not yet been successfully crystallized like the 
ribosomes of thermophilic and halophilic bacteria discussed later) was calculated 
from electron micrographs of uranyl-acetate stained single-particle specimens2^. 

One recent study followed the growth of lysozyme crystals by stereo-electron 
microscopy . The crystals were frozen at various stages of growth ( the growth rate 
of the crystals was regulated by varying the concentration of protein in the mother 
liquid) in liquid xenon and platinum-carbon replicas were prepared of the growing 
crystal surface. Nucleation sites were then calculated (using a simple model) from the 
superposition pattern of the monomolecular-layers observed. The nucleation sites 
per crystal so estimated were exponentially related to the lysozyme concentration in 
the mother liquor. The same technique could also be used to follow the aggregation 
of tomato bushy stunt virus. 2*> 

Exciting results have recendy been obtained using electron cryo-microscopy to 
generate electron diffraction patterns for obtaining medium- to high-resolution 
molecular images of crystalline specimens. For example, purple membranes from 
bacteria are a natural two-dimensional crystalline array of lipids and 
bacteriorhodopsin. As the array is only one unit cell thick, it is not suitable for X-ray 
analysis but yields electron diffraction patterns with spots to beyond 4À resolution. 
By tilting the sample, one alters the focus to obtain a series of patterns that represent 
progressive planes at various heights of the specimen. From these overlaying 
planes, a 3-dimensional model, primarily based on the bulkier and aromatic amino 
acid side chains, has been suggested for the structure of bacteriorhodopsin in the 
membranes2?. A projection map to 4Â of an α-helical coiled-coil protein from insect 
eggs has also been determined from high-resolution electron microscopy of 
microcrystals2^. 

"New" methods: 
Because even a small protein will have many different absorbing (or 

resonating) parts, IR (and Raman) spectral data represent an average of signals 
coming from diverse sites in the protein. The overlap of these signals can make the 
spectrum so broad as to appear meaningless. The spectra can, however, be 
deconvoluted, by fitting a linear superposition of model spectra to the averaged 
spectrum to extract the overlapping waveforms. Deconvolution requires knowing 
the frequencies where the individual parts of a protein will absorb. This 
determination has been attempted using model proteins where the structure has been 
determined by X-ray crystallography. Deconvoluted spectra in the amide I band 
region (between 1620 and 1700 cm"1), have been used to make secondary structure 
interpretations in terms of % α-helix, β-sheet, etc. 29,30. it has been suggested that 
the spectral interpretation can be made more accurate by factor analysis^1. 
Deconvolution of other spectral areas may yield more information on side chain 
interactions as well, but the model systems must be developed. Site specific isotopic 
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26 PROTEIN REFOLDING 

labelling of enzymes like that used for NMR^2

f33 c a n in theory be used to resolve 
selected peaks in the spectrum; this approach has already been applied to ^ C - and 
2H-labeled phospholipids^4. 

Highly concentrated protein solutions, thin protein films, or precipitate 
suspensions in various solvents can be used for Fourier transform infrared 
spectroscopy (FTIR) . Great care should be taken in interpreting deconvoluted 
spectra; the basic data is still only one curve. Using IR difference spectra avoids the 
possible errors of deconvolution, but the protein environment during the 
measurement must be absolutely controlled to obtain meaningful data. 

"Resolution enhancement techniques" may give IR an advantage over CD in 
distinguishing fine differences in structure. For example, the X-ray structure of the 
Ca2+ binding protein α-lactalbumin contains both relatively long stretches of 310-
helix and normal α-helices. FITR spectra of α-lactalbumin in D2O show a band at 
1639 cm" 1 that is probably attributable to the 3io-helices as well as bands at 1651 
and 1659 cm"1 that are attributable to a-helices^S. in a study of the pressure-
induced denaturation and "formation of a white gel" of chymotrysinogen, changes in 
the amide Π band at 1550 cm"1 (which includes the C-N stretching and N-H in-plane 
bending vibrations) during hydrogen exchange time course were followed. The 
amide Π band switches to 1457 cm"1 when the amide groups are deuterated; if the 
protein is placed in deuterated water (D2O), the peak position shifts as the protein 
denatures and more of the internal ("buried") hydrogen atoms exchange. If the 
pressure was changed gradually, the protein denatured at a higher pressure (5.5 
kbar) than after rapid compression increase (ca. 3.7 kbar). The authors concluded 
that the secondary structure alterations induced by pressure denaturation are different 
than those observed after thermal denaturation of both chymotrypsinogen and 
lysozyme. 36 One drawback of the method is the very high protein concentration 
used (100 mg/ml), which is difficult to attain for most proteins and would certainly 
give aggregation problems if thermal denaturation studies were attempted. 

Oriented membrane proteins, membrane fragments, or proteins in a micelle 
environment can also be analyzed using "infrared attenuated total reflection 
spectroscopy" (IR-ATR). Here, the sample is coated onto an optically transparent 
germanium plate instead of being sandwiched between cells. The infrared beam is 
reflected within the plate and up through the sample. Multiple internal reflections 
along the plate greatly increases the sensitivity of the method. As ATR 
measurements are less impeded by water than transmission IR, the changes in the 
protein with environmental alterations are easily followed by means of difference 
spectra^?,^ 

Laser light scattering methods are all based on the same principle: when a 
beam of light impinges on a molecule, a small fraction of the light is scattered by the 
molecules. Light scattered at approximately the incoming frequency is measured in 
classical ("elastic") and quasi-elastic (dynamic) light scattering. An even smaller 
fraction of the light is scattered at frequencies higher (anti-Stokes) and lower 
(Stokes) than the incident beam. These scattered intensities are measured in Raman 
scattering, which has many variations. Obviously, the sensitivity of scattering 
measurements is dependent on the quality of the incident beam. Lasers give a 
coherent, high intensity, monchromatic beam; one limit on the method is that the 
intensity should not be high enough to damage the sensitive biological specimen. 

For elastic (Classical, static) light scattering, the scattering of a beam of 
polarized laser light as it passes through the sample is measured and the obtained 
"scatter factor" (scattered intensity or Raleigh ratio) can be used to calculate both the 
weight average molecular weight of the particles in solution as well as the radius of 
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2. SCHEIN Physical Methods and Models for Aggregation Study 27 

gyration. To obtain the molecular weight of a particle, one measures the scattering 
factor at several different scattering angles (Θ) and then plots the scattering factor as a 
function of the θ. Extrapolating back to θ=0 will yield die molecular weight 

In a study of monoclonal antibody aggregation in the presence of antigen, the 
estimates of the molecular weight and the radius of gyration in solution, as measured 
by classical light scattering, agreed very well with those estimated from electron 
micrographs of the same aggregates^. The aggregation of low density lipoprotein 
(LDL) induced by acetylation, carbamylation, maleylation, or oxidation, was 
evaluated by laser light transmission fluctuation. The authors report that aggregated 
LDL, but not unmodified monomer, stimulates the uptake of cholesteryl esters in 
arteriosclerotic cells 40. 

The difference between elastic and "quasielastic" measurements is that in the 
latter, small changes in the frequency due to the translational ("Brownian") 
movement of the scattering particles are also measured. The broadness of the 
intensity distribution of the emitted light for frequencies around the primary 
monochromatic beam frequency is direcdy related to the diffusion coefficient of the 
particles, which can then be related to the hydrodynamic radius if a model for the 
particle shape is available 4 1, 4 2. Dynamic light scattering can thus be used to 
follow the kinetics of particle coagulation by following the decrease in diffusion 
coefficient as the particle size increases4^. 

Dynamic light scattering data can be used to determine particle diffusion 
coefficients as a function of time, but there are problems with determining the shape. 
Related information from other methods, eg. electron microscopy or classical light 
scattering, that suggest a particular geometry for the aggregates and a theoretical 
model, is needed in order to use the diffusion coefficient to determine the dimensions 
of the particles. For example, the aggregation of bovine α-crystallin, purified from 
fetal tissues, has been studied with both classical and dynamic light scattering. For 
data interpretation, the particle geometry was assumed to be a wormlike chain, with 
a chain diameter based on EM, and a value for the persistence length which was 
treated as a free parameter. A quantitative comparison of the light scattering data and 
the data from E M indicated that the sample preparation methods used for (negative 
staining) EM had induced some particle breakdown, thus illustrating the advantage of 
using several characterization methods (P. Schurtenberger and R.C. Augusteyn, 
manuscript in preparation). Alternatively, if one only wants to compare scalar 
measurements for a series of samples, dynamic light scattering measurements of 
antibody-antibody complex formation have been interpreted by treating the particles 
as having "fractal" dimensions rather than a defined geometric shape44. 

Dynamic (quasi-elastic) laser light scattering is one of the few methods that 
can be used to study the course of aggregation in any solvent. This method is 
particularly suited to study samples in different buffers as long as one can measure 
the viscosity accurately. Fibrin is a good model system as there are several ways to 
induce the build up and break down of aggregates and the site of aggregation has 
been biochemically characterized. A combination of dynamic and static light 
scattering measurements done after induction of fibrin clotting by addition of 
thrombin or reptilase under controlled conditions yielded data that could be used to 
model fibrin polymerization. The results were correlated with antibody studies of 
samples taken at various points during the measurements that followed the 
conversion of fibrinogen to fibrin monomers**. 

A major question in protein chemistry is: why does one salt (or salt 
concentration) induce crystallization while most other conditions lead to precipitation 
of a concentrated protein solution? A quasi-elastic light scattering study of the effect 
of salts on lysozyme and concanavalin A precipitation concluded that salts that 
encourage precipitation lead to an increase in macromolecule polydispersity and size 
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28 PROTEIN REFOLDING 

with increasing concentration. Salts that lead to crystallization, on the other hand, do 
not encourage an increase in particle size and the translation^ diffusion coefficients 
do not decrease as the salt concentration is raised4^. Light scattering studies of 
solutions of canavalin in a fixed salt concentration (where the protein was known to 
form rhombohedral crystals) showed that at pH 7, three clearly defined domains of 
behavior were seen as a function of protein concentration. At low concentration 
(0.12% w/v), the particle diameter measured was 14-36 Â and incubated samples 
remained clear for 104 days. In zone B, (>0.12 to <0.2% w/v), particle size and 
polydispersity increased very rapidly with small increases in protein concentration. 
The average particle diameter was 181 À but the range was from 44-214Â, and 
incubated samples contained precipitate and "deformed aggregates" . Above this 
protein concentration, the particle sizes were between 200 and 290 Â, with no further 
defined increase in size with concentration. At 0.3% w/v protein, the mean particle 
size was 238 Â, which approximates the diameter of an aggregate of 8 canavalin 
trimers when placed at each lattice point of a rhombohedral cell. As solutions with 
>0.3% protein formed crystals at these conditions, the authors assume such 
aggregates are the nucleation sites for crystallization. With non-optimal NaCl 
concentrations, the aggregate size increased much more slowly as a function of 
protein concentration4**. 

Raman Spectroscopy has been used extensively to study the quaternary 
interactions of hemoglobin and to compare the secondary structures of proteins under 
various conditions4?,4^. it has the disadvantage that protein solutions must be 
highly concentrated to obtain meaningful data, as the scattered light intensity 
correlates direcdy with the protein content of the sample. For example, 10-20% 
solutions of α-chymotrypsin and chymotrypsinogen were used for a Raman 
spectroscopic analysis of secondary changes induced by pH and pressure4^. 
However, precipitate samples can be analyzed direcdy. Raman spectroscopy has 
been used to show a correlation between die salt type and concentration used for 
precipitation of α-chymotrypsin and the disordering of the secondary structure of the 
protein caused by the salts^O. When the method was extended to another 11 
proteins, the general result was that the precipitated protein contained a higher 
percentage of β-sheet structure as determined by the amide I band intensity and 
location; the effect was more pronounced when the chaotrophic salt KSCN was used 
compared to the "structure stabilizing" salt, Na2S04^!. 

Further details on the shape and flexibility of aggregates can be obtained from 
neutron diffraction studies, but beam time is not easily obtained. Small angle 
neutron scattering (SANS) was originally suggested as a way to determine the 
amount of water bound by a protein in different solvents, but the data error is large 
when the particle radius is <100 Â . SANS has been used in combination with 
ultracentrifugation to determine the particle weight of malate dehydrogenase from a 
halophilic bacteria in different salt solutions. The data suggest that in 1-2 M NaCl 
solution, the protein is a stable dimer and binds much more water and NaCl than in 
low salt solution, where the "salt-loving" protein unfolds 52. Neutron scattering can 
be used in combination with light scattering or electron microscopy to study whole 
biological aggregates. For example, scattering from suspensions of casein micelles 
(made from fresh bovine milk and suspended in differing concentrations of 2H20) 
showed that there was an inflection in the intensity vs scattering factor curve, which, 
taken together with EM data, was interpreted to mean that the structure was one of 
closely packed micelle monomer subunits53. RecA protein complexes with itself 
and with DNA under various conditions have also been studied with EM and neutron 
scattering; as the authors work in Grenoble they could do both techniques 
simultaneously, which made comparisons easier^4. Neutron diffraction of the 
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2. SCHEIN Physical Methods and Models for Aggregation Study 29 

crystals of ribosome subunits that are discussed later may be used as a direct method 
of phasing (Eva Pebay-Peyroula and Michel Roth, Institute Laue-Langevin, 
Grenoble, unpublished data). 

Assuming one can crystalize the complex, very detailed structural information 
can be obtained by X-ray analysis. Several proteinrprotein complexes have been 
solved to high resolution as for example a complex of thermitase (279 amino acids) 
with the inhibitor Eglin C (70 amino acids) has been resolved to < 2 Â resolution^ 
and a complex of human thrombin (two chains, 39 and 259 amino acids) and its 
inhibitor hirudin (65 amino acids) to 2.3 The recent 2.8 Â resolution crystal 
structure of an antibody with its peptide antigen basically confirmed the results of 
immunological mapping experiments^7. Crystals of a complex of bacterially 
produced anti-lysozyme Fv region and lysozyme refract to 2.5 Â and should thus 
also yield high resolution structure suitable for analyzing the binding site^S. The 
advantage of X-ray crystallography is that one obtains exact information about the 
residues in contact; the disadvantage is that one cannot be sure that the crystallization 
conditions have not significandy altered the structure of the complex. Thus even this 
method requires confirming data from other measurements. 

The crystallization of large complexes is a formidable undertaking^ For 
example, the photosynthetic reaction center (crystals diffract to ~3Â)60 and the 
nucleosome core particle (<5Â resolution with defined sequence DNA^ 1 ) projects 
required many years of work on improving the crystallization conditions before any 
structural analysis could begin. Crystals of profilinractin were first reported in 
1976; data from crystals diffracting to 1.8 Â resolution were published in 1989 (ATP 
hydrolysis seemed to be required for the efficient formation of crystals, and very 
careful transfer to a 3.2 M ammonium sulfate/ATP bathing solution was required to 
keep the crystals stable) 62. Ribosomes from thermophilic microbes can be 
crystallized; most of the early crystals diffracted to >20 À and were thus most useful 
for comparing the exterior structure with E M photos0^. However, recent 
improvements have led to crystals that diffract to <5 À which could be used, in 
combination with image reconstruction, to determine structural details of the 
ribosome0^. 

On the technical side, synchrotron X-ray radiation is necessary for most 
protein complexes as they have large unit cells and weak diffraction patterns. It may 
be necessary to protect the crystals from the beam by freezing them; this was 
particularly valuable for obtaining data from ribosome crystals0^. 

In the absence of crystals, small-angle X-ray scattering may be used to follow 
the course of precipitation. The method is valuable for studying very fast 
aggregation steps; a recent paper followed the rapid assembly of Tobacco mosaic 
virus protein induced by a temperature jump. The minimum counting time was 7.5 
seconds0^. Small angle X-ray and neutron scattering have been used to analyze the 
geometry of calmodulin in complexes with two peptides**7. However, synchrotron 
radiation is only available in a few cities in the world; beam time is a precious 
commodity. 

The other high resolution method for determining non-covalent bonding in 
proteins is Nuclear magnetic resonance (NMR). Even if one has access to a 500 or 
600 mega-Hertz instrument, to obtain detailed information, either the size of the 
protein must be limited or the molecules must be site-specifically labeled. The advent 
of 3-D N M R 6 8 , 6 9 and even "4D" NMR for double labeled proteins 7 0 should allow 
the study of much larger complexes. One method that has already yielded results for 
complexes uses 2-D NMR to observe the binding of (labeled) small molecules to an 
unlabeled protein. Two examples are the binding of cyclophilin to cyclosporin?1 
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30 PROTEIN REFOLDING 

and the binding of an antibody fragment (Fab) to a peptide?2. As the on/off rate of 
the peptide is short compared to the spin-lattice relaxation time of the Fab and peptide 
protons, a NOESY spectrum in the presence of a vast excess of peptide has extra 
cross peaks ("transfer NOE") which are due to magnetic exchange between the 
bound and free peptide fractions and are not present when the peptide and Fab are 
present in a 1:1 ratio ?3. The transfer NOE can thus be used to determine the peptide 
residues in contact with the protein. 

One can follow protein aggregation even with low magnetic field NMR via the 
changes in water proton relaxation. Upon aggregation, water proton relaxation 
times decrease. These effects were originally attributed to release of "bound" water, 
but a recent study suggests that in reality the effective proton relaxation times of the 
protein itself change due to inefficient averaging during rotational motion, and that no 
information is given on the hydration state?4. 

One can also obtain NMR spectra for proteins in micelles, which may allow the 
study of membrane protein structure in an environment approximating their native 
one. A combination of labels ( ^ N , 1 ^ ) was used for NMR studies of detergent-
solubilized M13 coat protein. Although most of die resonances in the spectrum have 
not been assigned, there was clear indication that many of the protein residues had 
two distinct resonances of equal intensity. This was interpreted to mean (in 
combination with the results of sedimentation equilibrium, Raman and CD studies) 
that the protein was present in two conformers that represent the non-equivalent 
monomers of an asymmetric dimer?^. NMR has also been used to determine the 
spatial structures of gramicidin A and 19F-labeled bacteriorhodopsin fragments in a 
membrane-like milieu?**. 

Methods for comparing recombinant proteins with their "native" 
counterparts 

One must establish that refolded proteins have a conformation that is similar to 
the native structure. The most common method for doing this is to compare CD 
spectra (eg.jef.??), as spectropolarimeters are widely available. However, other 
methods may yield more information. For example, Raman spectra, using the 500-
550 cm"1 OS-S region, can demonstrate the correct formation of di-sulfide bonds in 
the refolded protein?8. NMR can also be used, as was recendy demonstrated for 
hen egg white lysozyme (HEWL) produced in Aspergillus niger. The protein was 
purified from the culture supernatant; while the final preparation had virtually 
identical spectra compared to HEWL from egg white, the partially purified protein 
showed missing or irregular spots in "fingerprints" from COSY and NOESY 
spectra that disappeared after dialysis at pH 2. The authors concluded that while the 
purified protein did indeed have a conformation identical to the native protein, during 
production the protein bound to medium components?9. 

Proteins for pharmaceutical use should not have modified side chains. The 
common method for detection of modified residues is to see a blank space instead of 
a peak in the HPLC elution trace of the amino acid analysis or a band at another 
position than the amino acid indicated by the gene sequence. This analysis will 
probably not detect modifications that affect only a small fraction of the protein. 
Elucidation of the identity of the modified side chains, if one can locate them, 
requires some astute chemistry. For example, in phycocyanine, N-methyl-
asparagine ran exacdy at the position of serine! Identification of the modified residue 
relied on detection of methyl amine released by acid hydrolysis of the protein^. 
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2. SCHEIN Physical Methods and Models for Aggregation Study 31 

New methods use combined HPLC/Mass spectrometry to identify modified amino 
acids. Purified recombinant human insulin-like growth factor separated into two 
peaks on reverse phase HPLC (Cl8 column/acidified water) even though other 
methods indicated it was completely pure. Plasma desorption mass spectrometry^ 
of the individual peptides detected a single methionine sulfoxide molecule that was 
sufficient to decrease the hydrophobicity of the whole protein significandy8^ Most 
of the oxidation occurred when the secreted fusion protein was cleaved with 
hydroxylamine under not stricdy anaerobic conditions, but about 5% occurred 
during the E. coli fermentation. 

Even proteolysis may be difficult to detect with the usual method, gel 
electrophoresis. Clipping of the C-terminal arginine in erythropoietin was 
demonstrated by FAB-MS (fast atom bombardment mass spectrometry) of the C-
terminal peptide8^. Indeed, mass spectrometry will probably be one of the more 
important "new" tools in biochemistry of the '90s as methods for analysis of even 
fentomole quantities of proteins as large as 100 kD have been developed84,8^. 

Conclusions 
Protein precipitation during purification is just one aspect of a larger and more 

interesting question: how and why do proteins interact ? Accurate determination of 
secondary, tertiary, and quaternary protein structure requires combining information 
from various physical and biochemical methods. There are many physical methods 
now available for the determination of the structure of proteins and protein 
aggregates. Many of the methods discussed in this review are just being developed 
for use with biological materials. Although better spectrometers are being built all 
the time, the real problem is interpreting the data obtainable with the existing 
instrumentation. This will require better protein model systems and mathematical 
analysis of spectral data. Most of all, improvements will come from 
biotechnologists actually using the methods. 
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Chapter 3 

Mechanisms of Inclusion Body Formation 

Anna Mitraki, Cameron Haase-Pettingell, and Jonathan King 

Department of Biology, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

The accumulation of newly synthesized polypeptide chains as 
aggregated inclusion bodies is becoming a serious problem in the 
recovery of proteins from cloned genes. Studies of both refolding of 
denatured proteins in vitro and of in vivo folding and maturation 
pathways, indicate that aggregates derive from partially folded inter
mediates in the pathway and not from the native protein. Aggregation 
is not a function of the solubility and stability properties of the 
native state, but those of folding intermediates in relation to the 
environment they are folding in. Ions, cofactors and chaperonins can 
interact with intermediates and influence the outcome of the folding 
process. Single amino acid substitutions can suppress aggregation 
without affecting the activity and stability of the mature protein. 
Thus, it should be possible to optimize folding pathways with genetic 
engineering of the intermediates, or alteration of their environment. 

The denaturation and aggregation of proteins was, "together with combustion and 
fermentation, one of the first chemical processes recognized by man" (7). Unfor
tunately this distinctive and characteristic phase change of proteins was very 
refractory to experiment; the polypeptide chains in the denatured aggregated state 
were not in equilibrium with soluble species. The particulate nature prevented 
determination of solution properties and its light scattering properties interfered 
with spectroscopic techniques. Without the ability to determine the structure in the 
aggregated state it was natural to consider them structureless. As a result for many 
decades aggregation was regarded as an annoying complication during in vitro 
denaturation-renaturation studies. As long as refolding was limited to laboratory 
experiment, the problem could be side-stepped by carrying out refolding 
experiments at low protein concentrations, where aggregation is minimized (2). 

The development of methods of cloning foreign genes into heterologous hosts 
has brought aggregation back as a scientific and practical problem. A common 
outcome of the expression of cloned genes turned out to be not the native protein, 
but aggregated states, termed "inclusion bodies". The overexpressed polypeptides 

0097-6156/91/0470-0035$06.00/0 
© 1991 American Chemical Society 
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36 PROTEIN REFOLDING 

fail to reach their native state and instead accumulate in an aggregated, inactive 
form. Those protein aggregates sediment at low speed, are amorphous and are not 
surrounded by any kind of membranes, when observed in the electron microscope 
(5, 4). Initially it was thought that the protein state in those inclusion bodies was 
a covalently incorrect or damaged state, analogous to the inclusion bodies formed 
by abnormal proteins in hemoglobin and other diseases (5, 6) or in E. coli (7). 
This model was dismissed with the demonstration, for numerous proteins, 
following dissociation of the aggregated chains with strong dénaturants, the native 
state could be recovered after return to physiological conditions (reviewed in 8). 
The requirement for stringent solubilization conditions also indicated that the 
formation of inclusion bodies was not simply due to overcoming of solubility 
limits of the protein. With the recognition that inclusion body formation might be 
a conformational or folding problem, incorrect disulphide bond formation was 
considered as the likely culprit (9). Though present in inclusion bodies recovered 
after cell lysis, disulphide bonds are unlikely to be the primary problem. Proteins 
without disulphide bonds or cysteines still accumulate in inclusion bodies (8, 10). 

In 1989 we reviewed the literature on aggregation during refolding in vitro, 
and together with our own studies on aggregation in vivo, we concluded that 
inclusion body formation represented the interaction of folding intermediates, due 
to partial denaturation or absence of an essential cofactor in the heterologous 
cytoplasm (77). Since then considerable experimental support has emerged for this 
view. 

Inclusion Bodies and Protein Solubility. 

Inclusion body formation and precipitation of native proteins at their isoelectric 
point or during salting out are two fundamentally different phenomena. In a 
precipitate, the molecules are held together by interactions between their surfaces. 
No major conformational changes occur between the protein in the precipitated 
state and the solution state (72, 75). As a result, the structural and functional 
properties of the macromolecule can be regained after re-dissolving or readjusting 
the pH (72, 14). The aggregated state differs sharply from the precipitated state. 
It is generally not possible to release soluble protein from inclusion bodies by 
dilution into native buffer conditions (8). Where part of the protein is produced 
in the active soluble form and the rest as inactive aggregated material, the end 
state populations are not in equilibrium. Solubilization of inclusion bodies requires 
disruption of the forces that hold them together by strong dénaturants, implying 
that the interactions between chains in the aggregate share characteristics of the 
intrachain interactions holding native proteins together. If the dénaturant is 
dialyzed or diluted out without attempting to find refolding conditions, the chains 
frequently reaggregate. Solubilization of the chains under native conditions requires 
refolding to the native conformation. However, during in vitro refolding, aggregate 
formation often interferes with the acquisition of the native form (75, 76). 
Therefore, inclusion body formation in vivo and aggregation observed as an off-
pathway step during in vitro refolding are closely related processes and can be 
treated in the same conceptual framework. 
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Solubility and Stability of Folding Intermediates Versus Native Forms 

Attempts to empirically correlate inclusion body formation with protein size, 
sequence, production level and rate have not given any conclusive information (10, 
17). This presumably reflects the confusion between precipitation processes which 
depend on properties of the native state, and the aggregation of polypeptide chains 
newly synthesized with the cell, which is a property of the in vivo folding 
intermediates. During both in vivo folding and in vitro refolding the unfolded 
polypeptide chain forms and passes through intermediate conformations (18, 19, 
20). These intermediate conformations are not just sub-sets of the final native one, 
but can be different, and thus can have distinct physical properties (21, 22). Given 
this we have to take into account that the properties of folding intermediates 
cannot be simply deduced from the properties of the native state. At the present 
time properties of folding intermediates cannot be predicted but must be 
determined empirically. 

In vitro aggregation studies have provided evidence that there is kinetic 
competition between the folding and aggregation pathways and aggregates form 
from folding intermediates rather than from native or unfolded proteins (75, 23). 
The role of intermediates during the in vivo folding of proteins is also becoming 
evident from a number of studies (24,25). The ensemble of those studies has been 
previously reviewed in detail (77). Below we will review some evidence 
suggesting that solubility and stability properties of intermediates, and not those 
of the native state must be the critical factor in aggregate formation, both in vitro 
and in vivo. 

A protein for which solubility of different folding conformers has been 
carefully studied in vitro is bovine growth hormone, a monomelic four-helix 
bundle protein. Using two-step kinetic procedures, David Brems has demonstrated 
that during unfolding and refolding the native and denatured forms of the protein 
are soluble or give rise to products that are soluble (26). However, a partially 
folded intermediate can be populated under moderately denaturing conditions which 
lead to aggregation after transfer to non-denaturing solvents. This study clearly 
demonstrated that association events between partially folded monomelic inter
mediates lead to an associated intermediate that is insoluble under native 
conditions. Aggregation was linearly dependent on the protein concentration present 
in the initial step of the procedure. Thus, those intermolecular interactions between 
folding intermediates are a prerequisite for aggregation. Brems et al. (27) have 
proposed that the partially folded monomelic intermediate possess exposed 
lipophilic faces of the putative amphiphilic third helix. Formation of the associated 
intermediate subsequently proceeds through intermolecular hydrophobic interactions 
involving these hydrophobic faces. 

Inclusion body formation is often suppressed by lowering the temperature 
(28-31). This has led to the assumption that the aggregation process is due to 
thermal denaturation of the native form of the protein. Schein (77) postulated 
which proteins that have higher melting points and higher native state stability 
should not form inclusion bodies. However, from the limited number of in vivo 
aggregation studies, aggregate formation precedes the final maturation steps (in the 
case that native state and aggregates co-exist) or aggregates form even though the 
native state has never existed in the cells. This is particularly clear in the case 
of P22 tailspike protein, which is a highly stable, predominantly beta-sheet 
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38 PROTEIN REFOLDING 

homotrimer. This protein is one of the very few procaryotic systems that provides 
a model for inclusion body formation in vivo (29). The native form of the protein 
is highly thermostable (T m is 88° C) and resistant to SDS, proteases and heat 
However, during the in vivo folding process, the polypeptide chain passes through 
intermediate conformations that are sensitive to all those factors (24). 

The maturation of the wild type polypeptide in the cell proceeds with about 
25% efficiency at high temperatures (39° C). The polypeptide chains that do not 
reach the native form, accumulate in aggregates (33). The kinetics of aggregate 
formation show that aggregates derive from early partially folded intermediates, 
and not from the native state. In fact, this early intermediate can either enter the 
productive pathway or form aggregates as seen in Figure 1. This partition is 
temperature dependent, with the aggregation pathway favored at high temperatures 
as seen in Figure 2. If chains that have been synthesized at a high temperature are 
shifted to low temperature early enough, they can reenter the productive pathway 
(29,34). Furthermore, native tailspikes produced at permissive temperatures in vivo, 
stay native if shifted up to restrictive temperatures, proving that once the native 
form is attained, its solubility and stability properties are not altered at high 
temperatures (35, 36). Thus, inclusion body formation at high temperatures can be 
explained by the presence of a thermolabile intermediate in the folding pathway, 
which can partially denature and give rise to a species that can aggregate. The 
tailspike example might not be representative, because of the unusual stability of 
the native protein. We believe this is not an exception to the general rule, but 
simply offers a technical and conceptual advantage; it is the dramatic difference 
of physical properties between the native state and intermediates that allows a clear 
distinction of the phenomena originating from each form. 

What is the Conformation of the Chains in the Inclusion Body and the Nature 
of Forces that Hold Them Together? 

Since protein aggregates derive from partially folded intermediates in folding 
pathways, it is tempting to suggest that they should conserve conformational 
features of those intermediates. However, due to their physical state, it is very 
difficult to directly probe the aggregate structure. Rainer Jaenicke and colleagues 
have shown by circular dichroism measurements, that aggregated chains indeed 
retain secondary structure (15) as seen in Figure 3. The same conclusion was 
reached by George Thomas and co-workers, from Raman spectroscopy data of in 
vitro produced tailspike aggregates (37). In another study, Michel Goldberg has 
used monoclonal antibodies to characterize the state of renatured forms of β2 
tryptophan synthetase subunits, after acid denaturation (38). This protein is one of 
the systems for which the relationship between intermediates and the aggregation 
process has been explicitly addressed (39). Upon renaturation, three forms of the 
protein are obtained: one soluble, identical to the native β2, insoluble high 
molecular weight aggregates and soluble aggregates of a low polymerization 
degree. The latter form of aggregates have the same immunoreactivity as native 
β2 with two monoclonal antibodies. However this species is not recognized by 
other three antibodies, indicating that although non-native, aggregates bear "native-
like" features. 

From the overall number of in vivo and in vitro studies, we know that the 
intermolecular forces involved in aggregate formation are non-covalent and are 
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Figure 1: Time course of intracellular aggregation of wild type and tsf mutant 
forms of P22 tailspike polypeptide chains. Infected cells were incubated with 
1 4C amino acids at 39° C. Samples were chilled and harvested at different 
times after label. After lysis by freezing and thawing the lysate was frac
tionated into pellet and supernatant They were mixed with sample buffer and 
electrophoresed through an SDS polyacrylamide gel (68). Each value represents 
the percent of total labelled tailspike polypeptide chains present in the sample. 
( A ) native tailspikes, ( Ο ) folding intermediates, ( # ), aggregated 
species (derived from intermediates). (Reproduced with permission from 
reference 29. Copyright 1988 The American Society for Biochemistry & 
Molecular Biology.) 
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40 PROTEIN REFOLDING 

Figure 2: Effect of temperature on the aggregation of intermediates for 
wild type and tsf mutants of the P22 tailspike. The experimental protocol is 
the same as in figure 1 except that after labelling, the polypeptide chains 
were allowed to mature for one hour at different temperatures. The 
percentage of each species at the end of maturation is plotted as a 
function of maturation temperature. (Δ) native tailspikes, (O) folding 
intermediates, (φ) aggregated species. (Reproduced with permission from 
reference 29. Copyright 1988 The American Society for Biochemistry & 
Molecular Biology.) 
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3. MITRAKI ET AL Mechanisms of Inclusion Body Formation 41 

Figure 3: Far-UV circular dichroism spectra of native, denatured, and 
aggregated forms of LDH-M 4 (tetrameric porcine lactic dehydrogenase from 
skeletal muscle). ( · ) native and (O) renatured LDH-M 4 at a concentration of 
1.5 mg/ml. (•) LDH-M 4 denatured at pH 2 or at (•) 6 M guanidine hydrochl
oride , same concentration; (Δ) aggregated LDH-M 4 dispersed by low-energy 
sonication at a concentration of 0.05 mg/ml (determined gravimetrically from 
the dry weight at 105° C). From Zettlemeissl et al, (75) reproduced with 
permission. 
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42 PROTEIN REFOLDING 

predominantly hydrophobic interactions (11). In every case where partially folded 
intermediates that carry exposed hydrophobic structural elements can be populated, 
there is a high probability of incorrect intermolecular association. For example this 
can happen when β strands get exposed in an α/β protein (phosphoglycerate 
kinase, rhodanese), and in predominantly β protein, (tailspike, γ crystallin) or in 
the case of exposure of the lipophilic face of an amphiphilic helix (bovine growth 
hormone) (11, 40, 41). The weakening of hydrophobic forces at low temperature 
can then account for aggregate suppression at low temperatures, both in vitro and 
in vivo. 

Is Aggregate Formation Specific Or Not? 

In order to answer this question, one needs to explicitly investigate the structure 
of the partially folded intermediates, as well as their subsequent polymerization 
mechanism. Information on the nature of the steps that precede the formation of 
large aggregates is limited for the moment In a recent study, Cleland and Wang 
have directly demonstrated, using quasi-elastic light scattering, that dimeric and 
trimeric forms of an early monomelic partially folded intermediate are the 
precursors to large aggregate formation in the case of carbonic anhydrase (42 and 
this volume). In addition the bovine growth hormone study has snowed that the 
critical events determining the aggregation lie at the step that populates the 
associated folding intermediate (26). When introduced into this initial step, a 
number of peptide fragments that correspond to certain parts of the critical 
amphiphilic helix can inhibit aggregation (26) as observed in Figure 4. Inhibition 
of aggregation can be explained if the helical peptide can stereospecifically interact 
with the exposed hydrophobic part of the corresponding helix carried by the 
monomelic intermediate, thus preventing formation of the associated intermediate. 
Only peptides carrying the C-terminal part of the third helix can play this 
inhibitory role, indicating that association can involve distinct structural elements. 
Thus, one can hypothesize that if aggregation proceeds according to a mechanism 
which involves specific interaction of structural elements, then certain positions in 
the polypeptide chain will carry information relevant to the process. If this holds 
true, then single amino acid substitutions could either raise or lower the 
aggregation yield. Moreover, since the stability of the native form is not the factor 
determining aggregate formation, one could predict that this kind of substitution 
will not affect the properties of the native protein. 

Mutational Studies of the Aggregation Phenomena. 

There are a limited number of examples of mutations that can influence aggregate 
formation. Krueger et al. (43) have found that single amino acid substitutions in 
overexpressed signal transduction proteins that control motility in E. coli, cause 
inclusion body formation. For bovine growth hormone, substitution of a lysine for 
a leucine extends the hydrophobic face of the amphiphilic helix and therefore 
should enhance the forces that stabilize the associated intermediate (44). The 
conformation of the native form of this mutant was indistinguishable from the 
wild-type protein, as judged by different conformational criteria. However, the 
refolding of the mutant protein was slower and was accompanied by enhanced 
aggregation, due to the stabilization of the associated intermediate. 
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•3h 
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Figure 4: Inhibition of aggregation of bovine growth hormone (BGH) by a 
peptide fragment comprising residues 96-133 of the hormone. A 1.75 mg/ml 
solution of the protein was initially incubated at 3.5 M guanidine hydrochlo
ride (conditions that populate the associated intermediate) and subsequently 
was diluted at 0.18 mg/ml and 0.8 M guanidine hydrochloride (conditions that 
induce aggregation). Turbidity was monitored by the absorbance at 450 nm 
The top curve represents the kinetics of turbidity formation in the absence of 
the peptide, and in descending order from the top, formation of turbidity in the 
presence of 1, 3, 5, 7-fold molar excess of the peptide. The peptide was 
present from the initial conditions that populate the intermediate. (3.5 M 
guanidine hydrochloride). From Brems, (26) reproduced with permission. 
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44 PROTEIN REFOLDING 

For the tailspike system, a class of mutants called temperature sensitive for 
folding, (tsf) have been isolated which alter the folding pathway without 
influencing the properties of the native form (45). The tsf mutant polypeptide 
chains fail to reach the native form at high temperatures in vivo, but at permissive 
temperatures they form the native protein. This native form of the mutant protein 
is as thermostable as the wild-type protein (35, 36). The tsf polypeptide chains 
synthesized at high temperature form an early folding intermediate which 
aggregates. In this case, the native form has never existed in the cells, confirming 
that the aggregation pathway does not pass through the mature form (29). The 
biochemical analysis of the purified native forms of the mutant proteins, formed 
at permissive temperatures, has shown that their structural and functional properties 
are not significantly altered with respect to the wild-type form (36, 46-48). Thus, 
these single amino acid changes do not act at the level of the mature protein, but 
can further destabilize an already thermolabile intermediate in the folding pathway, 
or alternatively, speed up the off-pathway step. 

The defects of tsf mutants can be alleviated by another class of mutations, 
second-site suppressors (49). Two such mutations were able to suppress defects 
associated with a number of tsf mutations spanning a 200-residue distance in the 
linear sequence. This dispersion in combination with the fact that there was no 
obvious pattern relating the side chains at the suppressor sites to those at the 
starting mutant sites, suggested that the suppression must follow a global or 
general mechanism (50). Analysis of the in vivo maturation of the chains carrying 
both the tsf and the suppressor mutations indicates that the fraction of the 
aggregated chains is reduced at high temperatures. Furthermore, the chains carrying 
only the suppressor mutation mature more efficiently than wild-type chains at 
restrictive temperature, again with a concomitant decrease in the aggregated chains. 
The activity and stability of the mature suppressor proteins are not altered 
(unpublished results). Thus, it seems that those positions indeed carry information 
relevant to the folding pathway that can be important for the aggregation 
phenomena. The investigation of the effect of both tsf and suppressor mutations 
on the in vitro refolding of the purified proteins is currently under way. We 
believe that their further study will provide a better understanding of the 
aggregation mechanisms. 

The Role of Environmental Conditions in Aggregate Formation. 

The necessity of a proper environment for attainment of the functional protein state 
has long been recognized (57). The most fundamental environmental factors can 
be designated as temperature, pH, ionic strength and redox potential. Moreover, 
ligands and cofactors have been proven to interact with intermediates, and 
influence the outcome of the folding process (reviewed in 77, 40). It is evident 
that by overexpressing a protein in a heterologous cytoplasm, the difference in 
environment as well as in ionic and cofactor composition can lead to failure of the 
folding intermediates to proceed through the folding pathway. 

The fact that inclusion bodies are associated with the overexpression of 
cytoplasmic proteins, has led to the assumption that aggregation can be circum
vented by secretion. However, Georgiou et al. have shown that overexpression of 
a periplasmic protein native to E. coli such as β-lactamase can also result in 
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3. MITRAKI ET AL Mechanisms of Inclusion Body Formation 45 

inclusion bodies (52). The formation of inclusion bodies is inhibited by the 
presence of non-metabolizable sugars such as sucrose and raffinose (55). 

Chaperonins 

An exponentially growing number of studies has revealed that "helper proteins" 
may be required for the attainment of the final mature conformation. Such proteins 
include protein disulphide isomerase, proline cis-trans isomerase and molecular 
chaperonins (54-56). The latter class was described as a class of homologous 
proteins in bacteria, plants and animals required for the proper assembly of 
oligomeric proteins (57). Bochkareva et al. (58) have subsequently demonstrated 
transient association of newly synthesized pre-β lactamase and chloramphenicol 
transacetylase chains with the GroEL chaperone, suggesting that the chaperonin 
role starts at earlier steps of folding than final assembly steps. GroEL/ES 
chaperonin proteins are required for the assembly of procaryotic ribulose bisphos-
phate carboxylase (Rubisco) oligomers in E. coli (59). Using purified proteins, 
George Lorimer and coworkers have demonstrated that chaperonin proteins can 
bind to partially folded intermediates of Rubisco that are prone to aggregation and 
assist them through the productive pathway in vitro. Under those experimental 
conditions, absence of chaperonin results in total failure of renaturation (60). They 
have also convincingly demonstrated that the chaperonins do not interact with the 
native form of the protein, and they are unable to rescue Rubisco chains that have 
already aggregated. It is interesting to note that although starting from a different 
point, those studies provide evidence that the critical steps in aggregate formation 
lie at the level of folding intermediates. 

For pre-secretory proteins, helper proteins function in maintaining an 
"unfolded state" necessary for translocation (61, 62). In a recent study, Bill 
Wickner and co-workers, using purified proteins, reported that an E. coli outer 
membrane precursor protein, proOmpA, is competent for in vitro translocation 
immediately after dilution from denaturing urea concentrations, but loses 
translocation competence as a function of time in the renaturing mixture (63). The 
authors determined that this loss of translocation competence is due to aggregation, 
and SecB binding inhibits aggregation (64). The translocation competent form that 
interacts with SecB already possesses secondary and tertiary structure, so the SecB 
role might lie in preventing aggregation of proOmpA folding intermediates, rather 
than simply maintaining an "unfolded state". 

Thus, the common factor underlying aggregate formation is failure of partially 
folded intermediates to correctly proceed through the productive pathway. This may 
result from their partial intracellular denaturation, due for example to temperature, 
or lack of proper environmental conditions. Absence of necessary cofactors and 
helper proteins, or failure to interact with them at a critical stage may also result 
in aggregation of folding intermediates as depicted in Figure 5. 

From Theory to Praxis: Strategies for Native Protein Recovery. 

The understanding of protein folding pathways and stabilities of folding inter
mediates can lead to rational design of folding protocols. Although the choice of 
the proper conditions requires information on the folding pathway for each 
particular system, some general rules can apply. Temperature is a factor of quite 
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46 PROTEIN REFOLDING 

NATIVE ENVIRONMENT 
IONS, COFACTORS, CHAPE RONE S etc. 

nascent 
polypeptide chain 

partially 
v folded ~ / 
\ intermediate / 
\ * 

subunit 
mature protein 

HETEROLOGOUS 
ENVIRONMENT 

aggregates 

Figure 5: In vivo hypothetical folding and maturation pathway for a dimeric 
protein. The outcome of the pathway depends on the existence of the proper 
environmental conditions, (temperature, pH, ionic strength, cofactors, 
chaperonins etc.). A heterologous environment can influence the fate of the 
partially folded intermediates towards the aggregation pathway. The dotted 
areas denote intrachain interactions in the native form of the protein. Interac
tions between chains in the aggregate share characteristics of those intrachain 
interactions. This schematic representation tries to emphasize the aggregation 
steps, and therefore does not represent conformational refinements and 
isomerization steps that may occur as late events in the folding pathway. 
(Reproduced with permission from reference 11. Copyright 1988 
Bio/Technology.) 
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general importance for the intracellular stability of folding intermediates. Suppres
sion of inclusion body formation at lower culture temperatures has been described 
for a number of systems (28-31). When production of protein in soluble form in 
vivo is desired, lower temperature culture conditions (around 30° C) may be ad
vantageous. The use of fusion polypeptides might be a source of concern since 
hydrophobic fusion sequences can contribute to inclusion body formation (32). 
When a ligand, cofactor, or ion is necessary for correct maturation, it must be 
provided if is not present in sufficient amounts in the host environment 
Coexpressing a molecular chaperone may become a common practice (59). 

In the case where inclusion bodies still form in vivo process, different 
techniques can help to achieve the active protein form after in vitro denaturation-
renaturation. For a review of the classical choice of unfolding and refolding 
conditions, see Jaenicke and Rudolph (65). If the classical refolding treatments still 
fail to yield the native form, there is the possibility of detergent-assisted or 
cosolvent-assisted refolding. Using a non-denaturing detergent (lauryl maltoside), 
Tandon and Horowitz (66) have successfully renatured rhodanese after guanidine 
hydrochloride denaturation. Lauryl maltoside binds to exposed hydrophobic surfaces 
of folding intermediates, preventing aggregation. Using polyethylene glycol, which 
is a cosolvent that binds to nonpolar regions of an early intermediate and is 
subsequently excluded from more compact intermediate forms and from the native 
protein, Cleland and Wang recently prevented aggregation of carbonic anhydrase 
(67 and this volume). Finally, our work has demonstrated that single amino acid 
substitutions can specifically carry information that suppresses the aggregation 
pathway, without affecting the activity and stability of the mature protein. This 
suggests that it is possible to optimize folding pathways without altering the 
desired properties of the final native form. Thus, the possibility of suppressing 
aggregation using genetic engineering can be envisaged. 
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Chapter 4 

Structure and Stability of Cytochrome c 
Folding Intermediates 

Gülnur A. Elöve and Heinrich Roder 

Department of Biochemistry and Biophysics, University of Pennsylvania, 
Philadelphia, PA 19104-6059 

Hydrogen exchange labeling and nuclear magnetic resonance 
(NMR) approaches were used to elucidate the folding mechanism 
of horse cytochrome c (cyt c). The development of hydrogen 
bonded structure during refolding was observed by pulse labeling at 
variable refolding times, and the degree of protection from NH 
exchange was probed by systematic variation of the labeling pH. 
The results show that the folding reaction involves both sequential 
and parallel pathways. About 50% of the molecules follow a 
sequential pathway where a partially folded intermediate is formed 
in a 20 ms folding phase. This intermediate has two native-like 
helices near the chain termini, but lacks stable Η-bonded structure 
in other parts of the molecule. Amide sites on either helix are not 
only protected at the same rate, but they also exhibit the same 
degree of protection, confirming previous evidence that association 
of the N- and C-terminal helices is an important early event in cyt c 
folding. Subsequent folding events on the 100 ms time scale involve 
replacement of a non-native histidine heme ligand by the native 
methionine ligand. In addition, there is evidence for a minor 
species of very rapidly folding molecules that form native-like 
structure within the mixing dead-time, as well as slow-folding forms 
that take several seconds to fold. 

Much has been learned in recent years about the folding process of small globular 
proteins, especially through application of new experimental approaches such as 
two dimensional nuclear magnetic resonance (2D NMR) and site-directed 
mutagenesis (1-4). However, we are still far from a detailed understanding of how 
the three-dimensional structure of a protein is encoded in its ammo acid 
sequence. Once mainly of academic interest, the protein folding problem has 
found new motivation from recent developments in protein engineering and 
biotechnology. 

For a mechanistic understanding of protein folding, it is necessary to 
determine the sequence of intermediate states between the fully unfolded and 
fully folded forms of a polypeptide chain (i.e. the folding pathway) and to 
describe the major intermediates in structural and kinetic terms. One of the 

0097-6156/91/0470-0050$06.00/0 
© 1991 American Chemical Society 
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4. ELOVE& RODER Structure and Stability of Cytochrome c 51 

challenges encountered in the effort to characterize folding intermediates is the 
cooperativity of the folding transition, which makes it difficult to study partially 
folded intermediates at equilibrium. Folding intermediates are more likely to 
become populated under non-equilibrium conditions (i), but kinetic 
intermediates are usually too short lived to be studied directly by structurally 
powerful, but intrinsically slow techniques such as NMR. The limited time 
resolution of NMR can be overcome by combining it with hydrogen exchange 
labeling and rapid mixing methods. The feasibility of this approach was first 
demonstrated in a study of early folding events m bovine pancreatic trypsin 
inhibitor (BPTI) (5), using one-dimensional NMR in conjunction with a 
competition method (6). Later, a more powerful pulse labeling method 
developed independently in this laboratory and that of Robert Baldwin, has been 
applied to study the folding kinetics of cytochrome c (7), ribonuclease A (8,9), 
and more recently to barnase (10) and ubiquitin (Briggs and Roder, m 
preparation). 

The hydrogen exchange labeling methods rely on backbone amide protons 
as probes for the formation of hydrogen bonded structure during refolding and 
uses *H NMR to observe protons that have been protected from exchange in the 
refolded protein. The intrinsic exchange behavior for the amide protons of an 
unstructured polypeptide chain is well known from studies of model peptides and 
unfolded proteins (11,12). Since the exchange reaction is dominated by base 
catalysis above pH \ pH can be used to vary the rate over a time scale ranging 
from tens of minutes (at pH 3) to milliseconds (at pH>9). On the other hand, the 
exchange rates for hydrogen bonded amide protons in folded proteins can be 
retarded by many orders of magnitude (13-17). The large majority of these slowly 
exchanging amide protons in several proteins were found to be involved in 
internal hydrogen bonds (15,16), suggesting that Η-bond formation is the 
dominant factor in retarding the rate of N H exchange in native proteins. For 
example, the 42 most slowly exchanging amide protons in oxidized cyt c (17) are 
all involved in crystallographically defined hydrogen bonds. The exchange rates of 
these protons are retarded by factors of lCr to >108 relative to model peptides, 
which makes them sufficiently long-lived for 2D NMR analysis. 

In a typical pulse labeling experiment, the protein is unfolded in D 2 0 and 
refolding is initiated by rapid dilution of a denaturing agent. The time course of 
structure formation is probed by briefly exposing the partially refolded protein to 
H 2 0 under rapid exchange conditions (basic pH) so that amide sites in 
unstructured parts of the polypeptide chain become completely protonated while 
sites involved in Η-bonded structure remain deuterated. After the labeling pulse, 
the protein is allowed to refold at mildly acidic pH where exchange is slow and 
the labels become trapped in the refolded protein. The proton labeling pattern 
imprinted by the pulse is then analyzed by using 2D NMR to measure the amount 
of proton label trapped at protected amide sites (e.g. at the 42 slowly exchanging 
N H sites of cyt c). In a series of such experiments at different refolding times, one 
can thus measure the time course of structure formation in terms of individual 
hydrogen bonds for those regions of the protein where N H sites become 
protected from exchange upon folding. 

This chapter describes the application of hydrogen exchange labeling and 
2D NMR methods to study the folding pathway of oxidized horse heart cyt c. The 
results illustrate the capability of this approach to provide a detailed picture of 
the structural events that take place during folding. We also show that additional 
information on the mechanism of folding and the stability of folding 
intermediates can be obtained by systematic variation of the exchange conditions 
at certain points in folding. Cytochrome c is among the best characterized 
proteins in terms of structure, folding and NMR, and is thus an ideal model 
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52 PROTEIN REFOLDING 

protein for such studies. In particular, high-resolution x-ray structures have been 
reported for several bacterial and mitochondrial c-type cytochromes (18-20), 
including horse heart cyt c (21\ Çyt c has also been the subject of numerous 
studies on thermodynamic ana kinetic aspects of folding (22-31). Moreover, 
essentially complete *H NMR assignments have recently been reported for both 
oxidation states of horse cyt c (32-33). 

Pulse Labeling Strategy 

The rapid mixing procedures of a typical pulse labeling experiment are illustrated 
in Figure 1, using our previous studies on oxidized cyt c (7) as an example. The 
protein is initially unfolded in a D , 0 solution containing 4.5 M GuHCl and is 
allowed to reach equilibrium so that all the exchangeable amide protons are 
replaced by deuterons. In the first mixing chamber, refolding is initiated by 
dilution of the dénaturant with excess D 2 0 buffer or F^O under slow-exchange 
conditions (e.g. pH 6 where N H exchange is slow compared to the rate of 
folding). After variable refolding periods (tf), deuterium-nydrogen exchange is 
started by mixing the partially folded protein with excess HjO buffer at pH 9.5 
(second mixer). The labeling conditions are chosen such that exposed amide sites 
become protonated within a few milliseconds while sites protected in hydrogen 
bonded structure remain deuterated. After about 50 ms, the exchange reaction is 
quenched by injecting the mixture into a cold buffer solution at pH 5. Under 
these conditions, cyt c refolds rapidly compared to further N H exchange so that 
many of the proton labels introduced by the pulse become trapped in the 
refolded protein. The protein is then concentrated and 2D J-correlated NMR 
spectra (COSY) are recorded as previously described (7). 

Proton occupancies at individual NH sites are determined by normalizing 
the intensities of resolved NH-QzH COSY cross peaks (or, in some cases, 
resolved N H resonances in the ID NMR spectrum), using the spectrum of a fully 
labeled control sample as a reference. A series of pulse labeling experiments at 
different refolding times provides kinetic curves that reflect the degree of 
protection from exchange at many NH sites throughout the protein. In the 
interpretation of pulse labeling data, it is important to keep the following points 
in mind, (i) For an amide group to remain deuterated during the 50 ms labeling 
pulse, its exchange reaction must be retarded by at least 50-fold compared to its 
intrinsic exchange rate, which is about 103 s"1 at pH 9.5. Therefore, only relatively 
stable structure gives rise to measurable protection, (if) Amide sites protected to 
this extent are most likely involved in Η-bonded interactions. However, their H-
bond acceptors cannot be identified directly. Nevertheless, examination of the 
patterns of protection for different amide sites in comparison with the native 
structure can lead to a qualitative picture of the secondary structure present in a 
folding intermediate, (hi) The method can only monitor amide sites that are 
protected in the native state. The transient formation of a non-native H-bond 
during folding could not be detected if this site becomes exposed in the folded 
state. However, the presence of non-native structural elements in a folding 
intermediate could still be deduced from the patterns of protection. For example, 
if a segment of the chain is part of a β-sheet early in folding, but forms an α-helix 
in the native structure, one would expect protection of every other amide site at 
an early phase and complete protection of all helical NH sites after refolding. On 
the other hand, if the structure formed early in folding is a native-like α-hehx, all 
the helical amide sites are protected rapidly. 
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ELOVE & RODER Structure and Stability of Cytochrome c 

I Sf H 

Figure 1. Schematic diagram of the rapid mixing apparatus used for 
pulse labeling experiments at variable refolding times (tf = 3 ms - 10 s) 
and labeling pulse (t = 50 ms): 
SI: Horse heart cytochrome c dissolved in 4.5 M GuHCl in D 2 0 , pH 6.0. 
S2: Refolding buffer (100 mM Acetate, pH 6.0). 
S3: Pulse butter (100 mM Glycine, pH 9.5). 
Q: Quench buffer (300 mM Citrate, 50 mM Ascorbate, pH 5.3). 
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54 PROTEIN REFOLDING 

Structural and Kinetic Patterns 

The time course of protection for a selection of amide protons is shown in Figure 
2, using a logarithmic scale for the refolding time. Although different relative 
amplitudes are observed for different amide protons, one can recognize three 
common kinetic phases: a fast phase with a tune constant of about 20 ms, an 
intermediate phase of a few hundred milliseconds and a slow phase with a time 
constant of 5 to 10 sec. Figure 3 shows that the folding kinetics observed by 
tryptophan fluorescence is also characterized by three kinetic phases with similar 
time constants, but different relative amplitudes compared to the pulse labeling 
results. The fluorescence signal is due to a single tryptophan residue, Tip 59, 
which becomes quenched upon refolding via energy transfer with the heme 
group. The fact that different experimental probes (42 N H sites and one 
fluorescence probe) exhibit distinct kinetic behavior demonstrates that partially 
folded intermediate states are populated on the folding pathway of cyt c. 

The majority of amide probes for which the kinetics of protection was 
measured fall into one of two distinct classes. (ιΊ For a group of protons located 
near the chain termini (e.g. Val 11, Cys 14, Leu 98, Lys 100), the occupancy drops 
from 1 to about 0.4 in the first 30 ms of refolding (Figure 2), indicating that they 
become 60% protected in the fast folding phase. In the intermediate phase, they 
acquire an additional 20% of protection and become fully protected from 
exchange in the slow phase. This type of behavior is observed for most of the H-
bonded amide protons near the N-terminus up to residue 18 and the C-terminal 
segment between residues 91 and 100. (if) For most of the remaining slowly 
exchanging amide protons, the occupancy remains nearly constant between 0.75 
and 0.85 out to about 100 ms, indicating that these sites remain largely accessible 
for exchange in the early folding phase. The occupancy decreases to about 0.5 in 
the intermediate phase and drops to zero in the slow folding phase. 

In Figure 4, the proton occupancies measured at the end of the fast phase 
(tf=30 ms) are mapped onto the native cyt c structure. The rapidly protected 

Erotons (class 1) with occupancies below 0.6 are all localized in the contact region 
etween the N- and C-terminal helices, while the more accessible class 2 protons 

are distributed throughout the rest of the structure. Class 2 protons with 
occupancies over 0.8 mclude residues in other helical segments of the native 
structure (the 60's helix and a short 70's helix) as well as amide sites involved in 
non-helical Η-bonds (reverse turns and irregular tertiary H-bonds). 

The labeling pattern seen in Figure Vindicates that the formation of stable 
Η-bonded structure in the fast folding phase is limited to the N-terminal α-helix 
(N-helix), the N H of His 18 and the C-terminal α-helix (C-helix). That the 
structure in these regions corresponds to native-like helices is indicated by the 
observation of continuous segments of protected protons which is inconsistent 
with any other type of structure. Furthermore, the following evidence strongly 
suggests that in the early folding intermediate the two helices already form a 
hydrophobic helix-helix contact similar to the helix pairing site of the native 
structure: (i) The time course of protection is virtually identical for amide protons 
on either helix (Figure 2), indicating simultaneous formation of both helices, (ii) 
Isolated helices are known to be only marginally stable (eg. 35, 36), and one 
would not expect strongly protected amide protons without stabilizing tertiary 
contacts, (iii) The pulse variation results presented below show that protons on 
either side of the helix-helix interface are protected to the same degree, 
suggesting again that the stability of the helices depends on their mutual 
stabilization. 

The high labeling levels observed outside the N- and C-terminal regions 
indicate that the intervening segment of the polypeptide chain (residues 19 
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4. ELOVE& RODER Structure and Stability of Cytochrome c 55 

TIME (SEC) 

Figure 2. Folding kinetics of oxidized cyt c at pH 6.0,10°C, observed 
by pulse labeling and 2D NMR, using the protocol outlined in Fig. 1. 
Results are shown for representative amide protons, including examples 
from the three major helices of cyt c and the indole N H of Trp 59 which 
forms a tertiary Η-bond with a heme propionate side chain. 
(Reproduced with permission from ref. 7. Copyright 1988 Macmillan 
Magazines Ltd.) 
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56 PROTEIN REFOLDING 

T I M E (SEC) 

Figure 3. Folding kinetics of cvt c at pH 6.2, 10°C, monitored by the 
tryptophan fluorescence (350 nm) on a Hi-Tech stopped-flow apparatus 
(excitation at 280 nm). Oxidized cvt c was unfolded in 4.2 M GuHCl pH 
6.0 and refolded at pH 6.2 in the presence of 0.7 M GuHCl. 
(Reproduced with permission from ref. 7. Copyright 1988 Macmillan 
Magazines Ltd.) 
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4 ELOVE & RODER Structure and Stability of Cytochrome c 57 

Figure 4. N H exchange labeling pattern observed in pulse labeling 
experiments at tf = 30 ms (c.f. Fig. 2) coded into the native cyt c 
structure. The shading reflects the proton occupancies for 35 N H sites 
determined by 2D N M R as described in the text. 
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58 PROTEIN REFOLDING 

through 90) does not contain stable Η-bonded structure at this early stage in 
folding. The lack of strongly protected amide sites is particularly striking for the 
60's and 70's region which contains nine slowly exchanging amide protons forming 
helical Η-bonds in the native structure. In the early intermediate, these H-bonds 
are either not formed yet or so unstable that the amides become protonated 
during the labeling pulse. However, we cannot exclude the presence of other 
types of interactions, such as hydrophobic side chain contacts or interactions 
involving the heme group. 

It seems surprising that association of two helical segments near opposite 
ends of the chain is preferred over other more local contacts, especially since in 
the native cyt c structure (21) the contact area between the 60's helix and the C 
helix is comparable to that between the N-helix and the C-helix. However, the 

Εairing site between the N-helix and the C-helix appears to be tighter than that 
etween the 60's helix and C-helix. The closest approach occurs near Gly 6 and 

Leu 94. Interestingly, Gly 6 is one of the few completely conserved residues 
among all known c-type cytochromes, and the hydrophobic character of the other 
contact residues is also highly conserved. The helix pairing site is a prominent 
feature of all known cyt c structures, even of the very distant prokaryotic relatives. 
Thus, it is tempting to speculate that the conservation of this structural feature 
reflects constraints imposed by the folding mechanism. 

Another possible explanation for the late formation of the 60's helix is 
related to the involvement of heme ligation in cyt c folding. A number of 
observations (Elôve & Roder, to be published) indicate that Met 80 which is 
ligated to the neme iron in the native cyt c structure is replaced by another side 
chain ligand, probably His 26 or His 33, in the unfolded state. This non-native 
axial ligand becomes trapped in the partly folded early intermediate, and its 
presence may interfere with the proper folding of the 60's region and other parts 
of the structure. The non-native ligand is replaced by the native methionine in the 
intermediate phase on the 100 ms time scale (34; Elôve & Roder, in preparation). 

It is interesting to note that the fluorescence of Tip 59 is partially 
quenched in the early folding phase (Figure 3), while the indole N H of the same 
tryptophan only begins to be protected in the intermediate phase by forming an 
Η-bond with one of the heme propionate side chains (Figure 2). Apparently, the 
early intermediate formed in 20 ms is sufficiently compact for the fluorescence to 
become partially quenched via energy transfer with the heme, but a stable H-
bond is not yet present. 

Variation of the Pulse Labeling Conditions 

The preferential protection of N- and C-terminal amide sites in the fast kinetic 
phase is a clear indication of a sequential folding reaction with a partly folded 
intermediate on the folding pathway. On the other hand, the pulse labeling 
results also show indications of heterogeneous behavior with several species 
refolding along parallel pathways. For instance, N - and C-terminal sites acquire 
about 60% protection in the fast phase, suggesting that 60% of the molecules 
have undergone the helix pairing reaction while the remaining 40% are still 
unfolded after 30 ms. Similarly, the 50% occupancy observed for amide protons 
in the 60's helix at tf=500 ms is consistent with a heterogeneous population in 
which about half of the molecules are completely folded while 30-40% of the 
molecules are structured only at the chain termini and 10-20% are completely 
unfolded (Figure 2). However, we have to consider another possibility, namely 
that the system is homogeneous, but amide sites are only partially protected. For 
example, a proton occupancy of 0.5 for a particular N H could anse if the degree 
of protection is such that the amide becomes 50% protonated during the labeling 
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4. ELÔVE & RODER Structure and Stability of Cytochrome c 59 

pulse. These two possibilities can be distinguished by a modified pulse labeling 
protocol involving systematic variation of the labeling conditions. Furthermore, 
this approach can provide qualitative information on the stability of folding 
intermediates. A similar method has been applied to ribonuclease A (9). 

The analysis of pulse variation experiments is based on a structural 
unfolding model which has been used extensively in the interpretation of H-
exchange data from native proteins (e.g. 13,15-16). While some of the details of 
the hydrogen exchange mechanism are still unclear, there is general agreement 
that under destabilizing conditions where the equilibrium between folded 
molecules (F) and unfolded forms (U) is well approximated by a two-state model, 
the strongly protected protons exchange via transient unfolding (4). This situation 
can be described by the following scheme: 

2 ^ F(H) U(H) U(D) F(D) (1) 
D 2 0 

where represents the equilibrium constant for unfolding (disruption of 
intramolecular Η-bonds) and kc is the exchange rate of a given amide site in the 
unfolded state. Under most conditions, k c is rate limiting (EXj exchange 
mechanism), so that the measured exchange rate, k e , is given by 

K-KK- (2) 
N H exchange rates can thus provide a measure of the free energy of unfolding, 
AG u , according to the relationship 

A G ^ - R T l n ^ ) . (3) 

The validity of Equation (3) has been demonstrated in a study of the effect of 
destabilizing solvent additives on NH exchange rates in native BPTI (4), and it is 
expected to be applicable to transient folding intermediates as well. 

N H exchange rates in folding intermediates can in principle be measured 
by pulse labeling experiments at constant folding time and vanable pulse time 
(t ), but due to the limited life time of a folding intermediate it is advantageous to 
vary pulse pH at constant t . For a homogeneous situation, the resulting pH 
dependent proton occupancy, P(pH), is given by 

P(pH) = l-exp[-Kukc(pH)tp]. (4) 

Above pH 3, the exchange reaction is determined by base catalysis (11-13), and 
k c can be expressed as 

kc(pH) = k Q H l o ( P H ^ ) , (5) 

where k Q „ is the second order rate constant for base catalyzed exchange. In the 
absence of pH dependent conformational transitions (constant K J , Equation (4) 
describes a sigmoidal curve with P=0 at low pH and P=1 at high pH, as shown in 
Figure 5 (left panel). For an exposed amide proton (1^=1) under the conditions 
used in this study (t =30 ms, UrC), the labeling profile is expected to be centered 
near pH 8 (where the half life for exchange matches t ). With increasing stability 
(KU<<1), the curve shifts towards higher pH. In the case of a heterogeneous 
mixture of molecules with different degrees of protection (Figure 5, right panel), 
one expects multiphasic pH profiles for a given amide proton, i.e. P(pH) 
undergoes several stepwise increments with increasing pulse pH. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
47

0.
ch

00
4



Α.
Ο

 

S
" 

O
T

H
E

R
 

N
H

 
N 

•
 

/ 
'N

C 

v*
^ 

* 
/ 

/ 
/ 

/ /\
 

y 
N

-H
E

L
IX

 
C

-H
E

L
IX

 
1 

f 
/ 

/ 
/ 

/ 
/ 

/ 

/ 
/ 

U 

y 
_ 

1 
_L

_ 
,, 

•
 

m
.ο

 
m

.o
 

to
. 

Fi
gu

re
 S

. 
M

od
el

 c
al

cu
la

tio
ns

 b
as

ed
 o

n 
Eq

ua
tio

n 
5,

 o
f 

th
e 

pu
ls

e-
pH

 

Ero
fil

es
 

ex
pe

ct
ed

 
fo

r 
a 

ho
m

og
en

eo
us

 
si

tu
at

io
n 

(le
ft 

pa
ne

l) 
an

d 
a 

et
er

og
en

eo
us

 m
ix

tu
re

 o
f 

20
%

 n
at

iv
e-

lik
e 

m
ol

ec
ul

es
, 

40
%

 p
ar

tia
lly

 
fo

ld
ed

 in
te

rm
ed

ia
te

s 
an

d 
40

%
 u

nf
ol

de
d 

m
ol

ec
ul

es
 (r

ig
ht

 p
an

el
). 

tt
. 

îa
. 

s ο ε 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
47

0.
ch

00
4



4. ELÔVE & RODER Structure and Stability of Cytochrome c 61 

Pulse pH variation studies were carried out at a folding time of 30 ms 
where the early intermediate is well populated (cf. Figure 2). Figure 6 shows the 
proton occupancy as a function of the pulse pH for several N H resonances that 
can be resolved by ID lH NMR, including representative amide protons from the 
three major α-helices in cyt c. Below pH 7.5, the occupancies are low for all 

Erotons since the rate is too slow for any D-H exchange to occur during the 30 ms 
tbeling time. At pH 8.5, the exchange time constant of the intrinsic exchange 

reaction is about 10 ms so that exposed amide sites become protonated. Above 

!
)H 8.5, a nearly pH-independent plateau sets in with an occupancy of about 0.4 
or class 1 protons and 0.8 for class 2 protons. This behavior is clearly inconsistent 

with a single sequential folding pathway, but indicates the presence of a 
heterogeneous mixture of unfolded molecules (40%), partially folded species 
(40%) and fully folded molecules (20%). The increase in proton occupancies 
above pH 10 indicates that protected amide protons are beginning to become 
labeled as the intrinsic exchange rates increase further , approaching 
microseconds at pH 12. The pulse profiles at basic pH provide information on the 
degree of protection, and thus the stability of the structure in the various species 
of the folding mixture. For example, the results for Val 11 and Leu 98 are 
consistent with a stability of about 3 kcal/mol for the N- and C-terminal helices in 
the early folding intermediate. Moreover, identical pH profiles are observed for 
protons on either helix, indicating that they are protected within the same 
structural unit. The fluctuations that lead to exchange, apparently involve 
transient dissociation of the preformed complex between the N-helix and the C-
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Figure 6. Pulse-pH profiles measured by pulse labeling at variable 
labeling pH after a refolding time of 30 ms. Proton occupancies 
measured by ID NMR are shown for representative amide sites in the 
three main α-helices of cyt c. 
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62 PROTEIN REFOLDING 

helix. Together with the observation of identical protection kinetics for N- and ex
terminai protons (Figure 2), this strongly supports the presence of a helix pairing 
site in the early folding intermediate of cyt c. It would be highly unlikely tor two 
non-interacting helices to form simultaneously and to exhibit the same apparent 
stability. These results underscore the importance of tertiary interactions in 
stabilizing elements of secondary structure, even at an early stage in folding. 

The N H occupancy for Leu 64 (Fig. 6) as well as other protons in the 60's 
helix and some protons involved in non-helical Η-bonds (not shown) levels off at 
a value of 0.8 above pH 9. This level increases only above pH 11.5 where labeling 
is expected to occur even in the native state. Apparently, within 30 ms of 
refolding, about 20% of the molecules have already acquired extensive H-bonded 
structure with a stability similar to that of the native state. The kinetic labeling 
curves in Figure 2 show that most N H sites are already about 20% protected at 
the first folding time measured ( -3 ms), suggesting that the rapidly folding 
population is formed within the mixing dead-time. 
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Chapter 5 

Thermostability of Drifted Oligomeric, Reduced, 
and Refolded Proteins 

S. L. Sagar and M . M . Domach 

Department of Chemical Engineering, Carnegie Mellon University, 
Pittsburgh, PA 15213 

Renatured preparations of monomelic, crosslinked proteins can be 
heterogeneous. Processes such as conformational drift have also been 
suggested to occur during the purification and storage of oligomeric 
proteins. Drift results in heterogeneity and a loss of enzymatic activity, 
but in some cases renaturation is possible. To complement existing 
characterization methods, ligand binding and DSC analysis was used to 
probe for the presence of species that differed in thermal stability. Yeast 
and liver alcohol dehydrogenases were examined as well as native, 
reduced, and refolded lysozyme. Multiple species were found in the 
yeast enzyme samples and lysozyme refolded under nonoptimal 
conditions. The liver enzyme exhibits two thermal transitions which is 
consistent with the presence of drifted dimers, but at this time the 
assignment of the origin of the transitions is tentative. 

Protein renaturation is a multifaceted problem. Minimizing the extent of aggregation 
during refolding and contending with contaminating proteases that coprecipitate in the 
intracellular inclusion body with the desired protein are among the technical challenges 
addressed by this symposium. In addition to these problems, information on the 
degree of homogeneity before and after each renaturation step is required so that the 
activity yields can be interpreted and the design of a renaturation process can be 
optimized in order to minimize heterogeneity. Additionally, extending renaturation 
methods, if possible, to oligomeric proteins will require knowledge about the dynamics 
of oligomeric proteins and the means of characterizing the constituents of the 
population. 

Inhomogeneity can arise from many sources. For example, even if the protein is 
not produced by the cell in an inclusion body, thereby obviating the need for 
resolubilization and refolding, translational errors can occur. These errors will result in 
the synthesis of proteins that differ in their primary amino acid sequence. The potential 
outcome is that not all protein molecules will have the same activity and/or stability. 
The extent to which differences will be apparent will depend on what residues have 
been altered, their location (e.g., core, surface, or active site), the protein's tolerance to 
substitutions (e.g., (7)), and the detection method used (e.g. activity assay vs. 
fractionation). For proteins produced as inclusion bodies, nonoptimal refolding 
conditions can result in the production of small aggregates or incorrect crosslinking 
patterns. An interesting example of how the crosslinking pattern of a refolded enzyme 
can vary is included in this symposium. 

0097-6156/91/0470-0064$06.00/0 
© 1991 American Chemical Society 
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5. SAGAR & DOMACH Thermostability ofDrifted Proteins 65 

Regarding oligomeric proteins, heterogeneity can be the outcome of alternate 
processes that occur during purification and storage. One denaturation mechanism is 
the "conformational drift process" (2,3). The process is believed to entail continual 
oligomer dissociation and reassociation with the result that "conformationally drifted 
species" eventually accumulate. The drifted species are free subunits with nonnative 
conformations and oligomers containing drifted subunits. The results of pressure-
induced denaturation experiments provide the evidence for conformational drift. A 
pressure ramp is applied which results in dissociation at low pressure and ultimately 
unfolding of free subunits at high pressure. By observing the fluorescent emission of 
the sample as a function of pressure, the tendency of the protein molecules in a sample 
to dissociate and unfold can be determined. Thus, the stability spectrum of the species 
present and how the spectrum changes after a sample has experienced different 
histories can be established. For example, storage of lactate dehydrogenase (LDH) at 
4°C results in a reduction of enzymatic activity (2). LDH tetramers were also found to 
dissociate at pressures lower than that of solutions with high activity. Additionally, the 
results of gel filtration experiments indicated that the tetramers and monomers present 
are likely active tetramers and drifted subunits as opposed to a slowly equilibrating 
mixture of active tetramers and dissociated subunits. Interestingly, it was also shown 
that through the use of temperature-time treatment, nearly full restoration of LDH 
enzymatic activity could be accomplished. Conformational drift of 
glyceraldehydephosphate dehydrogenase (GAPDH) has also been observed (3). The 
measured variance in subunit binding energy was significant and indicative of the 
extent of drift. 

Because heterogeneity in the renatured product is a practical concern, 
fractionation methods, antibody binding, and activity assays are frequendy employed to 
characterize a protein preparation. However, fractionation methods that rely on 
differences in Stokes-Einstein radii for the resolution of different molecular species can 
be insensitive. Instead, affinity or hydrophobic chromatography may be required to 
resolve the species present. To attempt to complement these methods, we have 
employed differential scanning calorimetry (DSC) for characterizing the heterogeneity 
of protein samples. In practice, a sample and reference are subjected to the same 
temperature-time ramp. The unfolding of a protein's domain(s) is an endothermic 
process and the unfolding event(s) are detected by an increase in sample heat capacity. 
The temperature at which the excess heat capacity is maximal (T^) is indicative of the 
protein's stability and the heat capacity curve can provide information on the number of 
underlying cooperative unfolding processes (for review, see (4)). It was thus 
envisioned that DSC could prove useful because protein solutes are distinguished by 
their denaturation temperatures which, in turn, depend on molecular conformation. 

To examine the utility of DSC, experiments with oligomeric and monomelic 
proteins were conducted. The results of the DSC analysis of tetrameric yeast alcohol 
dehydrogenase (YADH) are reported first. YADH is oligomeric and a dehydrogenase 
like LDH and GAPDH; hence, the conformational drift process may also take place. It 
was envisioned that the resolution and identification of YADH species with differing 
thermal stabilities would be aided by using coenzyme as a probe. That is, because 
coenzyme will preferentially bind to native-like coenzyme binding domains, and ligand 
binding tends to alter a protein's denaturation temperature (e.g., (4,5)), improved 
resolution of the different thermal transitions should result when coenzyme is present. 
It should be noted, however, that any improvement in resolution is not necessarily the 
result of the thermal stability of the ligand binding species (or domain) increasing due 
to the binding of a ligand. Rather, if a ligand binds preferentially to a native 
conformation, the van't Hoff equation predicts that the temperature at which half the 
native species will be unfolded will increase (5). Partial scan-rescan experiments and 
scanning with 1M urea present were also conducted to improve resolution as well as 
provide information on the origin of the transitions. Then, the results of some 
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66 PROTEIN REFOLDING 

preliminary DSC experiments on another dehydrogenase, dimeric liver alcohol 
dehydrogenase (LADH), are described. 

Lysozyme was the subject of the experiments with a monomelic protein. Prior 
DSC work has shown that lysozyme can undergo a reversible, two-state transition over 
the pH 2-5 range and that the denaturation temperature increases as pH is increased 
(6,7). Prior DSC work also has utilized reduced lysozyme in order to minimize the 
constraints the crosslinks offer to random coil formation. In contrast, we characterized 
the reduced form by again using ligand binding as a probe. Determining the extent to 
which a reduced enzyme can retain native ligand-binding properties was the desired 
outcome. Additionally, it was of interest to determine how the scans would reflect 
nonoptimal refolding conditions. To accomplish this, lysozyme was annealed at high 
temperature after being unfolded and pH was fixed at the alkaline side of the range 
where refolding is essentially complete. After this treatment, refolding at room 
temperature was allowed to occur. By using these conditions, events such as proline 
isomerization (lysozyme contains two proline residues) and disulfide exchange (native 
enzyme has four crosslinks), but not aggregation, were anticipated to lead to 
incomplete refolding (8,9) and an increased possibility that multiple forms would be 
apparent in the scans of refolded enzyme. 

Experimental 

Yeast alcohol dehydrogenase (product number A-7011), lysozyme (product number 
L7001), dithiothreitol (DTT), N-acetylglucosamine (GlcNAc), and oxidized coenzyme 
(NAD+) were obtained from Sigma Chemical Company (St. Louis, MO.) and used 
without further purification. Liver alcohol dehydrogenase (product number 11305427) 
was obtained from Boehringer. Prior to scanning, an enzyme was first dialysed 
overnight against the buffer. The enzyme was then filtered through a 0.2 μΜ pore size 
membrane to remove any insoluble material. Enzyme samples and references were 
degassed prior to injection into the calorimeter by the use of an aspirator. 

A MicroCal MC-2 scanning calorimeter (MicroCal Inc., North Hampton, MA.) 
was used to perform the thermal denaturation experiments. Sample and reference 
volume used was 1.2 ml and enzyme concentrations ranged from 1 to 5 mg/ml. 
Baseline and shift settings were adjusted to give a flat water-water baseline. Cell 
feedback was fixed at a value of 32 and 16X sensitivity and 0.5°C/min scan rate were 
used. Following a scan, a 4X calibration pulse was used to scale the endotherm; in 
practice, little instrumental drift was observed. 

A 30 cm Protein Pak 300 SW column (Waters product no. 80013) and isocratic 
Waters HPLC were used to perform the chromatography studies. Solvent flow rate 
was fixed at 1.0 ml/min and 10 ml samples of 1-10 mg/ml were injected. Eluted 
components were detected by uv absorption at 280 nm. The retention times of 
myoglobin (18,800 MW), α-chymotrypsin (25,000 MW), hexose kinase (100,000 
MW), and glucose oxidase (186,000 MW) were determined in order to calibrate the 
column. 

Oligomeric Protein Results 

YADH Scans in the Absence and Presence of Oxidized Coenzyme. The 
pH range 6.26 to 9.4 was examined. The scans obtained when coenzyme was absent 
or present at a concentration of 10"3 M are shown in Figure 1. The scans reveal that at 
least two transitions occur except at pH 9.4 where they are not resolved. For the pH 
range examined, the way in which the T m of the dominant transition depends on pH 
and the presence of NAD + is summarized in Figure 2. As anticipated, the addition of 
coenzyme results in increasing the temperature separation of the transitions except at the 
extreme ends of the pH range investigated. Additionally, because YADH is most active 
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5. S A G A R & D O M A C H Thermostability of Drifted Proteins 67 

at pH 8.8, the effect of NAD+ increasing T m when the pH is in the vicinity of the 
activity maxima suggests that the YADH species or domains that can bind N A D + are 
responsible for the high T m transition. 

The observation of at least two transitions is likely not due to the presence of a 
protein contaminant Our gel electrophoresis analysis of sodium dodecyl sulfate-treated 
YADH yielded only one band that corresponded to the molecular weight of a YADH 
subunit (10). Thus, the presence of labile species or domain(s) in the sample must 
account for the two transitions. For example, the low T m transition could be attributed 
to the denaturation of a labile dissociated subunit or a labile domain in the tetramer. 
Such labile subunits or domains may be akin to the conformationally drifted species 
found for other dehydrogenases (2 3). The high T m transition, in turn, may be 
attributable to the denaturation of an active tetramer, or coenzyme binding domain, 
because the transition exhibited the greatest response to NAD+. Other alternatives are 
that tetrameric YADH reversibly dissociates and the subunits are responsible for the 
low T m transition, or that the low and high T m transitions can be attributed to 
thermally-induced dissociation and denaturation of the subunits, respectively. To aid 
the interpretation of the scans, additional DSC experiments were performed. 

YADH Partial Denaturation Experiments. When the sample was partially 
scanned (i.e., increase the temperature from 16°C to 57°C and then cool down to 
16°C) and then rescanned over the full temperature range after a period of 5 hours, 
only the high T m transition was observed (Figure 3). If reversible dissociation 
occurred to a significant extent, and the free subunit was more labile than the tetramer, 
then one would expect that the low T m transition would ultimately reappear in the 
second scan due to the dissociation of the tetramer replacing the irreversibly denatured 
subunits. Likewise, the low T m transition can be eliminated by treating the sample 
with 1 M urea prior to scanning (Figure 4). The results of these experiments thus 
show that the low T m transition can not be restored by annealing the sample after 
exposure to mild denaturing conditions. Finally, the relative magnitudes of the two 
transitions were insensitive to YADH concentration over the range, 1-10 mg/ml (not 
shown). If reversible dissociation was a factor, then increasing the enzyme 
concentration should lower the extent of monomer formation. Taken together, the 
results of additional DSC experiments suggest that denaturation of reversibly 
dissociated subunits can not account for the low T m transition. However, the 
possibility that a labile domain in a native or drifted tetramer is present can not be 
eliminated by the DSC results. Therefore, size exclusion chromatography experiments 
were also performed. 

Y A D H Size Exclusion Chromatography Experiments. The 
chromatography results indicate that a high retention time component with a molecular 
weight corresponding to a YADH subunit is present (Figure 5). Interestingly, the 
chromatogram is similar to one reported for LDH (2) which has been found to contain 
conformationally drifted, dissociated subunits. The relative abundance of the two 
components in the chromatograms was not significantly altered when 1 mg/ml or 10 
mg/ml samples were injected (not shown). If reversible dissociation was a significant 
factor, then a ten-fold dilution of the sample should have had an effect on the relative 
abundance of the two components eluted. Moreover, dilution during elution from a 
fractionation column can be substantial; hence, if dissociation was a significant factor, 
then it would be more apparent in the chromatography experiments than the scan-rescan 
DSC experiments. Finally, our size exclusion chromatography studies also indicate 
that a relationship between the relative abundance of the two components and the age 
and extent of hydration (i.e. effectiveness of desiccation during storage) of the 
crystalline preparation appears to exist (not shown). The chromatography results thus 
indicate that essentially irreversibly dissociated subunits are present in the YADH 
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70 PROTEIN REFOLDING 

80 

40 ' 1 ' 1 ' ' 1 1 

6 7 8 9 10 
PH 

Figure 2. Variation of denaturation temperature of the major endotherm (Tm) 
with pH when 10_ 3 M NAD+ is present or absent. NAD+ increases the 
denaturation temperature while increasing pH tends to decrease the denaturation 
temperature. 

t I I I I I I I I I I 

30 40 50 60 70 80 

TCO 

Figure 3. Partial scan-rescan experiment on yeast alcohol dehydrogenase at pH 
7. Scanning to 57°C results in one transition being observed (bottom). 
Rescanning the same sample results in the absence of low temperature transition 
(middle) while the high temperature transition is largely unchanged compared to 
die scan over the full temperature range (top). 
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5. SAGAR&DOMACH Thermostability ofDrifted Proteins 71 

TCO 

Figure 4. Effect of 1 M urea on endotherm of yeast alcohol dehydrogenase. 
Addition of urea results in the elimination of the low temperature transition 
(bottom) as compared to the scan in the absence of urea (top). A low temperature 
exotherm is also observed which can be attributed to the aggregation of the 
thermally denatured subunit 

1 

4 Minutes 

Figure 5. Size exclusion chromatogram of yeast alcohol dehydrogenase. The 
time at which the sample was injected is denoted by the vertical line. Two 
components elute where one has a retention time between that of α-chymotrypsin 
(25,000 MW) and liver alcohol dehydrogenase (80,000 MW) and the other's time 
is between that of liver alcohol dehydrogenase and glucose oxidase (200,000 
MW). 
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72 PROTEIN REFOLDING 

sample which suggests that the low T m transition can be plausibly attributed to their 
denaturation. 

L ADH Thermal Denaturation. The endotherms of LADH at various pH 
values are shown in Figure 6. As was observed for YADH (see Figure 1), two 
transitions are apparent in several of the LADH endotherms. Additionally, the 
temperature at which unfolding occurs decreases as the pH is increased. However, 
unlike YADH, only one species that had a molecular weight corresponding to the 
LADH dimer was found to elute during size exclusion chromatography (not shown). 
The fact that no subunits were observed does not preclude the possibility that different 
drifted dimers are present in the LADH sample. Rather, it has been noted by Weber 
and colleagues that the extent of dissociation in some cases is low; hence, only after 
substantial drift has occurred will drifted subunits be present (2). Thus, it is possible 
that at least two dimeric species of LADH that differ in thermal stability are present in 
the sample. This hypothesis is currently under investigation. 

Lysozyme Results 

Reduced Lysozyme Thermal Denaturation. A scan of native lysozyme is 
shown in Figure 7a. The T m is 82.5 °C and the enthalpy ratio (the ratio of the 
calorimetric enthalpy to the apparent van't Hoff enthalpy) is approximately one which 
agrees with prior DSC analyses of lysozyme (6,7). Additionally, a significant change 
in heat capacity occurs following unfolding which is characteristic of lysozyme (4). 
When lysozyme's disulfide bonds are reduced by the addition of DTT, a 7°C decrease 
in T m occurs (Figure 7b), but the enthalpy ratio is not significantly different from that 
of the crosslinked enzyme. The decrease in T m is to be expected because stabilizing 
crosslinks have been removed. Overall, in the presence of DTT a significant amount of 
secondary and tertiary structure is retained by lysozyme and the molecular population is 
quite homogeneous as reflected by the observation of only one transition and a constant 
enthalpy ratio. 

In order to investigate reduced lysozyme further, the response of the reduced 
enzyme to the ligand N-acetylglucosamine (GlcNAc) was compared to that of the native 
enzyme. As seen for YADH, ligands that bind favorably to native proteins often cause 
an increase in T m and/or denaturation enthalpy to occur. GlcNAc binding to reduced 
lysozyme does indeed result in a T m and enthalpy change (Figure 8b) as it did for the 
native enzyme (Figure 8a). Thus, it appears that the reduced enzyme retains the native 
enzyme's ability to bind a ligand. 

Refolded Lysozyme Thermal Denaturation. When lysozyme was 
thermally denatured at pH 5.68 and annealed at 100°C, precipitation was not observed, 
but incomplete refolding occurred. For example, a scan of refolded lysozyme after 
thermal denaturation is shown in Figure 9. In comparison to the native enzyme (see 
Figure 7a), the endotherm is not as sharp and a low temperature shoulder is also 
evident. We attribute the broadness of die endotherm of the refolded enzyme to 
disulfide exchange and/or incorrect secondary structure formation. 

Discussion 

We used DSC and ligand binding to probe the heterogeneity and thermal stability of 
oligomeric, reduced globular, and refolded globular proteins. Multiple thermal 
transitions were detected for both YADH and LADH. In the case of YADH, the 
transitions could be plausibly attributed to the presence of drifted subunits and 
tetramers. The assignment was based on the results of size exclusion chromatography, 
coenzyme addition, scan-rescan, and urea addition experiments. Additionally, it was 
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TfC) 
Figure 6. Scans of liver alcohol dehydrogenase at various values of pH. 
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pH 5.68 

I 1 1 I I I 

50 60 70 80 90 100 
TfC) 

Figure 7. Endotherms of (a) native and (b) reduced lysozyme. In the presence of 
cUthiothreitol, the denaturation temperature decreases. 
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τ C O 

Figure 8. Effect of the ligand, N-acetylglucosamine, on the thermal unfolding of 
(a) native and (b) reduced lysozyme. In comparison to the case where the ligand 
was absent (see Figure 7), an increase in denaturation temperature occurs for the 
native (3°C) and reduced (5°C) enzymes when the ligand is present. The increase 
indicates that the reduced enzyme is able to bind the ligand. 
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0.83 meal * °C"1 

pH 5.68 

I I I I I ι 
50 60 70 80 90 100 

Τ C O 

Figure 9. Scan of refolded lysozyme which was denatured, annealed, and 
allowed to refold at pH 5.68. In comparison to the native enzyme (see Figure 7a) 
the endotherm is less monodisperse and appears to contain a low temperature 
shoulder. 
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5. SAGAR & DOMACH Thermostability of Drifted Proteins 77 

noted that the results of chromatography experiments indicate that the abundance of 
"drifted" YADH subunits increases with time. For LADH, the multiple transitions 
were tentatively attributed to the presence of different dimeric species. Work is in 
progress to evaluate the LADH assignment further. However, the DSC results are 
consistent with the results of high pressure-fluorescence spectroscopy experiments 
(2,5). Regarding the characterization of YADH, the DSC and chromatography 
analyses complemented each other. 

Although only one globular protein has been examined to date, some interesting 
results have been obtained. Although reduced lysozyme has less thermal stability than 
the native enzyme, it still exhibits ligand binding ability. Additionally, as others have 
found, the reduced enzyme is quite homogeneous based on its enthalpy ratio being 
equal to the native enzyme's and only one symmetric transition being observed. In 
contrast, the scan of lysozyme that was refolded under nonoptimal conditions exibits a 
shoulder suggesting that multiple forms are present. These multiple forms likely have 
different crosslinking patterns. 

Extending the implications of the lysozyme experiments to the recovery of 
crosslinked proteins from inclusion bodies is tenuous because the reduced intermediate 
formed during the recovery process may experience a different history than a native 
enzyme that has had its accessible disulfides reduced. However, if the primary amino 
acid sequence determines a protein's structure and crosslinking is a "finishing step", 
then a deviation of the endotherm of a reduced intermediate in recovery process from 
that of a reduced native enzyme could be an early indication that the refolding 
conditions will not result in correct precursor formation. Additionally, a change in 
enthalpy ratio or scan modality following the oxidation of a reduced intermediate could 
be indicative of a nonuniform crosslinking pattern being generated in the renaturation 
steps. In this case, DSC analysis could also complement the results of hydrophobic 
chromatography or PAGE experiments. For example, the protein species that is 
retained the most on a hydrophobic column could be hypothesized to be the one most 
able to unfold and expose hydrophobic residues due to the number of crosslinks (or 
pattern) not yielding maximal stability. DSC analysis would corroborate the hypothesis 
if the T m of the isolate with the longest retention time proves to be the smallest. 
Moreover, the DSC results could be used to help identify the nature of each species 
retained on the chromatography column. To further pursue these implications, we are 
currently examining the enzyme, TEM-β-lactamase, which is expressed at a high level 
by recombinant E. coli. PAGE analysis of samples from either resolubilized inclusion 
bodies or cell extracts indicates that the enzyme is recovered two forms (11). The 
molecular weights are similar; hence, the forms differ in their crosslinking pattern. 
Subsequent fractionation and DSC experiments may yield information on the number 
of crosslinking patterns present in the sample. 
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Chapter 6 

Oxidative Refolding of Recombinant Human 
Glia Maturation Factor Beta 

Asgar Zaheer and Ramon Lim 

Division of Neurochemistry and Neurobiology, Department of Neurology, 
University of Iowa College of Medicine, Iowa City, IA 52242 

Recombinant human glia maturation factor beta (r-hGMF
-beta) expressed in E. coli is a single-chain polypeptide 
containing three cysteine residues (at amino acid positions 7, 86 
and 95) out of a total of 141 amino acids. It possesses no 
disulfide bonds nor biological activity. After oxidative refolding 
in the presence of a " redox " system consisting of reduced and 
oxidized forms of glutathione, in the presence of guanidine 
hydrochloride, biological activity appears. Reverse-phase 
HPLC analysis of the refolded r-hGMF-beta shows the 
presence of four peaks. We speculate that these peaks 
correspond to the reduced form plus three isoforms containing 
intramolecular disulfide bonds as predicted from the number of 
cysteine residues. Only one of the three disulfide-linked 
isoforms exhibits biological activity as determined by 
proliferation inhibition assay on C6 glioma cells. 

In recent years the concept of biotherapy, that is, use of biologicals produced 
by mammalian cells to obtain a favorable response in the target cells, has 
generated tremendous interest in medicine. These biologicals include a 
variety of agents such as lymphokines, cytokines, tumor associated antigens, 
tumor suppressive agents, and growth and maturation factors. With the 
development of new technologies, including recombinant DNA techniques, a 
large number of agents such as interferons, interleukins, colony stimulating 
factors, tumor necrosis factor, fibroblast growth factor, transforming growth 
factor, platelet-derived growth factor and nerve growth factor, are now 
available in large quantities for laboratory and clinical trails. The biological 
activity of proteins produced by recombinant DNA method is not only 
dependent on correct amino acid sequence but also on efficient and correct 
folding of the polypeptide chain to form proper tertiary structure. One of the 
problems encountered in recombinant proteins is substantial reduction or 
sometimes total loss of biological and/or immunological activity as compare 
to their natural counterpart. In case of proteins known to contain disulfide 
bonds essential for bioactivity, the problem seems to originate from either no 
disulfide bond or incorrectly formed disulfide bonds. For example, formation 

0097-6156/91A)470-0079$06.00/0 
© 1991 American Chemical Society 
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80 PROTEIN REFOLDING 

of correct intramolecular disulfide bond is necessary to obtain the biologically 
active forms of interleukin-2 (1), interleukin-6 (2), granulocyte colony 
stimulating factor (2), insulin-like growth factor Π (3) and interferons (4,5). 

Glia maturation factor beta (GMF-beta), first detected in this 
laboratory in 1972 (6-8), is an acidic protein with a molecular mass of 17 kDa 
present in brains of all vertebrates examined (9,10). GMF-beta promotes the 
differentiation of glia and neurons, and inhibits the growth of their 
corresponding tumors (11,12). Although GMF-beta was purified to 
homogeneity from bovine brain (11), it was not available in sufficient quantity 
for structural studies. Recently, GMF-beta has been completely sequenced 
(13), cloned and expressed in E. coli (14,15). Pure recombinant human GMF-
beta (r-hGMF-beta) is in fully reduced form with no biological activity. In the 
present paper we describe a method for oxidative refolding of r-hGMF-beta, 
with generation of three disulfide-bonded isomeric forms, and the isolation of 
the biologically active isoform by reverse-phase HPLC. 

The recombinant human glia maturation factor beta (r-hGMF-beta) 
expressed in E. Coli has identical amino acid composition and sequence with 
the natural bovine brain protein (13). The protein has 141 amino acids with 
three cysteines located at positions 7, 86 and 95 (Figure 1), and thus is 
potentially capable of forming a number of intramolecular and intermolecular 
disulfide bonds. Pure r-hGMF-beta gave a single protein band of apparent 
molecular mass of 17 kDa on SDS-polyacrylamide gel electrophoresis under 
reducing and non-reducing conditions, confirming absence of any 
intermolecular disulfide linkages. The absence of intramolecular disulfide 
bond in r-hGMF-beta was confirmed by two methods. First, based on the 
observations of Clogston et al. (2) that the reduced and oxidized forms of r-
HuII^6 retained differently on reverse-phase HPLC, r-hGMF-beta was 
analyzed on a C18 reverse-phase column before and after treatment with a 
large excess of dithiothreitol (DTT). Results indicated identical retention 
times in each case (Fig. 2 A & B). Secondly, estimation of free thiol groups in 
native and denatured r-hGMF-beta by using Ellman's reagent (DTNB) (16) 
revealed presence of three SH-groups per mole protein fiable I). Thus, these 
results confirmed that r-hGMF-beta is in fully reduced form. The reduced 
form of r-hGMF-beta did not show any biological activity when tested on C6 
glioma cells as described earlier (11). The biologically active form of r-
nGMF-beta could be obtained only after oxidative refolding in the presence 
of a "redox" system consisting of reduced and oxidized glutathione in the 
presence of guanidine hydrochloride. The resultant oxidized form of the 

Erotein, presumably containing intramolecular disulfide bonded isoforms, has 
iological activity comparable to that reported earlier for natural bovine brain 

GMF-beta (11). Since GMF-beta has three cysteines, located at positions 7, 
86 and 95, and can only form three intramolecular disulfide bonded isoforms 
as shown in the scheme (Figure 3), the biologically active "redoxed" r-hGMF-
beta should contain these isomers plus the reduced form. 

For the identification of biologically active form of GMF-beta, 
separation of these isoforms, which only differs in their molecular shape, was 
necessary. This was achieved by reverse-phase HPLC. For this purpose 
oxidative refolding was carried out, as described earlier (17), by treating a 
solution of r-hGMF-beta at a concentration of 250 Mg per ml in 0.1M sodium 
phosphate containing 3M guanidine hydrochloride, pH 8, with lOmM reduced 
glutathione and ImM oxidized glutathione at room temperature. The final 
concentration of guanidine hydrochloride was kept at 3 M which was found to 
be sufficient for complete denaturation of GMF-beta as determined by 
circular dichroic spectral analysis (results not shown). At various incubation 
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7 10 20 30 
S E S L V V C D V A E D L V E K L R K F R F R K E T N N A A 

40 50 60 
I I Μ Κ I D Κ D Κ R L V V L D E E L E G I S P D E L K D E L 

70 80 86 90 
P E R Q P R F I V Y S Y K Y Q H D D G R V S Y P L C F I F S 

95 100 110 120 
S P V G C K P E Q Q M M Y A G S K N K L V Q T A E L T K V F 

130 140 
E I R N T E D L T E E W L R E K L G F F Η 

Fig. 1. Amino acid sequence of GMF-beta. The sequence was established 
for bovine brain GMF-beta by automated Edman degradation 
(microsequencing) and tandem mass spectrometry. Identical sequence was 
obtained for recombinant hGMF-beta, which was deduced from nucleotide 
sequence of the cDNA and verified by microsequencing of the first ten 
NH2-terminal residues and by carboxylpeptidase degradation of the first 
four COOH-terminal residues. The one-letter abbreviations for the amino 
acids are: A, Ala; C, Çys; D, Asp; E, Glu; F, Phe; G, Gly; H , His; I, Ile; K, 
Lys; L, Leu; M , Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; 
W, Trp; and Y, Tyr. The three cysteine residues (at positions 7, 86 and 95) 
are underlined. (Adapted from ref. 13) 

Table I. Sulfhydryl content of r-hGMF-beta 

SH-groups* 

Treatment (mole/mole) 

None 2.7 

DTT 2.8 

Gu.HCl + DTT 2.8 
•Determined with DTNB 
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Fig. 2. Reverse-phase HPLC profile of r-hGMF-beta. (A) Pure r-hGMF-
beta without treatment. (B) After treatment with 10 mM DTT in presence 
of 6M guanidine hydrochloride. Note identical retention time in each case. 
(C & D) Time course of oxidative refolding of r-hGMF-beta and 
separation of isoforms by reverse-phase HPLC. Pure r-hGMF-beta was 
dissolved in 0.1M sodium phosphate and incubated at room temperature 
with reduced and oxidized glutathione in the presence of guanidine 
hydrochloride, as described in the text, for 4 h (C) and 8 h (D). (Adapted 
from ref. 17) 
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6. Z A H E E R & L I M Oxidative Refolding of Recombinant Maturation Factor 83 

times (shown in Figure 2) an aliquot was withdrawn and directly injected onto 
a uBondapack Cl8 column (3.9 mm X 30 cm, Waters). The solvents used 
were O.lvo trifluroacetic acid (solvent A) and 100% acetonitrile containing 
0.1% TFA (solvent B). Samples were injected under initial column 
conditions of 30% solvent Β at a flow rate of 1.5 ml/min. After 2 min, a 
linear gradient of 30-55% solvent Β was established at a rate of 0.33% per 
min. Detection was made at 220 nm. A typical time course profile of 
refolding of r-hGMF-beta is shown in Figure 2 (C & D). It is evident from 
the results that r-hGMF-beta, under these conditions, was converted into four 
peaks. We speculated that these peaks corresponded to the reduced form 
plus three intramolecular disulfide bonded isoforms predicted from the 
number of cysteine residues. The "redoxed" GMF-beta was repeatedly 
injected onto the column and all the peaks were collected. Individual peaks 
were purified by rechromatography on HPLC under identical conditions and 
then analyzed by SDS-polyacrylamide electrophoresis under reducing and 
non-reducing conditions. The electrophoretic patterns indicated the presence 
of intact (17 kDa) GMF-beta in each peak and that all are monomers without 
any intermolecular disulfide linkeage. Sulfhvdryl determination with DTNB 
under denaturing conditions demonstrated that each peak has only one SH-
group per mole , except peak #4 which contained three SH-groups per mole. 
Reduction with DTT followed by removal of the excess reagent and then 
estimation of the resulting thiol shows the presence of three SH-groups per 
mole in each peptide. 

Based on the concept that the retention time of a polypeptide chain in 
reverse-phase HPLC increases with the degree of unfolding of the chain 
(2,4,18,19) we infered that HPLC peaks 1, 2, 3, and 4 corresponded to the 
isoforms so numbered, respectively, in Fig. 3. In order to determine which of 
the isoforms is biologically active, the eluted peaks from HPLC were assayed 
on C6 glioma cells for suppression of proliferation. Table II shows that only 

Table II. Growth-inhibitory activity of isoforms of r-hGMF-beta 

Sample Cell Number 
(X 105) 

Growth Inhibition 
(%) 

Control 78.9 ±2.8 0.0 

Peak#l 74.9 ±4.3 5.0 

Peak #2 76.9 ±4.2 2.5 

Peak #3 20.1 ±3.4 74.5 

Peak #4 75.4 ±5.2 4.4 

Rat glioma line C6 (American Type Culture Collection) was 
seeded at 2 χ 105 cells per well (in 24-well trays) in F12/DMEM 
(1:1) medium containing 5% (vol/vol) fetal calf serum. The cells 
were allowed to attach for 4 h and then exposed for 60 h to the 
GMF isoforms collected from the four HPLC peaks (Fig. 3). 
GMF protein was used at 100 ng/ml. Cell number was 
determined with a Coulter counter after trypsin treatment. 
Numbers 1-4 correspond to the HPLC peak numbers. Control 
cells were exposed to r-hGMF-0 with redox treatment. Note that 
only peak 3 of the refolded isoforms was biologically active. 
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84 PROTEIN REFOLDING 

ISOFORM #1 

S E S L V V C D V A 

R V S Y P L C F I F S S P V G C K P E Q Q 
86 95 

ISOFORM #2 

S E S L V V C D V A 

R V S Y P L C F I F S S P V G C K P E Q Q 
86 95 

ISOFORM #3 

S E S L V V C D V A 

R V S Y P L C F I F S S P V G C K P E Q Q 
86 95 

ISOFORM #4 

S E S L V V C D V A 

R V S Y P L C F I F S S P V G C K P E Q Q 
86 95 

Fig. 3. Predicted disulfide isoforms of r-hGMF-beta; showing three 
alternative intramolecular disulfide linkages. 
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6. ZAHEER & LIM Oxidative Refolding of Recombinant Maturation Factor 85 

peak #3 was biological activity. From this, we reasoned that the isoform with 
an intrachain disulfide bond between positions 86 and 95 is the biologically 
active species. 

In this article, we demonstrate the feasibility of utilizing reverse-phase 
HPLC for the separation of disulfide-bonded r-hGMF-beta isoforms. The 
methodology permit us to predict the position of the disulfide linkage in each 
of the isoforms, and thus contributes to the understanding of structure-
function relationship. However, we admit that the conclusion so obtained is 
only tentative. The inferred position of disulfide bond must be verified by 
collecting sufficient amounts of the isoforms for analysis by protein chemistry. 
But since HPLC columns can only handle a small amount of sample without 
sacrificing resolution, this approach appears laborious. A simpler alternative 
consists of replacing the cysteine residues, one at a time, with another amino 
acid, utilizing site-directed mutagenesis. Work along this direction is in 
progress. 
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Chapter 7 

Limited Proteolysis of Solvent-Induced Folding 
Changes of ß-Lactoglobulin 

M. Dalgalarrondo, C. Bertrand-Harb, J.-M. Chobert, E. Dufour, 
and T. Haertlé 

Institut National de la Recherche Agronomique, LEIMA, BP 527, 44026 
Nantes CDX 03, France 

Strong hydrophobic core stabilizes the tridimensional structure of 
β-lactoglobulin molecule making its proteolysis with pepsin 
impossible since in aqueous solutions all cleavage sites are burried 
inside β-barrel. However, β-lactoglobulin molecule is subject to 
radical (but reversible) structural changes during the decrease of 
dielectric constant brought about by the addition of protic solvents such 
as alcohols. The analysis of far ultraviolet circular dichroic spectra of 
β-lactoglobulin indicates that its structure contains 52% of β-sheet in 
aqueous solutions. 65% of α-helix is observed in all studied 
β-lactoglobulin molecular species after addition of alcohol up to 50% 
v/v final concentration. These solvent induced structural changes can 
be followed by limited proteolysis. Cleavage of β-lactoglobulin with 
pepsin is triggered by the induced structural transformations and its 
speed and outcome is influenced by their extent. Differences in 
populations of produced peptides indicate the changes of folding 
intermediates present in the studied β-lactoglobulin solutions. 

Recent developments in studies carried out on small proteins interacting with 
hydrophobic ligands have shed new light on the molecule of β-lactoglobulin [7 - 5]. 
Unexpected connectivities, analogies and new homologies have made this puzzling 
small protein even more interesting. Past studies of β-lactoglobulin have yielded a 
significant amount of information about the proteins in general, β-lactoglobulin was 
one of the first proteins isolated in its pure state and one of the first in which amino 
acid composition and sequence were established. Despite intensive studies there are 
still many intriguing questions which need to be answered about this protein and its 
potential as a target or as a tool of scientific research has not yet been exhausted. 
It has been recendy claimed that β-lactoglobulin belongs to the 'superfamily' of 
proteins involved in strong interactions with small volatile hydrophobic ligands [4 -
6]. Most of these proteins are also responsible for the inter and intracellular transport 
of the hydrophobic ligands, otherwise insoluble in a polar environment. Retinol 
binding protein [J], bilin binding protein [7], insecticyanin [2] and β-lactoglobulin [5, 
7] are the best known proteins of this kind. Their tridimensional structures overlap in 
more than 95% and constitute a hydrophobic pocket inside of an eight-stranded 
β-barrel bordered on one side by an α-helix. It has been suggested that this kind of 
β-barrel structure might be a general structural device found in animal organisms 
used to trap and transport the small hydrophobic ligands. 

0097-6156/91/0470-0086$06.00A) 
© 1991 American Chemical Society 
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7. DALGALARRONDO ET AL. Folding Changes of β-Lactoglobulin 87 

In spite of relatively long acquired knowledge that β-lactoglobulin interacts strongly 
with retinol [8] the exact physiological role of β-lactoglobulin and its complex with 
retinol is unknown. This small protein is an abundant component of the milk (whey) 
of several mammals [6], There is also evidence of intestinal translocation of this 
résistent to the acid proteolysis protein in humans. This can be deduced from reports 
about the presence of diet dependent β-lactoglobulin antigens in maternal milk [9]. 
All these observations indicate that β-lactoglobulin might pass across different 
membranery interfaces. Hence, it is important to investigate the behavior of this 
protein when it is subject to polarity changes as this may simulate, to some extent, the 
conditions met during its translocation through biological membranes. The structural 
changes of β-lactoglobulin under the influence of weak aprotic solvents in acidic pH 
have been studied [10, 11] previously. Analysis of ORD (optical rotatory dispersion) 
and IR (infrared radiation) data have indicated an important structural transformation 
of this protein. On the one hand, present methods allow further investigation of these 
phenomena. On the other hand, the dairy industry produces large amounts of β-
lactoglobulin which could be engineered in order to bind and protect a wide range of 
lipophilic molecules such as flavors or drugs. Modification of β-lactoglobulin by 
enzymatic or chemicals treatments, as well as the changes of the dielectric constants 
of the medium, may be one of the possible ways for altering and broadening the 
binding specificity of this protein. 

In contrast to spectroscopic measurements depicting only average structural 
changes, study of β-lactoglobulin limited proteolysis may give more topologically 
detailed informations about its folding changes [72]. The results of circular dichroism 
and limited proteolysis experiments aiming at the elucidation of alcohol-induced 
folding changes at acidic pH of β-lactoglobulin are presented and discussed in this 
paper. 

Materials and Methods. 

The preparation of β-lactoglobulin. All chemicals used were reagent grade. 
β-lactoglobulin (BLG) variant Β was obtained from homozygote cow's milk 
following the method of Mailliart & Ribadeau Dumas [75] and, as estimated from the 
high performance liquid chromatograms on a Ci8 column and polyacrylamide gel 
electrophoresis, it was found to be more than 95% pure. 

Circular dichroism spectroscopy. CD spectra were measured using a Jobin Yvon 
Mark ΠΙ dichrograph linked to an Olivetti personal computer for data recording and 
analysis. Spectra were averages of 10 accumulated scans with substraction of the base 
line. The cylindrical cells used had a pathlength of 0.02 cm in the case of the far 
ultraviolet spectra (188-260 nm) and 1 cm in the 250-320 nm spectral region. All the 
spectra were taken at 20eC using β-lactoglobulin concentrations in the range of 20 
- 30 μΜ. β-lactoglobulin concentration was determined spectrophotometrically 
using the molecular absorption coefficient 6278=17600 in the calculations. 
β-lactoglobulin was disolved in 1 mM HC1 or 0.1M sodium acetate buffer pH 3.0. 
The results are expressed in terms of molar ellipticity [Θ] (deg-cm^-dmole'*). 
The methods of Brahms & Brahms [14], Chen & Yang [75] or Chang et al. [16] were 
assayed in order to simulate the experimental spectra. Subsequently we used the 
Brahms' method which gave the best fit with the available β-lactoglobulin X-ray 
structural data, as described by Papiz et al [5] and Monaco et al [7]. 

Limited proteolysis with pepsin. Proteolysis of β-lactoglobulin was performed in 
20 mM sodium citrate buffer pH 2.5 with an addition up to 0, 20, 25, 30, 35, 40% 
(v/v) of ethanol. 300 μg of β-lactoglobulin in 200 μΐ (final volume) were 
hydrolyzed with 6 μg of pepsin (Sigma) - E/S ratio = 0.02. The proteolysis was 
performed in stabilized temperature of 20eC. Hydrolysis of each 200 μΐ aliquot was 
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88 PROTEIN REFOLDING 

terminated by the addition of 300 μΐ of 0.2 M Tris-HCl buffer pH 8.0 at a given 
reaction time. The produced peptides were analyzed by HPLC on a 25x0.46 cm (-i.d.) 
Nucleosil Ci8 (porosity - 10 μπι) column eluted with a linear gradient of 60% 
acetonitrile, 0.9%o trifluroacetic acid in l.l%o trifluroacetic acid (starting solution), 
flow rate 1 ml/min, temperature 30eC, detection wavelength 214 nm. Identity of 
chosen peptides was deduced from their amino acid composition double-checked by 
the sequence analysis of first three N-terminal residues. 

Results. 

The influence of ethanol on the structural changes of β-lactoglobulin. Far UV 
CD spectra of β-lactoglobulin are presented in Figure 1 A. The addition of ethanol up 
to 50% v/v final concentration induces radical, but reversible, changes in circular 
dichroic spectra of β-lactoglobulin. In absence of ethanol the dichroic spectra exhibit 
sharp negative maxima in the aromatic region (Figure IB) at 291 nm with strong 
shoulders at 284 nm. This pattern is characteristic of the tryptophan residues. In 50% 
ethanol (v/v), the two minima - at 284 and 291 nm disappear from the β-lactoglobulin 
spectrum. 

The comparison of the fluorescence spectra of β-lactoglobulin in an aqueous 
solution and in 50% ethanol (v/v) (not shown) demonstrates that the maximum of the 
tryptophan fluorescence emission is shifted from 332 nm to 338 nm, respectively. 
Additionally, a concomitant increase in the maximum fluorescence intensity may be 
observed. Red shift of the emission maximum implies that under the influence of 
alcohol the tryptophan residues, which in aqueous solutions are sheltered in the 
hydrophobic interior of a protein molecule [77], become more exposed to a polar 
environment. 

The analysis of far UV CD spectrum of β-lactoglobulin dissolved in aqueous 
solution, according to Brahms [74], demonstrates that it is characteristic of the 
proteins containing a large proportion of β-sheets, amounting to 52% for 
β-lactoglobulin (see Table I). This result is consistent with the conclusions of 
crystallographic analysis by Papiz et al [5] and Monaco et al [7]. Table I shows an 
estimate of the α-helix and β-sheet content using the Brahms method [14], based on 
the analysis of far UV CD spectra changes for β-lactoglobulin due to the increase in 
the ethanol concentration. In acidic 50% v/v ethanol, the observed UV CD spectrum 
of β-lactoglobulin is characteristic of proteins containing significant amounts of 
α-helix. Its analysis by Brahms method demonstrates the presence of 56% of α-helix, 
10% of β-sheet and 34% of aperiodic segments (Table I). 

β-strand <--> α-helix transition midpoints of BLG as a function of methanol, 
ethanol and 2-propanol concentrations. The effect of increasing alcohol 
concentration on the molar ellipticity of the β-lactoglobulin solution measured at 191 
nm is presented in Figure 2. It is an indirect tracer of the occuring β-strand <--> a-
helix transition which culminates at around 50 % alcohol (v/v) concentration. It is 
immediately apparent that the shift of "β-strand half melting points" depends on the 
polarity of the used alcohol. The midpoints of β-lactoglobulin β-barrel "structure 
melting" are observed in 47% methanol (11.6M), 37% ethanol (6.35M) and 27% 
isopropanol (3.5M). Considering the bulk dielectric constant - (ε) values for 
alcohol/water solutions as given by Akerlof [18] and Douzou [79], the midpoints of 
the observed structural transformation occur around dielectric constant ε « 60 for 
methanol, ethanol and 2-propanol. The molecule of β-lactoglobulin attains its 
maximal α-helix content when the (ε) value drops to about 50 in each alcohol 
studied. 

Limited proteolysis of β-lactoglobulin. It is known [20] that β-lactoglobulin is not 
digested in stomach and is almost integrally recovered at the entry of intestines. 
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7. DALGAIARRONDOETAL Folding Changes of β-Lactoglobulin 89 

Wavelength, nm 

270 290 310 

Wavelength, nm 

Figure 1 : Circular dichroism spectra of β-lactoglobulin in various aqueous 
(10-3N HCl)/ethanol mixtures. A - Circular dichroism spectra in the far UV : 
(1) BLG in 10-3N HC1, (2) BLG in 40% ethanol, (3) BLG in 50% acidic 
ethanol, (4) reversibility of the structural changes (BLG dissolved in 50% acidic 
ethanol is freeze dried and redissolved in 10-3N HC1). Β - Circular dichroism 
spectra in the aromatic UV region : BLG in 10-3N HCL ( ), in 20% ( · · · · · ) 
and in 50% acidic ethanol ( ). BLG concentration was 18.2 μΜ. 
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90 PROTEIN REFOLDING 

Table I : Estimation of α-helix and β-sheet content in β-lactoglobulin using Brahms 
method as a function of ethanol concentration 

% ethanol (v/v) 0 10 20 30 35 37.5 40 50 

% H 7 10 10 13 24 39 46 56 
% E 52 49 48 47 38 21 15 10 
% R 41 41 42 40 38 39 39 34 

% H : α-helix, % Ε : β-sheet and % R : aperiodic segments. 

0 I ι 1 ι 1 ι ι 1 1 ι ι ι ι 1— 

0 10 20 30 40 50 60 
% alcohol (v/v) 

Figure 2 : Effects of methanol, ethanol and 2-propanol on β-lactoglobulin 
secondary structure. Changes in molar ellipticity at 191 nm of BLG dissolved in 
10-3N HC1 as a function of methanol ( Ο ), ethanol ( Δ ) or 2-propanol ( • ) 
concentration. The results are expressed in terms of molar ellipticity [Θ] 
(deg-cm2.(imole-l). 
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7. DALGALARRONDO ET A L Folding Changes of β-Lactoglobulin 91 

Apparently, its hydrophobic core cages most of hydrophobic and aromatic amino acid 
side chains being otherwise sensitive to pepsic proteolysis. Hence, it appeared 
plausible that alcohol induced structural changes might gradually expose the pepsin 
sensitive cleavage sites. The results of experiment supporting this hypothesis is 
presented in Figure 3. As it may be seen from HPLC chromatograms 
p-lactoglobulin which is not proteolyzed by pepsin in vivo can be neither hydrolysed 
in vitro, at pH 2.5 during 50 hrs of proteolysis time. Gradual addition of ethanol is 
inducing, however, an exponential boost of pepsic hydrolysis (represented in the 
Figure 3 as disappearence of the protein in time). This can be observed up to 35% of 
ethanol. The proteolysis in 40% ethanol is somewhat depressed by the prevailing 
inhibitory effect of alcohol. More detailed image can be perceived from the Figures 
4A and 4B showing full HPLC chromatograms of the reaction products after 10 and 
40 hours of pepsic hydrolysis of β-lactoglobulin in 25 and 40% of ethanol. At the first 
glance two groups of proteolytic products can be observed: - one of short more 
hydrophilic, preponderant at 25% alcohol and a second, of longer and more 
hydrophobic peptides, prevailing at 40% ethanol. 

Discussion. 

All the described experiments were carried out at pH 2 - 3 when β-lactoglobulin is 
monomelic and displays significant conformational stability. In alcohol, BLG CD 
spectrum shows the collapse of the β-sheet structure. The proteolysis data indicate 
that the changes of β-lactoglobulin secondary structure are preceded by earlier 
disorganization of its hydrophobic core. These structural transformations are 
paralleled by the change in the environment of at least one tryptophan, as might be 
deduced from analysis of the aromatic region of the CD and fluorescence spectrum. 
The changes of electrostatic charges, ionisation status, protein hydrophobicity and 
hydrogen bonds contribute to the breakdown of the β-barrel. The addition of alcohol 
decreases the dielectric constant of the aqueous solution and may: (i) induce the 
complete protonation of the aspartic and glutamic acid carboxylates and (ii) increase 
electrostatic repulsive interactions between the charges on the protein molecule in the 
solvent with a dielectric constant lower than water. Titrations by NaOH (0.2 N) of 
BLG (40 mg/ml) in aqueous solutions and in 50% ethanol indicate that acidic pK a 

measured in BLG increases by about 1 unit from pK a = 3.7 to pK a = 4.6, respectively. 
This result agrees with one reported by Jukes & Schmidt [21] who showed that the 
pK a of Asp and Glu side chains increase from 3.65 and 4.25 to 5.2 and 5.63 in 72% 
ethanol solution, respectively. The disappearance of the salt bridges and the overall 
change in the balance of the charges may contribute to a decrease in β-barrel stability. 

It has been known for quite a long time that also several peptides can undergo 
conformational changes from an unordered or β-structure to an α-helix. For example, 
signal sequences of the unprocessed secretory proteins (transmembrane signal 
peptides) [22] are structurally unordered in aqueous solution. The interaction of these 
peptides with polar heads of membrane lipids induces them to adopt β-structure. 
After further penetration of the membrane and contact with its hydrophobic interior 
their structure becomes α-helical. In a similar process they become α-helical [22] 
upon interacting with non-polar solvents (trifluoroethanol, hexafluoroisopropyl 
alcohol). On the other hand, proteins are regarded as molecules with clearly defined 
ordered structures, which a priori cannot exhibit reversible conformational changes of 
great magnitude without imminent risk of denaturation. Structural studies by optical 
rotatory dispersion [10,23, 24] have demonstrated, however, that some of the proteins 
- silk fibroin, ribonuclease and β-lactoglobulin, can undergo reversible 
conformational changes when dissolved in weakly protic solvents. Also, according to 
our CD observations the β-strand <--> α-helix transformation of β-lactoglobulin 
molecules under the influence of alcohols is reversible (Figure 1A). It should not be 
forgotten, however, that β-lactoglobulin is a secretory protein, and it is known as such 
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92 PROTEIN REFOLDING 

TIME (hours) 

Figure 3 : Disappearance in time of β-lactoglobulin peak after proteolysis with 
pepsin as a function of ethanol concentration. 
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94 PROTEIN REFOLDING 

to pass through the membranes of the endoplasmic reticulum. It has been shown that a 
conformational change is associated with the transport of β-lactoglobulin across the 
membrane [25]. The interaction of β-lactoglobulin with phospholipid bilayers - in 
phosphatidylcholine vesicles, increases the α-helix content of the protein, as 
determined by circular dichroism [26]. 

The physiological function of β-lactoglobulin, the major whey component of 
milk from cattle and other mammals is still far from being elucidated. The structural 
similarities between the retinol binding protein (RBP) and β-lactoglobulin, indicate 
that β-lactoglobulin could transport retinol or other hydrophobic molecules from the 
cow to its calf and evidence about the presence of the β-lactoglobulin receptor in the 
gut of very young calves [5] has been obtained. As β-lactoglobulin binds retinol 
tightly, one is tempted to postulate that the transformation of β-lactoglobulin 
(β-strands <--> α-helix), in an apolar medium, might explain the mechanism of 
retinol release and possibly also some of the transformations of this protein occuring 
during its translocation through cellular interfaces, such as membranes. This 
assumption is consistent with the results of Noy & Xu [27]. They report that, in a 
system containing retinol-RBP and lipid bilayers, the retinol spontaneously dissociates 
from retinol binding protein. So, the retinol carrier system appears to be in a dynamic 
equilibrium in which retinol can spontaneously move between binding proteins and 
lipid bilayers. Considering the strength of the known interactions, the shielding of all 
hydrophobic amino acid side chains by hydrophilic periphery of β-barrel (as 
witnessed by the failure of pepsin attack) and the hydrophobic nature of the ligands, 
any change in their binding simply seems unlikely, if not impossible, in the aqueous 
environment. Hence, it is very difficult to understand the mechanisms of the protein-
ligand association/dissociation in a polar environment. In contrast, the observed 
β-strando^-helix transformation of β-lactoglobulin, may explain the possible 
mechanism of the delivery and binding of a variety of small hydrophobic ligands 
transported by other members of the same protein 'superfamily'. It might well explain 
the paradox arising from the strong binding by these proteins of the majority of 
hydrophobic ligands and the obvious need for their dissociation. The loading or 
unloading of the hydrophobic pocket may be intrinsic to the reversible processes of 
β-barrel collapse next to and inside of biological interfaces, when these proteins are 
fusing with or are secreted from the cellular membranes. 

The analysis of limited proteolysis experiments presented in Figure 3 indicates 
that β-lactoglobulin structure is very compact and stable in aqueous solution at pH 
2.5 since it is hidding efficiently all the hydrophobic side chains in the hydrophobic 
core of the β-barrel. The enhanced thermodynamic stability of β-lactoglobulin to 
thermal unfolding at low pH has been reported by Kella & Kinsella [28], Also 
Novotny & Bruccoleri [29] and Parsell & Sauer [30] reported that structural stability 
is an important factor in proteolytic susceptibility dependent on enzyme accessibility 
and segmental mobility. As pepsic cleavage sites of β-lactoglobulin are well burried 
in its hydrophobic core they cannot be attacked by pepsin in aqueous solution. 
Consequently, the protein cannot be processed by this enzyme in regular physiological 
conditions. Initial addition of ethanol up to 20% doesn't exercise any significant 
influence. As it can be seen in Figure 3 further increase of ethanol content to 35% 
opens up most of pepsic cleavage sites and greatly accelerates the proteolysis. Quite 
surprisingly, as it shown in Figure 4A and 4B and partially confirmed by performed 
analysis, a number of relatively short hydrophilic peptides is produced at lower 
alcohol and few longer hydrophobic ones at higher ethanol concentrations. It looks 
like as at the beginning of studied polarity changes (20-30% of ethanol), when the 
spectral measurements still dont show any significant secondary structure changes 
(Figure 2), there might be tertiary structure tranformations and apparent from 
enhanced proteolysis - increased amino acid side chain rotation . In this respect, 
β-lactoglobulin conformation, observed around 20-30% ethanol might be similar to 
the "molten globule" state, suggested by Bychkova et al. [31] as a transitory 
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7. DALGALARRONDOETAL. Folding Changes of β-Lactogfobulin 95 

conformation of globular proteins during their translocation through the membranes, 
conserving secondary while relaxing their tertiary structures. 
It may be noticed (Figure 4) that the peptides produced in 40% ethanol are longer and 
more hydrophobic. At this value of dielectric constant, the plateau of the peptide 
backbone changes, as monitored by the CD measurements at 191 nm (see Figure 2), is 
reached and the maximum of α-helical structure is attained. Since the conformational 
freedom of amino acid side chains is greatly reduced in α-helices [32] many of the 
hydrophobic amino acid side chains may be hindered and consequently less exposed 
to the pepsin recognition on the surface of newly constituted α-helices. Hence, few 
observed long peptides are probably the products of pepsic cleavages at the inter-
helical kinks or other non-helical rotationally less stable regions. 
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Chapter 8 

Folding and Aggregation of RTEM β-Lactamase 

Pascal Valax and George Georgiou 

Department of Chemical Engineering, University of Texas—Austin, 
Austin, TX 78712 

High levels of expression of the secreted protein RTEM β-lactamase in 
Escherichia coli result in the formation of protein aggregates, or 
inclusion bodies, in the periplasmic space. The formation of inclusion 
bodies can be inhibited in cells grown in the presence of non
-metabolizable sugars such as sucrose. Earlier work has shown that 
sucrose appears to exert a direct effect on the folding of β-lactamase 
within the cell (14). In this study we have investigated the in vitro 
renaturation and aggregation of β-lactamase from guanidine-HCl 
solutions. The equilibrium folding transitions monitored by difference 
spectroscopy, intrinsic fluorescence and activity measurements exhibited 
some degree of non-coincidence indicating the existence of at least one 
stable intermediate. Denaturation was not fully reversible at protein 
concentrations in excess of 4 mg/ml and resulted in the formation of 
visible aggregates. The extent of aggregation was greater when the 
protein was first completely unfolded in buffers containing 2.0 M or 
higher concentrations of guanidine-HCl, or in the presence of 5 mM 
dithiothreitol. Addition of sugars caused a shift of the equilibrium 
curves to higher guanidine-HCl concentrations and prevented the 
aggregation of β-lactamase upon refolding. These results are consistent 
with the aggregation inhibition observed in vivo in the presence of 
saccharides. 

The recent development of recombinant DNA technology has permitted the cloning of 
foreign genes in microorganisms. In some cases the rate of production of the 
recombinant protein exceeds 30% of the host total protein synthesis rate. Often, the 
recombinant proteins accumulate in a misfolded conformation forming relatively large, 
amorphous aggregates called inclusion bodies. Little is known about the mechanisms 
of protein folding and aggregation in the cell. Recent studies have demonstrated that 
interactions with intracellular components are critical for folding. For example, 
chaperonins (or PCB, Polypeptide Chain Binding proteins) such as GroEL, GroES and 
SecB (1-7JO) mediate proper folding of certain proteins, help maintain secretory 

0097-6156/91/0470-0097$06.00/0 
© 1991 American Chemical Society 
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98 PROTEIN REFOLDING 

proteins in a conformation competent with membrane translocation and promote the 
correct assembly of oligomeric proteins. Folding catalysts such as protein disulfide 
isomerase (8-10) and prolyl cis-trans isomerase (10) are also believed to play an 
essential role. Despite die complexity of intracellular events, valuable insights on the 
folding pathway can often be drawn from in vitro experiments with purified proteins 
refolded from dénaturant solutions. Based on such analogies as well as in vivo 
experimental evidence, Mitraki and King (77) proposed that the formation of inclusion 
bodies proceeds through a mechanism analogous to the aggregation of polypeptides 
during refolding from dénaturant solutions. Thus, it was suggested that the 
aggregation of proteins in vivo most likely results from specific intermolecular 
interactions between exposed hydrophobic surfaces of a soluble kinetic intermediate in 
the folding pathway of the recombinant protein. In general, folding and aggregation 
can be considered as two competing reactions. The final yield of soluble, correctly 
folded protein is determined by the ratio of the rates of these two processes. Since the 
rate of polypeptide folding (for monomelic proteins) is first order with respect to 
protein concentration, whereas aggregation follows second or higher order kinetics, the 
formation of inclusion bodies should be favored at high intracellular protein 
concentrations arising from elevated expression levels. 

Previous work in this laboratory has demonstrated that β-lactamase is a good 
model for the study of in vivo aggregation. This protein has been overexpressed in E. 
coli using an inducible tac promoter. Following translation, the precursor form of β-
lactamase is translocated through the inner membrane and secreted into the periplasmic 
space. After the signal sequence has been cleaved, the released mature enzyme can 
either fold into the native conformation or aggregate in the periplasmic space forming 
inclusion bodies (72). Unlike the highly regulated cytoplasm, the periplasmic space is 
very sensitive to external conditions. Small molecular weight compounds can diffuse 
freely through the outer membrane. As a result, the fermentation conditions can 
directly influence the periplasmic space environment and therefore the folding and 
aggregation of secreted proteins. Addition of non-metabolizable sugars such as sucrose 
and raffinose has been shown to inhibit inclusion body formation (75). Bowden and 
Georgiou observed up to a ten-fold increase in the production of soluble native enzyme 
upon addition of sucrose in the fermentation medium. They also showed that the 
inhibition of inclusion body formation cannot be attributed to osmotic effects or 
changes in the protein synthesis rate (74). Instead, sucrose seems to act directly on the 
folding and aggregation of β-lactamase. In this study, experiments were designed to 
evaluate the effect of sucrose, as well as other factors such as pH, reduction of the 
disulfide bond and dénaturant concentration on the extent of in vitro aggregation of 
purified β-lactamase. 

Materials and Methods 

Materials. Guanidine hydrochloride was purchased from International 
Biotechnologies Inc. (New Haven, CT). The purity of the lot was tested 
spectrophotometrically (75). Dithiothreitol (DTT) was purchased from Sigma. 

General Methods, β-lactamase activities were determined spectrophotometrically 
using penicillin G as the substrate. The assay solution consisted of 0.5 gA penicillin G 
in 50 mM potassium phosphate buffer, pH 6.5. All data are the average of two or three 
activity measurements. Enzyme concentrations were obtained from the absorbance at 
281 nm using an extinction coefficient of 6281=29400 M^cnr 1 (76,77). The molecular 
weight of the enzyme is 28899 g/mol. For some experiments, β-lactamase 
concentrations were also measured using the Bio-Rad binding dye assay with bovine 
serum albumin as the standard. Dialysis tubing (SPECTRUM, M.W. cutoff 10,000 
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8. VALAX & GEORGIOU RTEM β-Lactamose 99 

daltons) was prepared by first boiling in 2% sodium bicarbonate, 1 mM EDTA for 10 
min and then boiling for an additional 10 min in 1 mM EDTA (18). The tubing was 
extensively washed with distilled, deionized water before and after each boiling step 
and was stored at 4eC. 

β-Lactamase Purification. R T E M β-lactamase was produced by E. coli 
RB791:pTacl 1 grown at 37eC in M9 medium supplemented with 0.3 M sucrose. The 
culture was induced with 0.1 M isopropylthiolgalactoside (IPTG; 10" 4M final 
concentration) at an optical density O.D.500 between 0.35 and 0.40. Under these 
conditions, most of the enzyme is released in the growth medium in stationary phase 
cultures (73). After 24 hours of cultivation, the cells were harvested by centrifugation 
(8,000xg for 8 min). Ammonium sulfate was first added to 30% of saturation and the 
precipitate was removed by centrifugation at 10,000xg for 40 min. Subsequently, the 
supernatant was saturated with ammonium sulfate and recentrifuged (10,000xg for 40 
min.). The pellet was resuspended at room temperature in 300 ml of 20 mM Tris-HCl, 
pH 7.0 and dialyzed overnight at 4 eC against 10 liters of the same buffer. It was then 
applied to a Waters QMA (quaternary methyl amine) preparative scale ion exchange 
HPLC column (particle size: 37-55 μπι; pore size: 0.05 μπι). The column was eluted 
with a linear gradient from 0 to 1.0 M NaCl in 20 mM Tris-HCl buffer, pH 7.8 
developed over 45 min. The active fractions were pooled and the enzyme solution 
obtained was dialyzed against phosphate buffer at pH 7.0. 220 mg of β-lactamase were 
recovered from three 2-liter fermentations, β-lactamase was found to be more than 95% 
pure by SDS-polyacrylamide gel electrophoresis on 15% acrylamide gels. For long 
term storage, the enzyme was dissolved in 50 mM KH2PO4 buffer, pH 7.0, at a 
concentration of 1 mg/ml, was rapidly frozen in dry ice and kept at -70eC. 

Folding Equilibrium Studies. E. coli RTEM β-lactamase is a monomelic protein. 
Its amino acid sequence has been determined (79). It has one disulfide bond between 
the residues Cys 7 5 and Cys 1 2 1 . The presence of four tyrosines and four tryptophans 
allows the use of spectroscopic methods for the conformational characterization of the 
enzyme. In this study, the effect of dénaturants on the unfolding of β-lactamase was 
determined from activity measurements, difference spectroscopy and fluorescence 
intensity measurements. 

The effect of GuHCl on the enzymatic activity of β-lactamase was determined as 
follows: β-lactamase was dissolved in solutions containing different GuHCl 
concentrations. The protein concentration was 10'3 mg/ml for all experiments. All 
samples were incubated for three hours at room temperature to reach equilibrium. 500 
μΐ of each sample was then mixed with 500 μΐ of phosphate buffer containing the same 
concentration of GuHCl and 1 mg/ml of penicillin G substrate. The activity was 
measured immediately as described above. 

Difference spectra were recorded with a Varian DMS 200 double beam 
spectrophotometer by using the tandem cell technique (20-22). The protein 
concentration in all experiments was 0.5 mg/ml. Samples were equilibrated with the 
appropriate GuHCl concentrations for three hours at room temperature prior to 
absorbance measurement. The maximum difference in absorption in 6M GuHCl is 
observed at 286.5nm (Figure 1). Al l data presented were obtained by monitoring 
changes in the difference extinction coefficient at this wavelength. 

A Perkin-Elmer LS5 fluorescence spectrophotometer was used for fluorescence 
intensity measurements. The excitation wavelength was set at 280 nm and the emission 
spectra were recorded between 310 and 480 nm. The protein concentration was 0.05 
mg/ml in all experiments. The maximum difference in fluorescence intensity few the 
native and denatured enzyme was observed at 345 nm (Figure 2). Therefore, the 
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100 PROTEIN REFOLDING 

Ο 

-τ-
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Figure 1. A. Absorption spectra of denatured (- -) and native (—) β-lactamase 
(0.5 mg/ml) in 50 mM phosphate buffer, pH 7.0 with and without 6 M GuHCl 
respectively. B. Difference spectrum of β-lactamase. 

2 1000 

ο s 

300 400 
Wavelength (nm) 

500 

Figure 2. Fluorescence intensity spectra of native (—) and denatured (—) β-
lactamase in 6 M GuHCl (0.05 mg/ml) in phosphate buffer, pH 7.0. The excitation 
wavelength was 280 nm. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
47

0.
ch

00
8



8. VALAX & GEORGIOU RTEM ̂ Lactamase 101 

fluorescence intensity at this wavelength was used to monitor the extent of denaturation 
in the presence of intermediate concentrations of GuHCl. 

Denaturation-Renaturation Procedure. Known amounts of β-lactamase were 
lyophilized and then dissolved in phosphate buffer, pH 7.0, containing various 
concentrations of GuHCl and dlthiothreitol as described in the text. The samples were 
subsequently dialyzed against the same solution for three hours at room temperature in 
a PIERCE microdialyzer model 500 apparatus. The buffer was then changed and the 
protein allowed to refold for three more hours. In all experiments, the final GuHCl 
concentration was 0.02 M. The samples were subsequently centrifuged at 10,000 rpm 
for 20 min in an Eppendorf microcentrifuge at 4 eC and the activity remaining in the 
supernatant was measured. The pellets were washed in 50 mM potassium phosphate, 
pH 7.0 and resuspended in the same buffer by vortexing. The suspension was then 
centrifuged as above and the enzyme activity of the supernatant was determined. 

Equilibrium Denaturation. A variety of different techniques can be employed to 
monitor protein conformational changes in the presence of dénaturants. Activity 
measurements reflect the extent of alterations of the active site environment. However, 
enzyme activity measurements may be affected the presence of dénaturant in the assay 
mixture. The denaturation curves obtained by this method are difficult to interpret and 
can only be taken as a first approximation of the unfolding transition. U.V. difference 
spectra indicate conformational changes by monitoring the degree of solvent exposure 
of aromatic amino-acid side chains. Finally, fluorescence intensity measurements can 
reveal the nature of the environment (polar, non-polar) of the four tryptophans of β-
lactamase. 

Folding equilibrium curves in the absence of sucrose are shown in Figure 3. 
The conformation of β-lactamase does not seem to undergo any perceptible change in 
the presence of up to 0.5 M GuHCl. On the other hand, no spectral change is observed 
above 1.25 M GuHCl, and therefore it is reasonable to assume that the transition is 
complete. All curves show a single step transition characteristic of a two-state process. 
However, Figure 3 reveals that the transitions detected by the three techniques are not 
completely coincident. This result indicates that at least one intermediate may be 
significantly populated at equilibrium. At 23eC, the unfolding of β-lactamase is 
completely reversible at concentrations at least as high as 2 mg/ml. Consequently, it is 
unlikely that the observed differences in the denaturation curves result from the protein 
concentrations used for the activity (1.0 μg/ml), fluorescence intensity (50 μg/ml), and 
difference spectroscopy (500 μg/ml) measurements. As pointed out by Pace (23), for 
multistate folding transitions, a two-state thermodynamic analysis can be used to 
calculate the lower limit of the Gibbs free energy of unfolding, AG U . If y N and y D 

represent the values of the measured parameter for the native and denatured enzyme 
respectively, then for a given value y, of this parameter in the transition domain, the 
apparent equilibrium constant can the be expressed as: 

Results 

Ku=(yN-y)/(y-yD> (i) 

and the energy of unfolding AG U is: 

AG U = -RTlnKj (2) 

A simple linear regression was used to fit the data obtained by fluorescence 
measurements (Figure 4). AGU(KH2P04), the energy of unfolding of β-lactamase in 
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102 PROTEIN REFOLDING 

a 

GuHCl (M) 

Figure 3. Denaturation equilibrium curves obtained from fluorescence intensity 
( Δ ), activity measurements ( φ) and difference spectroscopy ( • ) at 23*C, in the 
presence of different sucrose concentrations: a) no sucrose, b) 0.6 M sucrose (data 
for 0.3 M sucrose not shown). The solid lines are approximate fits for comparison 
of the experimental data. 

GuHCl 

Figure 4. Thermodynamic treatment of folding equilibrium data obtained from 
fluorescence intensity measurements at 0 M ( * ), 0.3 M ( A ) and 0.6 M ( · ) 
sucrose. Lines represent least square fits (r^0.98 for all lines). The transition 
midpoints and values of the free energy change in the absence of dénaturant are 
shown in Table I. 
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8. VALAX & GEORGIOU RTEM β-Lactamase 103 

phosphate buffer, was obtained by linear extrapolation to zero concentration of 
dénaturant. 

Equilibrium denaturation experiments were also performed in buffers containing 
increasing concentrations of sucrose. The expected stabilization effect of sucrose 
against denaturation (24 26) was observed in all cases (Figure 4): the difference free 
energy values, estimated as described above, and midpoints of the unfolding transitions 
are listed in Table I. Increasing concentration of sucrose also lead to the appearance of 
an intermediate plateau in the transition monitored by activity measurements. It is not 
clear if this plateau represents the accumulation of an intermediate structure of β-
lactamase with an altered active site or results from a solvent induced change in the 
enzyme kinetics. 

Renaturation. The effects of i) reduction of the disulfide bond of β-lactamase, ii) 
renaturation buffer pH, iii) concentration of protein, iv) GuHCl in the denaturing 
solution and finally v) sucrose concentration on the reversibility of the unfolding 
transition were investigated. 

To study the effect of the disulfide bond on the reversibility of the unfolding 
transition, β-lactamase was first unfolded in 2 M GuHCl in the absence or presence of 
5 mM DTT. This concentration of the reducing agent represents a 5-fold molar excess 
with respect to the cysteine residues at the maximum protein concentration used (16 
mg/ml). The unfolding buffer was thoroughly degased before the addition of DTT. 
Complete reduction of the disulfide bond of β-lactamase was confirmed by sulfhydryl 
titration using Ellman's reagent (data not shown). Subsequently, renaturation was 
performed by dialysis against potassium phosphate buffer, pH 6.0. As shown in 
Figure 5, protein aggregation is more pronounced when refolding is initiated with the 
reduced protein. For a 10 mg/ml protein solution, essentially all the activity is 
recovered without DTT, compared to approximately 80% with the reduced protein. In 
all cases, renaturation at high protein concentrations resulted in the formation of a 
visible precipitate. Virtually no activity could be recovered from the aggregates by 
dilution in phosphate buffer suggesting that precipitation is an irreversible process. 
Refolding of the reduced enzyme was also performed in the presence of 5 mM DTT in 
the renaturation buffer (Figure 5). The activity recovered in these experiments was 
equal to that obtained when the protein was renatured in the absence of DTT. The 
aggregates could be completely solubilized in high GuHCl concentrations (4 to 6 M) in 
absence of DTT and dilution or dialysis carried out at low protein concentrations 
resulted in full recovery of the enzymatic activity. SDS-polyacrylamide electrophoresis 
on 15% gels under non-reducing conditions showed that the refolded protein migrates 
as a single band. Furthermore, the refolded protein was subjected to gel filtration 
HPLC (Ultropack TSK G2000SWG, 21.5x300 mm, LKB Bromma) and eluted with 
potassium phosphate buffer, pH 7.0. Only a single, symmetric peak corresponding to 
the molecular weight of the native monomelic enzyme was observed (data not shown). 
These results clearly demonstrate that aggregation does not result from the 
intermolecular covalent cross-linking of cysteines. 

The effect of pH on the reversibility of the unfolding transition was investigated 
by renaturing β-lactamase in potassium phosphate buffers at pH 6.0, 7.0 and 8.1 
(Figure 6). As expected, refolding exhibited a strong dependence on pH. The 
maximum activity recovery was obtained at neutral pH. For a protein concentration of 
12 mg/ml, 85% of active enzyme was recovered at pH 7.0,75% at pH 6.0 and 60% at 
pH 8.1. 

The purpose of this study is to draw analogies between in vitro observations 
and in vivo results on the aggregation of β-lactamase in E. coli (72,75). For this 
reason, it is important to conduct refolding experiments under conditions that 
approximate the in vivo environment as much as possible. For secreted proteins in E. 
coli, the formation of disulfide bonds occurs in the oxidative environment of the 
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104 PROTEIN REFOLDING 

Table I. Unfolding Parameters for β-Lactamase 

Cosolvent Transition Midpoint 
(M GuHCl)* 

AG (KH 2P0 4) 
(kJ/mol) t 

A F U 

1. No cosolvent 0.78 0.89 0.86 14.1±2.3 

2. 0.3M Sucrose 0.87 1.06 .... 16.811.8 

3. 0.6M Sucrose 1.05 1.29 1.32 17.912.9 

¥ . Transition midpoints determined from A, activity measurement; F, fluorescence 
intensity and U, ultra violet absorption denaturation data, 
t. Determined from fluorescence intensity data. 

110-

100" 100" 
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Figure 5. Percent of enzymatic activity recovered after renaturation by dialysis at 
23eC. The protein was unfolded in 2.0 M GuHCl in 50 mM potassium phosphate 
buffer, pH 7.0 in the presence ( · ) and absence ( η ) of 5 mM DTT . It was 
subsequently refolded in 50 mM potassium phosphate buffer, pH 6.0. The reduced 
enzyme was also dialyzed against 50 mM potassium phosphate, 5 mM DTT, pH 
6.0 ( ο )· The final GuHCl concentration was 0.02 M. 
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8. VAIAX & GEORGIOU RTEM β-Lactamase 105 

periplasmic space, concomitant with folding. Furthermore, the periplasm is thought to 
be at a pH lower than that of the medium due to the establishment of a Donnan 
equilibrium across the outer membrane (27). To account for these conditions, 
subsequent refolding experiments were conducted with a reduced protein at a pH of 
6.0. 

Native β-lactamase was incubated in GuHCl concentrations ranging from 0 to 6 
M. The protein was then refolded, at a constant concentration of 10 mg/ml, in 
potassium phosphate buffer, pH 6.0. Irreversibility of the unfolding process was 
observed above 0.5 M GuHCl initial concentration (Figure 7). Between 0.5 and 2 M , 
the percentage of activity recovery decreased linearly from 100 to 80%. Unfolding in 
higher guanidine-HCl concentrations did not increase the recovery of active protein 
upon dialysis. 

Sucrose has been shown to stabilize the native conformation of proteins and 
affect the folding kinetics (24-26,28). Moreover, being a viscosity enhancer, sucrose 
decreases the rate of diffusion dependent processes such as aggregation. The addition 
of sucrose in the renaturation buffer should therefore lead to higher recovery of the 
active protein. The effects of 0.15 M and 0.3 M sucrose in the refolding buffer 
(potassium phosphate, pH 6.0) on protein aggregation were investigated (Figure 8). At 
both concentrations, the presence of sucrose in the refolding buffer inhibited 
aggregation. For a protein concentration of 16 mg/ml, about 60% of the activity was 
recovered without sucrose, 70% in 0.15 M sucrose and 85% in 0.3 M sucrose. 

Discussion 

The denaturation equilibrium experiments described in this paper show that β-lactamase 
becomes unfolded in the presence of more than 1.25 M guanidine-HCl. The non-
coincidence of the difference spectra and fluorescence emission at guanidine-HCl 
concentrations between 0.3 and 0.75 M suggests the presence of an intermediate which 
is populated at equilibrium 

All the refolding equilibrium experiments showed that denaturation is reversible 
up to a certain protein concentration. Refolding by dialysis of relatively concentrated 
protein solutions leads to irreversible aggregation. It was demonstrated that 
intermolecular disulfide cross linking is not involved in the aggregation mechanism: β-
lactamase contains a single disulfide bond linking Cys 7 5 and Cys 1 2 1 which is not 
required for full enzyme activity (29) or proper folding of the protein (30). On the 
other hand, there is some evidence that the formation of the disulfide bond is important 
for the stability of the enzyme at elevated temperatures (29). The results presented in 
this study suggest that the disulfide bond participates indirectly in the irreversible 
aggregation of β-lactamase. Hydrophobic interactions are usually the predominant 
driving force for protein association (31-35). Recent studies have demonstrated that in 
vitro aggregation results from the intermolecular interaction between specific exposed 
hydrophobic surfaces of partially folded species. Assuming that the E. coli β-lactamase 
and the homologous S. aureus penicillinase have similar structures (36), the disulfide 
bond would be expected to link two α-helices called a-2 (between residues 71 and 82) 
and a-4 (residues 119 to 125). The formation of the disulfide bond is likely to align the 
two helices and optimize the packing of hydrophobic domains. In the reduced protein, 
the two helices may be allowed to interact intermolecularly, thus enhancing 
aggregation. 

London et al. (32) showed that the aggregation of the E. coli tryptophanase is 
initiated by the interaction between specific hydrophobic regions of a partially folded 
species. This species can be stabilized by intermediate GuHCl concentrations. 
Refolding from these GuHCl concentrations resulted in maximum aggregation and the 
appearance of a trough in the renaturation curves. Although no such minimum was 
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110 

50 H ' 1 • 1 
0 10 20 

Protein (mg/ml) 

Figure 6. Effect of buffer pH on the activity recovery upon renaturation from 2 
M GuHCl, 5 mM DTT at 23°C. ( • ) : pH 7.0; ( • ): pH 6.0; (o ): pH 8.1. The 
final GuHCl concentration was 0.02 M. 
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Figure 7. Percent of enzymatic activity recovered upon renaturation of 10 mg/ml 
of β-lactamase unfolded in different concentrations of GuHCl. The unfolding 
buffer contained 5 mM DTT in 50 mM potassium phosphate, pH 7.0 in addition to 
the dénaturant. The protein was refolded by dialysis against 50mM potassium 
phosphate, pH 6.0 at 23eC. The final GuHCl concentration was 0.02 M for all 
experiments. 

no 

50 H • « ι • · • 1 
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Figure 8. Effect of sucrose concentration on the renaturation of β-lactamase. 
Samples with different concentrations of protein were unfolded in 2.0 M GuHCl, 5 
mM DTT and renatured by dialysis in potassium phosphate buffer, pH 6.0 (0.02 M 
final GuHCl concentration) with 0 M ( · ) , 0.15 M ( • ) and ( ο ) 0.3 M sucrose 
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8. VALAX & GEORGIOU RTEM β-Lactamase 107 

observed with β-lactamase at 23eC (Figure 6), preliminary data indicate that a trough in 
the renaturation curve can be observed at higher temperatures. Mitraki et al. (34) have 
presented evidence suggesting that the entropy loss upon aggregation is most likely 
compensated by hydrophobic interactions which exhibit a strong temperature 
dependence. They showed that the aggregation of phosphoglycerate kinase (PGK) is 
inhibited at low temperatures at which hydrophobic interactions are not favored. The 
PGK renaturation curves showed a single step transition at 4 eC and a minimum in 
protein recovery for intermediate concentrations of dénaturant at 23eC. 

Even though hydrophobic interactions have been shown to play a dominant role 
in the folding and aggregation of proteins, other interactions including electrostatic 
effects between between polar groups may also be important. Variations in pH alter the 
charge of polar amino-acid side chains. Because hydrophobic interactions are 
probably the main driving force for folding and aggregation, changes in the protein 
electrostatic properties may not significantly alter the conformations of critical folding 
intermediates but nevertheless may modify their solubilities making them prone to 
aggregation (35). We observed that the reversibility of β-lactamase unfolding is 
somewhat affected by the pH of the renaturation buffer. A similar, although more 
dramatic dependence of aggregation on pH has been observed with γ-interferon (35). 

Sucrose and other sugars have been shown to stabilize proteins in their native 
conformations by inducing preferential hydration of the polypeptide chain (24-26). 
Sucrose has also been shown to increase the apparent refolding rate of the α-subunit of 
E. coli tryptophan synthase. The enhancement in the folding rate of this protein was 
first attributed to the stabilizing effect of sucrose. However, in a more recent study, 
Hurle et al.(2#) developed a method that can take into account changes in equilibrium 
due to the addition of cosolvents. They found that the diffusion-dependent, 
intramolecular domain association during the refolding of tryptophan synthase was 
decelerated in presence of sucrose due to the increased viscosity. This result suggests 
that intermolecular domain association leading to aggregation may also be inhibited by 
sucrose. Our results demonstrated that the addition of low concentrations of sucrose to 
the renaturation buffer inhibits the formation of β-lactamase aggregates. Further studies 
to determine the precise mechanism through which sucrose affects β-lactamase folding 
and aggregation are under way. 

In vitro and in vivo folding and aggregation are believed to follow identical 
pathways. The results obtained in this study can be used to interpret in vivo 
observations. The cytoplasm of E. coli is a relatively reducing environment that is 
believed to prevent the formation of disulfide bonds. The presence of the leader 
sequence retards the folding of β-lactamase in the cytoplasm, possibly with the help of 
chaperonins. The protein is therefore translocated across the inner membrane in a non-
native, reduced form. The disulfide bond is subsequently formed in the periplasmic 
space, in which the concentration of dissolved oxygen is the same as in the growth 
medium. Sucrose is a non-metabolizable sugar which can diffuse through the outer 
membrane into the periplasmic space, but remains excluded from the cytoplasm. 
Addition of sucrose in the fermentation broth was shown to inhibit the formation of β-
lactamase inclusion bodies (75). We have shown that the aggregation of β-lactamase 
during the refolding from GuHCl solutions is also prevented by the presence of 
sucrose. Thus, the effect of sucrose on in vivo aggregation is most likely related to 
changes in the folding transition rather than physiological alterations within the cell. 
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Chapter 9 

Role of Chaperonins in Protein Folding 

Pierre Goloubinoff1, Anthony A. Gatenby2, and George H. Lorimer2 

1Division of Biochemistry and Molecular Biology, University 
of California—Berkeley, Berkeley, CA 94720 

2Molecular Biology Division, Central Research and Development, E. I. 
du Pont de Nemours and Company, Experimental Station, 

Wilmington, DE 19880-0402 

The chaperonin proteins, groEL and groES belong to a ubiquitous sub
-family of heat-shock molecular chaperones, found in prokaryotes and in 
eukaryotic organelles. The chaperonins assist the folding of nascent, 
organelle-imported or stress-destabilized polypeptides. Using the 
photosynthetic enzyme Rubisco as a folding substrate, we demonstrate 
in vitro that this process requires firstly the formation of a binary
-complex between an unstable Rubisco folding-intermediate with the 
oligomeric form of groEL. The second step, resulting in the formation 
of active Rubisco, consists of an ATP- and K+-dependent discharge of 
the groEL-Rubisco binary complex. GroES is required as a coupling 
factor between the ATP hydrolysis and the Rubisco refolding reactions 
which take place on the groEL oligomer. At 25°C, chaperonins assist 
Rubisco refolding by preventing its aggregation and not by rescuing 
misfolded proteins. 

The dictum that proteins fold into their final form in cells by a spontaneous event 
using information solely in the primary sequence is being challenged by recent 
discoveries. For numerous cellular processes, it is becoming apparent that there is a 
requirement for a class of auxiliary proteins whose proposed function is to govern the 
correct folding of other polypeptides. One name suggested for this family of proteins 
is molecular chaperones. A molecular chaperone is a protein characterized by its 
transient association with nascent, stress-destabilized or translocated proteins. This 
association prevents biologically unproductive phenomena and promotes the correct 
folding and assembly of target protein complexes into biologically active forms. The 
molecular chaperone is not a part of the final protein complex. 

The term "molecular chaperone" is not novel and was first introduced (/) to 
describe the transient association of nucleoplasmin with the histones during the 
formation of nucleosomes. Subsequently, a similar transient association was found in 
the chloroplast of higher plants between nascent Large subunits (LSU) of the enzyme 
Ribulose bisphosphate carboxylase (Rubisco) and a 800kDa protein complex 
composed of 12-14 60kDa subunits (2). The nascent chloroplast-synthesized LSU 
was found to bind this complex in a non-covalent manner and in sub-stoichiometric 
amounts. 

0097-6156/91/0470-0110$06.00/0 
© 1991 American Chemical Society 
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9. GOLOUBINOFF ET A L Role of Chaperonins in Protein Folding 111 

At first glance, the notion that the assistance of a molecular chaperone may be 
required for the folding and/or assembly of other proteins appears to be at variance 
with the work of Anfinsen (3), who demonstrated that bovine pancreatic ribonuclease 
can be denatured and consequently renatured in vitro, in the absence of other co-
factors. This experiment has been repeated since with many other proteins, including 
Rubisco (4): thus, it has been assumed that the primary sequence is able and sufficient 
to direct the correct self-folding of all proteins into their functional tertiary structure. 

There are, however, many proteins for which the conditions for in vitro self-
refolding, have not yet been found or are not within physiological ranges. The dimeric 
form of Rubisco from the purple bacterium Rhodospirilum rubrum is a typical 
example of a protein whose spontaneous refolding, after a treatment in 8M urea, 6M 
guanidium-HCl or acid (pH 3.0), is temperature dependent (4). It is observed that, 
although 100% of active Rubisco may be recovered after a long incubation at 10°C, 
less that 1% can be recovered at 25°C. The rernaining 99% are found in the form of 
an insoluble aggregate. Thus, there exists in the case of Rubisco and probably of 
many other proteins, an alternative pathway of aggregation, which competes at 
physiological temperature with the spontaneous, biologically productive folding 
pathway. At 25°C, the pathway leading to aggregates is believed to be caused by the 
improper interaction of solvent-exposed hydrophobic surfaces between unstable 
folding intermediates (5). This chapter focuses on the role of a sub-family of 
molecular chaperones named chaperonins (6), in the prevention of protein 
aggregation. 

The Association Of Rubisco With The Chaperonins. During the last decade, 
evidence has accumulated that subunits of the photosynthetic enzyme Rubisco form a 
transient binary complex with another distinct protein: the Rubisco subunit binding 
protein (7-9). The significance of this transient complex remained obscure, until it was 
demonstrated that the Rubisco subunit binding protein and the groEL protein from 
Escherichia coli, shared a high degree of sequence homology (70). Genetic evidence 
(11-14) had previously implicated groEL in the assembly of bacteriophage lambda 
heads and T4 phage tails. Thus, a family of homologous proteins, termed 
"chaperonins", was associated with the formation of a diverse array of complex 
oligomeric structures. 

The GroE Proteins Promote The Assembly Of Rubisco In E.co/z.The 
finding of a high homology of sequences between the E. coli groEL and the Rubisco 
subunit binding protein suggested to us that groEL might also be involved in the 
folding and/or assembly of recombinant Rubisco in E. coli. 

Gatenby et al. (15) had previously shown that a L8S8 Rubisco from the 
cyanobacterium Anacystis nidulans could be synthesized and correctly assembled into 
an active form in E. coli. To demonstrate the involvement of the chaperonin proteins 
in the process, we explored the influence of groEL and its co-transcribed groES 
chaperonin, on the folding and assembly process of the cyanobacterial L8S8 Rubisco 
(76). We constructed two sets of compatible plasmids, able to co-exist in the E. coli 
cell: One set of plasmids carried a pMBl replicon minus or plus the genes for A. 
nidulans Rubisco rbcL+S (Figure 1, lanes 1 or 2-4 respectively). The second set of 
plasmids carried a pl5A replicon plus (Figure 1, lanes 2, 3), or minus the groES+L 
genes (Figure 1 lane 1). In lane 4 of Figure 1, groES was inactivated by a frameshift 
mutation. 

Rubisco activity was quantified in extracts of cells carrying various 
combinations of the two sets of plasmids. The amounts of soluble active Rubisco 
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112 PROTEIN REFOLDING 

increased 4-5 fold when both the groEL and groES proteins were over-produced and 
co-expressed with the Rubisco large and small subunits. (Figure 1, lanes 3). When 
only groEL (and not groES) was over-produced, die solubility and activity of Rubisco 
remained low, at the levels limited by the chaperonins coded by the host chromosome 
(Figure 1, lane 4 and 2 respectively). However, an estimate by western blot analysis 
of the total amount of Rubisco large subunits present in the cell extracts, revealed no 
marked differences between the various treatments (data not shovvf). Thus, the 
differences of Rubisco activity are not due to variations in the transcription, translation 
or degradation regimes of the Rubisco polypetides. The successful formation of an 
active L8S8 Rubisco enzyme in E. coli, rather depends upon a post-translational event 
(folding and/or assembly), determined by the levels of both groEL and groES 
chaperonin proteins in the cell. 

This experiment emphasizes the key role played by the groES protein and 
suggests that a groES equivalent exists in chloroplast as well as in mitochondria. It 
also stresses the ubiquitous nature of the chaperonins and their lack of specificity. 
Obviously, groEL and groES do not exist in E. coli in order to assemble Rubisco, a 
protein not normally found in E. coli. Beside phage head and tail assembly (11-14), 
the groE operon is genetically associated with several other functions such as DNA 
and RNA replication (17,18) and amino acid synthesis (79). In yeast, conditional 
thermosensitive mutants in the function of the mitochondrial chaperonin, display large 
pleiotropic deficiencies due to unsuccessful targeting and assembly of many imported 
polypeptides (20). In addition, many proteins imported into the chloroplast are found 
associated with the chloroplast chaperonin (27). It appears that the rules that govern 
the interaction of the chaperonin with its multiple substrates must be of a very general 
nature. 

The In Vitro Reconstitution Of Active Rubisco. To explore the molecular 
mechanism by which Rubisco assembly is promoted by the chaperonins, an in vitro 
system was developed. We chose the dimeric, simplified form of the Rhodospirilum 
rubrum Rubisco as our substrate, to be denatured with either 8M urea, 6M guanidium-
HC1 or acid treatment The E. coli chaperonins, now referred to as cpn60 (groEL) and 
cpnlO (groES) were purified to homogeneity (22). 

At 25°C, upon the removal (by dilution) of the dénaturant, Rubisco forms an 
inactive aggregate that is unable to enter a non-denaturing gel (Figure 2, lane 2). 
However, if denatured Rubisco is diluted in a solution containing [cpn60]i4, a stable 
soluble binary complex is formed between [cpn60]i4 and Rubisco (Figure 2, lane 3). 
This complex is rather stable and can withstand gel electrophoresis. Note that 
[cpn60]i4 displays a specific affinity for denatured Rubisco, since no interaction is 
apparent between [cpn60]i4 and dimeric native Rubisco (Figure 2, lane 10). The 
addition of Mg-ATP or, alternatively, only [cpnl0]7 neither dissociates the 
[cpn60]i4ARubisco complex, nor renders Rubisco enzymatically active (Figure 2, 
lanes 4 and 6, respectively). Only when both Mg-ATP and [cpnl0]7 are concomitantly 
added, is the [cpn60]i4ARubisco complex being discharged and active folded dimeric 
Rubisco reformed (Figure 2, lane 7). 

Chaperonins have to interact with unfolded Rubisco (Rubisco-U) in a specific 
order (table 1). The presence of [cpn60]i4 (not [cpnl0]7) is absolutely necessary as 
soon as the dénaturant has been removed by dilution (Table 1, lane 1-4, versus 5). 
Pretreatment of [cpn60]i4 with Mg-ATP reduces the efficiency of the chaperonin to 
reconstitute active Rubisco (Table 1 lane 2 and 1) due to partial disruption of the 
[cpn60]i4 oligomer (Figure 2C lanes 1, 4, 7). Thus, the observed decrease in 
reconstitution ability may be assigned to the reduction of the active [cpn60]i4 form 
that binds and stabilizes the Rubisco folding intermediate (Rubisco-I) (see also Figure 
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a 

b pl5fl • groEL • groES -|- — -j- — 
plSa + groEL — — — -f-
pl5a f-

Figure 1: In vivo assembly of Rubisco in E. coli. The A. nidulans rbcL and 
rbcS genes on a pMBl replicon were co-expressed with the groES and groEL 
genes on a compatible pl5A replicon. Cells were grown in the presence of [^S] 
methionine. Cell lysates were separated by SDS- and by non-denaturing 
polyacrylamide gel electrophoresis. The amount of soluble LgSg was measured as 
the [ 3 5S] methionine present in the Rubisco protein band in the non-denaturing 
gel and was normalized to the total amount of Rubisco Large subunit (LSU) as 
reflected by the [35S]-labelled Rubisco large subunit band in the SDS-gel (25). a) 
Percent of soluble, active Rubisco relative to the total amount of LSU in the cell, 
b) Arrangements of co-expressed plasmids. 

Table 1: The sequential order of the chaperonin assisted refolding of Rubisco. In 
vitro reconstitution of urea-denatured Rubisco was performed as specified in ref. 
22; however, [cpn60]i4, [cpnl0]7, Mg-ATP were applied in different orders to 
the unfolded Rubisco substrate 

1 2 3 4 5 

Time of addition 
σ cpn60 

cpnlO 

cpn60 cpn60 cpn60 

cpnlO cpnlO 

20* 

MgATP MgATP 

-

MgATP 

Glucose/ 

Hexokinase 
-

23* Rubisco Rubisco Rubisco Rubisco Rubisco 

33* - cpnlO cpnlO - cpn60 

34· - - MgATP - MgATP 

94· assay Assay assay assay assay 

Reconstitution 455% 21.9% 483% 05% 0% 
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114 PROTEIN REFOLDING 

Figure 2: Chaperonin- and Mg-ATP-dependent in vitro reconstitution of active 
dimeric Rubisco from denatured Rubisco. a) Rubisco activity, expressed as a 
percentage of activity observed with an equal quantity of native Rubisco. b) 
Western blot after non-denaturing PAGE of the reaction mixtures used in a and 
probed with antibody raised against Rubisco. c) as in b, but probed with antibody 
raised against cpn60. d) Summary of the reaction conditions. Reprinted by 
permission from NATURE vol. 342 pp. 884-889. Copyright (C) 1989 Macmillan 
Magazines Ltd. 
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2B lane 3-4). The requirement for Mg-ATP in the chaperonin reconstitution reaction is 
shown in Table 1, lane 4, by the removal of ATP with hexokinase treatment (table 1, 
lane 4). 

The greater the delay between the removal of the dénaturant and the addition of 
the [cpn60]i4 complex, the more Rubisco aggregates irreversibly (22). Thus, the 
chaperonin prevents aggregation from occurring but is unable, in these conditions, to 
rescue Rubisco which has already aggregated. 

ATP Hydrolysis. The chaperonin-dependent formation of active Rubisco is 
accompanied by the hydrolysis of ATP since non-hydrolysable analogs of ATP are 
ineffective substitutes. Because of technical difficulties, the stoichiometry (mois ATP 
hydrolyzed per mol of Rubisco refolded) remains to be determined. In the absence of 
an unfolded protein, cpn60 catalyses the uncoupled hydrolysis of ATP only in the 
presence of a monovalent cation (K+, Rb + or NH4+ ions, but not Na+, Li+ or Cs+ 
ions). Similarly, the chaperonin-dependent reconstitution of Rubisco shows a 
dependence on the same monovalent cations (4). The addition of cpnlO inhibits almost 
completely the uncoupled hydrolysis of ATP catalyzed by cpn60 while a [cpn60-
cpnlO] 14 complex is being formed (4), indicating that cpnlO functions as a coupling 
factor, between the hydrolysis of ATP and the protein folding reaction, bothe taking 
place on the [cpn60] 14 oligomer. 

The Specificity Of Interaction Between cpn60 And cpnlO. The in vitro 
reconstitution of dimeric Rubisco can be performed with [cpn60]i4 from different 
sources (Figure 3). The purification of organelle cpn60 was performed under similar 
conditions as for the groEL protein (24, Lorimer personal communication). Similar 
amounts of purified cpn60 from yeast mitochondria and pea chloroplast substituted 
purified E. coli groEL in an in vitro refolding assay as described in ref. 22. Although 
the Rubisco activities in figure 3 do not reflect the initial rates of the refolding 
reactions (CO2 fixation activity was measured after one hour of refolding assay), the 
bacterial cpnlO is clearly able to couple the reconstitution of Rubisco in a Mg-ATP 
dependent manner on [cpn60]i4, despite the heterologous nature of the complex. In a 
reciprocal fashion, chaperonin-10 from beef liver mitochondria can functionally 
interact with bacterial cpn60 (24). The fact that this interaction has been conserved 
through evolution, from bacteria to chloroplasts and mitochondria, implies that the 
formation of a [cpn60-cpnl0]i4 complex is important for the chaperonin function. 

A Model For The Chaperonin Action On The Reconstitution Of Dimeric 
Rubisco. Native Rubisco dimers are unfolded by urea or partially denatured by an 
acid treatment. Upon removal of the dénaturant, an unstable folding intermediate, 
Rubisco-I (Figure 4a) is thought to be formed. At low, non-physiological temperature 
(10°C), Rubisco-I slowly and spontaneously renatures. At 25°C however, Rubisco-I 
aggregates irreversibly if [cpn60]i4 is absent from the solution. In the presence of 
[cpn60]i4, a rather stable binary complex [cpn60]i4ARubisco-I is formed. The in 
vitro formation of this binary complex does not require the presence of [cpnl0]7: 
However, the most probable form of the chaperone complex to interact in vivo with 
the nascent polypeptides is [cpn60-cpnl0] 14 (Figure 4b). 

Potassium ions are not required to form the [cpn60-cpnlO]i4ARubisco 
complex (4) but are required for the coupled hydrolysis of ATP and the release of the 
folded protein. Since at 10°C, Rubisco is able to refold without the assistance of a 
chaperone, we believe that the free energy of ATP is not conserved in the folded 
protein or the chaperones but is ultimately dissipated as heat. The manner in which 
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5 80 

ο 

• 
> 

cpnlO 
Mg-ATP 
cpn60 

Figure 3: The ubiquitous mechanism of [cpn60]i4. Purified [cpn60]i4 from Ε. 
coli, Pea chloroplasts (pea cp) and yeast mitochondria (yeast mt) were assayed in 
vitro for their ability to reconstitute R. rubrwn Rubisco in the presence (+) or 
absence (-) of E. coli cpnlO and Mg-ATP as in ref (22). a) Percent reconstitution 
after one hour assay, measured as in Figure 2a, normalized to the E. coli cpn60 
standard reconstitution reaction, b) Summary of the reaction conditions.  P
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9. GOLOUBINOKF ET AL. Role of Chaperonins in Protein Folding in 

Figure 4: Model for chaperonin-dependent reconstitution of Rubisco. 
Native Rubisco (Rubisco-N) is denatured by urea, guanidium-HCi, or acid 
(pH 3.0), to form after removal of the denaturing agent; Rubisco-I (a) an 
unstable folding intermediate. Rubisco-I aggregates, unless (b) the 
chaperonin [cpn6()]14 or [cpn60-cpnlO]- 4 associate with it. The complex 
[cpn60-cpnl()]^4-Rubisco requires M g - A T P and K + ions to catalyze the 
refolding reaction (c) and the formation of a monomeric Rubisco-N that 
spontaneously dimerizes to form active Rubisco. 
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118 PROTEIN REFOLDING 

this energy is utilized during chaperonin-facilitated folding processes remains to be 
(ktermined. 

Conclusion. We have provided experimental evidence that the chaperonins meet the 
first criterion expected by their definition. They are molecules that, by their transient 
association with nascent, stress-destabilized or translocated proteins, prevent 
"improper" aggregation. Chaperonins are not able to rescue aggregates once they are 
formed, nor do they appear to carry specific steric information, capable of directing a 
protein to assume a structure different from the one dictated by polypeptide primary 
sequence. 
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Chapter 10 

Pathway for the Thermal Unfolding of Wild 
Type and Mutant Forms of the Thermostable 

P22 Tailspike Endorhamnosidase 

Bao-lu Chen and Jonathan King 

Department of Biology, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

Increasing the stabilities of proteins under realistic conditions 
requires understanding the mechanisms of protein denaturation far 
from equilibrium. A protein displaying very high thermal stability, 
resistance to proteases and resistance to detergents is the tailspike 
endorhamnosidase of bacteriophage P22. The folding pathway for 
the tailspike is well defined both in vivo and in vitro. Kinetic 
analysis of the thermal and detergent unfolding pathway reveals a 
relatively slow process which passes through a long-lived partially 
folded trimeric intermediate. This species has its N-termini unfolded 
with the remaining regions of the polypeptide chains in a compact 
native-like form. The intermediate can refold back to the native on 
cooling. Further unfolding of the intermediate at high temperature 
generates an aggregating species which renders the process 
kinetically irreversible. In the presence of SDS the unfolding 
intermediate is quantitatively converted to an unfolded 
monomer/SDS complex. Thus denaturation initiates via the melting 
of sites at the N-terminus, but the rate limiting step for the overall 
process is the melting of the intermediate species. Examining the 
thermal unfolding kinetics of more than ten temperature sensitive for 
folding (tsf) mutant proteins shows they have small effects on the 
transition from the native to the intermediate, but large effects on 
the transition from the intermediate to the fully unfolded form. The 
genetic modification of unfolding intermediates may provide an 
avenue for increasing the stability of proteins to irreversible 
denaturation. 

One goal of protein engineering is to increase the stability of proteins of value by 
substituting amino acids at sites affecting stability (7). Investigations of protein 
stability have generally focused on small globular proteins under conditions in 
which equilibrium of a reversible unfolding/refolding transition can be achieved 

0097-6156/91/0470-0119$06.00/0 
© 1991 American Chemical Society 
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120 PROTEIN REFOLDING 

(2,3). Obtaining such behavior usually requires dénaturants such as urea or 
GdnHCl. The unfolding transitions observed under these conditions are generally 
highly cooperative with intermediate states not significandy populated (4,5). At 
equilibrium protein stability as defined by the free energy change between the 
native and unfolded states can be estimated by means of the two-state model (6). 
By extrapolating to zero dénaturant (7,8) the stability determined from urea or 
GdnHCl denaturation measurements fits quite well with that obtained from thermal 
unfolding (9). Stability exhibits a maximum at some temperature and declines at 
both higher and lower temperatures (6,10). 

The combination of molecular modeling with genetic engineering to enhance 
protein stability has been successful in certain cases. For instance, introducing 
carefully sited novel disulfide bonds increased protein stability in T4 lysozyme (77-
13) and in λ-repressor (74). However, the results in other proteins, for instance, 
in subtilisin (15,16) and in dihydrofolate reductase (77) have been less predictable. 

Attempts have been made to interpret the effects of single and multiple 
mutant proteins on thermodynamically defined stability at a structural level (18,19). 
The majority of these results have been interpreted in terms of the substitutions 
destabilizing the native structure (19,20). In contrast Shortle and Meeker (27) 
proposed that some mutations act by altering the stability of the unfolded state. 
These approaches have not generally led to an understanding of the actual pathway 
of denaturation or of the chemical nature of the rate limiting step in the reaction. 

Conditions used for carrying out reversible unfolding equilibrium studies are 
quite different from the conditions in which thermostability is biologically or 
economically relevant, such as in detergent solution in a washing machine, under 
fermentation conditions, in the intestinal tract or in the bloodstream. 

Denaturation at high temperature and other realistic conditions is rarely 
reversible (2223). Depending on conditions a component of the irreversibility may 
be due to covalent damage to the polypeptide chain (23). However a major source 
of irreversibility is the conformational transition to an aggregated state in which 
the chains are kinetically trapped (24). In both the forward and reverse pathways 
the aggregation step derives from a property of the conformation of the 
folding/unfolding intermediates (24, Mitraki, A. and King, J., this volume). 

For these multi-step folding/unfolding processes complicated by aggregation, 
calculating the stability of a protein via the two-state model is not valid because 
the denatured state is not in equilibrium with the native state. An alternative 
approach, kinetic analysis of the pathway of unfolding, is required to study protein 
thermostability. The stability of intermediate species along die unfolding pathway 
and the energy barriers of the unfolding play important roles during unfolding. 

Mutations that influence the folding/unfolding pathway in vitro through their 
effects on intermediates have been described by Matthews and coworkers for the 
a-subunit of tryptophan synthetase (25). A large set of mutations affecting an 
intermediate in the in vivo folding pathway have been characterized in the P22 
tailspike (26-29). Mutants which affect the unfolding pathway by affecting the 
stability of the intermediates, or the energy barrier (the transition state) may have 
litde effect on the overall stability of the native protein. Characterization of these 
mutations requires examination of their kinetic effects on the unfolding transition. 

The tailspike protein from bacteriophage P22 is well suited for the second 
approach. The tailspike is a structural protein of P22. It is the last protein to bind 
to virus capsids during morphogenesis. The tailspike is also an endorhamnosidase 
which cleaves the O-antigen protruding from its host cell Salmonella upon 
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10. CHEN & KING Thermostable P22 Tailspike Endorhamnosidase 121 

infection (30). Its secondary structure is dominated by β-sheets probably in a cross-
β conformation. This mesophilic enzyme is highly thermostable and has an 
apparent melting temperature of 88°C as measured by both microcalorimetry and 
Raman spectroscopy (31-33). Such high thermostability could either result from 
specific structural features in the native protein or from energy barriers on the 
unfolding pathways. 

During the forward folding pathway the newly synthesized chain forms a 
partially folded single chain intermediate (34,35). This folds further to a species 
with sufficient structure for chain recognition. Three of these intermediates 
associate into a protrimer in which the chains are associated but not fully folded 
(36). This species then folds further to the thermostable detergent and protease 
resistant native trimer. There are no known covalent modifications in the process. 
A similar process occurs in refolding urea denatured chains in vitro (37). 

Thermal Unfolding Pathway of Tailspike 

The tailspike protein is composed of three identical polypeptide chains of 666 
residues (27J8). The native trimer is resistant to SDS denaturation as well as to 
proteolytic digestion, in addition to its high stability to heat denaturation. Since 
the protein remains native in SDS solutions at room temperatures, it binds few 
SDS molecules and migrates anomalously slowly in SDS gels (27). By contrast, 
the SDS/polypeptide chain complex formed from the denatured chain (39) migrates 
proportionally to its molecular weight during SDS gel electrophoresis (27). We 
have taken advantage of these aspects of SDS-PAGE to follow the thermal 
unfolding pathway (40). 

Thermal Unfolding of Tailspike via a Sequential Pathway. The thermal 
unfolding of the tailspike protein was examined by first incubating the protein 
samples prepared in Tris buffer near neutral pH at high temperature for various 
amounts of time and then examining the thermal unfolding products by SDS-PAGE 
at room temperature (about 20°C). The unfolding rate, measured as the loss of the 
species of native mobility with time, was quite slow even at temperatures as high 
as 80°C. The unfolding pathway proceeded through a discrete intermediate, whose 
SDS electrophoretic mobility was between that of the native tailspike and that of 
the fully denatured tailspike/SDS complex. This intermediate species was 
produced upon heating the native trimer "N"9 but appeared before the fully 
unfolded monomers "AT. It electrophoresed slightly faster than the native trimer 
but slower than the unfolded monomer thus allowing detection. 

The intermediate could be trapped by chilling and was stable in the cold 
for greater than 24 hr. Upon incubation at room temperature it refolded, though 
quite slowly, to a species with the native mobility. 

Analysis of the products of the thermal unfolding reaction revealed that after 
the appearance of the unfolding intermediate, recovery of the chains decreased due 
to aggregation. This aggregation probably resulted from the partially unfolded 
monomelic chains formed from the dissociation of the intermediates. The 
aggregation of the partially denatured chains rendered the kinetic analysis difficult. 

In the presence of SDS, the unfolding rate accelerates and can be measured 
at lower temperature. SDS inhibits the refolding of the / species back to the 
native. There is no detectable aggregation in SDS and the transformation from Ν 
to / and then to Af is quantitative. The unfolding mechanism of tailspike protein 
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122 PROTEIN REFOLDING 

can be described as: 

kj k 2 

Ν (native trimer) --> / (trimeric intermediate) --> M (unfolded monomers) 

Here, kj and k 2 are the unfolding rate constants for the unfolding transition from 
Ν to 7 and from / to Λ/, respectively. The unfolding kinetics can be quantitatively 
analyzed from the scanned intensities of the Coomassie blue stained tailspike bands 
on SDS gels. Figure 1 depicts results from a typical thermal unfolding experiment 
for wild type tailspike protein, which was performed in Tris buffer (pH 8) and 2% 
SDS at 65°C. Kinetic analysis yields two rate constants: 1.1 χ 10"* s"1 and 4.0 χ 
10"5 s 1 for the conversion from Ν to I and from / to M, respectively. 

The Thermal Unfolding Rate Constants Strongly Depend on pH. Investigation 
of the pH dependence of thermal unfolding showed that both kx and k 2 depend 
strongly on the solvent pH. This was examined in 2% SDS at 65°C at which both 
thermal unfolding rate constants are relatively easy to measure. The results are 
presented in plots of log^ and logk2 versus pH in Figure 2. Both rate constants 
showed biphasic behaviors: reaching a minimum near neutral pH and increasing 
at lower pH as well as at higher pH. Thus the unfolding reaction is both acid and 
base catalyzed. The native protein is most stable at pH 7 and the intermediate at 
pH 6.5. The slopes of the logkj versus pH curve for the low pH phase and high 
pH phase are -0.46 and 0.35, respectively. Correspondingly, die slopes of logk2 

versus pH curve for the low pH phase and high pH phase are -1.9 and 1.1, 
respectively. If these slopes measure the ionization of particular charge groups 
which participate in the formation of the transition states of unfolding (22,47), 
more charged groups must be involved in the rate determining step of the 
transition from I to M than from Ν to I. 

The Thermal Unfolding Intermediate Is Partially Unfolded at its N-terminus. 
The mobility of the intermediate in the SDS gel as well as its sedimentation 
behavior in a sucrose gradient indicated that 7 is still trimeric (40). The slight 
increase in the gel electrophoretic mobility presumably resulted from increased 
binding of SDS molecules due to local unfolding. The partial unfolding also makes 
this species sediment slighdy slower than the native trimer. 

The tailspike has eight buried cysteines spanning the polypeptide chain from 
residues 169 to 635 (38). In the presence of SDS, all of the cysteines remained 
insensitive to Ellman's reagent both at the intermediate stage and in the native 
conformation (40). All of them were reactive when the chains were fully unfolded. 

In the absence of SDS, trypsin cleaved the intermediate species progressively 
from the N-termini. The cleavage stopped at Lys-107 and left a species 
corresponding to about 550 amino acid polypeptide associated chains (40). 
Probably the intermediate species generated at elevated temperatures retained minor 
residual structures at its N-termini which slowed down the trypsin cleavage. 
Nevertheless, results from both cysteine exposure measurement and protease 
cleavage of the intermediate species suggest the unfolding at the intermediate stage 
is limited to the N-terminal region. 

The purified tailspikes can bind to phage capsids in vitro and make the 
resulting phage particles infectious (42). The thermal unfolding intermediate was 
unable to bind to the phage capsid (40). The specific binding activity to phage 
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10. CHEN & KING Thermostable P22 Tailspike Endorhamnosidase 123 

Figure 1. Thermal unfolding of wild type tailspike protein at 65°C. Thermal 
unfolding was performed by incubating 0.4 mg/ml tailspike prepared in 50 
mM Tris (pH 8), 1.7 mM 2-mercaptoethanol and 2% SDS at 65°C. Samples 
were taken at the indicated times. The reaction was quenched by mixing the 
samples with SDS sample buffer (62.5 mM Tris at pH 7, 2.1 mM 2-
mercaptoethanol, 10% glycerol, 0.012% Bromophenol blue dye and 2% SDS) 
in the cold. Then the samples were electrophoresed through SDS-PAGE at 
about 20°C and the proteins were stained with Coomassie blue. 
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124 PROTEIN REFOLDING 

4.5 5.5 6.5 7.5 8.5 9.5 

PH 

Figure 2. Dependence of unfolding rate constants on pH. Wild type tailspike 
protein was prepared in 50 mM Tris, 1.7 mM 2-mercaptoethanol and 2% 
SDS and adjusted to different pH values by 1 N HC1. Thermal unfolding was 
done at 65°C and followed by SDS-PAGE at about 20°C. Sample pH values 
shown here have been corrected to 65°C. kj ( · ) and k 2 (•) shown in log 
are the thermal unfolding rate constants for the conversions from Ν to I and 
from / to Af, respectively. The linear lines through the data points are the 
results of least-square fit to each individual pH phase for both kx and k 2 

data. The calculated slopes of the fitting lines for k t are -0.46 and 0.35 for 
the low and high pH phases, respectively; and for k 2 are -1.9 and 1.1 for the 
low and high pH phases, respectively. 
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10. CHEN & KING Thermostable P22 Tailspike Endorhamnosidase 125 

capsids decreased corresponding to the increase of the concentration of the 
intermediate in the reaction mixture in the presence of SDS. Thus partial unfolding 
at the N-termini abolishes its binding activity to the phage capsid. 

Thermal Unfolding Is not Melting of Two Independent Domains. The native 
tailspike protein shows symmetrical folding of the three polypeptide chains, as 
concluded from low resolution X-ray crystallographic results (Alber, T., University 
of Utah, personal communication). Each subunit probably extends the full length 
of the tailspike so that the contact interfaces between the subunits would be quite 
large. Given the estimated 50% - 60% β-strand content (31), β-sheets might play 
an important role in the formation of the subunit interfaces. Both the trimeric 
feature of the thermal unfolding intermediate from our analysis and the single 
thermal unfolding transition peak measured by microcalorimetry suggest that the 
interaction between subunit interfaces is extremely strong. 

Sucrose gradient sedimentation of an N-terminal 55-kDa amber tailspike 
polypeptide fragment shows that it is still in a monomelic form (43). Thus the 
missing C-terminal region is critical for trimer formation. These results suggest 
that the N-terminal 110 amino acids are apparentiy not able to form an 
independent folding domain in the native conformation, even they are denatured 
at the first stage of unfolding. 

Thermal Unfolding Pathway Differs from the in vivo Folding Pathway 

The intracellular folding mechanism of the P22 tailspike has been extensively 
characterized by genetic analysis (Figure 3). The maturation process of tailspike 
protein inside the cell proceeds through several defined intermediate stages. Three 
newly synthesized polypeptide chains first fold into conformations which are ready 
for association and then fold/associate to a trimeric intermediate, the protrimer, and 
finally fold into the native trimer (34,44). The half time for the monomelic chains 
to fold into a SDS- resistant native trimer in vivo at 30°C is about 5 min (36). 

Comparison of Thermal Unfolding Intermediate to Protrimer. Upon 
examination of the forward in vivo folding products by SDS-PAGE, no species 
was found corresponding to the thermal unfolding intermediate. The late folding 
intermediate is the protrimer which can be identified by non-denaturing gel 
electrophoresis and has partially folded and associated structure (36). It can be 
trapped in the cold and will subsequentiy fold to the native state after shifting up 
the temperature. In the presence of SDS, the protrimer is not stable and unfolds 
to the denatured monomelic form. The protrimer is also sensitive to trypsin 
digestion. Thus the in vivo protrimer folding intermediate is less stable than the 
thermal unfolding intermediate with regard to denaturation by SDS and sensitivity 
to proteases. These comparisons show that they are different from each other 
(Table I). Since these two pathways are populated by different intermediates, we 
conclude that the in vitro thermal unfolding pathway at elevated temperatures is 
not the simple reverse of the in vivo folding pathway at physiological temperatures. 

If environmental variations will change the folding/unfolding mechanism, 
unfolding by different means might follow different pathways. For instance, the 
molten globule state as a protein folding intermediate is usually observed under 
acidic conditions (45). We have examined the acid unfolding pathway of tailspike 
protein, and found that it followed the same pathway as thermal unfolding (Chen, 
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10. CHEN & KING Thermostable P22 Tailspike Endorhamnosidase 127 

Table I. Comparison between the Folding Intermediate 
(Protrimer) and the Thermal Unfolding Intermediate (/) 

Property Protrimer / 
(in vivo) (in vitro) 

conformational state partially folded trimer with 

trimer unfolded N-termini 

folding to native yes yes 

SDS resistance no yes 

Protease resistance sensitive central and C-terminal 
regions resistant 

B.-L. and King, J., unpublished results). Tailspike also unfolds in cold SDS 
solution (4°C) and converts to an intermediate species similar to the thermal 
unfolding intermediate with a half time of 10 days. However the mechanism of 
unfolding induced by urea and GdnHCl are still unclear and currently under 
investigation. 

Recent reports on facilitation of protein folding by molecular chaperones 
(46-48) provide another possibility: the difference between these two pathways 
could be a consequence of lack of certain cellular components in the in vitro 
reaction. It was observed that the products of groE-bearing plasmid were able to 
rescue some temperature sensitive P22 tailspike mutants in Salmonella at the 
restrictive temperature (39°C), though very weakly (49). On the other hand, high 
yield of the native protein was also reported in the refolding (reconstitution) of 
the acid urea denatured tailspike polypeptide chains without the addition of cellular 
factors at low temperatures (10°C) (37). This in vitro result indicates that auxiliary 
factors inside the cell are not absolutely required for the folding of this protein, 
at least under these experimental conditions. However, this does not rule out that 
the cellular factors could play a role under in vivo conditions. 

Unfolding of water soluble oligomeric proteins usually follows distinct stages: 
first subunit-subunit interactions are disrupted and then the structural monomer 
unfolds. In contrast, both in vivo folding and in vitro thermal unfolding of tailspike 
show no evidence of structural ("native") monomers. Thus the coupling between 
tertiary and quaternary structures for this protein is quite strong. The dominant 
secondary structure of this protein is β-sheet as estimated from Raman 
spectroscopic measurements (31). During association of the tailspike subunits 
particular structural features might be formed such as interchain secondary 
structures or interwinding of the subunits. These structures may make significant 
contributions to the stability of this protein. 

In any case, the difference between the in vivo folding pathway and the in 
vitro thermal unfolding pathway indicates the importance of kinetic aspects in 
controlling the folding and unfolding of this protein. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
47

0.
ch

01
0



128 PROTEIN REFOLDING 

Effects of Tailspike Mutations on Both Folding and Unfolding Pathways 

Initiation Step of Unfolding Involves Breaking a Salt Bridge. Schwarz and 
Berget (50) isolated a mutation at the N-terminal region of the tailspike 
polypeptide chain, AsplOO->Asn, which was defective in capsid binding activity. 
Mutations suppressing this defect were subsequendy isolated and found to be 
substitutions for Arg-13 (57). They proposed that the breakage of a salt bridge 
between Arg-13 and Asp-100 was the cause of the AsplOO->Asn defect. 

The breakage of the salt bridge between residues 13 and 100 also rendered 
the N-termini of the polypeptide chains sensitive to SDS denaturation. The 
Aspl00->Asn protein migrates similarly to the thermal unfolding intermediate 
during SDS electrophoresis, while it migrates as the wild type native protein during 
non-denaturing electrophoresis. This mutant protein is probably susceptible to 
partial denaturation in cold SDS solution. Substitution of Arg-13 by Ser, His and 
Leu gave similar results (57). The salt bridge formed between Arg-13 and Asp-
100 must play an important role in stabilizing the N-termini of the tailspike. It is 
known that salt bridges are one of the contributing factors to protein 
thermostability (52). Therefore, the simplest interpretation of these results could be 
that the initiation step of unfolding of tailspike is the breakage of this salt bridge. 

The salt bridge between Arg-13 and Asp-100 revealed from Berget's work 
may well explain the pH dependence of the unfolding rate constant kv Presumably, 
the breakage of this salt bridge is critical in the rate determining step of the 
conversion from Ν to 7. The two phases for the pH dependence of kx could be 
attributed to the ionization of Asp-100 and Arg-13. Probably, approximate 50% 
protonation of the Asp-100 group or deprotonation of the Arg-13 group will be 
sufficient to allow the conversion to take place. 

Detailed analysis of the pH dependence of the unfolding rate constant k 2 

has not yet been completed. Still unknown is which charge groups are involved 
in the rate determining step for the conversion from 7 to M. SDS molecules carry 
negative charges which will certainly affect the protonation of the acidic groups. 
This is probably one of the reasons why the slopes of the low pH phase for both 
k] and k 2 are larger than those of the corresponding high pH phase. 

Ts Tailspikes Block Folding at the Restrictive Temperature. Temperature 
sensitive mutations have been found in the gene coding for tailspike protein in 
P22 phage. Most have a single amino acid residue replacement and have been 
mapped to the central region of the chain (53\54). These are temperature sensitive 
for folding (tsf) mutations. They block folding at restrictive conditions but fold 
normally at permissive conditions. The "permissively" matured tef proteins function 
normally at restrictive temperatures. Microcalorimetric and Raman spectroscopic 
measurements of a number of tsf mutants showed they have almost identical 
melting temperatures as wild type. This melting temperature is about 40°C above 
the restrictive temperature at which the folding defect occurs (32J3). These 
mutants identify critical sites in the polypeptide chain which determine the correct 
folding pathway. 

Tsf Tailspikes Affect the Second Step of Thermal Unfolding. A surprising 
aspect of the tsf substitutions was their very limited effect on the apparent melting 
temperature of thermal denaturation (32t33). The tsf mutant proteins could affect 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
47

0.
ch

01
0



10. CHEN & KING Thermostable P22 Tailspike Endorhamnosidase 129 

later steps in the unfolding pathway. We have performed kinetic analysis of the 
thermal unfolding for more than ten tsf mutant proteins and the detailed results of 
this study will be reported elsewhere (Chen, B.-L., Yu, M.-H., and King, J., 
unpublished results). In those experiments, thermal unfolding was carried out in 2% 
SDS, Tris buffer near neutral pH at temperatures between 60°C and 70°C. All of 
the mutant proteins follow an unfolding pathway similar to the wild type. With 
one of the mutant proteins, tsU38 (Gly435->Glu), the thermal unfolding 
intermediate is largely destabilized and becomes a transient species. Examined by 
Raman spectroscopic measurements, this mutant protein is known to melt at a 
lower temperature as compared to the wild type protein (57) while other tsf mutant 
tailspikes melt similarly as the wild type protein (33). 

Kinetic analysis of the thermal unfolding of these mutant proteins shows 
that they all have small effects on kl9 the rate constant for the transition from the 
native to the intermediate, but large effects on k2, the rate constant for the 
transition from the intermediate to the fully unfolded monomers. For example, 
Figure 4 displays the thermal unfolding kinetics for both wild type and mutant 
tsU57 (Asp230->Val) proteins at 70°C. The mutant protein tsU57 had unfolding 
rate constants kj = 4.3 χ 10"3 s"1 and k 2 = 5.8 χ 10"4 s"1, while the wild type 
protein had unfolding rate constants kx = 4.0 χ 10'3 s"1 and k 2 = 5.5 χ 10* s'1 

under these conditions. The single amino acid substitution in this particular 
instance slightly alters the unfolding of the native state, increasing the unfolding 
rate 1.1-fold with respect to the wild type. But this mutation does destabilize the 
intermediate species which melts 11-fold faster than that of the wild type. These 
results demonstrate that unlike ts mutations found in T4 lysozyme which mark the 
labile sites of the native state (55,56), tsf mutations in P22 tailspike identify labile 
sites of the intermediates. 

The small effect of these tsf substitutions on the first kinetic phase for 
thermal unfolding explains why they have hardly any effect on the melting 
temperature. Unfolding of the N-terminal region of the molecule is the initiation 
step for thermal denaturation of this protein. The apparent Tm measured by 
microcalorimetry could be defined by this step. Given their location in the central 
region of the chain, it is not surprising that the tsf mutant proteins affect the 
second step but not the first. 

Tailspike tsf mutants were originally isolated because they destabilize the 
early in vivo folding intermediates. The present work shows that they also have 
a large kinetic effect on the second transition of the thermal unfolding pathway. 
Some common properties may be shared in these two pathways. For instance, the 
intermediates found in the early folding stage might have similar structural features 
to the intermediates present in the late stage of unfolding. Further work has to be 
undertaken to answer this question. 

Conclusions 

Single residue substitution in a protein can have a dramatic effect on its overall 
thermal stability. For example, a 17°C change in Tm was observed for an Asn57 
->ue replacement in yeast iso-1-cytochrome c (57). Single residue substitution in 
a protein can also cause a large variation on the kinetics of unfolding. For 
example, the above mentioned mutant protein tsU57 has 1.1-fold and 11-fold 
change for the unfolding rate constants, k l f and k2, respectively, as compared to 
the wild type protein. Thus in the effort to engineer proteins against heat 
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Figure 4. Thermal unfolding of wild type and tsU57 (Asp230->Val) tailspike 
proteins at 70°C Tailspike proteins in 50 mM Tris (pH 6.8), 0.71 M 2-
mercaptoethanol and 2% SDS were subjected to thermal unfolding at 70°C 
followed by SDS-PAGE at about 20°C. The scanned intensities of Coomassie 
blue stained tailspike Ν ( · ) , / (•) and M (A) bands on SDS gels were 
plotted as the percentage of total tailspike protein represented by each species 
for both wild type (panel A) and tsU57 (panel B). The lines are the fitting 
results according to the unfolding mechanism: Ν -> I -> M with kx as rate 
constant for Ν -> I and k 2 as rate constant for / -> M. Under this condition, 
kj for wild type and tsU57 is 4.0 χ 10 3 s'1 and 4.3 χ 10 3 s"1, respectively; 
k 2 for wild type and tsU57 is 5.5 χ 10"5 s"1 and 5.8 χ 10"4 s"1, respectively. 
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10. CHEN & KING Thermostable P22 Tailspike Endorhamnosidase 131 

denaturation, in addition to searching for sites which contribute to overall 
thermostability of the native state, we might also search for sites which are crucial 
for the stability of the intermediates and unfolding barriers. That is because protein 
thermostability depends not only on the coordination of forces in the native protein 
but also on the stability of the intermediate and the barrier of the transition state 
in the early unfolding stage. 
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Chapter 11 

Kinetics of Inclusion Body Formation 
in Escherichia coli CY15070 Producing 

Prochymosin 

Alfred Carlson and Jayanthi Reddy 

Department of Chemical Engineering, The Pennsylvania State University, 
University Park, PA 16802 

Cultures of E. coli CY15070 cells harboring the pWHA43 plasmid 
(1) encoding for methionyl-prochymosin under the control of the trp 
promotor showed a constant fraction of cells containing inclusion 
bodies during exponential growth over a 2000-fold increase in cell 
numbers. The finding is in accordance with a "pole age" model of 
cell growth which describes the inheritance of inclusion bodies by 
daughter cells and explains the morphological changes occurring in 
the cultures. Cultures inoculated at 140 CFU/mL had only 8% 
inclusion body containing cells during exponential growth whereas 
those inoculated at 0.14 CFU/mL had around 40% inclusion body 
containing cells. The pole age model and direct measurement of the 
prochymosin content of the cells both indicate that cells inoculated 
at a low cell density produce more protein than cells inoculated at 
a high cell density. Contrary to expectations, however, this higher 
rate of prochymosin production did not result in a lower cell growth 
rate. Cells inoculated in the range of 0.14 to 140 CFU/mL all grew 
at the same specific growth rate of 1.67 hr-1. The cultures 
inoculated at the lower cell densities had a significantly longer lag 
time ( ~ 6 hours) than those inoculated at higher density ( ~1 hour). 

It is now well known that the overproduction of proteins in E. coli cells 
frequently results in the formation of refractile granules called inclusion bodies 
within the cell envelope. Inclusion bodies are amorphous particles consisting 
primarily of unfolded or misfolded agglomerates of the protein overexpressed 
from the plasmid and other cell components involved in protein synthesis (2). 
Several recent studies have focused on the nature of these bodies (3-5) and the 
isolation of the protein contained within them from whole cell lysates (6-9\ 

0097-6156/91/0470-0133$06.00A) 
© 1991 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
47

0.
ch

01
1



134 PROTEIN REFOLDING 

Very few reports have commented specifically on the kinetics of the 
changes in the cell morphology which occur during inclusion body formation and 
the kinetics of cell growth and expression in these systems. Of those that have 
(10,11) there is some consensus that when inclusion bodies form, cells elongate 
and the inclusions appear at one or both ends of the cells and eventually along 
the length of the cell (11-13). The elongation of cells is not universally observed 
however, and may be a function of the host cell used as well as the protein 
being expressed (10.14). 

In this report we have examined the kinetics of the appearance of 
inclusion bodies for a particular inclusion body forming expression system. We 
propose a general model for the formation of inclusion bodies within a culture 
as a whole. 

Materials and Methods 

Bacterial Strain. Plasmid and Growth Media. Escherichia coli strain CY15070 
(tnaA2 trpR2 laclq). a derivative of W3110 (15), was used in all experiments as 
the host strain. LB media was used in all cultures. Plasmid pWHA43 was 
obtained from McCaman (1) in a related host cell (CY15001). The plasmid was 
isolated from theses cells using the CsCl/Ethidium Bromide method as described 
by Birnboim (16), then transformed into CaCl2-treated CY15070 cells according 
to the method of Dagert and Ehrlich (17) as described below. 

The pWHA43 plasmid contains 3.9 kbp and replicates with the p M B l 
origin of replication. The plasmid was constructed with an insert of cDNA 
encoding met-prochymosin under the control of a tandem lac-trp promotor 
operator arrangement as described in (1). The prochymosin gene was inserted 
just upstream from the ampicillin resistance gene without a transcription 
terminator sequence between, but with the RNA polymerase binding site for 
amp also intact, so that presumably amp is transcribed from both the lac-trp and 
natural amp promotors. 

According to the original study (1) both the laç and trg promotor 
sequences control expression of the prochymosin gene. However, studies with 
lac inducer (IPTG) indicated that the laç promoter had no effect on expression, 
perhaps due to the fact that it is too far upstream of the gene. The tg) control 
region which appears to be driving expression of the gene had been modified 
in such a way as to eliminate the attenuator sequence. Since the host cells are 
tryptophan repressor deficient, the cell is believed to express the proteins in an 
essentially constitutive manner. 

Transformation Procedure. Cells were transformed using the CaCl 2 procedure 
of Dagert and Erhlich (17). CY15070 host cells were grown to an optical 
density (540 nm) of 0.2 in LB broth, chilled on ice then pelleted at 7000 rpm in 
a benchtop centrifuge. The supernatant was pipetted off and the pellet was 
resuspended in 0.2 mL cold 100 mM CaCl 2 solution. The suspension was held 
on ice for 20 minutes. The procedure above was repeated and the cells were 
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11. CARLSON & REDDY Kinetics of Inclusion Body Formation 135 

then held on ice for 20-24 hours. The next day 0.5 micrograms of pWHA43 
DNA was added to the cell suspension. The cells were held on ice for an 
additional 30 minutes then were incubated at 37 C for about 2 minutes. Two 
mL of LB media (no ampicillin) was added and the cells were further incubated 
at 37 C for 2 hours. Aliquots of this culture were mixed with 80% sterile 
glycerol to a final concentration of 10 v/v % and then were stored frozen at -80 
C. These were called the "primary transformants". The transformation 
efficiency was estimated to be about 1 χ 10"5 cells transformed per host cell. 

Plating Procedures and CFU Determination. Viable cell assays were conducted 
using a Spiral Systems plating device according to the manufacturer's 
instructions. Cultures were sampled periodically with sterile pipets, 
appropriately diluted, then plated onto LB plates or LB plates containing 100 
micrograms of ampicillin/mL broth. The plates were incubated overnight at 37 
C, then individually counted to determine the colony forming units (CFU). The 
CFU/mL in the original samples calculated from this data by allowing for the 
dilution of the original sample. In a few cultures the total cell count was also 
determined using a Petroff-Hausser cell. In several cultures the CFU/mL were 
obtained on both selective (amp) and non-selective plates. Within 6 hours after 
inoculation, the same CFU/mL (within experimental error-LB plates often 
showed less CFU/mL than the corresponding amp plates as expected from 
random error) were obtained on both ampicillin and non-selective LB plates, 
indicating both that the plating efficiency of the antibiotic plates was high and 
that there were few if any plasmid free cells in the culture. 

In all cases the plating procedure gave highly reproducible results, and 
yielded growth curves which were straight lines on semi-log plots (r>0.99). 

SDS Electrophoresis and Gel Scanning. Samples were prepared for SDS-
polyacrylamide gel electrophoresis by a lysis-boiling procedure. 2 mL of a 
culture sample was lysed by sonication with a Branson sonicator and microtip 
at setting #4 40% duty for 4 minutes. 200 microliters of the sonicate was mixed 
with 100 microliters of SDS loading buffer (0.3 g SDS, 0.01 g bromophenol blue, 
3 mL glycerol, 1.5 mL beta-mercaptoethanol, and 1.88 mL tris-HQ(pH 6.8) per 
10 mL). The mixture was boiled for 5 minutes in a microfuge tube then 20-50 
microliters were loaded into a lane. The samples were separated on a 10% 
SDS gel with a 2% stacking buffer (18) for 5 hours at 30 milliamps. 

The gels were stained with Coomassie Blue then scanned on an LKB 
2222-20 Ultrascan X L Densitometer. Although comparison of the lanes from 
host and prochymosin producing cells made it obvious that prochymosin was 
located at a position corresponding to 40 kilodaltons, the protein was also 
located using the western blotting procedure of Burnette (19) on an identical 
gel. Sheep anti-rennin from East-Acres Biologicals and anti-sheep IgG-alkaline 
phosphatase (Sigma) were used to locate the prochymosin band using nitro-
blue-tetrazolium and bromochloroindoyl phosphate as indicators. 
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136 PROTEIN REFOLDING 

SDS gels were stained with Coomassie Blue and scanned using an LKB 
2222-20 ultrascan X L densitometer. The amount of prochymosin was reported 
relative to the amount of a constitutively produced protein located just above 
the prochymosin band. The expression of this protein was determined to be 
proportional to the overall protein concentration in the cell sample and 
therefore acted as an internal standard for prochymosin content. 

Cell Culture Procedures. All the data reported in these studies were from 
cultures grown in 125 mL shake flasks containing 25 mL of media in a New 
Brunswick G24 rotary shaker at 37 ± 0.2 C and 250 rpm. Some experiments 
were conducted in well aerated 1 liter fermentors (Lh Fermentation) with 
similar results as the analogous shake flask experiment (data not shown). 

Visualization and Counting of Cells and Inclusion Bodies. Total cell counts 
were obtained by counting the cells in a Petroff-Hausser cell according to the 
manufacturer's instructions. The cells were visualized in a Nikon Microscope 
equipped with a phase contrast lens and aperture rings using the oil immersion 
lens. The fraction of cells containing inclusion bodies was determined by direct 
inspection of reactor samples under the microscope. An inclusion body 
containing cell was scored as one containing a visible green object within the 
cells. For cell densities below 1 χ 106 CFU/mL it was necessary to centrifuge 
the cells to concentrate the samples before enough cells could be seen. For 
each sample counted between 10 and 100 cells were scored for inclusion bodies. 
In most cases, 100 cells were counted, but practical considerations prevented 
this from being possible when less than 1 χ 106 CFU/mL were present. 

Results 

Influence of Inoculum Density on Culture Lag Time. Frozen primary 
transformant cultures were thawed, assayed for CFU/mL on ampicillin plates, 
then appropriately diluted and inoculated into 125 mL shake flasks containing 
25 mL of LB media with 100 Mg/mL ampicillin. The dilution of the inoculum 
was varied in different experiments to give a CFU/mL ranging from 0.14 
CFU/mL to a maximum of 140 CFU/mL. Periodic samples of each of the 
cultures were taken and the CFU/mL were determined as a function of time by 
plating assays. The growth data were regressed and plotted in a typical semilog 
fashion. The linear region of the exponential growth curve was then 
extrapolated back to the CFU/mL in each culture immediately after inoculation 
as determined from a plate assay of the fresh transformant culture. The time 
corresponding to this extrapolation was designated as the (apparent) lag time, 
t^. The constructions used for determination of t t ag in four representative 
experiments are shown in Figure 1. 

The value of t h g determined in this way was found to depend strongly on 
the size of the inoculum for these cells. At low values of the inoculum size, 
(0.14 CFU/mL) the lag time was around six hours but it decreased to less than 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
47

0.
ch

01
1



11. CARLSON & REDDY Kinetics of Inclusion Body Formation 137 

Figure 1. Apparent lag times and experimental growth rates for a series of 
different inoculum densities, (a) 140 CFU/mL; (b) 14 CFU/mL; (c) 1.4 
CFU/mL; (d) 0.14 CFU/mL. 
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138 PROTEIN REFOLDING 

2 hours for high inoculum size (140 CFU/mL). A series of experiments showed 
that there was a linear correlation between the logarithm of the inoculum size 
and the apparent lag time for the culture for inocula of between 0.14 and 140 
CFU/mL (Figure 2). Host cells grown from frozen cultures did not show any 
inoculum size effect over the same range of CFU/mL. (It should be noted that 
the host cells were not subjected to the conditions of the transformation 
process.) 

Influence of Inoculum Density on Culture Growth Rate. The slopes of the 
growth curve data were used to obtain a value for the maximum growth rate 
(Mmax) °f t n e cells in LB media as summarized in Table I. Only sample cell 
densities of between 5 χ 104 and 5 χ 108 CFU/mL were used in the regression 
in order to avoid lag phase and stationary phase data. 

Table I 

S U M M A R Y OF SPECIFIC GROWTH RATE DETERMINATIONS 

Inoculation Density μ1 n 2 t^hrs) 
(CFU/mL) 

140 1.68 ± 0.08 11 1.36 
14 1.66 ± 0.05 12 2.70 
6 1.66 ± 0.08 9 4.95 

1.4 1.64 ± 0.14 8 5.03 
0.6 1.75 ± 0.04 9 7.40 
0.14 1.47 ± 0.24 6 5.90 

l95% confidence limits on value of μ. 
*n is the number of contiguous points used in the regression. 

There appeared to be no significant difference in maximum growth rate 
for cultures inoculated at higher densities than those inoculated at lower 
densities (Figure 3). Cells inoculated at 0.14 CFU/mL to 140 CFU/mL grew at 
a rate corresponding to a averaging about 1.67 hr"1. This can be compared 
to a measured host cell growth rate of 2.2 hr*1 and the growth of a low 
producing mutant cell containing pWHA43 with a putative downshift promotor 
mutation which was 2.0 hr*1 (14). 

Changes in Cell Morphology When Inclusion Bodies are Expressed. As soon 
the cell density was high enough to allow for visualization of individual cells 
under the microscope (105 - 106 cells/mL), samples of each of the cultures were 
taken and the fraction of cells containing visible inclusion bodies was determined 
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Figure 2. Apparent lag time as a function of inoculum density for 
CY15070/pWHA43, (·) and CY15070 (o) cells. 

α 
OC 

ο 
ο 
ο 

δ 
α 
0) 

2.0 

1.0 

ι ' i ί " 

0.0 
10"' 10° 10' 10* 10» 

Inoculation Density (CFU/mL) 

Figure 3. Specific growth rates of CY15070/pWHA43 as a function of 
inoculum density. 
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140 PROTEIN REFOLDING 

in the phase contrast microscope as described in the Materials and Methods 
section. 

In each culture the fraction of cells containing visible inclusion reached 
an approximately constant value during exponential phase growth (Figure 4). As 
the cells reached late exponential or early stationary phase the fraction then 
rose sharply so that eventually 90-95% of the cells contained at least one 
inclusion body. 

The general appearance of the cells at various culture times are sketched 
in the insert box in Figure 4. The inoculated cells were mainly host cells and 
therefore contained no visible inclusions. By the time the culture reached 1 χ 
105 CFU/mL a fraction of the cells had one visible inclusion which appeared as 
a distinct small dark spot or greenish-blue object located at one pole of the cell. 
In low inocula the inclusion bodies appeared to be larger than in high inocula 
throughout exponential phase. Some of the cells were two to three times the 
normal length in the lower inocula but most were only slightly elongated in 
higher inocula. As the cells reached stationary phase (—5 χ 108 CFU/mL) 
inclusions began to appear in more than one end of nearly all of the cells. 
Further into stationary phase, cells which were elongated 2-10 times normal 
length appeared. About 20-30% of these cells contained multiple inclusion 
bodies, usually distributed at regular intervals along the cell length. 

Influence of Inoculum Density on the Fraction of Cells Containing Inclusion 
Bodies. The fraction of cells containing inclusion bodies was constant during 
exponential growth for a single inoculum, but depended strongly on the density 

Table II 

S U M M A R Y OF FRACTION OF CELLS WITH 
VISIBLE INCLUSION BODIES 

Inoculation density Number of cells Number of cells Fraction1,2 

(CFU/mL) observed with inclusions with inclusions 

140 431 36 0.084 ± 0.025" 
140 442 43 0.097 ± 0.024" 
14 305 44 0.144 ± 0.039 
6 205 48 0.234 ± 0.029 
1.4 180 63 0.350 ± 0.036b 

0.6 250 90 0.360 ± 0.030" 
0.14 150 63 0.420 ± 0.040 
0.14 551 200 0.363 ± 0.039" 

*95% confidence limits calculated from binomial distribution 
2Fractions with same letter not statistically different at 95% level. 
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11. CARLSON & REDDY Kinetics of Inclusion Body Formation 141 

of the inoculum used (Figure 5 a-d). At low inoculum densities (0.14 CFU/mL) 
around 40% of the cells contained visible inclusions during exponential growth 
when the cell density was between 1 χ 105 CFU/mL and 2 χ 10* CFU/mL. This 
fraction decreased sharply as the inoculum density was increased until for an 
inoculum density of 140 CFU/mL only around 8% of the cells showed visible 
inclusions. When all the measurements of the fraction of cells containing visible 
inclusions taken during exponential phase were pooled for a given inoculum 
density the differences between the average fraction between inoculum densities 
were significant at the 95% level between most samples (Table II). There was 
a roughly linear correlation between the fraction of cells containing inclusions 
(during exponential growth) and the logarithm of the inoculum density (Figure 
6). 

As the cell density increased to 2 χ 108 CFU/mL there was a rapid 
increase in the fraction of cells containing inclusion bodies in all cultures. 
Regardless of inoculum density, all cultures reached about 90-95% of the cells 
containing at least one inclusion in stationary phase. 

Influence of Inoculum Density on the Prochymosin Content of the Culture. 
Culture samples were taken at various times during a culture and the 
prochymosin content was determined using Coomassie Blue stained SDS 
polyacrylamide gels and quantitative scanning as described in the Materials and 
Methods section. To minimize measurement error inherent in the staining 
process and to avoid ambiguities associated with trying to scan the entire gel, 
the prochymosin peak area was scaled relative to an unknown protein appearing 
in gels run from host cells. The band was roughly a constant relative intensity 
as compared to all the cell proteins and therefore was assumed to be 
proportional to the cell mass. 

The densitometer measurements show that the fraction of cells containing 
visible inclusion bodies correlated to the (relative) amount of prochymosin in 
the culture as a whole (Figure 7). This correlation appeared to hold both within 
a single culture as it entered stationary phase and between different cultures 
with different inoculum sizes . The correlation was fairly linear until about 80% 
of the cells contained inclusion bodies then the amount of prochymosin sharply 
increased relative to the other protein band. This corresponded to early 
stationary phase when there was a sudden increase in prochymosin cortent and 
an appearance of multiple inclusion bodies within each cell. 

Discussion 

Experience with the CY15070/pWHA43 cells had shown that s^culturing of the 
cells was difficult because of the formation of a mutant cell in^pable of forming 
a visible inclusion body (14). Once the cells were plated (I-* w/amp), picking a 
colony and subculturing into fresh antibiotic containté media resulted in 
cultures containing a much smaller fraction of inclusic* ^ o cty containing cells 
when the cultures were fully grown. In some cases no illusion bodies were seen 
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Figure 4. Growth (o) and inclusion body expression (•) for a typical 
culture. The inoculum density was 6 CFU/mL 
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Figure 5. Influence of inoculum density on growth (open symbols) and 
inclusion body expression (closed symbols) in CY15070/pWHA43: (a) 140 
CFU/mL; (b) 14 CFU/mL; (c) 1.4 CFU/mL; (d) 0.6 CFU/mL. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
47

0.
ch

01
1



144 PROTEIN REFOLDING 

> 
Ο 
m 
c 
ο 
w 
3 

Φ ϋ 
C 
ο 
"•Ξ ο α 

0.60 

0.40 

5 0.20 

Figure 6. 
inclusion 

0.00 

Ι Ο " 1 10° 10 1 10* ι ο · 

Inoculation Density (CFU/mL) 
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Figure 7. Relationship between the fraction of cells containing inclusions 
during exponential growth and the relative prochymosin content of the cells. 
Inoculum density 0.14 CFU/mL (A); inoculum density 140 CFU/mL (·). 
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11. CARLSON & REDDY Kinetics of Inclusion Body Formation 145 

in fully grown cells in these plate-to-liquid subcultures. This behavior was traced 
to the formation of a mutant cell which retained a plasmid but did not produce 
visible inclusions. SDS acrylamide gels showed that this mutant produced only 
about 10% of the prochymosin as did fresh transformants. The mutant also 
produced about 10% of the amount of beta-lactamase of the fresh 
transformants. The plasmid content of the mutant was similar to the plasmid 
content of fresh transformants suggesting that it was a downshift mutant in the 
trp promotor influencing expression of both the prochymosin and co-transcribed 
beta-lactamase. 

Serial liquid-to-liquid subculture experiments were run to determine the 
reason for the rapid takeover by non-inclusion body-forming cells. When 
subcultures were taken from stationary phase cells, the fraction of inclusion body 
containing cells in the population in stationary phase dropped dramatically to 
essentially zero within two subcultures. When subcultures were obtained from 
exponentially growing cells, the fraction of cells showing inclusion bodies in 
stationary phase dropped much more slowly with each subculture, 84% of the 
stationary phase cells showed visible inclusions even after four subcultures. 

Our conclusion from these experiments was that CY15070/pWHA43 cells 
which reached stationary phase had very low viability, both in liquid and on agar 
plates. Because of this, subculturing resulted in selection for a more viable non-
inclusion body forming cell producing less prochymosin. Subculturing from plates 
gave a similar result so that good product yields were not possible in subculture 
or plate-to-liquid cultures. 

Because of these subculturing problems a protocol was adopted which 
called for using primary transformants as the inocula for batch growth studies. 
Each culture was started by inoculating a flask or reactor with an aliquot of cells 
taken directly from the -80 C freezer. It was assumed that the ampicillin in the 
reactor would appropriately select for plasmid containing cells and cause lysis 
of the non-transformed hosts still contained in the primary transformant culture 
media. This approach gave satisfactory results at small scale, ie the cultures 
grew rapidly and 90-95% of the cells contained inclusion bodies in stationary 
phase, however, attempts to scale-up by inoculating larger reactor sizes resulted 
in much longer total culture times than one would calculate from small scale 
data by simply accounting for the increased dilution of the inoculum. It 
appeared that the lag time was much longer in the large reactor, probably 
because the relative size of the inoculum was smaller. We decided to explore 
this phenomenon more thoroughly at small scale by using different inoculum 
sizes to initiate the cultures. Anomalous results were obtained in several 
respects as outlined in the Results section. 

The results presented here can be summarized as follows: 
1) The apparent lag time of the culture depended strongly on the 

inoculum size. Small inocula resulted in significantly longer lag times than larger 
inocula. 
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146 PROTEIN REFOLDING 

2) Once the cell density reached 10s CFU/mL or larger, cultures from 
different starting inoculum sizes grew at a similar specific growth rate, about 75-
80% of the host cell growth rate in the same media. 

3) The fraction of cells which contained visible inclusion bodies during 
exponential growth was constant but depended on the inoculum size. Larger 
inocula yielded cultures with significantly fewer inclusion body containing cells. 
The amount of prochymosin correlated to the number of cells showing visible 
inclusions. 

4) Al l the cultures, regardless of inoculum size, resulted in at least 90% 
of the cells showing at least one inclusion body in stationary phase. 

Lag time effects. The relationship between the apparent lag time and the 
inoculum density observed in these experiments seems to be the result of a 
biphasic growth pattern in the batch cultures. This is seen more clearly in a 
composite growth curve for several different inoculum sizes as shown in Figure 
8. To make this plot, a constant delay time was added to the culture time 
values for each data set to maximize the overlap of all the growth curves. This 
manipulation of the data demonstrates that overall growth appears to involve 
two periods, a slow growth period when the cell density is less than 1 χ 10s 

CFU/mL and a rapid growth period when the cell density is between 1 χ 105 and 
1 χ 108 CFU/mL The data can be fit by assuming a simple 2-cell model of this 
process where a higher number of slow growing cells initially present in the 
culture are overgrown by faster growing cells. The cell specific growth rate is 
about 0.8 hr*1 until the cell density reaches 105 CFU/mL and then increases to 
a higher specific rate of about 1.7 hr"1 between 10s and 108 CFU/mL 

The log dependence of the apparent lag time on the inoculum density 
can be completely explained by this growth pattern. Low inocula had longer 
apparent lag times because they grew for a longer time at a low initial growth 
rate. Since the lag time was determined by extrapolation, assuming that they 
always grew at the higher growth rate, this would lead to the pattern observed. 

The transition from a slow growing to fast growing cell is apparently 
related to the cell density since all inocula fit on a common curve. If there were 
a contaminant of "fast growing" cells in a culture of "slow growing" cells, one 
would expect that domination of the reactor by the fast growing cells would 
occur at the same time after inoculation, not at the same cell density. It is 
possible to explain the result by assuming that the appearance of a fast growing 
cell requires a rare mutation event, and that the probability of the mutation is 
small until the cell density reaches a minimum value, but this scenario is not 
proven by the data. In any event, whatever the cause, there appears to be a 
culture density dependent transition to a faster growing cell. Visual inspection 
of the cells about the time of the increase in the cell growth rate indicated that 
the cells are longer than later in exponential phase. One may therefore 
speculate that the slow growth rate observed is due to the increased cell size. 
If the rate of increase in mass of the cell between divisions is constant, then it 
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11. CARLSON & REDDY Kinetics of Inclusion Body Formation 147 

follows that the specific growth rate, determined by an increase in cell numbers, 
will be smaller when the cells grow larger before cell division. 

We found that the apparent lag time had no relationship to the size of 
the reactor inoculated but only depended on the inoculum density. (Data not 
shown.) 

Constant Fraction of Cells Containing Inclusion Bodies During Exponential 
Growth. A constant fraction of inclusion body containing cells is a consequence 
of exponential growth and the fact that inclusions are inherited by daughter cells 
as discrete objects. This can be shown by consideration of the cell growth and 
division process (Figure 9). For the purpose of this analysis a cell can be 
considered to be divided into three distinct regions, and "old" pole, a "new" pole, 
and a "nuclear" region (20). The "old" pole "new" pole concept comes from the 
fact that cell wall synthesis takes place in the center of the cell, pushing old wall 
material to the end. Since the cell also divides in the center, at birth there will 
be an old and a new pole region as defined by the age of the cell wall material. 
This process of growth and division continues as long as the cells are growing 
exponentially, so that there will be a certain fraction of cells with one pole age 
equal to the number of generations the culture has been growing, a fraction with 
one pole equal to an age one generation less than the number of generations 
the culture has been growing and so forth. In synchronous cells the fraction of 
the cells with a given pole age at birth is given by, 

P{mjn) = — m<n 
2m 

P(mji) = m=it 
2m'1 

Where P(m,n) is the fraction of cells of with the older of the two poles of age 
m in a culture growing exponentially for η generations. For example, for an 
exponentially growing culture that has been dividing for 3 generations one would 
expect to find 1/2 of the cells with pole age (0,1), 1/4 of the cells with pole age 
(0,2) and 1/4 of the cells with pole age (0,3). Furthermore, because the culture 
is growing exponentially, a constant fraction of the cells will be of pole age 
(0,m) or older regardless of the number of generations a culture has been 
growing. 

Extending the pole age concept to the cytoplasm region (since there is 
no completely free exchange of material from one side of the nuclear region to 
another-ie the nuclear material partitions the cell), then in terms of synthesis 
of protein for the inclusion body material, one end of the cell will be older than 
the other. This end will have had longer to accumulate an inclusion body than 
the newly formed end. This suggests that when it takes a certain number of 

American Chemical Society 
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148 PROTEIN REFOLDING 

Adjusted Culture Time (hr) 

Figure 8. Master growth and inclusion body expression curves for inocula of 
0.14 - 140 CFU/mL: 140 CFU/mL (Δ,Α); 14 CFU/mL ( v ) ; 6 
CFU/mL(D,"); 1.4 CFU/mL (*,•); 0.6 CFU/mL (+,+); and 0.14 CFU/mL 

m+3 

3 

Figure 9. Schematic representation of the pole age hypothesis and the 
appearance of visible inclusion bodies in exponentially growing cells. 
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11. CARLSON & REDDY Kinetics of Inclusion Body Formation 149 

generations for a visible inclusion body to form, a constant fraction of the total 
population of cells will contain a visible inclusion at any time. The inclusion 
bodies in the ends of the very oldest cells will be larger than those in the 
youngest cells and one would expect to see various sized inclusion bodies within 
a population of cells. 

This model for inclusion body formation explains why only one inclusion 
body forms per cell. Under the assumption of exponential growth, all of the cells 
always have one pole between 0 and 1 generation old. If one generation is not 
enough time to synthesize enough protein to form a visible inclusion then one 
cell pole must be free of inclusion bodies. 

Inoculum Density Versus Fraction of Cells with Inclusion Bodies. Cultures from 
higher inocula showed a significantly smaller fraction of cells containing visible 
inclusion bodies than inocula from low inocula. The reason for this is not clear 
at this time but it not due to the presence of plasmidless cells in the culture. 
Due to the low transformation efficiency, the inoculum contained 105 times as 
many plasmidless cells as plasmid containing cells. However, the former were 
rapidly killed in the growth medium. By 6 hours into the culture there were less 
than 1% plasmid free (antibiotic sensitive) cells in the culture. No plasmidless 
cells were detected by comparative plating on selective and non-selective plates 
at the cell densities where the inclusion body fraction was determined. 

The pole-age model proposed above explains why the fraction of 
inclusion body containing cells is constant within a culture during exponential 
growth but does not explain why lower inocula resulted in a higher fraction of 
cells with inclusion bodies than high inocula. It does, however, suggest that the 
relative synthesis rate is higher in low inocula than in high inocula. From our 
results one may calculate the number of generations required to form a visible 
inclusion body in a cell. For low inocula, when 40% of the cells show a visible 
inclusion, about 2.25 generations are required for a visible inclusion to form. 
For high inocula, where 8% of the cells have visible inclusions, it takes 5 
generations for a visible inclusion to form. One may also conclude that the net 
rate of protein synthesis is higher in the cultures with a higher fraction of 
inclusion body containing cells. This seems to be verified in the prochymosin 
measurements shown in Figure 7. 

Influence of Inoculum Density on Cell Growth Rate. Surprisingly, despite the 
difference in the fraction of inclusion body containing cells in the different 
cultures studied here, there appears to be no difference in the specific cell 
growth rate during exponential growth for different sized inocula. As argued 
above, the different inclusion body fractions imply different protein synthesis 
rates. One might expect that if this was the case then there should also be 
different specific growth rates for the cells since more cell protein synthesizing 
resources are directed toward non-essential prochymosin production in the 
higher producing cells. Put another way, the inoculum size appears to influence 
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150 PROTEIN REFOLDING 

the balanced growth state of the cells without influencing the balanced growth 
rate. 

Currently we can offer no tested explanation for this anomaly. One 
possibility which has yet to be tested is that both cultures are synthesizing 
prochymosin at the same rate, but that the degradation system is more active 
in the higher inocula. Under this hypothesis, low inocula have a higher net rate 
of protein synthesis but not a higher rate of denovo synthesis of prochymosin. 
This would explain the difference in inclusion body formation and at the same 
time explain the similar growth rates observed in high and low inocula cultures 
but leaves open the question of why higher inocula would have more active 
protein degradation systems. 

Accumulation of Inclusion Bodies in Stationary Phase. When the cells begin to 
enter stationary phase there is a sudden increase in the fraction of cells with 
visible inclusions. This is followed by the formation of cells with multiple 
inclusions. Similar findings have been observed in other studies. Cheng (21) 
observed that visible inclusions were produced only in the stationary phase in 
E. coli cells producing a truncated beta-galactosidase molecule, even though 
synthesis was occurring in exponential phase cells as well. Schoemaker et al 
(22) made observations which also imply that inclusion body formation occurred 
primarily in late exponential- early stationary phase in E.coli Β/τ containing the 
pCT70 plasmid which encodes for expression of prochymosin. Schoner et al 
(11) observed first one, then two, then multiple inclusion bodies in Exoli RV308 
cells harboring the pCZlOl plasmid encoding for bovine growth hormone. 

Formation of more than one inclusion body is consistent with the pole-
age model proposed. As the cells enter stationary phase, cell division is halted 
and (according to the model) there is no new cell wall synthesis. If, however, 
protein synthesis persists in the cytoplasm, then recombinant protein will 
accumulate. In effect, the cell poles will be getting older without an influx of 
young poles and inclusion bodies will appear in the aging ends of the cells 
already in the culture. Cell elongation and the formation of more than two 
inclusion bodies in a single cell may be the result of overexpression of 
recombinant proteins causing interference with the cell division system. When 
this is the case, multiple nuclear regions may form in the elongated cells, 
effectively segmenting them into cytoplasmic regions of different ages. 
Eventually the cytoplasmic regions between nuclear regions accumulate enough 
protein to demonstrate a visible inclusion body. 

Summary 

The observations made in this study on inclusion body formation are explained 
by a pole age model of cell growth. The constant fraction of cells with inclusion 
bodies during exponential growth is a consequence of segmentation of cell 
cytoplasmic regions by the nuclear material in the cell, and the fact that 
inclusion bodies are discrete objects which cannot migrate from one end of the 
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11. CARLSON & REDDY Kinetics of Inclusion Body Formation 151 

cell to another. The model predicts that the size of inclusion bodies will depend 
on the number of generations a culture has been expressing the protein and the 
specific synthesis rate. The model is consistent with the observations that at 
most one inclusion body will appear in exponentially growing cells (under most 
conditions) and that multiple inclusions will appear in cells entering the 
stationary phase. 

The pole age model does not explain why low inoculum densities resulted 
in a higher fraction of the cells with visible inclusion bodies and higher synthesis 
rates for prochymosin without decreasing the exponential specific growth rate 
in the cells. 
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Chapter 12 

Active Creatine Kinase Refolded 
from Inclusion Bodies in Escherichia coli 

Improved Recovery by Removal of Contaminating Protease 

Patricia C. Babbitt1, Brian L. West2, Douglas D. Buechter1, Lorenzo H. 
Chen1, Irwin D. Kuntz1, and George L. Kenyon1 

1Department of Pharmaceutical Chemistry and 2Metabolic Research Unit, 
University of California—San Francisco, San Francisco, CA 94143 

We have expressed creatine kinase (CK) from Torpedo californica 
electric organ cDNA in E. coli. Although the expression system was 
designed to produce native, cytoplasmic protein, the initial protein 
product is insoluble, with no detectable activity. It can be isolated in an 
enriched form by centrifugation and is stable to proteolysis for several 
months when stored at 4 °C. Since soluble CK from tissue sources can 
be denatured and refolded with nearly complete recovery of activity, 
we adapted this methodology for use with the expressed CK in order to 
obtain soluble, active protein. Only minute amounts of active protein 
were recovered using this procedure, however, and further exploration 
of this phenomenon showed that this was due to proteolysis of the 
aggregated CK during denaturation and refolding. The CK is 
apparently resistant to this proteolysis in the aggregated state but is 
highly sensitive to it during denaturation and refolding. While this 
proteolytic activity is inhibited by neither phenylmethane sulfonyl 
fluoride (PMSF) nor EDTA, it can be largely removed either by 
extraction with a detergent-containing buffer prior to denaturation of 
the CK or by ion exchange chromatography under denaturing 
conditions. These methods result in 30-100 fold improved recoveries 
of soluble protein which, upon further purification, yield pure protein 
which is highly similar to CK isolated from tissue sources. 
Experiments with extracts containing this proteolytic activity show that 
it is largely inactive on native soluble CK, degrading this protein only 
after denaturation and refolding are initiated. We have also found a 
proteolytic activity contaminating inclusion bodies formed when a 
mutant of bovine pancreatic trypsin inhibitor (BPTI) is expressed in E. 
coli. It is similar to that found in the CK system, acting to degrade 
expressed protein only after the initiation of denaturation and refolding 
procedures. We therefore suggest that this proteolytic activity may be a 
general phenomenon complicating the refolding of other inclusion body 
proteins as well. 

The formation of inclusion bodies reflects a general and often intractable problem 
associated with expression of eukaryotic DNA's in prokaryotes. Even though 
significant amounts of insoluble protein can be isolated, solubilization by denaturation 
and refolding often results in low recoveries, particularly when refolding is attempted 
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154 PROTEIN REFOLDING 

on aggregates which are contaminated with endogenous proteins (1-4). While 
possible explanations have focused on sub-optimal folding conditions or 
concentrations or on the presence of contaminating proteins released by solubilization 
procedures, there is litde direct evidence to support any specific cause for these low 
recoveries. Nevertheless, there has been considerable progress in the development of 
methods for increasing the recovery of aggregated proteins (5-8), and there is an 
increasing number of reports of recovery of active soluble protein from such 
expression products (3,4,9-72). Most of these methods involve the purification of 
the aggregates to remove contaminating proteins at some point prior to die initiation of 
refolding. 

We have recendy reported that removal of contaminating proteins associated 
with inclusion bodies produced during the expression of both CK and ΒΡΉ in E. coli 
also produces a dramatic increase in the yield of refolded enzyme (13). Our 
investigations showed that these contaminating proteins exhibit a proteolytic activity 
which is quiescent in the aggregate, acting to degrade expressed proteins only after 
solubilization by denaturation/refolding procedures. The "delayed action" aspect of 
this phenomenon made it difficult to discern initially, and we suggest that this may 
contribute to its being overlooked in other systems as well. This report includes a 
description of the expression of CK as an insoluble aggregate in E. colU initial 
characterization of the proteolytic activity associated with it, and an evaluation of 
methods tested for removing this proteolytic activity and for obtaining soluble active 
protein by refolding. 

Materials and Methods 

Materials. Electrophoresis reagents were obtained from Bio-Rad, Emeryville, CA. 
Ampholytes were from Pharmacia, Piscataway, NJ. Guanidine-HCl (ultrapure) was 
purchased from Schwartz-Mann, Cleveland, OH, and urea (ultrapure) from 
International Biotechnologies, New Haven, CN. The n-octyl-B-D-glucopyranoside 
(octyl glucoside), rabbit muscle CK and other reagents were obtained from Sigma, St. 
Louis, MO. Ultrafiltration cells, YM30 membranes, Centricon and Centriprep units 
for protein concentration were obtained from Amicon, Danvers, MA. Plasmid 
BPTI694 was a gift from Mr. John Altman, University of California, San Francisco, 
CA. Expression plasmid pKT52 was a gift from Dr. Karen Talmadge, California 
Biotechnology, Palo Alto, CA. Sequencing reagents were from United States 
Biochemical Corp., Cleveland, OH. Oligonucleotide primers for both mutagenesis 
and dideoxy sequencing were either synthesized by the Biomolecular Resource 
Center, University of California, San Francisco, CA or obtained as a gift from 
California Biotechnology, Inc. Bacterial strains were acquired from Bethesda 
Research Laboratories, Bethesda, MD (JM101), from Dr. P. Greene, University of 
California, San Francisco, CA, (D1210), and from Dr. M. Inouye, State University of 
New York, Stony Brook, NY (JA221). Full-grown Torpedo californica was obtained 
from Pacific Bio-Marine Laboratories, Venice, CA. 

Purification of CK Isolated from the Electric Organ of Torpedo 
californica. Cytoplasmic CK was purified from Torpedo californica electric organ 
by modification of the scheme used by Barrantes et al. (14) as described by Buechter 
(15). Following isolation of the cytoplasmic CK from electric organ tissue, the 
enzyme was purified by EtOH precipitation and affinity chromatography on Blue 
Sepharose. Further purification was obtained using mono Q fast protein liquid 
chromatography (FPLC) equilibrated with 50 mM Tris-acetate, pH 8.5. CK was 
eluted with a NaCl gradient 

Expression and Recovery of Soluble CK from Insoluble Inclusion 
Bodies. Construction of the Expression Vector, pKTCK3F. The cDNA 
insert encoding CK from the electric organ of Torpedo californica was isolated from 
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12. BABBITT ET AL. Recovery of Active Creatine Kinase 155 

pCK52g8 (76) and cloned into an expression vector containing a hybrid trpllac 
promoter (trc) (77). This vector, pKT52, is a modification of vector pKK 233-2 (18) 
from which the EcoRl/PvuU fragment has been deleted to produce a high copy 
number vector of 2895 bp. The Ncol cloning site in pKT52 was changed to Sphl and 
an Sphl site was introduced at the initiating ATG in the CK clone by site-directed 
mutagenesis (79). Creating the matching Spin sites allowed linkage of the CK coding 
sequence to the optimized bacterial promoter in a way that yields the natural CK 
without any modification of the second translated amino acid (proline). To make a 
compatible cloning site for the 3' BgiU site in the noncoding region of pCK52g8, a 
BgUl linker was ligated into the HindDI site of the S/?/d-modified pKT52. The 1239 
bp CK insert was isolated from the Sphl-modified pCK52g8 following digestion with 
Sphl and BglU and ligated into the SphVB g Hi-modified pKT52. Sequencing of the 
mutated regions was done in bacteriophage M13 by the dideoxy method (20). 
Sequence verification of the promoter and CK-coding regions of the final 
construction, named pKTCK3F, was also done by the dideoxy method optimized for 
double-stranded templates (27). Because we found that the plasmid CK expression 
vector could be prepared using bacterial strain D1210 without the occurrence of 
mutations which abolish CK expression, constructions were made in this strain (22). 

Expression and Isolation of CK. In order to obtain high copy number 
expression, the CK was expressed in strain JA221 (JA221/F7aci<l) (23). The cells 
were transformed with pKTCK3F and plated onto LB agar containing 40 μg/ml 
ampicillin and grown at 37 °C overnight. A freshly transformed colony was 
transferred to a starter culture of 30 ml minimal medium (24) containing thiamine-HCl, 
tryptophan, leucine, and 40 μg/ml ampicillin. This culture was grown overnight with 
shaking (300 rpm) at 37 °C and transferred to 11 fresh minimal or LB medium. At an 
OD$50 of 0.2-0.8, protein synthesis was induced by the addition of isopropyl-p-D-
thiogalactoside (IPTG) to 1 mM final concentration. Cells were grown for four more 
hours and harvested by centrifugation at 3000 χ g. This and subsequent procedures 
were done at 4 °C except as specified. 

The cell pellets were weighed and resuspended in either 50 mM Tris or in 50 
mM Tris containing 8% sucrose, 5% Triton X-100, 50 mM EDTA (STET) (25) to a 
volume of 10 ml/g wet weight of cells. These and other Tris-containing buffers used 
in subsequent procedures were adjusted to pH 8.5. To each 10 ml of suspension, 
130 μΐ of 10 mg/ml lysozyme (freshly prepared) was added and the suspensions 
incubated overnight. The suspensions were then sonicated 3 times for 3 minutes each 
with the energy set at the tip maximum and the efficiency level set at 50%. A pulsed 
signal was used. The pellets were collected by centrifugation at 12,000 χ g for 30 
minutes and resuspended in 50 mM Tris. The suspensions were sonicated and 
centrifuged as above, and this process was repeated until no more protein was 
observed in the supernatants. Samples were resuspended in 50 mM Tris to an 
estimated CK concentration of 1 mg/ml. 

Extraction of Aggregated C K with Octyl Glucoside and other 
Detergents. The aggregated CK isolated from the Tris lysis buffer was suspended 
to an estimated CK concentration of 0.5 mg/ml in 50 mM Tris containing 2.5% octyl 
glucoside and, for some experiments, 5% β-mercaptoethanol. This suspension was 
incubated at 37 °C with slow shaking (-100 rpm) for >16 hours and centrifuged at 
12,000 χ g for 20 minutes. The pellets were washed 2 times with 50 mM Tris and 
resuspended at an approximate CK concentration of 1 mg/ml. Alternatively, extraction 
of the pellet was also attempted by a two-hour incubation at room temperature 
followed by overnight extraction at 4 °C with 1% Triton X-100, 20% glycerol, 2% 
deoxycholate in 50 mM Tris (26). 

Denaturation and Refolding of C K Denaturation and refolding methods 
were modifications of procedures used for refolding soluble CK isolated from tissue 
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156 PROTEIN REFOLDING 

sources (27). CK pellets were centrifuged and resuspended in 50 mM Tris at an 
estimated CK concentration of 2 mg/ml. Solid guanidine-HCl or urea, solid 
dithiothreitol (DTT), and 50 mM Tris were added so that the final guanidine-HCl or 
urea, DTT, and CK concentrations would be 6 M or 8 M, 100 mM, and 1 mg/ml, 
respectively. The samples were left for 20 minutes to 2 hours at room temperature, 
then diluted 60-fold into 50 mM Tris with rapid swirling. The dilute refolding mixture 
was left overnight at 4 °C. Prior to analysis, the refolded CK was concentrated ~60-
fold either by ultrafiltration or by Centriprep or Centricon centrifugation using either 
30,000 or 10,000 MW cutoff membranes. 

Purification of Expressed C K on FPLC in 8 M Urea. Expressed 
CK aggregates isolated in both Tris and STET and containing approximately 1 mg CK 
each were centrifuged for 12,000 χ g for 2 minutes and the supernatant removed. The 
pellets were resuspended in 200 μΐ 50 mM Tris, pH 8.5, to which 192 μg solid urea 
and 8 μΐ 1 M DTT were added. The samples were thoroughly mixed and volumes 
were brought to 400 μΐ with buffer. The samples were left at room temperature for ~ 
1 hour, and 150 μΐ was removed to a new tube for refolding without further 
purification. The remainder was chromatographed on a Mono Q FPLC column 
(Pharmacia) equilibrated with buffer A and running at 0.9 ml/min., with the following 
gradient. Buffer A was 50 mM Tris-acetate containing 8 M urea, pH 8.5 and Buffer Β 
was Buffer A containing 1.0 M NaCl. 

Time (πύηΛ % Buffer Β in the Gradient 
0 6 

10 6 
30 8 
40 8 
40 75 
50 75 

F P L C Purification of Expressed CK's Following Refolding. 
Expressed, STET-extracted CK aggregate and tissue-purified CK were refolded as 
described. Aliquots of these samples were filtered and chromatographed on a Mono Q 
FPLC column equilibrated with Buffer A at the rate of 1.0 ml/min., with the following 
gradient. Buffer A was 50 mM Tris-acetate, pH 8.5 and Buffer Β was Buffer A 
containing 1.0 M NaCl. 

Time (πύηΛ % Buffer Β in the Gradient 
0 0 

10 0 
15 4 
20 4 
25 10 
35 10 
45 75 

Incubation of Octyl Glucoside Extracts of the C K Aggregate with 
Soluble Rabbit Muscle CK. The octyl glucoside extract obtained from the 
extraction of the CK aggregate was tested for proteolytic activity on soluble rabbit 
muscle CK. Approximately 13 mg of CK aggregate was extracted with octyl 
glucoside as described above. This extract (23 ml) was concentrated to 1 ml, and the 
supernatant was twice exchanged by ultrafiltration with 20 ml of 50 mM Tris to 
remove most of the detergent. Within 24 hours, a precipitate formed which was 
removed by centrifugation at 12,000 χ g for 8 minutes. The pellet was washed twice 
with 1 ml of 50 mM Tris and resuspended in 0.5 ml of buffer. Aliquots of the 
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12. BABBITT ET A L Recovery of Active Creatine Kinase 157 

resuspended pellet and the supernatant (ranging from 0 to 133 μΐ) were incubated with 
300 μg aliquots of soluble rabbit muscle CK prepared at 10 μ^μί in 50 mM Tris. The 
samples were brought to equal volumes with 50 mM Tris and 10% of each mixture 
was removed and stored at 4 °C for later analysis. To the remainder, buffer, solid 
urea, and 1 M DTT were added to give final concentrations of 8 M urea and 100 mM 
DTT, respectively, in 300-400 μΐ total volumes. The mixtures were left for 2 hours at 
room temperature and refolded as described above. The effects of PMSF and EDTA as 
protease inhibitors were tested as follows: PMSF was dissolved in isopropanol and 
added to the refolding buffer to achieve a final concentration of 0.1 mM and EDTA 
was added to a final concentration of 0.1 mM. 

Expression and Recovery of Soluble BPTI from Insoluble Inclusion 
Bodies. Expression and Isolation. An AS1143 -> Leu43 mutant of BPTI,, 
ΒΡΤΙ694» was expressed in E. coli strain MM294 (28) under the control of a trp 
promoter. It does not contain a signal sequence but was engineered to express as a 
fusion protein within the cytoplasm (29). Cells were grown at 37 °C, 350 rpm, in M9 
medium containing thiamine, 0.5% glucose, 0.5% casamino acids and 15 μg/ml 
tetracycline to an O.D.650 of 1.0, then induced for 4.5 hours with 3-6-indoleacrylic 
acid (25 μξ/τη\). Cells were harvested and suspended in either 50 mM Tris or STET. 
Lysis and isolation of the insoluble pellets were performed as described for CK. 

Denaturation and Refolding of BPTI. Pellets isolated either in 50 mM 
Tris or in STET and containing approximately 1 mg of BPTI were denatured in 100 
mM Tris, 1 mM EDTA, 25 mM DTT, 8 M urea and left at room temperature for 30 
minutes. Based on Creighton's conditions (30), refolding was initiated by 60-fold 
dilution into 50 mM Tris, 5 mM reduced glutathione, 1 mM oxidized glutathione, 50 
mM KC1. The refolding solutions were stored at 4 °C overnight, centrifuged to 
remove insoluble material, and concentrated on Centricon concentrators using a 3,000 
MW cutoff membrane. 

Miscellaneous Methods. Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) was performed by standard methods including heat 
treatment of the samples in Laemmli buffer containing β-mercaptoethanol prior to 
electrophoresis (37). Gels were stained with Coomassie Blue G-250. Isoelectric 
focusing was performed using native conditions at 4 °C according to the ampholyte 
manufacturer's directions. Protein determinations were made either by the methods of 
Lowry (32) or of Bradford (33). CK activity was determined by the method of Tanzer 
and Gilvarg (34). The presence of full-length CK was evaluated by SDS-PAGE. N-
terminal sequencing of CK purified from Torpedo californica electric organ tissue was 
performed by the Biomolecular Resource Center, University of California, San 
Francisco. 

Results 

Purification of C K from the electric organ of Torpedo californica. 
Partially purified CK isolated from electric organ tissue was chromatographed on 
FPLC as described, and the major CK-containing fraction was submitted for N-
terminal sequencing. This procedure showed that the first 37 amino acids were the 
same as those predicted by the cloned KTCK3F cDNA sequence (16). This material 
was used for comparison with expressed CK in subsequent experiments. It had a 
specific activity of 19.3 U/mg of protein. 

Expression and Yield of C K from E. coli. Expressed CK was recovered 
exclusively as an insoluble aggregate under all growth conditions examined (Figure 1, 
lane 3). No CK activity could be detected in these inclusion bodies and neither full-
length CK (evaluated by SDS-PAGE) nor CK activity could be detected in the 
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158 PROTEIN REFOLDING 

supernatant fractions. The yield of CK and the proportion of the insoluble aggregate 
that it represents are sensitive to a number of variables, including the culture medium, 
the density of cultures at the time of induction, total induction time, and whether the 
protein is expressed in small or large-scale cultures. Both the yield and the proportion 
of CK in the inclusion bodies were greater for cells cultured in Minimal rather than LB 
media following transformation onto LB agar. When cells were grown to greater than 
0.2-0.6 O.D.650 units prior to induction, expression of CK decreased in both nutrient 
media. Compared to induction times of less than 6 hours, overnight induction also 
resulted in large proportional losses of CK expression. Small-scale preparations (50 
mL or less) produced more CK per O.D.650 unit of cells than did large-scale growth 
(1 L or more). Growth conditions and induction times were therefore optimized 
empirically to produce the best yields of expressed protein. The wet weights of 
harvested cells ranged from 2-6 gfl of culture, and the yield of CK in the insoluble 
pellets was estimated at 1-3 mg/g wet weight of cells. 

Solubilization and Refolding Studies. Initial attempts to recover active CK 
from the aggregated expression product were directed at solubilizing the protein. In 
response to reports suggesting that inclusion bodies can be solubilized by adsorption 
to ion exchange resin and recovered by salt gradient elution, we tried to solubilize 
aggregated CK with both Fast Q and Fast S Sepharose (Pharmacia) (10). Neither CK 
activity nor CK protein (as judged by SDS-PAGE) was detectable in any of the 
supernatant fractions collected over an eluent range of 0-2 M NaCl. Thus, the CK 
aggregate was not solubilized using this method. 

The CK was also invariably insoluble in the initial lysis buffer (50 mM Tris, 
pH 8.5 or 50 mM Tris, pH 8.5 containing 5 mM EDTA) as well as in two other 
buffers tested: 50 mM Tris, pH 8.5 containingl% Triton X-100, 20% glycerol, 2% 
deoxycholate and 50 mM Tris, pH 8.5 containing 2.5% n-octyl glucoside, 5% β-
mercaptoethanol. In contrast, addition of either solid guanidine-HCL or urea directly 
to the pellets dispersed in lysis buffer (to produce final dénaturant concentrations of 
6M and 8M, respectively) completely solubilized the pellets. On the other hand, 
addition to centrifuged pellets of either 6M guanidine-HCl or 8M urea solutions gave 
only incomplete solubilization. The "greasy" appearing residue not solubilized by 
treatment of the pellet with either dénaturant solution was soluble in 2X Laemmli 
buffer (57), however, and, when run on SDS-PAGE, appeared to be composed of the 
same material as that in the insoluble pellets prior to denaturation. 

These studies suggested to us that the only practical method for recovery of 
soluble CK was by complete denaturation and refolding. Initial attempts to refold the 
expressed CK, however, resulted in >95% losses of full-length CK protein and 
specific activities no better than 2% of that of soluble Torpedo electric organ CK 
purified from tissue and denatured and refolded as a control. Refolding either by 
dialysis or 60-fold dilution produced a flocculent precipitate. Slighdy better recoveries 
of soluble CK were obtained from refolding by dilution, and this method was used 
routinely thereafter. 

Purification of Insoluble CK Prior to Refolding. Extraction with 
Detergent. Based on these results, we suspected that protein contaminants in the 
pellet were interfering with refolding. We therefore tried extracting the CK pellet with 
detergents in an attempt to solubilize and remove the contaminants. Extraction of the 
pellet by the non-ionic detergent, n-octyl glucoside, removed significant amounts of 
contaminating protein from the pellet (Figure 1, lane 4). When these detergent-
extracted pellets were denatured and refolded, a 30-fold improvement in recovery of 
active CK was observed. In addition, the formation of precipitate observed during 
refolding of the unextracted pellet was greatly reduced. Based on the success of the 
octyl glucoside extraction, we tested other methods to purify the aggregated CK and 
further increase the yield of refolded CK. 
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Replacement of the original lysis buffer (50 mM Tris) with STET (50 mM Tris 
containing 8% sucrose, 5% Triton X-100, 50 mM EDTA) (25) produced the best 
results. The purification achieved by this extraction is shown in Figure 1, lane 5. The 
CK pellet isolated from STET appears to be as pure as that isolated from 50 mM Tris 
followed by octyl glucoside extraction (Figure 1, lane 4). The STET extraction 
procedure has two other advantages: it is less expensive to use than octyl glucoside, 
and it reduces the number of steps in the purification scheme. 

In order to quantitate the improvement in recovery due to purification of the 
aggregates prior to refolding, the three pellets shown in Figure 1, lanes 3-5, were 
refolded under identical conditions. The recoveries and specific activities were 
analyzed as shown in Figure 1, lanes 7-9, and in Table I. 

Table I. Comparison of Refolded Expressed 
CK Purified by Various Methods 

%U/mg % Recovery Units 
Sample Name U/mg of Control of Protein Recovered 

Control CK (Purified from tissue) 20.2 100 59 12.0 

Expressed CK: 
Untreated aggregate 0.04 0.2 63 0.003 

Octyl glucoside-extracted 0.90 4.7 52 0.5 
aggregate 

STET-extracted aggregate 5.6 29.0 63 3.5 

Untreated aggregate, 14.6 75.6 0.42 0.6 
FPLC purified in 8 M urea 

STET-extracted aggregate, 16.0 82.9 0.36 0.6 
FPLC purified in 8 M urea 

CK was denatured and refolded as described. The experiments were done at the same 
time and denaturing and refolding conditions were adjusted to make them as identical 
as possible for each sample. Approximately 1 mg of CK was denatured in each case. 
The amount of starting material denatured as "Control" CK was measured by Lowry 
analysis of CK purified to homogeneity. The amount of starting material denatured as 
"Expressed" CK was estimated from densitometry measurements of CK-containing 
insoluble aggregates fractionated on SDS-PAGE and stained with Coomassie Blue. 

For comparison, CK purified from Torpedo electric organ tissue was 
denatured and refolded under the same conditions as the expressed aggregates (Figure 
1, Lanes 2, 6 and Table I). Protein refolded from pellets that had been purified by 
extraction with either octyl glucoside or STET could be recovered in reasonable yield 
as shown in Table I. Both of these pellets and the protein refolded from them appear 
to be of similar purity, although STET treatment improves both recovery and specific 
activity of the refolded CK more than does the octyl glucoside extraction. In contrast, 
the protein refolded from the unextracted pellet was so extensively degraded that 
neither enzyme activity nor full-length protein was observed (Figure 1, lane 7), even 
though the amount of protein recovered in this sample appeared similar to that 
recovered from the detergent-extracted aggregates. 

When the untreated CK aggregates are refolded and analyzed on high 
percentage SDS-PAGE (17.5%), the disappearance of full-length CK correlates with 
the appearance of new, lower molecular weight bands, confirming the presence of 
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160 PROTEIN REFOLDING 

proteolytic activity (Figure 2, lanes 1,2). In contrast, most of the full-length CK seen 
prior to denaturation in lane 3 is recovered from refolding the STET-extracted 
aggregate and there are no obvious degradation products (lane 4), leading to the 
conclusion that STET extraction removes the proteolytic activity. 

Anion Exchange Chromatography in 8 M Urea. As an alternative 
method of purification, the pellets isolated in either STET or Tris were also subjected 
to anion exchange FPLC following denaturation in 8 M urea. The recoveries and 
specific activities of the refolded CK purified by this method are also reported in Table 
1. Based on these small-scale refolding experiments, the purification method which 
produced the best specific activities for the refolded CK was anion exchange FPLC in 
8 M urea prior to refolding. This method yielded protein of similar specific activity 
from both unextracted and extracted pellets. These data suggested that purification of 
the denatured pellets by anion exchange FPLC is even more efficient in removing the 
protease contaminants that either the octyl glucoside or STET extraction. There was a 
major drawback in the use of this method, however-losses of CK approached 90% of 
the total units injected onto the system. Therefore, we decided to attempt large-scale 
refolding experiments on the STET-isolated pellets without further purification prior to 
refolding. 

Purification of CK Following Refolding. Expressed CK isolated from STET 
and native CK isolated from electric organ tissue was denatured, refolded, and further 
purified by anion exchange FPLC (Figure 3). In order to reduce losses of CK which 
might have arisen partly from the small-scale of our initial refolding experiments, at 
least 3 mg of CK was processed in each of these experiments. CK purified from 
Torpedo electric organ eluted as fraction 2 in Figure 3A. The comparable FPLC trace 
for CK expressed in E. coli, extracted with STET, and refolded prior to FPLC can be 
seen in Figure 3B. The region of the trace representing material with CK activity is 
essentially identical to that in Figure 3 A with the exception of the extra peak in fraction 
2b. Fractionation of this sample by SDS-PAGE showed that this peak is a non-CK 
contaminant, but because of its presence, fractions 2b and 2c could not be recovered 
as pure CK. Of 3 U of CK activity injected onto the column, 1.08 U, or 35%, was 
recovered in fraction 2a. Approximately 11% of the activity applied to the column was 
lost in the impure fractions 2b and 2c. The majority of the other proteins 
contaminating the refolded CK were eluted in peak 3. No protein could be detected on 
SDS-PAGE in fractions la and lb in Figure 3B. Fifty-one percent of the activity from 
the CK isolated from electric organ and injected onto the column was recovered as 
pure CK (fraction 2, Figure 3A). 

Figure 4 shows the purity of the expressed CK recovered in fraction 2b. The 
total recovery of this material can be normalized to 570 μg/l of culture. The specific 
activity of the CK refolded from the STET-purified pellet and then purified on FPLC 
(19.0 U/mg of protein) compares favorably with tissue-isolated CK treated in the same 
manner (20.3 U/mg of protein). The CK from the two preparations exhibit the same 
pi values and fractionation pattern on isoelectric focusing gels (data not shown). 

Characterization of the Octyl Glucoside-Extracted Proteolytic Activity. 
The proteolytic activity of the octyl glucoside extract was tested on soluble rabbit 
muscle CK. Most of the enzyme activity of native rabbit muscle CK was maintained 
after three days of incubation with varying amounts of this extract (Table Π). In 
contrast, when aliquots of these mixtures were subjected to denaturation and refolding 
procedures, CK activity was lost roughly in proportion to the amount of extract added. 
These data also show that the precipitate which formed when the octyl glucoside 
extract was initially concentrated did not exhibit proteolytic activity. Control 
experiments containing 2.5% octyl glucoside in the buffer showed no loss of CK 
activity due to denaturation and refolding in the presence of die detergent 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
47

0.
ch

01
2
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Figure 1. Comparison of untreated and detergent-extracted aggregates and the 
soluble proteins refolded from them by 10% SDS-PAGE. The amounts loaded in 
each lane would be equivalent for both insoluble aggregates and soluble proteins 
refolded from those aggregates if no CK had been lost during the refolding 
procedure. MW markers (numbered on the left) (Lanes 1 and 10); native CK (Lane 
2) and refolded CK protein purified from the electric organ of Torpedo californica 
(Lane 6); insoluble aggregate (Lane 3) and refolded soluble proteins from 
untreated expressed CK aggregate (Lane 7); insoluble aggregate (Lane 4) and 
refolded soluble proteins from expressed CK aggregate extracted with octyl 
glucoside (Lane 8); insoluble aggregate (Lane 5) and refolded soluble proteins 
from expressed CK aggregate extracted with STET (Lane 9). (Reproduced 
with permission from reference 13. Copyright 1990 Bio/Technology.) 

Figure 2. Comparison of refolded CK from untreated and STET-extracted 
aggregates by 17.5% SDS-PAGE. The amounts loaded in each lane would be 
equivalent for both insoluble aggregates and soluble proteins refolded from those 
aggregates if no CK had been lost during the refolding procedure. Insoluble 
aggregate (Lane 1) and refolded soluble proteins from the untreated expressed CK 
aggregate (Lane 2); insoluble aggregate (Lane 3) and refolded soluble proteins 
from expressed CK aggregate extracted with STET (Lane 4). The arrow marks 
the running position of CK. (Reproduced with permission from reference 13. 
Copyright 1990 Bio/Technology.) 
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Figure 4. Expressed CK isolated from STET, refolded, and purified on anion 
exchange FPLC. It has been overloaded on the gel (10% SDS-PAGE) to show the 
purity of the recovered CK. 
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164 PROTEIN REFOLDING 

Table II. Proteolytic Effects of the Octyl Glucoside Extract 
on Rabbit Muscle C K 

μΐ extract Native Refolded 
added % Activity %Activity 

0 100 82 

13 92 65 

33 92 20 

133 67 <2 

"Native % Activity" refers to CK samples which were incubated with extracts for three 
days, then assayed for loss of enzyme activity. "Refolded % Activity" refers to the 
same CK samples which were mixed with extracts and immediately denatured and 
refolded as described, then assayed for loss of activity at the same time as the native 
samples. CK activity values have been calculated as a percentage of the activity 
obtained for the native CK which was not incubated with octyl glucoside extract 

Analysis of these samples by SDS-PAGE (Figure 5) show that there is little 
loss of full-length enzyme for the native CK incubated with varying amounts of either 
octyl glucoside extract or the precipitate isolated after concentration of this extract. 
The refolded samples, however, show loss of the CK bands roughly in proportion to 
the amount of soluble octyl glucoside extract added to the initial mixtures. The other 
proteins contained in the OG extract which are evident on the gel (lanes 2-4) were not 
recovered after refolding (lanes 6-8). The samples to which either no octyl glucoside 
extract was added or only the precipitate which formed after concentration of the 
extract was added show little loss of CK in the refolded samples. Preliminary results 
show that neither PMSF nor EDTA are useful in inhibiting this proteolytic activity 
when added to the refolding buffers at 0.1 mM final concentration. It is unlikely that 
proteolysis might have occured under denaturing conditions, before these inhibitors 
were added, since SDS-PAGE analysis of samples left in 8 M urea for three days at 4 
°C shows no apparent loss of full-length CK (data not shown). 

Discovery of a Similar Proteolytic Activity Associated with the 
Insoluble Pellet Formed from Expression of a Mutant of BPTI in E. 
coli. Our findings in the CK expression system raised the question whether a similar 
proteolytic activity could be posing a problem in other systems as well. It was 
decided, therefore, to test another inclusion body system for similar activity. It has 
been shown by Altman, et al. that several mutants of ΒΡΉ can be refolded as active 
trypsin inhibitor following cleavage of the fusion and affinity purification of denatured 
material (29). We used their system to produce ΒΡΤΊ inclusion bodies and tested them 
for the proteolytic activity described herein. We found that a proteolytic activity 
similar to that associated with CK expression contaminates inclusion bodies produced 
by expression of one of these BPTI mutants (AS1143 -> Leu43). Similar to our results 
with CK, we also found that detergent extraction of the insoluble pellet prior to 
refolding leads to a significant increase in the recovery of full-length protein. The 
material refolded from the untreated inclusion bodies shows both a loss of refolded 
BPTI and the appearance of new, lower molecular weight bands (Figure 6, lanes 1, 
3). As is also similar to the CK expression system, STET extraction of the BPTI 
pellet leads to almost full recovery of full-length protein and no apparent degradation 
products (Figure 6, lanes 2,4). 
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12. BABBITT ET A L Recovery of Active Creatine Kinase 165 

Figure 5. Comparison of native and refolded rabbit muscle CK incubated with 
octyl glucoside extracts. Lanes 1-4 (10% SDS-PAGE): 1.2 μΐ each of native 
rabbit muscle CK incubated for 3 days without (Lane 1) or with 133 μΐ (Lane 2) or 
33.3 μΐ (Lane 4) octyl glucoside extract supernatant; 133 μΐ octyl glucoside extract 
pellet (material which precipitated out of the octyl glucoside extract when it was 
washed with 50 mM Tris to remove detergent and concentrated ~ 20-fold) (Lane 
3). Lanes 5-8: 2 μΐ native rabbit muscle CK refolded without (Lane 5) or with 
133 μΐ (Lane 6) or 33.3 μΐ (Lane 8) octyl glucoside extract supernatant; 133 μΐ 
octyl glucoside extract pellet refolded from the precipitated material described for 
Lane 3 (Lane 7). 

Figure 6. Comparison of refolded BPTI from untreated and STET-extracted 
aggregates on 17.5% SDS-PAGE. Untreated aggregate (Lane 1) and STET-
extracted aggregate (Lane 2); refolded soluble proteins from untreated aggregate 
(Lane 3) and from STET-extracted aggregate (Lane 4). The amounts of BPTI 
loaded onto lanes 1 and 2 are approximately equal. The amounts of BPTI loaded 
onto lanes 3 and 4 were calculated to be approximately equal if all of the ΒΡΉ had 
been recovered from refolding as full-length protein. Because the insoluble pellets 
and the refolded proteins were electrophoresed at different times, the running 
distances for each set is slightly different. They have been aligned such that the 
running position of BPTI in both gels is marked by the arrow at the left. 
(Reproduced with permission from reference 13. Copyright 1990 
Bio/Technology.) 
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166 PROTEIN REFOLDING 

Discussion 

Initial attempts to isolate expressed CK produced inclusion bodies which, 
upon denaturation and refolding, resulted in nearly complete loss of full-length CK. 
The possibility that other cellular proteins contaminating these aggregates might be 
interfering with the refolding process led us to try to purify the pellets prior to 
refolding. The results of these experiments were encouraging, leading to as much as 
100-fold improvement in the recovery of refolded CK. What surprised us, however, 
was the magnitude of the improvement. Why did partial removal of contaminants 
produce such a dramatic increase in both specific activity and product recovery? We 
were also puzzled that while protein concentration assays showed recovery of equal 
amounts of protein from refolding both extracted and unextracted pellets, SDS-PAGE 
analysis of the same samples showed enormous losses of full-length CK from the 
unextracted pellet and only moderate losses from the extracted pellets (Figure 1, lanes 
7-9 and Table I). These observations led us to consider the possibility that the low 
recoveries of CK from our initial refolding experiments were due to digestion by 
proteases associated with the contaminating proteins in the pellet (55). 

The loss of full-length CK accompanied by the appearance of lower molecular 
weight bands on the gel confirms that proteolysis during refolding is occurring. The 
results of our experiments with the octyl glucoside extract supports the conclusion that 
detergent extraction removes one or more of these proteases from the CK aggregate. 
These proteases are apparently inactive in both the aggregate and with native, soluble 
CK. It is only when attempts are made to recover soluble protein by denaturation and 
refolding that they act to degrade the CK. While initial efforts to inhibit this 
proteolysis with PMSF or EDTA were not promising, we are currently testing these 
inhibitors over a range of concentrations as well as other compounds in the hope of 
finding an effective combination of inhibitors. If successful, we expect that recoveries 
of refolded protein could be considerably higher, thereby transforming this expression 
system into one that would be useful on the preparative scale. 

Although STET appears to be the best extraction buffer for purification of the 
CK pellet, the specific activity of CK refolded from this material was still considerably 
lower than that for the tissue purified control, indicating the need for further 
purification. The use of anion exchange FPLC in 8 M urea provided this additional 
level of purification, and samples refolded from this material have specific activities 
that are comparable to those of CK refolded from tissue-purified controls. We 
conclude that purification in the denatured state by FPLC apparently removes the 
contaminating protease(s) and other proteins from the aggregate even more efficiendy 
than either STET or octyl glucoside extraction. 

Purification of expressed proteins in the denatured state has been used 
successfully by other workers (5). In our case, however, there was a serious 
drawback to this method: total protein recoveries were low compared to CK refolded 
directly from STET-isolated pellets. We have not yet discovered the reasons for these 
losses, but because of them we attempted larger-scale refolding experiments direcdy 
on STET-purified pellets without the intervening chromatography step on the 
denatured material. The order of the purification procedures was changed so that the 
ion exchange chromatography step was performed after, instead of before, refolding. 
This method produced approximately 6-fold greater recovery of high specific activity 
CK than when chromatography of die denatured protein was performed before 
refolding. 

Conclusion. We have expressed eukaryotic CK in E. coli and have demonstrated 
that active protein can be recovered from the resulting inclusion bodies. Based on the 
parameters tested, this protein appears to be very similar to CK purified from electric 
organ tissue. The recovery scheme is simple, involving cell lysis and overnight 
extraction with a detergent-containing buffer followed by sonication and isolation of 
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12. BABBITT ET A L Recovery of Active Creatine Kinase 167 

the CK pellet by centrifugation. The pellet is then denatured, refolded and purified to 
homogeneity by anion exchange chromatography. While the methods we have used to 
recover active CK are similar to those generally useful in the recovery of active 
proteins from inclusion bodies, the discovery of the proteolytic activity contaminating 
the aggregated CK provides new insight into the problem. Finding a similar 
proteolytic activity associated with the BPTI inclusion bodies suggests that it may 
complicate expression of other recombinant proteins as well. If so, it may help to 
explain why purification either prior to or during denaturation has led to improved 
recovery of such proteins Our laboratory is continuing work directed toward full 
characterization of the proteolytic activity which, at least in the expression of CK, 
appears to be a primary component of the aggregation problem. 
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Chapter 13 

Equilibrium Association of a Molten Globule 
Intermediate in the Refolding of Bovine 

Carbonic Anhydrase 

Jeffrey L. Cleland and Daniel I. C. Wang 

Department of Chemical Engineering, Biotechnology Process Engineering 
Center, Massachusetts Institute of Technology, 

Cambridge, MA 02139 

Equilibrium refolding of bovine carbonic anhydrase Β (CAB) was 
performed to confirm the observed association of the first 
intermediate during refolding [Cleland, J. L. and Wang, D. I. C., 
Biochemistry, in press]. The molten globule first intermediate in 
the CAB refolding pathway was observed to associate at final 
GuHCl concentrations ranging from 1.8 to 2.2 M and at final 
protein concentrations greater than 10 μΜ. Dimer and trimer 
formation was observed by both quasi-elastic light scattering 
(QLS) and size exclusion chromatography (HPLC). The dimer-
ization was found to be a slow equilibrium process with an 
association rate constant of 5.16 x 10-3 min-1 and an equilibrium 
constant of 1.3 μM-1. In contrast, the association for the trimer 
formation was a rapid equilibrium process. The association rate 
constant for trimer formation was 0.133 min-1  with an equilibrium 
constant of 0.42 μM-1.  Therefore, the equilibrium association of 
the molten globule first intermediate in the CAB refolding 
pathway proceeds through the slow dimerization reaction followed 
by rapid equilibrium association to form the trimer. The 
association of a molten globule intermediate in both kinetic and 
equilibrium refolding studies has been observed for other proteins 
and is probably the common species which causes aggregation 
during refolding. 

The problem of in vitro protein folding has become a major barrier to the 
successful use of bacterial systems for protein production. Bacterial hosts often 
produce inactive protein in the form of inclusion bodies. The refolding of this 
inactive protein results in the recovery of the native molecules as well as 
misfolded and aggregated proteins. Aggregate formation reduces the yield of 

0097-6156/91/0470-0169$06.00/0 
© 1991 American Chemical Society 
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170 PROTEIN REFOLDING 

the native protein and increases difficulties during purification. To refold 
proteins efficiently in the absence of aggregation, it is usually necessary to 
perform refolding at low protein concentrations (Mg/ml) or at high dénaturant 
concentrations (1 M guanidine hydrochloride or 4 M urea). Alternatively, if 
the folding pathway is well characterized, the associating intermediate species 
can be avoided through multiple dilution steps or the addition of an agent 
which prevents aggregation or enhances refolding (1-2). 

Previous work on aggregation during the refolding of bovine carbonic 
anhydrase Β (CAB) and bovine growth hormone (bGH) have shown that an 
intermediate in the refolding pathway will associate to form multimeric species 
and can eventually result in protein precipitation (1-2). In particular, bGH 
associates during equilibrium unfolding at protein concentrations greater than 
1.0 mg/ml (3). The associating bGH intermediate has a compact molten 
globule structure with exposed hydrophobic surfaces (4-5). The formation of 
a molten globule intermediate has been reported for the refolding of several 
other proteins (6). Therefore, the association of a molten globule intermedi
ate during refolding is likely to be common for many other proteins. 

The protein chosen for this study, CAB, also forms a molten globule 
intermediate during refolding (7). Equilibrium studies on the unfolding of 
CAB have shown that the first intermediate has a molten globule structure 
with exposed hydrophobic surfaces which are not observed in the other inter
mediate (8). Refolding and aggregation experiments have indicated that this 
intermediate is responsible for the formation of multimers as shown in Figure 
1 (1). To confirm the association of the first intermediate, the equilibrium 
association of this structure has been extensively studied in this paper. The 
results from this research yield additional insights into the aggregation 
previously observed during CAB refolding (1). 

Experimental Procedures 

Materials. Bovine carbonic anhydrase Β (CAB), bovine serum albumin 
(BSA), guanidine hydrochloride (GuHCl), tris sulfate, ethylenediaminetetra-
acetic acid (EDTA), and p-nitrophenol acetate (pNPA) were purchased as 
molecular biology grade reagents from Sigma Chemical Co. (St.Louis, MO). 
The purity of CAB (pi = 5.9) was checked by high performance liquid chro
matography (HPLC) and gel electrophoresis using silver staining. HPLC 
grade acetonitrile was obtained from J.T. Baker (Phillipsburg, NJ). Deca-
hydranapthalene (Decalin) was a racemic mixture obtained from Aldrich 
(Milwaukee, WI). All buffers and protein solutions were prefiltered with 0.22 
μτη disc filters (Millipore Corp., Bedford, MA) or 0.22 μτη syringe filters 
(Gelman Sciences, Ann Arbor, MI). Al l solutions were prepared using 
distilled water and further purified with a MilliQ water purification system 
(Millipore Corp., Bedford, MA). 
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13. CLELAND & WANG Refolding of Bovine Carbonic Anhydrase 171 

Protein concentration. The protein concentration of denatured CAB in 5 M 
GuHCl was determined using a colorimetric dye assay (Bio-Rad Laboratories, 
Richmond, CA) with bovine serum albumin (BSA) denatured in 5 M GuHCl 
as the standard. Assay of protein concentations in 2 M GuHCl were 
performed by addition of 8 M GuHCl to a final concentration of 5 M GuHCl 
and analyzed with the BSA standards in 5 M GuHCl. The extinction 
coefficient at 280 ητα for CAB in 2 M GuHCl remained constant with protein 
concentration as observed by absorbance measurements (data not shown). 

Quasi-elastic light scattering (QLS) measurements. QLS measurements were 
performed using a Brookhaven light scattering system (Brookhaven Instru
ments, Holtsville, NY). The system consisted of a BI200SM goniometer with 
a photomultiplier positioned at 90° to the incident laser, 2 W argon ion at 488 
ητπ (Lexel, Fremont, CA). The goniometer assembly was temperature 
controlled using an external water bath. In addition, the sample was placed 
in the goniometer with index matching fluid, decalin, surrounding the sample. 
The photon data was collected using a BI2030 autocorrelator with 128 
channels. A personal computer was used for system control and data storage. 
The computer was also used to calculate the particle size distributions based 
on the method of constrained regularization, CONTIN, as described previously 
(P). 

Each sample for QLS measurement was equilibrated at the desired 
final conditions for three to eight hours and maintained in closed containers 
at 20°C to avoid dust and temperature changes. After equilibration, each 
sample was analyzed at least two to three times to ascertain the repeatability 
of the particle size distribution. The particle size distributions for each solu
tion showed a high degree of reproducibility. Multimer distributions were 
calculated from the particle size distributions as detailed previously utilizing 
the hydrodynamic radius for 0.10 mg/ml CAB (3.3 μΜ) in 2 M GuHCl as the 
persistence length (i). 

High performance liquid chromatography (HPLC). Al l HPLC analyses were 
performed with a model HP1090 analytical HPLC equipped with a diode array 
detector (Hewlett Packard, Mountain, View, CA). A Protein PAK 3000 SW 
column (Waters, Bedford, MA) was used for each size exclusion experiment. 
The column was equilibrated with ten column volumes (100 ml) of elution 
buffer (2.0 M GuHCl, 50 mM Tris sulfate, 5 mM EDTA, pH 7.5) prior to 
operation. A sample volume of 25 μΐ was applied to the column and eluted 
at a flow rate of 1.0 ml/min to facilitate rapid separation. For equilibrium 
experiments, each sample was equilibrated for three to eight hours before 
column separation. 

Elution times for native CAB and BSA in the standard dilution buffer 
(50 mM Tris sulfate, 5 mM EDTA, pH 7.5) were used to calculated the size 
of the resultant associated species. In addition, CAB and BSA at low protein 
concentrations (< 0.10 mg/ml) in 2 M GuHCl were also utilized to determine 
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172 PROTEIN REFOLDING 

the effect of dénaturant on elution time. The results obtained were compara
ble to those determined previously (10). The elution times were 8.4, 5.6, and 
5.1 minutes for monomer, dimer, and trimer, respectively. Since the extinction 
coefficient at 280 ητη for CAB in 2 M GuHCl was not observed to change 
with protein concentration, the extinction coefficients of the monomer, dimer, 
and trimer species were assumed to be equal. With this assumption, the peak 
areas from absorbance measurements at 280 ητα were utilized to calculate the 
concentration of each species. 

Esterase Activity. Esterase activity was determined as described previously 
(1). The standard for calculating activity was the ester hydrolysis rate constant 
for the native protein at the same concentration in the dilution buffer (50 mM 
Tris sulfate, 5 mM EDTA, pH 7.5). 

Results 

Association Dependence on Dénaturant and Protein Concentration. The 
formation of the first intermediate in CAB equilibrium unfolding experiments 
has been observed to have a dependence on the final GuHCl concentration 
(8). At GuHCl concentrations ranging from 1.8 to 2.2 M, the first intermedi
ate was highly populated during equilibrium unfolding as measured by binding 
of a hydrophobic probe, 8-anilino-l-naphthalene sulfonate (ANS) (8). Since 
the first intermediate has been observed to associate during refolding, 
association of CAB during equilibrium refolding should have the same 
dependence on the final GuHCl concentration as the observed ANS binding 
(1). Denatured CAB in 5 M GuHCl was rapidly diluted to 33 μΜ protein and 
different GuHCl concentrations ranging from 1.0 to 2.5 M . Each sample was 
allowed to equilibrate for three to eight hours and then analyzed by quasi-
elastic light scattering (QLS). The resultant monomer, dimer, and trimer 
concentrations are shown in Figure 2. The greatest extent of association 
occurs between 1.8 and 2.2 M GuHCl. These results correlate well with the 
observed population of the first intermediate determined from ANS binding 
studies (8). Therefore, the first intermediate will associate when present at a 
concentration of 33 μΜ during equilibrium refolding. To determine the effect 
of concentration on this association phenomenon, denatured CAB in 5 M 
GuHCl was diluted to different protein concentrations ranging from 6.7 to 100 
μΜ and at 2.0 M GuHCl. A final GuHCl concentration of 2.0 M was chosen 
to maximize the association of the first intermediate as shown in Figure 2. 
After equilibration, each sample was analyzed by QLS and the distribution of 
monomer, dimer, and trimer are depicted in Figure 3. The intermediate did 
not associate at low final protein concentrations (< 10 μΜ). At higher final 
protein concentrations, CAB associated to form both dimer and trimer species. 
The multimer distribution shifts to the trimer as the protein concentration is 
increased to 100 μΜ. These results were confirmed by HPLC size exclusion 
chromatography. Each equilibrated sample was analyzed by HPLC as 
described in experimental procedures and the distribution of monomer, dimer, 
and trimer are shown in Figure 4. The dependence of association on final 
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13. CLELAND & WANG Refolding of Bovine Carbonic Anhydrase 173 

Figure 1: Refolding and aggregation model for bovine carbonic anhydrase Β 
(CAB). When denatured CAB in 5 M GuHCl is rapidly diluted to refolding 
conditions, the unfolded protein, U, forms the first intermediate, I r This 
intermediate continues to refold to the second intermediate, L>, which 
proceeds to fold to the native protein, N. If the unfolded protein is cfiluted to 
aggregating conditions, the first intermediate will associate to form multimers. 
The dimer, D, and trimer, T, species can further associate, resulting in the 
formation of large aggregates. (Reproduced from réf. 1. Copyright 1990 
American Chemical Society.) 

35 

0.80 1.20 1.80 2.00 2.40 2.80 

[GiHCllf <M> 

Figure 2: Multimer formation during equilibrium refolding of CAB as 
observed by quasi-elastic light scattering (QLS). Denatured CAB in 5 M 
GuHCl was rapidly diluted to a range of final GuHCl concentrations 
([GuHCi]f) from 1.0 to 2.5 M and a final CAB concentration of 33 μΜ and 
allowed to equilibrate for three to eight hours. The resulting distribution of 
monomer ( φ ) , dimer ( • ), and trimer (A) is shown for each final GuHCl 
concentration. 
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174 PROTEIN REFOLDING 

25 

120 
Final Protala Concentration, [CAB]f (μΜ) 

Figure 3: Equilibrium association of CAB as a function of final protein 
concentration ([CAB] f ). Unfolded CAB in 5 M GuHCl was rapidly 
diluted to a final GuHCl concentration of 2.0 M and a range of final 
protein concentrations. Each solution was allowed to equilibrate for three 
to eight hours prior to QLS analysis. The equilibrium monomer ( · ) , dimer 
(A), and trimer (•) concentration is shown for each final protein 
concentration. 

25 

120 
Final Protein Concentration, [CABlf (μΜ) 

Figure 4: Equilibrium association of CAB as a function of final protein 
concentration ([CAB] f ) as measured by size exclusion HPLC. Equilibrium 
refolding was performed by rapid dilution of unfolded CAB in 5 M GuHCl 
to 2.0 M GuHCl and a range of final protein concentrations. After 
equilibration for three to eight hours, monomer ( · ) , dimer ( A), and trimer 
(•) concentrations were determined for each final protein concentration as 
described in Experimental Procedures. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

30
, 1

99
1 

| d
oi

: 1
0.

10
21

/b
k-

19
91

-0
47

0.
ch

01
3



13. CLELAND & WANG Refolding of Bovine Carbonic Anhydrase 175 

protein concentration as measured by HPLC is similar to the results obtained 
by QLS. Therefore, the HPLC results do not contain artifacts due to sample 
dilution or protein-column interactions. The HPLC results were very 
repeatable with consistent elution times and peak areas. Since the HPLC 
technique is simpler and yields results similar to QLS, additional experiments 
were performed using size exclusion HPLC. 

From the equilibrium results, a model for the equilibrium association 
of the first intermediate was postulated for refolding at 2.0 M GuHCl as 
follows: 

21^ Ό (1) 

K D = [ D I M ] 2 (2) 

D + I ^ T (3) 

κ τ = m / P i i u (4) 

The first intermediate can associate to form the dimer with an equilibrium 
constant, K D , for final protein concentrations greater than 10 μΜ . The 
dimer equilibrium constant, K D , was 1.8 ± 0.2 μΜ"1 as calculated from the 
QLS data and 1.3 ±0 .1 μΜ"1 using the HPLC data. The largest multimer, 
trimer, was formed from the association of a dimer and a monomer with an 
equilibrium constant, K T . For this association reaction, the equilibrium 
constant, K T , was 0.53 ± 0.12 μΜ"1 and 0.42 ± 0.11 μ Μ 1 for QLS and HPLC 
analyses, respectively. The equilibrium constants for dimer and trimer 
formation are comparable using these two analytical techniques. 

Association and Dissociation Rates. With the knowledge of these equilibrium 
constants, the association rates were determined through additional HPLC 
experiments. To measure the association rate for dimer formation, denatured 
CAB in 5 M GuHCl was diluted to association conditions (33 μΜ protein and 
2.0 M GuHCl) and immediately analyzed by size exclusion HPLC. Samples 
from the refolding solution were analyzed at different times over a period of 
fifty minutes and converted to concentrations of monomer and dimer as shown 
in Figure 5. The trimeric specie was not observed over this time period and 
the relative change in peak areas was significantly different for each 
measurement. Therefore, the rate constant for dimer formation, kd , was 
calculated using the initial rate data for association (Figure 5). The associa
tion rate constant for dimerization, kd , was 5.16 χ 10 3 min'1 with a half time 
for association of 134.3 minutes. The forward rate constant, kd , is directly 
related to the equilibrium constant. 

KD - kd / k d ' (5) 
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176 PROTEIN REFOLDING 

Using this relationship, the dissociation rate constant, kd', was calculated as 
3.91 χ 10"3 min'1 with a resultant half time of 177.3 minutes. In order to 
measure the rate constants for trimer formation, dissociation experiments were 
performed by rapid dilution of an equilibrated protein solution at association 
conditions (33 μΜ protein and 2.0 M GuHCl) to monomer conditions (3.3 μΜ 
protein, 2.0 M GuHCl). The diluted protein solution was analyzed by HPLC 
size exclusion to follow the dissociation over time (Figure 6). The distribution 
shifts to the monomer and dimer after ten minutes and the dimer slowly 
dissociates to form the monomer. The rate constant for trimer dissociation, 
kt', was calculated as 0.316 min"1 (t 1 / 2 = 2.19 minutes) from the rate of 
decrease in trimer concentration. Again, the relationship between the rate 
constants and the equilibrium constant was utilized. 

K T = kt / k t' (6) 

Based on this equilibrium model, the association rate constant for trimer 
formation, kt , was 0.133 min'1 with a half time of 5.22 minutes. Since the 
trimer equilibrium is rapid relative to the dimer equilibrium, the association 
is difficult to detect at low protein concentrations (< 33.3 μΜ) using the 
HPLC technique since this procedure requires a total elution time of 10 
minutes and results in a sample dilution of 2.5. 

Assessment of Equilibrium Condition. To confirm the achievement of an 
equilibrium state, the equilibrated solutions were diluted to either the 
refolding or aggregation conditions which have been observed previously (1). 
Each equilibrated solution was diluted to a final GuHCl concentration of 1.0 
M to allow the protein to refold. After incubation for one hour, the protein 
completely recovered its biological activity and did not associate to form 
multimers. These results are comparable to refolding by rapid dilution from 
5 M GuHCl to 1 M GuHCl (1). Therefore, the equilibrium associated species 
can dissociate to allow complete refolding of the protein. On the other hand, 
dilution of the associated CAB solutions to aggregation conditions (> 16.7 μΜ 
CAB and 0.50 M GuHCl) resulted in precipitation and recovery of approxi
mately 20% of the biological activity. The precipitation and low recovery of 
activity were comparable to that observed by direct dilution from 5 M GuHCl 
to aggregation conditions (i). Therefore, the observed equilibrium association 
is a true reversible phenomenon. 

Discussion 

Equilibrium refolding results have shown that the first intermediate in the 
refolding pathway of CAB will associate to form multimers at high protein 
concentrations (> 10 μΜ). This intermediate has a molten globule structure 
with exposed hydrophobic regions (7-8). The molten globule intermediate 
structure is common in the refolding of other proteins (6). It is therefore 
likely that the molten globule structure is a general associating intermediate 
during protein refolding. The association observed for CAB and bGH re-
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Figure 5: Association of the first intermediate during refolding as 
measured by size exclusion HPLC. Denatured CAB in 5 M GuHCl was 
rapidly diluted to association conditions (33 μΜ CAB, 2.0 M GuHCl) and 
analyzed at different times for a period of fifty minutes. The monomer ( · ) 
and dimer ( A) concentrations are shown as a function of time after dilution 
to the final conditions. 

Figure 6: Dissociation of equilibrium associated protein solution. An 
equilibrium refolding solution at association conditions (33 μΜ CAB and 
2.0 M GuHCl) was diluted to monomer conditions (3.3 μΜ and 2.0 M 
GuHCl) and analyzed by size exclusion HPLC. The monomer ( · ) , dimer 
(A), and trimer (•) concentrations are shown as a function of time after 
dilution to monomer conditions. 
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178 PROTEIN REFOLDING 

folding support this hypothesis since both proteins form molten globule in
termediates which associate during refolding (1-2). In addition, the propensity 
of this intermediate to form dimers at equilibrium is similar for both proteins 
(2). The formation of a trimer species in CAB equilibrium refolding is 
strongly dependent on the final protein concentration since the equilibrium is 
rapid relative to the dimerization reaction. Rapid equilibrium for larger 
associated species could have also been present in the association of bGH as 
well as other proteins (3). 

All protein systems which form this hydrophobic molten globule inter
mediate are candidates for protein aggregation during refolding at high protein 
concentrations. Therefore, it is necessary to prevent the association of this 
intermediate to achieve greater refolding yields. One possible method 
discussed previously was a two step dilution procedure. First, CAB was 
refolded at 1.0 M GuHCl to allow the first intermediate to fold in the absence 
of association. After the second intermediate has been completely formed, 
subsequent dilution to lower GuHCl concentrations (< 1.0 M) which usually 
result in aggregation allows the formation of native protein in the absence of 
aggregation (1). This approach avoids the pathway of aggregation shown in 
Figure 1 which occurs for low GuHCl concentrations (< 1.0 M) in CAB 
refolding (1). Other methods to avoid aggregation or enhance protein 
refolding could be achieved by the addition of stabilizing substances such as 
peptides which have been used to reduce association during the refolding of 
bGH (2). Alternatively, the competing reaction of association could be 
reduced by enhancing the rate of formation of a nonassociating intermediate 
on the refolding pathway. The resulting enhanced refolding rate must be 
greater than the rate of association to achieve a significant decrease in 
aggregation. Studies are currently underway to develop methods which will 
either reduce aggregation or enhance refolding. 
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Chapter 14 

An Engineering Approach to Achieving High-
Protein Refolding Yields 

Steven Vicik1 and Eliana De Bernardez-Clark 

Department of Chemical Engineering, Tufts University, 
Medford, MA 02155 

One of the main problems in otherwise efficient recombinant 
microbial processes is the low refolding yield of biologically active 
protein from inclusion bodies. A process engineering approach is 
described to optimize refolding yield using diafiltration as the method 
of solubilizing agent removal. The strategy employed to optimize 
refolding yields was to postulate a refolding mechanism, identify and 
characterize the rate limiting steps in the refolding process, 
mathematically describe the refolding kinetics, determine the 
influence of various environmental parameters in the refolding 
process, and optimize the developed system of equations in a scheme 
employing diafiltration as the method of denaturant removal. Kinetic 
equations for competing refolding and inactivation/aggregation 
reactions formed the basis for mathematically optimizing refolding 
yield. The refolding of human carbonic anhydrase Β (hCAB) from 
8M urea was used as a model system to evaluate this approach. A 
simplified hCAB refolding mechanism is presented together with a 
technique to characterize the intermediates during hCAB refolding. 
The processing conditions that maximize refolding yields were 
mathematically determined and tested using a laboratory scale 
diafiltration unit. 

Advances in genetic engineering have played a major role in the development of new 
biotechnological processes. Genetic modifications of microorganisms to overproduce 
eucaryotic proteins frequently result in the accumulation of the protein in insoluble 
inactive aggregates called inclusion bodies (7). These aggregates can be recovered in 
the pellet fraction after cell lysis (2). Active protein is commonly obtained by 
solubilizing the inactive aggregates in a strong dénaturant, such as guanidine 
hydrochloride or urea, followed by refolding the protein to its native state (5). Protein 
refolding is accomplished by removing the dénaturant used to solubilize the inclusion 
bodies. Pure protein preparations are produced by including purification steps 
throughout this process (3). In the overall process, the limiting step is frequently the 
refolding of the denatured protein due to its low yield (4). 

errent address: Genetics Institute, 1 Burtt Road, Andover, MA 01810 

0097-6156/91/0470-0180$06.00/0 
© 1991 American Chemical Society 
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14. VICIK & DE BERNARDEZ-CLARK Achieving High-Protein Refolding Yields 181 

To date, most studies of protein refolding have been biochemical in nature 
addressing the questions of why does inactive denatured protein refold to an active 
form and by what techniques can biologically active proteins be obtained from a 
denatured inactive species. However, methods for optimizing these refolding 
techniques have yet to be reported. 

The key variables affecting protein stability in the refolding process are 
temperature, pH, ionic strength, dénaturant concentration and protein concentration (5). 
In proteins stabilized by disulfide bonds in the native state, additional variables include 
dissolved oxygen, trace metal ion and reducing agent concentrations (6). 

A major side reaction in the in vitro reconstitution of denatured proteins is the 
irreversible formation of protein aggregates (7). Proteins aggregate due to 
intermolecular non-covalent contact formed at the expense of proper non-covalent 
interactions such as hydrophobic, electrostatic, and hydrogen bonds (8). 

Although aggregation is the predominant means by which proteins become 
inactivated during refolding, several other inactivation pathways have also been 
observed. Mozhaev and Martinek (8) have described in detail some of these additional 
methods of protein inactivation. Proteins are inactivated by thiol-disulfide exchange, 
alteration of the primary structure by chemical modification of amino acid residue 
functional groups, and cleavage of disulfide bonds. In addition, they may be 
inactivated by the dissociation of a prosthetic group or the dissociation of an oligomeric 
protein into subunits. 

Aggregation has been observed to occur through a kinetic process with a reaction 
order greater than two (9). Mozhaev and Martinek (8) suggest that most proteins tend 
to non-specifically aggregate at protein concentrations on the order of 0.01 to 0.1 
mg/ml. Although non-specific aggregation is common, specific aggregation has also 
been reported (70). 

Incubation in solutions of low dénaturant concentration can sometimes cause 
inactivation. Formation of an incorrectly folded form of human carbonic anhydrase in 
1.7M GuHCl which subsequently aggregates has been documented (11). Other 
proteins have also been observed to improperly refold at relatively low concentrations 
of dénaturant These proteins include β-galactosidase, tryptophanase, and elastase (6). 

It should be noted that low concentrations of dénaturant can also favor protein 
reactivation. For example, incubation in low concentrations of dénaturant was 
observed to promote proper refolding of chymotrypsinogen. The refolding of this 
protein from 6M guanidine hydrochloride is optimized by diluting to -1.2M GuHCl in 
the presence of reduced and oxidized glutathione (12). 

Builder and Ogez (13) have patented a similar concept for recovering biologically 
active protein. They suggested replacing a strong denaturing reagent with a weaker one 
followed by the reduction in concentration of the weak dénaturant. It is thought that 
this approach preserves the solubility of the refractile protein while subsequently 
providing a medium which does not interfere with biological activity. This approach is 
compatible with techniques to properly refold disulfide bonds such as air reoxidation, 
the addition of reduced and oxidized sulfhydryl reagents, or the addition of 
sulfhydryl-disulfide combinations. This approach has been used successfully to refold 
a fusion protein which includes a foot and mouth viral coat protein (75). 

It is apparent that while incubation in solutions of low guanidine hydrochloride 
concentration may sometimes cause inactivation (carbonic anhydrase), it may also 
promote proper refolding (chymotrypsinogen). In addition, replacement of a strong 
dénaturant with a weaker one is an approach which can be used to successfully refold 
polypeptide chains. These data suggest that the rate of removal of the dénaturant agent 
can influence yield of active protein. In this respect, time is an important refolding 
parameter. 

This study applies what is known in the biochemical literature about protein 
folding to develop a process engineering approach to optimizing protein refolding 
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182 PROTEIN REFOLDING 

yields. The premise is that refolding yields can be significantiy increased over those 
presently achieved by imposing on the protein an optimal time variant physico-chemical 
environment in which such parameters as pH, temperature, ionic strength and 
concentrations of protein and dénaturant agents are coordinately controlled in a 
pre-established manner. 

The strategy employed to optimize protein refolding yields involves postulating a 
refolding mechanism, measuring kinetic and/or equilibrium constants of competing 
renaturation and inactivation/aggregation reactions, determining the influence of various 
environmental parameters on the kinetic constants, and optimizing the developed 
system of equations in a system for dénaturant removal with large scale potential. 
Protein refolding reactions are potentially complex often being multistep in nature. 
Therefore, applying an engineering approach to optimizing refolding yields includes the 
identification and characterization of the rate limiting steps in the renaturation process or 
application of the steady-state approximation to intermediates in the refolding pathway. 

Model sytem 

The refolding of human carbonic anhydrase Β from 8M urea using diafiltration as the 
method of denaturing agent removal was used as model system to illustrate the 
engineering approach to optimizing protein refolding yields. The enzyme carbonic 
anhydrase was selected because of the wealth of biochemical literature available on its 
renaturation to the native state and its relatively simple refolding pathway. Based on 
previous studies reported in the literature (14-17) the following renaturation pathway 
for human carbonic anhydrase Β can be postulated: 

where Ν is native protein, X is a stable intermediate, Y is a transiently expressed 
intermediate, D is denatured protein, I is an irreversibly inactivated species and A is 
aggregated protein. 

The kinetic equations can be simplified by applying the pseudo steady-state 
approximation for Y. The resulting renaturation pathway is: 

1 3 5 
Ν ^ X ^ Y ^ D 

2 | 7 4 6 
(1) 

A 

1 
Ν 

2 

3' 
X ^ D 

I (2) 

A 

with the following kinetic equations: 

dIM = -ki[N]+k2[X] (3) 
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14. V I C I K & D E B E R N A R D E Z - C L A R K Achieving High-Protein Refolding Yields 183 

where 

= ki[N] + k'4[D] -(k2+k'3+k? )[X] (4) 
dt 

d M = tt[x]-k'4[D] (5) 

llttl = k7[X]-k8[I]n (6) 

12ΙΔ1 = k8[I]n (7) 
dt 

k ' 3 = J a i l and k'4 = J ^ _ (8) 
k4+k5 k4+ks 

where the order of the aggregation reaction, n, was determined to be 2.51 ± .28 (18). 
The influence of pH, temperature, and dénaturant and protein concentrations on 

hCAB renaturation yields and aggregation rates, and more specifically, on individual 
kinetic constants in the refolding pathway was determined. Equations describing the 
effect of a change in an environmental parameter such as pH, temperature, ionic 
strength, or organic solute concentration on the refolding rate constants have been 
proposed in the literature (19-21). Based on these functions, the effect of pH, 
temperature and urea concentration on the kinetic constants for the refolding of hCAB 
was determined. The results are summarized in Table 1 (18). 

Refolding yield optimization. Equations (3) through (7) describe the kinetics 
of hCAB refolding under a given set of environmental conditions. However, when 
diafiltration is employed to remove the dénaturant, the dénaturant concentration is a 
function of time. For a constant volume, constant filtration rate diafiltration system, the 
equation describing the rate of dénaturant agent removal is: 

d -£=-F /VC (9) 
dt 

where C is dénaturant concentration. Equation (9) can be integrated between any two 
times to yield 

C 2 = C 1e-[Fv(Vti)] ; F V = F / V (10) 

Equation (10) combined with the equations of Table 1 result in a set of kinetic 
constants for equations (3) through (7) that are a function of pH, temperature, rate of 
urea removal (as a function of the diafiltration rate, F v), and refolding time. By 
carefully selecting values for each of these variables, the relative rate of the renaturation 
reactions with respect to the inactivation reactions in pathway (2) can be increased 
resulting in a higher refolding yield. Selection of values for the process variables is 
accomplished by solving the following optimization problem: 

Minimize { 1 - L i U } (11) 
1 fD l J 

where [ Ν ] is a function of pH, temperature T, diafiltration rate, F v , and refolding 
time Θ; and [ Ρ ] is the initial protein concentration (a constant). 
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184 PROTEIN REFOLDING 

Table 1: Effect of pH, temperature and urea activity on kinetic constants 

k i = Aie-Ei/RT f^anXl+K - i au^i 

Ai E i fi(aH) 

kl 5.14 103 9800 
(aH + KT7*56) (aH + 10"7·745) 

(aH + 1(T5 0 8 7) (aH + 10"10·96) 
0.0146 177 

k2 8.78 101 2190 
(an+^^Xan+lO-4 0 7 9) 

(aH+lO^-^Xan+lO-6143) 
0.403 -3.06 

k'3 1.15 10"13 -6180 
(aH + 1(Τ7·748) (aH + 10"7·774) 

(aH + 10"6196) (aH + ΙΟ"8·922) 
51.3 4.16 

k 4 1.25 1010 12980 
(aH + 10"5·334) (aH + ΙΟ"13·47) 

(aH+lO-S-^XaH+lO-10-96) 
0.090 -18.4 

k? 8.46 1013 13880 
(aH + 10-2-582) ( a H + 10"9 18«) ( a | 1 + 104.174) 

7720 -1.03 k? 8.46 1013 13880 
(aH + 10"8·457) (aH + 10"13·25) (an + 10"1·863) 

7720 -1.03 

kg 1.05 1010 11990 
(aH + 10"6·142) (aH + ΙΟ"13·78) 

(aH • 10"7·066) (aH + 1(T7 0 5°) 
0.412 -19.7 

Τ, temperature in Κ 
an, activity of H + ions 
ay, activity of urea 
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14. VICIK & DE BERNARDEZ-CLARK Achieving High-Protein Refolding Yields 185 

Subject to: 1<ρΗ£14 
23°C<T£50°C 
F v >0 
θ > 0 

(12) 

[ Ν ] is obtained by solving the system of differential equations (3) through (7), with 
kinetic constants described by the equations in Table 1, and urea activity given by 

where [ U ] is urea concentration, [ U 0 ] is initial urea concentration, and γ(ϋ) is urea 
activity coefficient given by (22): 

γ(ϋ) = 1.000 - 9.142 10 2 [U] + 1.409 10 2 [U] 2 -

Experimental 

Materials. Electrophoretically purified human carbonic anhydrase Β (hCAB), also 
referred to as human carbonic anhydrase I, was purchased from the Sigma Chemical 
Co. (lot #104F93201). Electrophoresis grade urea was purchased from Fisher 
Scientific. Human carbonic anhydrase Β stock solutions were stored at 4°C and used 
within four weeks, while urea solutions were prepared fresh prior to each experiment 

hCAB activity. hCAB activity was assayed by measuring the rate of hydrolysis of 
p-nitrophenyl acetate (25,24). 

Urea gradient gel electrophoresis. Urea gradient gel electrophoresis was 
performed based on the method of Creighton (25) using a Bio-Rad Mini Protean Π gel 
apparatus. The gradient was prepared by mixing a 15% acrylamide solution containing 
no urea with an 11% acylamide solution in 8M urea using a gradient mixer. The 
inverse acrylamide gradient with respect to urea concentration is an empirical 
correlation determined by Creighton (25) to correct for the tendency of urea to slow the 
migration of all sample components. Gels were poured at 90° with respect to their 
running position to achieve the desired horizontal urea gradient. Gels were used 
immediately following polymerization to minimize diffusion of the urea gradient. 
Human carbonic anhydrase Β samples applied to gradient gels were either 0 or 8 M in 
urea concentration. 

hCAB folding kinetic experiments. hCAB samples, at a concentration of 1-3 
grams/liter, were denatured in 8M urea and 0.01 M Tris-Cl (pH=7.5) for two to three 
hours at room temperature (26). At the start of an experiment, denatured samples were 
diluted between 1/10 and 1/20 in a 1 cm path length cuvette placed in a Hewlett Packard 
8452A spectrophotometer and the changes in the absorbance spectrum of the sample 
were recorded every 30 seconds to two minutes. The renaturation medium was 0.09 M 
Tris-HCl at the appropriate pH, 33 μΜ ZnCl2, and the appropriate concentration of 
urea. The diluted hCAB samples had a final volume of 1.4 ml. At various time points 
over the course of an experiment, 100 μΐ samples were taken and immediately assayed 
for concentration of active protein. 

au = 7(U)[U]; [U] = [ U 0 ] e - F v t (13) 

1.524 10-3 [U]3 + 6.905 10"5 [U]4 (14) 
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186 PROTEIN REFOLDING 

In this study, urea gradient gel electrophoresis and denaturing gel electrophoresis 
were employed to determine conditions under which extinction coefficients for the 
various intermediate species could be determined. Urea gradient gel electrophoresis 
(25) is a technique in which a protein sample runs north to south under the influence of 
voltage difference in an acrylamide gel which has a west to east urea gradient (OM - 8M 
urea in this study). Applying a native human carbonic anhydrase Β sample (OM urea) 
to such a gel yielded the results presented in Figure 1. It is evident that at low urea 
concentrations, the protein is entirely in the native conformation. At high urea 
concentrations, human carbonic anhydrase Β is completely denatured and in a random 
coil configuration (26,55). However, at intermediate urea concentrations, there is at 
least one intermediate conformation present. 

The results obtained from urea gradient gel electrophoresis experiments compare 
favorably with what has been reported in the literature for the unfolding/folding of 
carbonic anhydrase. The existence of an intermediate species at 1.2-2M GuHCl or 5M 
urea has been documented (11,14,16,26,36,37). 

The refolding pathway (2) postulates the existence of two intermediates, a 
conformation which can be potentially reactivated, X, and and irreversibly inactived 
species, I. There are several reports in the literature that suggest that an irreversibly 
inactived intermediate is formed during extended incubation at intermediate guanidine 
hydrochloride or urea concentrations such as 1.7M GuHCl or 5M urea 
(11,14,26,36,37). In this study, it was observed that human carbonic anhydrase Β 
samples retained -20% activity after a 90-120 minute incubation in 5M urea (Figure 2) 
while -85% reactivation could be obtained after subsequent dilution into 1M urea after 
one hour. Further incubation in 5M urea resulted in a progressive loss in ability to 
reactivate samples. The results from these experiments suggest that after a 90-120 
minute incubation in 5M urea, hCAB is predominantly in the X conformation. 
However, after extended incubation (two days to three weeks) at these intermediate 
dénaturant concentrations, the samples are predominantly in the I conformation as 
determined by the inability to reactivate these samples after dilution to 1M urea. The 
conformational change from X to I through incubation in 5M urea is illustrated by 5M 
urea denaturing gel electrophoresis (Figure 3). It is evident that hCAB samples 
incubated for 90-120 minutes in 5M urea migrate into the gel. However, samples that 
have incubated from 2 days to three weeks do not effectively migrate into a 5M urea 
gel. 

Based on these findings, extinction coefficients for the various conformational 
species were measured under the following conditions: 0M urea for native hCAB, 8M 
urea for the denatured conformer, incubation in 5M urea for 90-120 minutes to estimate 
the extinction coefficient for X, and incubation in 5M urea for an extended period of 
time (2-3 weeks was used in this study) to determine the extinction coefficient for 
conformer I. Initial extinction coefficients evaluations at 238 nm and 292 nm for the 
various human carbonic anhydrase B conformera were determined in 0.1M Tris-HCl 
(pH=7.45) at 23 °C. The results are presented in Table 2. It is evident that while there 
is a substantial (-25-35%) difference in extinction coefficients between the native and 
denatured states, the intermediate conformations X and I could not be separated 
spectroscopically, and therefore, UV absorbance cannot be used to determine the 
concentration of species X and I separately. Instead, the overall concentration of 
intermediate species, Ζ where [Z]=[X]+[I], was monitored over the course of a 
refolding experiment 
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VICIK & DE BERNARDEZ-CLARK Achieving High-Protein Refolding Yields 

Figure 1. Urea gradient gel electrophoresis, 0 M urea sample, pH = 7.5, 
T=18-28°C 

ι 1 1 1 
0 50 100 150 

TIME (min) 

Figure 2. Loss of hCAB activity in 5M urea 
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188 PROTEIN REFOLDING 

Figure 3. 5M urea gel electrophoresis. N: native hCAB, 5: hCAB incubated in 5 M 
urea for 90 -120 minutes, 5*: hCAB incubated in 5 M urea for more than 
2 days, 8: hCAB incubated in 8 M urea for 120 -180 minutes. Τ = 23°C, 
pH = 7.45 
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14. VICIK & DE BERNARDEZ-CLARK Achieving High-Protein Refolding Yields 189 

Effect of light scattering on UV absorption spectra. The presence of 
aggregates in a protein solution cause an increase in optical density in the ultraviolet 
absorbance region of the spectrum. In order to measure the true absorbance spectra of 
such solutions, it is necessary to remove the light scattering contribution to the 
measured optical density in this region. This is accomplished by applying Debye's 
formulation for scattering and fitting a curve of the form: 

Δϋ = κλ- η (15) 

between 350 and 800 nanometers (27) and extrapolating this curve into the UV 
absorbance region. In equation (15) ÀD is optical density difference, λ is wavelength, 
and k and η are constants. While this technique for separating light scattering effects 
from true absorbance effects in the UV region is relatively simple, it compares 
favorably with more complicated techniques such as the one recently described by 
Garcia-Rubio (28) based on the Mie theory of scattering. 

Turbidity measurements. Turbidity was measured with a Hewlett Packard 8452A 
spectrophotometer at 350 nm. Aggregate concentration was calculated from turbidity 
measurements using a correlation coefficient of 0.132 gf[ absorbance @ 350 nm (18). 

Diafiltration experiments. Diafiltration was accomplished using an Amicon spiral 
cartridge sytem with S1Y3 low protein binding membrane. Protein solution was 
recirculated through the cross flow device using a Masterflex 7527-34 peristaltic pump. 
The refolding reactor was a 400 ml polypropylene vessel. Temperature was controlled 
in the reactor by recirculating water through the outer jacket from a GCA Inc. model 
162 water bath. Slight mixing was maintained in the refolding reactor by placing it on a 
Sybron magnetic stirrer. Fresh buffer was added by maintaining a vacuum in the 
diafiltration refolding system. UV absorbance spectrum during refolding was 
monitored continuously by circulating the protein solution through a Hewlett Packard 
8452A spectrophotometer using a flow through cell. 

Monitoring conformational changes during refolding. In order to determine 
the concentration of the various conformational species the following techniques were 
used: UV absorbance at 238 and 292 nm; turbidity, which measures the concentration 
of aggregated protein [A]; and an activity assay, which measures the concentration of 
biologically active native protein [N]. Ko et al. (29) observed that the recovery of 
biological activity for bovine carbonic anhydrase Β appeared to require complete 
refolding, therefore, it was assumed that the activity assay would give a direct 
measurement of the concentration of native conformation, [N]. 

UV absorbance at a given wavelength results from the contribution of the 
absorbances, at that wavelength, of all the conformational species present in the 
sample. In order to use UV absorbance to monitor changes in conformational species 
concentration, it is therefore necessary to know the extinction coefficients (ε) of the 
various species. For proteins which reform disulfide bonds during the refolding 
process, the reaction can be essentially frozen by the addition of iodoacetic acid which 
stops the conversion of free thiols and essentially arrests the refolding process (30). 
Intermediates can subsequently be identified electrophoretically (31). However, human 
carbonic anhydrase Β contains only one cysteine residue (32), and disulfide bonds are 
not formed during the refolding process. Therefore, the technique described above for 
estimating extinction coefficents could not be employed in this study. Alternatively, 
size exclusion, ion-exchange, and hydrophobic interaction HPLC techniques have been 
reported to be effective in separating protein conformers formed under denaturing 
conditions (33,34). 
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190 PROTEIN REFOLDING 

Table 2: Extinction coefficients at 23°C and pH = 7.45 

λ (nm) Ν D X I 

238 2.63±.06 1.76±.03 2.37±.04 2.26±.04 
292 1.081.02 0.82±.02 1.00±.02 0.981.02 

Using the measurements of Ζ with time during renaturation, the initial and final 
concentrations of X and I, and the postulated refolding pathway and mathematical 
model, the concentration of X and I could be estimated during refolding. It was 
assumed that at the beginning of a dilution refolding experiment, human carbonic 
anhydrase Β was entirely in the denatured state due to previous incubation in 8M urea. 
Evaluation of concentrations X and I at the end of a dilution refolding experiment was 
based on activity and electrophoretic data as previously described (Figure 3). 

In summary, the concentration of the different conformational species were 
determined as follows: i) [N] from the activity assay, ii) [A] from turbidity 
measurements, iii) [Z\ and [D] were determined using UV absorbance at 238 and 292 
nm with the following equations: 

ezxL[Z] + e D xL[D] = O D x - e ^ L [ N ] (16) 

where L is pathlength and OD is UV absorbance. The effect of light scattering on ΟΌχ 
was accounted for by using equation (15). Finally, an overall protein balance was used 
to check the consistency of the calculations. 

Results and Discussion 

Refolding model test. To determine if the proposed refolding kinetic model 
accurately describes the renaturation of hCAB, dilution refolding experiments were 
performed and their results compared with model predicted data. Predictions were 
obtained by solving equations (3) to (7) and the equations in Table 1 using a 
Runge-Kutta algorithm. Figures 4 and 5 show a comparison between experimental and 
model calculated data at two representative refolding conditions. Other conditions 
investigated also showed very good agreement between experimental and predicted 
data, indicating that the proposed refolding kinetic model (Equations (2) to (14)) 
adequately describes hCAB renaturation. 

Refolding yield optimization. The goal of the optimization was to determine the 
temperature, pH, diafiltration rate, and final urea concentration which maximize the 
ratio [N]/[P], or the ratio of renatured biologically active protein to total protein in the 
system. The optimization was done in two steps. The first step involved inputting 
final urea concentrations (0.1M - 1M urea) and determining the optimal temperature, 
pH, and diafiltration rate at which to operate in order to maximize the final ratio of 
[N]/[P]. This optimization problem was solved using a quasi-Newton method and a 
finite difference gradient. The optimization routine determined that the objective 
function {1-[N]/[P]} was minimized at a pH of 9.0 and a temperature of 23 °C for all 
diafiltration rates and final urea concentrations examined. Values of the [N]/[P] for 
various diafiltration rates and final urea concentrations are presented in Figure 6. It is 
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14. VICIK & DE BERNARDEZ-CLARK Achieving High-Protein Refolding Yields 191 

0.30 

time (minutes) 

Figure 4. Experimental vs. model predicted concentration profiles during hCAB 
refolding at Τ = 23°C, pH = 8.85, [U] = 2.0 M , [hCAB] = 0.284 φ 
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192 PROTEIN REFOLDING 
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Figure 5. Experimental vs. model predicted concentration profiles during hCAB 
refolding at Τ = 37°C, pH = 7.45, [U] = 1.0 M , [hCAB] = 0.270 g/1 
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14. VICIK & DE BERNARDEZ-CLARK Achieving High-Protein Refolding Yields 193 

evident that optimal hCAB renaturation occurs at low final urea concentrations (<0.4M 
urea) at an F/V ratio circa 0.08-0.09 min"l. Subsequently, using the previously 
determined optimal pH and temperature of 9.0 and 23 °C respectively, the optimal 
diafiltration profile and final urea concentration were evaluated using a procedure 
similar to that used in step one. The optimal diafiltration rate was determined to be 
0.088 min"1 and no added benefit was obtained diafiltering to a final urea concentration 
of less than 0.3M urea. 

The mathematically optimized hCAB renaturation conditions were tested in a 
laboratory scale diafiltration system. Diafiltration rates were adjusted by measuring 
filtration rates every 2-3 minutes and manually adjusting transmembrane pressure with 
a valve on the retentate line. The time necessary to reach the desired final urea 
concentration was previously calculated and the diafiltration was terminated at this time. 
The return of biologically active protein (in quadruplicate) as well as the UV/vis 
absorbance spectrum of the sample was immediately determined. An hour after 
completion of the diafiltration, hCAB reactivation was reevaluated and in all cases was 
found to be the same as previously measured. A comparison of experimentally 
determined renaturation yields with model predicted yields for the optimal conditions is 
presented in Table 3. The data demonstrate the predictive value of the approach to 
optimizing orotein refolding yields described in this study. For the optimal F/V ratio of 
0.088 min-1, the mathematical model predicted a 73% renaturation yield, while the 
average renaturation yield from three diafiltration experiments under the conditions 
described was calculated to be 69%. Model predicted concentration profiles during 
diafiltration at optimal conditions are presented in Figure 7. 

Table 3: Optimization data at 23°C, pH = 9.0, [U] f i n a . = 0.3 M and 
F/V = 0.088 min-* 

% Ν %D % X %l % A 

Experimental 69 - 0 - 0 26-31 0 - 5 
Calculated 73 - 0 - 0 27 ~ 0 

The results of this study show the predictive value of this approach and its 
potential for optimizing protein refolding yields in general. It should be recognized that 
while diafiltration was selected as the means of denaturing agent removal in this study, 
this approach is also compatible with refolding by controlled dilution. It should also be 
recognized that this approach will potentially be most effective in optimizing 
renaturation yields of proteins which benefit from incubation in intermediate dénaturant 
concentrations prior to final dilution. Builder and Ogez (75) have discussed several 
proteins, including urokinase, porcine growth hormone, and a foot and mouth virus 
capsid protein, for which refolding could potentially be optimized using the approach 
outlined in this study. 
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194 PROTEIN REFOLDING 

8 6 4 2 0 

(UREA) (M) 

Figure 7. Predicted concentration profiles during ultrafiltration at optimal 
conditions, Τ = 23°C, pH = 9.0, F/V = 0.088 min 1 
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Chapter 15 

Commercial-Scale Refolding of Recombinant 
Methionyl Bovine Somatotropin 

S. Bradley Storrs and Todd M. Przybycien1 

Animal Sciences Division, Monsanto Agricultural Company, 700 
Chesterfield Village Parkway, St. Louis, MO 63198 

A method to dissolve and oxidize recombinant methionyl bovine 
somatotropin (mBST) from bacterial inclusion bodies suitable for 
large scale manufacture has been developed. mBST-containing in
clusion bodies are dissolved, refolded, and oxidized in a single step 
in 4.5 M urea and pH 11.25 at protein concentrations in the 5 - 15 
g/L range with yields in excess of 80%. Yield is a strong function of 
the urea concentration used during the oxidation reaction; optimal 
yields are obtained at intermediate urea concentrations. 

Recombinant proteins expressed at high levels in bacterial hosts are often found 
in the form of inclusion bodies (1). These inclusion bodies consist of dense masses 
of partially folded, reduced protein. In this state, the target proteins are inactive; 
the inclusion bodies must be dissolved and the soluble protein must be refolded 
and oxidized into the native, active state. The typical downstream process for 
recovering protein from inclusion bodies includes two distinct operations: the 
dissolution of the inclusion bodies at high concentrations of dénaturant such as 
urea or guanidine hydrochloride followed by a dilution or gradual removal of the 
dénaturant to permit folding and oxidation to occur (2~4)-

In this paper, we describe a one-step technique used at commercial scales 
for the dissolution, refolding, and oxidation of recombinant methionyl bovine so
matotropin (mBST) from E. coli inclusion bodies (5). This technique employs 
moderate levels of a dénaturant, urea, capable of disrupting the non-specific 
protein-protein interactions between mBST molecules within inclusion bodies. 
At these urea concentrations, soluble reduced mBST attains a partially folded 

Current address: Rensselaer Polytechnic Institute, Department of Chemical Engineering, 
Troy, NY 12180-3590 

0097-6156/91/0470-0197$06.00/0 
© 1991 American Chemical Society 
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198 PROTEIN REFOLDING 

conformation (Storrs and co-workers unpublished results, 6,7) that may be read
ily refolded and oxidized (renatured) to the native state. This process results 
in a simplification of the traditionally used refolding protocols and may be more 
widely applicable to the production of other recombinant protein products that 
have intermediate or "molten globule" conformations in the reduced state (8). 

Materials and Methods 

Materials. Inclusion bodies containing mBST were isolated from recombinant 
E. coli similarly to that described by Bogosian and co-workers (0). The inclusion 
body preparation was stored frozen and thawed just prior to use. 

Stock urea solutions were prepared from either ultra-pure urea purchased 
from Schwarz/Mann Biotech or urea purchased from Fisher Scientific that was 
further purified by deionization. Deionization was performed by passage of urea 
solutions through a high capacity mixed-bed ion-exchange cartridge 
(Barnstead number D8901) followed by an ultra-pure mixed-bed ion-exchange 
cartridge (Barnstead number D8902). Deionized water was used throughout. All 
other reagents were analytical grade or better. 

Methods. The recovery of oxidized mBST monomer from inclusion body prepa
rations involves the dissolution of the inclusion bodies and the subsequent air 
oxidation and refolding of the soluble reduced protein. Protocols for the inves
tigation of these processes are described below. All experiments were performed 
at 5°C to minimize mBST degradation unless otherwise noted. 

Quantitation of mBST and Determination of Monomer Yield. 
Oxidized monomelic mBST and total reduced mBST concentrations were mea
sured by reverse-phase high pressure liquid chromatography (HPLC). Reduced 
and oxidized mBST and other inclusion body components were resolved on a 
Vydac C-18 column using a 50-60% acetonitrile gradient œntaining 0.1% triflu-
oroacetic acid at room temperature. Samples of oxidized mBST were prepared 
for analysis by dilution to approximately 1 mg/mL with a 4.5 M urea solution 
in 50 mM Tris buffer, pH 11. Samples for the determination of the total reduced 
mBST concentration of inclusion body suspensions and oxidized urea solutions 
were prepared by diluting aliquots to approximately 1 mg/mL with a solution 
containing 5% sodium dodecyl sulfate and 100 mM dithiothreitol. Quantitation 
of total reduced mBST in inclusion body suspensions prior to dissolution or in the 
final urea solution gave similar values. Yields of oxidized monomelic mBST were 
calculated by dividing the oxidized monomer concentration by the total reduced 
mBST concentration. 
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15. STORRS & PRZYBYCIEN Recombinant Methionyl Bovine Somatotropin 199 

Dissolution of mBST Inclusion Bodies. The dissolution solutions 
were prepared by blending inclusion bodies, 8 M urea stock solution, 2 M Tris-
Cl solution at the target pH, and water to give a final mBST concentration of 
2 mg/mL at the desired pH and urea concentration and a total volume of 1.5 
L. The solutions were magnetically stirred for 1-2 hours and then clarified by 
centrifugation at 12,000 xg for 15 minutes and passage through a 0.2 μπι syringe 
filter. The mBST concentration of the filtrate was determined by the HPLC 
technique described above. 

Determination of the Urea Dependence of Renaturation 
Yields. Renaturation solutions were prepared by mixing inclusion bodies, 7.5 M 
urea stock solution, and water to a final mBST concentration of 9.5 mg/mL at the 
desired urea concentration and a total volume of 100 mL. The solution pH was 
adjusted to 11 with 2.5 M NaOH and magnetically stirred in an open container 
to promote the air oxidation of the reduced mBST. When the oxidation was com
plete, usually after 2 days as judged by reverse-phase HPLC, the samples were 
analyzed for monomeric mBST. Samples oxidized at urea concentrations below 4 
M were either dissolved at higher pH and adjusted back to pH 11 or dissolved at 
higher urea concentration and diluted back to the desired concentration. 

Determination of the pH Dependence of Renaturation Yields. 
Renaturation solutions were prepared by mixing inclusion bodies, 7.5 M urea 
stock solution, and water to final concentrations of 4.5 M urea and 8 mg/mL 
mBST with a final volume of 25 mL. Samples renatured at pH 11.5 and above were 
dissolved at the same pH; samples renatured below pH 11.5 were first dissolved 
at pH 11.5 and then adjusted back to the desired pH with dilute HC1. Samples 
were taken for monomeric mBST analysis following air oxidation. 

Determination of the Protein Concentration Dependence of Re
naturation Yields. Inclusion bodies, 7.5 M urea stock solution, and water were 
mixed to give a final urea concentration of 4.5 M and the desired protein concen
tration at a final volume of 25 mL. Following pH adjustment to 11 with NaOH, 
the solutions were air oxidized and analyzed as above. 

Results and Discussion 

Dissolution of Inclusion Bodies. The dissolution behavior of mBST contain
ing inclusion bodies as a function of urea concentration and pH is shown in Figure 
1. As the pH of the dissolution solution is increased from 8 to 11, the urea con
centration required for complete dissolution of mBST inclusion body suspensions 
decreased significantly. At pH 8, complete dissolution necessitated the use of 7.5 
M urea concentrations; at pH 11, 4.5 M urea was sufficient. This pH effect is 
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200 PROTEIN REFOLDING 

likely due to the poor solubility of mBST near neutral pHs. The use of alkaline 
pHs for inclusion body dissolution allows substantial savings, in terms of the de
creased urea raw material costs and the concomitant reduction in urea waste, to 
be realized. Since intermediate urea concentrations at alkaline pHs were used suc
cessfully in the subsequent renaturation process, the dissolution and renaturation 
processes could be accomplished in a single step. 

Oxidation of mBST in Urea Solutions. Three parameters were found to 
strongly influence monomer yield during the air oxidation of mBST in urea solu
tion: urea concentration, pH, and mBST concentration. Yield is defined as the 
final concentration of recovered oxidized monomelic mBST relative to the total 
initial mBST concentration as measured by the HPLC technique described in the 
Materials and Methods section. Size exclusion HPLC analyses of final renatured 
mBST solutions and corresponding chemically reduced samples (data not shown) 
indicate that yield losses are primarily due to the formation of disulfide-linked 
intermolecular aggregates. 

Urea Concentration Dependence. The effect of urea concentration 
over the 1 to 7 M range on renaturation yields at pH 11 and an mBST concentra
tion of 9.5 mg/mL is shown in Figure 2. Because of the marked decrease in mBST 
inclusion body solubility at urea concetrations below 4 M at pH 11, two modified 
procedures were used to dissolve the inclusion bodies prior to renaturation. In 
the first procedure, inclusion bodies were dissolved at 9.5 mg/mL at elevated pH 
(11.8-12.2) in 1, 2, and 3 M urea solutions and upon completion of dissolution, 
the pH was adjusted to 11 with HC1. The alternative procedure involved solubi
lizing higher concentrations of inclusion bodies in 4.5 M urea at pH 11 followed 
by dilution of the solutions with 10 "~3 M NaOH to an mBST concentration of 
9.5 mg/mL and the appropriate urea concentration. Similar renaturation yield 
results were obtained via both techniques as indicated in Figure 2. 

Optimal renaturation yields were obtained at intermediate urea concen
trations; a maximum yield of 66% was found in 4.5 M urea in this series of exper
iments. This urea concentration dependence may be due to a balance between 
aggregative and denaturing forces dominant at low and high urea concentrations, 
respectively. 

pH dependence. The effect of pH in the 9 to 12.5 range on mBST 
renaturation yields at an mBST concentration of 4.5 M urea is given in Figure 3. 
As above, the reduced solubility of mBST inclusion bodies in 4.5 M urea below 
pH 11 necessitated a modification of the procedure for experiments targeted for 
the 9 to 10.5 pH range. For these experiements, mBST inclusion bodies were 
dissolved at 8 mg/mL in 4.5 M urea at pH 11 and then the pH was adjusted to 
the desired point with HC1. Data was not collected below pH 9 since reduced 
mBST in 4.5 M urea precipitates. The optimal renaturation yields occurred at 
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Figure 1. Dissolution of mBST inclusion bodies as a function of urea 
concentration and pH. Total protein concentration was 2 mg/mL. 

70 Γ — 1 — I — I — ι — j — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — r 
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0 2 4 6 8 

urea concentration (M) 

Figure 2. mBST renaturation yield as a function of urea concentration. 
pH was constant at 11 and mBST concentration was 9.5 mg/mL. Sym
bols: inclusion body dissolution at pH 11 (φ), high pH (•), and high urea 
concentration (0)· 
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202 PROTEIN REFOLDING 

pHs of 11-11.5. The rapid decline in yield above pH 11.5 is possibly due to 
the reduction of repulsive protein-protein interactions as the lysine and arginine 
residues are titrated, leading to increased aggregation. Below pH 11, the decline 
may be related to the decreasing solubility of reduced mBST. 

Protein Concentration Dependence. The oxidation and refolding of 
mBST in 4.5 M urea at pH 11 was strongly dependent on the concentration 
of mBST during renaturation. Figure 4 shows renaturation yields for mBST 
concentrations between 1 and 30 mg/mL. The effect of mBST concentration on 
monomer yield was relatively linear with a slope of approximately 1.5% yield loss 
per mg/mL increase in mBST concentration. Monomer yields of 80-85% were 
obtained at mBST concentrations of 5 mg/mL. It is likely that the increase in 
yield losses at increasing mBST concentrations is due to an increase in the kinetic 
rates of nonspecific aggregation reactions. 

The conditions for maximal mBST renaturation yield in urea solution were 
found to be inclusion body dissolution in 4.5 M urea at pH 11-11.5 at total protein 
concentrations of 5-15 mg/mL followed by air oxidation over several days. At 
pH 11-11.5 the protein itself has substantial buffering capacity and no additional 
buff erring agents are necessary to maintain a constant pH. Therefore, the only 
materials required for this process are inclusion bodies, urea, and NaOH. 

Conclusions 

A method to dissolve and oxidize recombinant methionyl bovine somatotropin 
from bacterial inclusion bodies in a single step suitable for large-scale manufac
ture has been developed (5). mBST inclusion bodies are solubilized and the 
soluble mBST is renatured (refolded and air-oxidized) in 4.5 M urea at pH 11-
11.5. This process is performed over the course of several days at 5°C with total 
protein concentrations of 5-15 mg/mL. The urea used in this process is removed 
in subsequent steps via conventional techniques. The procedure is a simplification 
of traditional two-step operations and results in high active monomer yields at 
high protein concentrations. The performance of this process can be described in 
terms of recent findings in protein folding research. 

Yield is a strong function of the urea concentration used during the oxi
dation reaction with optimal yields occuring in the vicinity of 4.5 M urea. We 
propose that this optimum is the result of a balance between aggregative processes 
at low urea concentrations and unfolding processes at high urea concentrations. 
The tradeoff between aggregation and unfolding has been described in the op
timal renaturation of reduced chymotrypsinogen A with low concentrations of 
guanidine hydrochoride (10). The existence of optimum dénaturant concentra
tions with respect to native protein yields has also been noted for the renaturation 
of human carbonic anhydrase (11) and bovine serum albumin (12). 
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15. STORRS & PRZYBYCIEN Recombinant Methionyl Bovine Somatotropin 203 

total mBST concentration (mg/mL) 

Figure 4. mBST renaturation yield as a function of protein concentration 
at pH 11 and 4.5 M urea. Line is least squares fit to experimented data. 
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204 PROTEIN REFOLDING 

The key to this process appears to be the existence of a molten globule 
folding intermediate for mBST that is maximally populated at moderate dénatu
rant concentrations. Intermediate dénaturant levels allow the efficient release of 
protein from inclusion bodies. The molten globule state is typically native-like 
in secondary structure content and has a compact tertiary structure (13,14)] this 
intermediate state is thought to be "poised" for correct refolding and oxidation 
into the native conformation (8,15). In this state, existing secondary structure 
elements likely serve to restrict conformational degress of freedom and to prepo
sition sulfhydryl moeities for correct disulfide bond formation. This has been 
termed the "framework model" for protein folding (7,14,15). 

This renaturation procedure may find wider application to the commercial-
scale renaturation of other recombinant proteins from bacterial inclusion bodies. 
The only proviso appears to be the existence of one or possibly more partially 
folded states at intermediate dénaturant concentrations. Structural homologs 
of BST such as porcine somatotropin (16) and bovine prolactin are candidates 
for this approach to refolding. We are currently developing a general model for 
the prediction of optimum dénaturant concentration for protein refolding via a 
consideration of the tradeoffs between aggregation and unfolding phenomena. 
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Chapter 16 

Large-Scale Refolding of Secretory Leukocyte 
Protease Inhibitor 

Robert J. Seely and Mark D. Young 

Synergen, Inc., Boulder, CO 80301 

A lab-scale procedure for refolding the recombinant protein, 
secretory leukocyte protease inhibitor, was scaled to 1000 liter 
production batches. Optimization of reaction conditions by a 
statistical experimental design approach resulted in consistent 
activity recoveries of 80-85%, and lowered cost. The statistical 
design method allows simultaneous optimization of interacting 
process variables. Changes in the refold reaction conditions greatly 
influence the level of specific contaminants, thus purity becomes an 
important parameter in addition to yield. Our experience in the 
development, scale-up, and cost analysis of a protein refolding 
operation is presented. 

Secretory leukocyte protease inhibitor is a protein of 11,726 molecular weight, 
secreted by the parotid gland. First isolated and characterized by Thompson 
and Ohlsson (i) in 1986, it was found to have a high affinity for leukocyte 
elastase, cathepsin G and trypsin. The inhibitor is of therapeutic interest in the 
treatment of disease states that involve leukocyte-mediated proteolysis. 
Emphysema and cystic fibrosis are examples where severe tissue destruction is 
caused by uncontrolled proteolytic activity. 

The gene was cloned (2, 3) and expressed in a JM 109 strain of E. coli 
(4). The protein is accumulated intracellularly in an inactive form. Upon cell 
disruption by high pressure homogenization, recombinant secretory leukocyte 
protease inhibitor (rSLPI) is only partially soluble, although discrete inclusion 
bodies have not been identified. Having 16 cysteines involved in 8 
intramolecular disulfides, the protein must be refolded to regain full stability 
and activity. 

In this manuscript we describe our experience in the development and 
scale-up of the refolding procedure from initial lab preparations to a production 
scale of 175 g rSLPI in a 1000 liter refold batch. Optimization studies to 

0097-6156/91/0470-0206$06.00/0 
© 1991 American Chemical Society 
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16. SEELY& YOUNG Secretory Leukocyte Protease Inhibitor Refolding 207 

increase the yield and minimize cost and specific contaminants were performed 
before and during scale-up, and again during an inter-campaign period. In 
addition to straightforward reagent modifications, a statistical experimental 
design approach was employed to examine the chemical interactions of such 
refolding parameters as reducing and oxidizing agents, pH, time and protein 
concentration. The final operating conditions resulted in yields of 80-85%, at 
0.2 g rSLPI per liter, in 4 hours. 

Methods and Materials 

Reversed-phase HPLC was performed on a SynChropak RP-8 (SynChrom, Inc., 
Linden, IN). The gradient was from 19% to 34% acetonitrile, at 1%/min., in 
0.1% trifluoroacetic acid. This method resolves the correctly refolded rSLPI 
from the unfolded form. 

Activity was determined by the ability of rSLPI to inhibit a known 
amount of trypsin, in a chromogenic assay using Tosyl-gly-pro-lys-4-nitranilide 
acetate (Chromozym PL, Boehringer-Mannheim). 

A stock solution of trypsin (Sigma T-8642 or equivalent) is first 
standardized using the substrate p-nitrophenol-p'-guanidobenzoate HC1 (Sigma 
N-8010). By the initial burst principle (5) one can titrate the active site of 
trypsin and calculate the uM amount of active trypsin introduced into the rSLPI 
inhibition assay. By knowing the molecular weight of the trypsin (source 
dependent) the uM amount of rSLPI present can be deduced from the 1:1 
stoichiometry of the reaction. 

All buffer components and refold reaction chemicals were USP grade. 
The statistical experimental designs were central composite Box-Behnken 

models, incorporated into the software package, X-Stat (6). 

Bench-Scale Refold Process 

Initial refolding from a solution containing reduced, denatured rSLPI was 
established by a variety of workers at Synergen (see Acknowledgments). The 
basic approach was to ensure that the protein was fully reduced and denatured, 
then induce folding by dilution, away from the dénaturant and into a cystine 
containing solution, which allows disulfide bond formation. The quantities of 
reagents required to accomplish this were determined empirically. The 
feedstream at that time was generated as a partially purified cell lysate 
containing 50 mM 2-mercaptoethanol (BME) and 5 mM ethylenediamine 
tetraacetic acid in a Tris(hydroxymethyl)aminomethane buffer (Tris) at pH 7.8. 

The procedure was as follows: the feedstream was made 3 M in 
guanidine-HCl, allowed to incubate at room temperature for 30 minutes, then 
dithiothreitol (DTT) was added to 5 mM and the incubation continued for one 
hour. Cystine was added, in 0.5 M NaOH, to 14 mM, and mixed for 10 minutes. 
The mixture was then diluted into 10 volumes of a 50 mM Tris buffer, pH 8.0, 
containing 5.3 mM cysteine. The reaction was allowed to proceed at room 
temperature for 16 hours (7). 
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208 P R O T E I N R E F O L D I N G 

From the feedstream, 50-65% of the rSLPI could be refolded to the 
active species, at a final concentration of 0.05-0. lg/1. The yield, quality, and 
ease of operation were adequate for small-scale production involving several 
subsequent chromatography steps. These refold conditions were thus 
successfully incorporated into the first pilot-scale process for production of gram 
amounts of rSLPI for preliminary animal testing studies. Figure 1 is a typical 
HPLC chromatogram of the refold mixture. Work in our laboratories has 
shown that reversed phase HPLC is a good method for following the course of 
the refolding reaction. Active rSLPI is at 13 min. retention, while the fully 
unfolded protein is at 18-19 min. and the partial or incorrectly folded species 
are found in between. 

The results of the preliminary animal testing studies with the 
recombinant protein were positive and it became clear that much more material 
would be required for continued animal studies, and that the quality of the 
purified protein would be very important. The increase in scale of production 
necessitated a development program to ensure process reliability and quality. 
One result of this program led to the finding that the rSLPI as supplied to the 
refold step did not require additional denaturation, eliminating the requirement 
for guanidine. Upstream operations involve denaturation of rSLPI with 4 M 
urea and BME. Apparently the protein remains fully denatured and reduced 
through the initial isolation steps. This change resulted in a reproducible 
process for folding the protein in 100-500 liter (final volume) batches with an 
average refolding yield of 64% and an active rSLPI concentration of 0.1 g/1. 
The result of this work was that the scalability of the refold process was clearly 
demonstrated. 

In addition to the consistent yield of rSLPI, there did not appear to be 
any new contaminants generated that could not be removed in subsequent 
purification steps, and there was no significant increase in breakdown products 
of the target protein. 

Production of Clinical Lots 

Once again, additional animal studies indicated that rSLPI held promise as a 
useful therapeutic agent, and a commitment to carry the product into formal 
toxicology and human clinical trials was made. This commitment necessitated 
the manufacture of kilogram quantities of the recombinant protein. Since the 
protein would be used in human clinical trials, an additional constraint was 
placed on the process: it must be manufactured in accordance with current 
Good Manufacturing Practices (cGMP) as prescribed by the FDA. 
Furthermore, process changes subsequent to this production campaign would 
have to be justified by extensive documentation of product quality and perhaps 
even additional clinical efficacy testing. This, then became the point at which 
considerable effort would be expended to develop a cost-effective, reproducible 
process for the manufacture of the bulk product. 

The first series of experiments was designed to ask whether replacements 
for the buffer, Tris, and the reducing agent, DTT, could be found, since these 
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16. SEELY& YOUNG Secretory Leukocyte Protease Inhibitor Refolding 209 

were the two highest cost components of the refold protocol (see Cost of 
Refolding Proteins). Results at die bench showed that refold yield appeared to 
be unaffected by the elimination of DTT and Tris from the refold protocol. It 
was also found at this time that a variant form of rSLPI, which could be 
identified by reversed phase HPLC in the final product, might be formed in the 
refold step. This variant, called P-2, has been tentatively identified as an 
oxidation product of rSLPI. When the refold process was scaled, larger amounts 
of P-2 were found in the refold solutions, probably due to the increase in 
solution surface area exposed to air. Air oxidation of rSLPI to the P-2 species 
was verified at the small-scale, prompting the addition of an argon gas overlay 
during the refold step. The presence of argon throughout the refolding process 
greatly minimizes the formation of P-2. P-2 does not appear to be a rSLPI 
dimer; rather it can be generated by chemical oxidation. The generation of P-2 
can represent a significant loss of rSLPI, and furthermore it presents a serious 
problem for purification. 

Using the new refolding protocol, without DTT and Tris, the effects of 
cysteine and cystine levels on yield and production of the undesirable P-2 
species were systematically investigated. It was found that the cystine level was 
an important determinant of yield and the cysteine level had a major impact on 
the formation of P-2 (Figure 2). 

The refolding protocol developed from these studies was very simple: the 
partially purified rSLPI at 1.6 g/1, still in essentially the same milieu as for 
earlier work, is made 50 mM in L-cystine, then diluted with six volumes of 
purified water. L-cysteine HC1 is added to a final concentration of 14 mM and 
the pH is adjusted to 8.2. The refold reaction is essentially complete in 4 hours 
at 18 to 20° C. 

This process was scaled to provide refolded rSLPI in 1000 liter batches 
for downstream purification. The refold step was very reliable and reproducible, 
given a consistent feedstock of reduced rSLPI. Over the ensuing production 
campaign the process yielded an average refold recovery of 74%, at 0.15 g/1 
final concentration. 

Post-Campaign Optimization 

Process development activities to optimize rSLPI production for clinical trials 
were subject to time constraints. Subsequent to this production campaign, we 
are continuing to optimize the process for rSLPI, since it will be a commercially 
important product. It must, however, be recognized that process changes will 
be reviewed for their impact on the quality and efficacy of the final product. 

The common features of protein folding that emerge from our studies 
and those in the literature are the importance of initial formation of mixed 
disulfides, which appear to promote intramolecular disulfides, and the continued 
presence of a reducing agent to allow disruption of any incorrect disulfide bonds 
that form during the process. In addition, our protein appears to require the 
reducing agent to prevent the formation of an oxidized variant. Chan (8) has 
reported on the necessity of a protonated amine on the mixed disulfide for 
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210 PROTEIN REFOLDING 

Figure 1. Reversed-phase HPLC chromatogram of a bench-scale refold 
mixture. The refold procedure was as described for the gram amount 
production lots for preliminary animal testing. Active rSLPI is at 13 min. 
retention, while the fully unfolded protein is at 18-19 min. and the partial 
or incorrectly folded species are found in between. 

Cysteine (mM) 14 

Figure 2. Surface response curve showing the level of production of the 
contaminant P-2, predicted by a statistically designed experimental matrix, 
as the relative levels of cystine (mM in the initial feedstream pool) and 
cysteine (mM in the final diluted refold mixture) are varied. P-2 is 
determined by reversed-phase HPLC, and is expressed as area percent of 
the chromatogram. 
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16. SEELY& YOUNG Secretory Leukocyte Protease Inhibitor Refolding 211 

protein sulfonation. With cysteine, glutathione or mercaptoethanolamine, 
efficient nucleophilic attack by sulfite can occur and complete sulfonation of the 
protein is achieved. Mixed disulfides lacking a positive charge, such as 
mercaptoethanol or DTT, do not favor sulfonation. One can expect the 
formation of intramolecular disulfides to involve a similar mechanism, and 
indeed it appears that the former group of mixed disulfides do promote 
refolding, and they are commonly used by researchers (7). If this concept is 
correct one should also be able to replace cysteine with any other reducing 
agent. Lab studies have verified this; with BME as a direct replacement for 
cysteine, the reaction proceeds at the same rate and to the same extent. 

With this change in chemical composition, a series of statistically 
designed experiments was performed. Variables of interest were identified as 
reaction time and the concentrations of rSLPI, cystine and BME. Using the 
Box-Behnken statistical design, a series of 27 experiments was done. Activity 
assays and reversed phase HPLC analyses generated data on yield of active 
rSLPI, relative purity, and relative levels of specific contaminants of interest. 
The results were modeled with quadratic equations by the X-Stat program and 
projections of maximum yield and purity, and minimum production of the 
contaminants, were obtained. 

The relationship of yield to the concentrations of the sulfhydryl reagents 
is particularly dramatic. Figure 3 shows a pair of surface response curves for 
yield as generated by the quadratic model. Figure 3a displays the effects of 
cystine and rSLPI concentration on yield. Clearly, higher levels of cystine are 
beneficial. The interrelation of cystine and rSLPI concentration is also 
demonstrated. As levels of rSLPI are increased, the need for increased cystine 
is apparent but yield nevertheless declines with increasing rSLPI concentration, 
presumably for some other reason. Figure 3b diagrams the interaction of 
cystine and BME; high levels of both have a marked influence on yield. 
Reaction time did not show a significant interaction with the other variables 
(these results are not shown). 

The experimental conditions that provide for optimization of one 
parameter often conflict with the optimization of another. This is shown in 
Figure 4. The high level of cystine that promotes yield also gives rise to the 
contaminant P-2. High BME concentration does help to suppress this, however. 
Interactive responses such as this can offer significant information in 
understanding possible mechanisms, and we are continuing to study the 
possibility that P-2 is an oxidative derivative of rSLPI. 

For maximum yield the model specifies the following conditions: cystine 
at 50 mM, BME at 20 mM, and a 4 hour incubation with the final concentration 
of rSLPI at 0.15 g/1. These conditions compromise relative purity and 
contaminant production (shown by the same model), and thus were adjusted 
slightly with these considerations in mind. A test refold with conditions near 
those specified by the model gave a yield of 83%. The predicted value under 
the chosen conditions was 85%. As seen in Figure 3, the levels of BME and 
cystine fall short of creating an optimum in yield; thus the ranges could be 
extended further. These studies are underway at this time. We are also 
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212 P R O T E I N R E F O L D I N G 

Cystine (mM) 10 

Figure 3. Surface response curves showing the interactive effects of cystine 
and total rSLPI concentration on the percent yield of active rSLPI (3a). 3b 
represents the effects of cystine and BME on the percent yield of active 
rSLPI. 
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16. SEELY& YOUNG Secretory Leukocyte Protease Inhibitor Refolding 213 

Figure 4. Surface response curves for contaminant P-2 as a function of 
cystine and BME concentration. P-2 is expressed as in Figure 2. 
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214 PROTEIN REFOLDING 

modeling optimization objective functions that are dependent on yield, but 
incorporate a penalty for contamination production. 

Cost of Refolding Proteins 

The ultimate goal of protein refolding studies in the process development 
environment is to develop a cost effective process that is simple and scalable. 
Our approach to the development of the overall process, including the refold 
step, is to use cost models to evaluate and guide the development activity. 

There are two important factors in determining the cost of the refold 
step. The first is the cost of labor, utilities, equipment, and raw materials to 
produce the refolded protein. The second is the purifiability of the protein from 
the other components of the environment in which it is refolded. This is not a 
precisely definable function of the measurable properties of the refolded 
protein, but must be evaluated by its downstream performance in the process 
with respect to yield and quality. A further complication arises in that the 
process may not be fully developed and therefore changes in the process will 
occur that will improve both yield and quality, independent of the refold 
conditions. Bearing these conditions in mind, we present cost information in 
this section on the basis of the cost to refold the protein. Costs associated with 
its purifiability are not presented. 

Using the simple liquid batch reaction approach to the refold step, our 
studies have shown that the only significant cost variable, when the process is 
projected to large-scale, is the cost of the raw materials. For the purposes of 
the studies reported here, we have used the costs reported in Table I. These 
are our current costs for materials of appropriate purity for this purpose. 

Table I. Unit Costs of Raw Materials Used in Refolding 

Raw Material Unit Cost. $/gram 
2-Mercaptoethanol 0.0275 

Cost of the Bench-scale Process. The cost of materials for the treatment of 1 
liter of partially purified rSLPI, containing approximately 1 gram of the protein 
of interest was $20.65. At a refold yield of 50%, this represented a cost of 
refolding of $41.29 per active gram of rSLPI produced. Note that this cost 
calculation does not include the upstream cost of preparing the partially purified 

L-Cystine 
L-Cysteine HC1 
Guanidine HC1 
Tris 
Dithiothreitol 

0.1095 
0.1435 
0.0088 
0.0380 
7.0000 

rSLPI. 
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16. SEELY & YOUNG Secretory Leukocyte Protease Inhibitor Refolding 215 

Refolding Cost of the Clinical Production Campaign. The cost of materials for 
treating 1 liter of partially purified rSLPI, containing approximately 1.8 grams, 
was $3.76. The average 
refold yield for the five best runs of the campaign was 83%, resulting in a refold 
step cost of $4.53 per gram of active rSLPI produced. 

Refolding Cost of Post-Campaign Process. The replacement of cysteine with 
BME in the refold will result in considerable reduction in cost of the process, 
since BME is approximately 11% the cost of cysteine on a molar basis. 

Discussion 

From our experience with rSLPI and other, more recalcitrant proteins, it 
appears that refolding and correct disulfide bond formation can be relatively 
rapid and complete in the presence of adequate disulfide catalysts (7). The 
major difficulty is not in providing a proper environment to promote refolding, 
but rather in maintaining solubility and preventing aggregation. Beyond these 
stability concerns, there is a second class of proteins for which activity is difficult 
to restore. For proteins that are co-translationally modified either by covalent 
alterations (9) or by chaperone interaction (10), it is extremely difficult to 
recreate the mammalian intracellular environment. Extensive genetic 
modification or expression in a eukaryotic cell may be the only alternatives. 

Once solubility problems have been overcome, rapid optimization of 
refold yield can be achieved, provided an accurate assay for the correctly folded 
species has been developed. The complexity of the reaction is increased 
because many of the variables interact with each other. We have demonstrated 
the effectiveness of addressing the interaction of chemical-physical conditions 
by a statistical experimental design approach. This allows one to optimize a 
host of variables without performing experiments involving every single 
combination. 

When acceptable yields and costs are achieved, scale-up is a minor 
barrier for solution-type refolding. One must, however, be concerned with 
subtle scale differences such as mixing or air-liquid surface area changes, and 
the consequent generation of new contaminants; either host cell proteins that 
are retained soluble, or breakdown products of the target protein itself. 

A cost of production model serves to not only monitor the improvements 
in optimization in a meaningful way, but also to direct future research efforts 
toward cost sensitive areas or chemicals. 
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Amide protons, exchange reaction, 
51,52,54,58 

Animal cells, occurrence of inclusion 
bodies, 1 

Anion-exchange chromatography, creatine 
kinase, 160 

Antibody binding, use in protein 
characterization, 65 

L-Arginine, labilizing agent, 16-17 
Argon, effect on protein refolding, 209 
Arteriosclerotic cells, uptake of 

cholesteryl esters, 27 
ATP hydrolysis, role in protein 

reconstitution, 115 

Β 

Bacteriorhodopsin, study by NMR, 30 
Bamase, study of folding kinetics, 51 
β-Barrel structure, 86 
Bench-scale refolding, 207-208,2lOf 
Binding to proteins by small molecules, 

29-30 
Biologicals, use in biotherapy, 79 
Biotechnology, problems with protein 

folding, 1,2 
Biotherapy, use in medicine, 79 
Bovine α-crystallin, study of aggregation, 27 
Bovine carbonic anhydrase Β (CAB) 
aggregation during refolding, 170 
association of first intermediate during 

refolding, 177/ 
association with molten globule 

intermediate during refolding 
assessment of equilibrium condition, 176 
association and dissociation rates, 

175-176,177/ 
dependence on dénaturant and protein 

concentration, 172,173/,174/,175 
determination of esterase activity, 172 
determination of protein concentration, 171 
dissociation of equilibrium-associated 

protein, 177/ 
equilibrium association as function of 

protein concentration, 174/ 
high-performance liquid chromatography, 

171-172 
molten globule intermediate in refolding, 

170 

PROTEIN REFOLDING 

Bovine carbonic anhydrase Β (CAB)— 
Continued 

multimer formation during equilibrium 
refolding, 173/ 

quasi-elastic light scattering (QLS), 171 
refolding and aggregation model, 173/ 
refolding rates, 17 

Bovine growth hormone (bGH) 
aggregation during refolding, 170 
association with molten globule 

intermediate during refolding, 176,178 
effect of mutations, 42 
inhibition of aggregation, 42,43/ 
refolding by dialysis, 15 
solubility of folding conformers, 37 

Bovine pancreatic trypsin inhibitor (BPTI) 
denaturation and refolding, 157 
expression and recovery from inclusion 

bodies, 157 
folding intermediate, 4 
proteolytic activity of insoluble protein 

expressed by mutant in E. coli, 164,165* 
refolding, 16,157 
study of early folding events, 51 

C 

Calf prochymosin, 9 
Calmodulin, 29 
Carbonic anhydrase, aggregation, 42,47 
Cations, role in rubisco reconstitution, 115 
Cell morphology, changes during inclusion 

body formation, 134,138,140,142/ 
Cell physiology, role of protein folding, 1 
Cellular location of protein, effect on 

folding, 5 
Cellular responses, role of protein folding, 1 
Centrifugation, use in protein recovery, 11 
Chain conformation in inclusion bodies, 

38,41/42 
Chaotropic agents, 11,16 
Chaperonins 
association with rubisco, 111 
cellular functions, 6 
functions, 7r, 97-98 
interaction with unfolded protein, 

112,113i,115 
lack of specificity, 112 
model for action, 115,117/ 
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Chaperonins—Continued 
molecular weight, It 
prevention of aggregation, 118 
role in inclusion body formation, 8 
role in protein assembly, 8,45 
role in protein folding, 6,7f,l 10-118 
role in protein secretion, 8 
role in protein transport, 5 
See also Helper proteins 

Cholesteryl esters, uptake in 
arteriosclerotic cells, 27 

a-Chymotrypsin, analysis of secondary 
changes, 28 

Chymotrypsinogen 
analysis of secondary changes, 28 
refolding yields, 16 
spectral studies, 26 

Circular dichroism 
analysis of β-lactoglobulin, 87,88,89/" 
study of protein aggregates, 38,41/ 
use in determining secondary structure, 24 
use in study of protein aggregation, 22f,24 

Citraconic anhydride, use in protein 
refolding, 16 

Coenzymes, effect on protein thermal 
transitions, 65-70 

Commercial-scale refolding, 197-204 
Concanavalin A, light-scattering study, 

27,28 
Conformation of chains in inclusion bodies, 

38,41/42 
Conformational changes, monitoring 

techniques, 101,189-190 
Conformational drift process, 65 
Cost of refolding proteins, 214-215 
Covalent modification of polypeptide chain, 4 
CpnlO 
interaction with Cpn 60,115 
See also GroES protein 

Cpn60 
interaction with CpnlO, 115 
role in protein reconstitution, 115,116/ 
See also GroEL protein 

Creatine kinase 
aggregated protein 
extraction, 155,158-160 
incubation of octyl glucoside extracts, 

156-157 
purification, 156,158-160 

anion-exchange chromatography, 160 

219 

Creatine kinase—Continued 
denaturation and refolding, 155-156,158 
effect of proteases on activity, 166 
expression and recovery from inclusion 

bodies, 154-155 
expression vector for use in production, 

155-156 
isolation, 155 
proteolytic activity, 160,164f,165/ 
purification, 154,157 
purification after refolding, 

156,159f,160,162/-163/ 
recovery of activity, 153-167 
refolded proteins from aggregates, 

159̂ -160,161/ 
yield from E. coli, 157-158,161/ 

Crossflow filtration, use in protein 
recovery, 11 

Crosslinking patterns, effect on protein 
homogeneity, 64 

Culture growth rate, effect of inoculum 
density, 138,139/149-150 

Culture lag time, effect of inoculum 
density, 136,137/135^ 

Cysteine 
effect on refolding of secretory leukocyte 

protease inhibitor, 2092lQf 
oxidation 
catalysts, 15 
cellular location, 6 

pair formation, 15 
Cysteine-containing proteins, folding rate, 5 
Cystine, effect on protein refolding, 

209il(y212/213/ 
Cytochrome c 
folding intermediates, 50-62 
folding kinetics, 51,55/56/ 
folding pathway, 5448 
NH protein exchange during folding, 57/ 
proton occupancies during folding, 

52,54,61-62 
refolding, 16 

Cytokines, use in biotherapy, 79 

D 

Debye formulation for scattering, 189 
Deconvolution of infrared OR) and Raman 

spectra, 25 
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220 PROTEIN REFOLDING 

Defensive reversible denaturation, 16 
Dénaturant, effect on refolding, 181 
Denaturation 
agents, 11 
equilibrium curves, 101,102/ 
factors, 13 
mechanisms, 65 

Deoxycholate, extraction of aggregated 
proteins, 155 

Detergents 
denaturing agents, 11,13 
extraction of insoluble proteins, 

155,158-160 
stabilizing agents, 17 

Diafiltration 
procedure, 189 
test of optimized renaturation conditions, 

193,194/ 
use in protein refolding, 11,15,16 

Dialysis, use in protein refolding, 15 
Differential centrifugation, 11 
Differential scanning calorimetry (DSC), 

65,66-72 
Dihydrofolate reductase, enhancement of 

stability, 120 
Dilution, use in protein refolding, 15 
Disease states, role of protein folding, 1 
Disulfide bonds 
effect on protein folding, 14,103,104/ 
formation, 5 
isomerization, 5 
reducing agent, 13 
role in protein activity, 80 
role in protein folding, 209,211,215 
role in protein stability, 105 
sulfitolysis, 13 

Disulfide catalysts, role in 
refolding, 215 

Disulfide isomerization, acceleration, 15 
Disulfide-sulfhydryl interchange, 

acceleration, 15 
Dithiothreitol (DTT) 
effect on thermal unfolding of lysozyme, 

72,74/ 
reducing agent, 13 
use in thiol-disulfide exchange, 15 

Downstream process, protein recovery from 
inclusion bodies, 197 

Drifted species, 65,77 
Dynamic light scattering, 26-27 

Ε 

Elastase, improper refolding, 181 
Elastic light scattering, 26-27 
Electron cryomicroscopy, use in study of 

protein aggregation, 25 
Electron diffraction, use in study of 

protein aggregation, 22f,25 
Electron microscopy, use in study of 

aggregation, 22f,24-25 
Engineering approach to protein refolding, 

180-194 
Enzyme activity measurement, effect of 

dénaturants, 101 
Equilibrium denaturation, β-lactamase, 

101-103 
Escherichia coli, occurrence of inclusion 

bodies, 1 
Escherichia coli CY15070 
cell appearance, 142/ 
effect of mutant cells on prochymosin 

production, 141,145 
growth and inclusion body formation, 

140,142/ 
production of prochymosin, 134-136 
specific growth rate, 138f,139f 
transformation, 134-135 

Escherichia coli tryptophanase, refolding 
by dialysis, 15 

Ethanol 
effect on proteolysis of β-lactoglobulin, 

91,9y,93/,94 
influence on structural changes of 

β-lactoglobulin, 88,91 
Eucaryotes, occurrence of inclusion 

bodies, 1 
Exponential growth, inclusion body 

formation, 147,148/149 

F 

Fast-atom-bombardment mass 
spectrometry, 31 

FDA Good Manufacturing Practices, 208 
Fibrin, model system for aggregation, 27 
Fibrin polymerization, 27 
Flagellar filaments, reconstruction, 25 
Fluorescence spectroscopy, use in study of 

protein aggregation, 22f ,24 
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FMD virus protein type A, refolding by 
dialysis, 15 

Foldases, 6,7; 
Folding and aggregation, model, 8,98 
Folding and maturation, hypothetical 

pathway, 46/ 
Folding-assisting proteins, role in protein 

folding, 6,7; 
Folding catalysts, role in protein folding, 98 
Folding equilibrium, studies with 

β-lactamase, 99-101 
Folding equilibrium curves, β-lactamase, 

101,102/ 
Folding equilibrium data, thermodynamic 

treatment, 101,102/104; 
Folding intermediates 
comparison with thermal unfolding 

intermediate, 127; 
cytochrome c, 50-62 
effect on protein aggregation, 4,37 
solubility and stability, 37-38 

Folding pathway 
kinetics monitored by pulse labeling and 

NMR, 55/56/ 
NH protein exchange, 57/ 
proton occupancies, 52,54,61-62 
role in protein refolding, 4,5 
structural and kinetic patterns, 54,58 
study by NMR, 51 
See also Folding/unfolding pathway 

Folding protocols, design, 45,47 
Folding rate, 4 
Folding transition, 3-4 
Folding/unfolding pathway 
effect of environmental conditions, 125,127 
effect of mutations, 120,128-129 
irreversibility, 120 
See also Folding pathway 

Foot and mouth viral coat protein, recovery 
of active protein, 181 

Fourier transform infrared (FTIR) 
spectroscopy, 22;,26 

Fractionation, use in protein 
characterization, 65 

G 

β-Galactosidase—Continued 
improper refolding, 181 

Gel electrophoresis, 24 
Gel filtration, 15,16 
Genetic lesions, role in protein aggregation, 1 
Gibbs free energy of unfolding, 101 
Glia maturation factor beta (GMF-beta) 
amino acid sequence, 80,81/ 
biological activity, 80 
separation of isoforms, 80 
See also Recombinant human glia 

maturation factor beta (r-hGMF-beta) 
Glioma cells, assay materials for 

GMF-beta, 83 
Globular proteins, molten globule 

state, 94-95 
Glutathione, use in thiol-disulfide 

exchange, 15 
Glyceraldehyde phosphate dehydrogenase 

(GAPDH), conformational drift, 65 
Glycerol, extraction of aggregated 

proteins, 155 
Glycosylation, effect on protein solubility 

and folding, 5 
Gramicidin A, study by NMR, 30 
Gram-negative bacteria, occurrence of 

inclusion bodies, 1 
Gram-positive bacteria, occurrence of 

inclusion bodies, 1 
GroE operon, functions, 112 
GroE proteins, role in protein assembly, 

111-112 
GroEL protein 
homology with rubisco-subunit-binding 

protein, 111 
role in protein assembly, 111-112,113/ 
See also Cpn60 

GroES protein 
role in protein assembly, 111-112,113/ 
See also CpnlO 

Growth factors, use in biotherapy, 79 
Guanidine hydrochloride (guanidine-HCl), 

denaturing agent, 11,13 
effect on β-lactamase activity, 99,100/" 

H 

β-Galactosidase 
accumulation in E. coli, 1 

Heat capacity, relation to protein 
thermostability, 65 
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222 PROTEIN REFOLDING 

Heat shock, role in protein aggregation, 1 
Heat shock proteins, 6 
Helix-helix contact, role in protein 

folding, 54,58 
Helper proteins 
function, 45 
See also Chaperonins 

Hen egg white lysozyme (HEWL), 
renaturation, 30 

High-performance liquid chromatography 
(HPLQ 

bovine carbonic anhydrase Β (CAB), 
171-172 

β-lactoglobulin proteolysis, 88,91,92/,93/ 
Homogenization, use in protein 

recovery, 11 
Human apoliprotein, solubilization of 

aggregates, 2 
Human carbonic anhydrase Β (hCAB) 
assay of activity, 185 
experiments for study of folding 

kinetics, 185 
extinction coefficients for various 

conformational species, 186,190; 
improper refolding, 181 
loss of activity in urea, 186,187/ 
refolding 
conformational changes, 186,188/ 
kinetic constants, 183,184; 
kinetic model, 182-183,190,191/192/ 
optimization of yields, 190,193,194/ 

test of mathematically optimized 
renaturation conditions, 193 

urea gradient gel electrophoresis, 
185,186,187/ 

Human carbonic anhydrase I, See Human 
carbonic anhydrase Β (hCAB), 185 

Human intedeukin 2, recovery from inclusion 
bodies, 13 

Hydrogen-bonded structures, role in protein 
folding, 54,58 

Hydrogen exchange 
homogeneous vs. heterogeneous, 59,6Qf 
measurement of rate by pulse labeling, 59 
mechanism, 59 

Hydrogen exchange labeling, study of folding 
pathway, 51 

Hydrophobic chromatography, 15,65 
Hydrophobic interactions, role in protein 

association, 105,107 

Immobilization on solid support, use in 
protein refolding, 15,16 

Immunoblotting, use in study of 
aggregation, 24 

Immunology, role of protein folding, 1 
Immunosuppression, role of protein 

folding, 1,6 
hi vitro refolding, similarity to in vivo 

aggregation, 36 
Inclusion bodies 
association with protein 

overexpression, 44 
attractive forces, 38 
chain conformation, 9,38 
characteristics, 8,9f 
description, 36 
expression of cloned genes, 35 
factors affecting formation, 7-8 
formation, 1-18,35-47,98,133 
locations, 9 
morphology, \0f 
occurrence, 1 
recovery after cell lysis, 180 
relation to chaperonin-polypeptide 

interactions, 8 
relation to protein solubility, 36 
restoration of protein activity, 180 
scheme for protein recovery, 11,12/ 
solubilization requirements, 36 
use in protein production, 2-3 

Inclusion body formation 
accompanying changes in cell morphology, 

134,138,140,142/ 
during exponential growth, 

147,148/149 
during stationary phase, 150 
effect of inoculum density, 

140-141,143/144/149 
effect of lag time, 146,148/ 
effect of mutations, 42 
effect of temperature, 37-38 
inhibition, 45,107 
kinetics, 133-151 
model, 37-38 
model using pole age hypothesis, 

147,148/149,150 
vs. precipitation of native proteins, 36 

Infrared (IR) spectroscopy, 25,26 
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INDEX 

Inoculum density 
effect on culture growth rate, 

138,135£149-150 
effect on culture lag time, 136,137/,139/ 
effect on inclusion body formation, 149 
effect on prochymosin production, 141,144/ 

Insect cells, occurrence of inclusion 
bodies, 1 

Insecticidal proteins, characteristics of 
inclusion bodies, 9 

Insulin, production from inclusion bodies, 3 
Interferon(s), renaturation, 16 
β-Interferon, renaturation, 17 
γ-Interferon, characteristics of inclusion 

bodies, 9 
Interleukin(s), production from inclusion 

bodies, 3 
Interleukin 2, refolding, 16 
Intermolecular interactions, effect on 

folding rate, 4 
Interprotein contacts, 23-24 
Intracellular folding 
events, 5-9 
P22 tailspike protein, 125,126/ 

Intramolecular disulfides, role in protein 
folding, 209211 

Ion-exchange chromatography, use in protein 
purification, 15 

Irreversible protein aggregation, model 
systems, 23-24 

Isoelectric focusing, use in study of 
aggregation, 24 

Isoforms, separation, 80,82/83 
Isomerization, effect on folding, 4,6 

Κ 

Kinetic analysis of unfolding pathway, study 
of protein thermostability, 120 

Kinetic intermediates, characterization and 
identification, 4 

L 

Labilizing agents, effect on refolding 
yields, 16-17 

a-Lactalbumin 
refolding, 16 

α-Lactalbumin—Continued 
spectral studies, 26 

β-Lactamase 
activity measurement, 98 
denaturation, 101-103 
denaturation-renaturation 

procedure, 101 
difference spectra, 99 
effect of guanidine-HCl, 99,KXy 
fluorescence intensity measurements, 

99,10QT 
folding equilibrium curves, 101,102/ 
inclusion bodies, lOf 
inhibition of aggregation, 107 
irreversibility of unfolding, 105 
model for in vivo aggregation, 98 
purification, 99 
recovery after dialysis, 17 
refolding experiments with reduced 

protein, 105 
renaturation, 103-105 
thermodynamic treatment of folding 

equilibrium data, 101,102/104; 
translocation, 5 
unfolding parameters, 104; 

Lactate dehydrogenase (LDH), 
conformational drift, 65 

β-Lactoglobulin 
binding of retinol, 94 
circular dichroism spectroscopy, 

87,88,89/ 
conformational change associated with 

membrane transport, 94 
effect of alcohols 
proteolysis, 91,92/ 
secondary structure, 88,9Qf,91 
structural changes, 88,91 

α-helix and β-sheet content, 90; 
interaction with retinol, 87 
limited proteolysis, 88,91,92/93/ 
modification of binding specificity, 87 
molar ellipticity, 88,9Qf 
molten globule state, 94 
movement through membranes, 87 
physiological function, 94 
preparation, 87 
proteolysis, 87-88 
reversible conformational changes, 91 
similarity to retinol-binding protein, 94 
solvent-induced folding, 86-95 
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224 PROTEIN REFOLDING 

β-Lactoglobulin—Continued 
β-strand -> α-helix transition, 88,9Qf,91,94 
thennodynamic stabUity, 94 

Lag time effects on inclusion body 
formation, 146,148/ 

Large-scale refolding, 206-215 
Laser light scattering, 22;,26 
Ligand binding, use in study of protein 

heterogeneity, 72 
Liver alcohol dehydrogenase (LADH) 
conformational drift, 72 
DSC analysis, 66 
thermal denaturation, 72,73/ 

Low-density lipoprotein, study of 
aggregation, 27 

Lymphokines, use in biotherapy, 79 
Lysozyme 
DSC analysis, 66 
effect of ligand on thermal unfolding, 72,75/ 
endotherms, 72,74/ 
enhancement of stability, 120 
light-scattering study, 27,28 
refolding, 16 
study by stereoelectron microscopy, 25 
thermal denaturation, 72,76f 

M 

Malate dehydrogenase, determination of 
particle weight, 28 

Mass spectrometry (MS), use in study of 
protein aggregation, 22; 

Maturation factors, use in biotherapy, 79 
β-Mercaptoethanol (BME) 
extraction of aggregated proteins, 155 
reducing agent, 13 
use in thiol-disulfide exchange, 15 

Methionyl bovine somatotropin (mBST) 
commercial-scale refolding, 197-204 
dissolution of inclusion bodies, 

199,200,201/ 
oxidation in urea solutions, 200 
quantitation and determination of monomer 

yield, 198 
recovery from inclusion bodies, 13 
renaturation factors 
pH, 199,200,203/ 
protein concentration, 199,202,203/ 
urea, 199,200,201/202 

Microtubules, reconstruction, 25 
Model for folding and aggregation, 8 
Model for optimizing refolding yields, 

182-183 
Modified amino acids, identification, 31 
Modified side chains, elucidation, 30 
Molar ellipticity, β-lactoglobulin, 88,90/" 
Molecular chaperones 
facilitation of protein folding, 127 
role, 110 

Molecular modeling, use in enhancement of 
protein stability, 120 

Molten globule folding intermediate 
association with bovine carbonic anhydrase 

during refolding, 169-178 
key to single-step renaturation, 204 

Molten globule state, 4,94-95,198 
Monitoring techniques for conformational 

changes during refolding, 189-190 
Monomelic proteins, folding, 4 
Mutants), improper folding, 1 
Mutant cells, effect on prochymosin 

production, 141,145 
Mutational studies, protein aggregation, 

42,44 
Mutations, effect on foldingAinfolding 

pathways, 128-129 
Muteins, improper folding, 1 

Ν 

Native proteins 
aggregation, 1 
comparison with recombinant proteins, 

30-31 
involvement in inclusion body 

formation, 38 
Neutron diffraction, 28-29 
Neutron scattering, 22; 
Noncovalent interactions, disruption by 

denaturing agents, 11,13 
Nuclear magnetic resonance (NMR) 

spectrometry, 22;,29,51 

Ο 

Octyl glucosidase, extraction of aggregated 
proteins, 155 
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INDEX 

Oligomeric proteins 
causes of heterogeneity, 65 
drifted species, 65,77 
DSC analysis, 66-72 
thermostability, 64-77 

Optimization of refolding yields 
human carbonic anhydrase B, 190,193,194/ 
model system, 182-183 
predictive value, 193,194/ 
test of kinetic model, 190,191/192/ 

Organelle reconstruction, demonstration by 
electron microscopy, 25 

Organic solutes, denaturing agents, 13 

Ρ 

P22 tailspike endorhamnosidase 
description, 120-121 
effect of mutations on folding/unfolding 

pathways, 128-129 
intracellular folding, 125,126/ 
thermal unfolding 
intermediates, 122,125,127 
pathway, 119-131 
wild-type protein, 122,123/ 

See also Tailspike protein 
Particle coagulation kinetics, 

determination, 27 
Particle diffusion coefficients, 

determination, 27 
Particle dimensions, determination, 27 
Particle geometry, determination, 27 
Penicillin G, substrate for β-lactamase 

assay, 98 
Peptidyl-prolyl cis-trans isomerases 

(PPD.6,98 
Periplasmic space, sensitivity to external 

conditions, 98 
pH effects 
protein aggregation, 14 
renaturation of methionyl bovine 

somatotropin, 199,200203/ 
thermal unfolding, 122,124/ 
unfolding transition, 103,106/" 

Phosphoribosyl anthranilate isomerase, 
translation and folding, 5 

Physical methods for study of protein 
aggregation, 21-2324-30 

Plasma desorption mass spectrometry, 31 

225 

Plasminogen activator (TPA), production 
from inclusion bodies, 3 

Pole age hypothesis, 147,148/149,150 
Polyethylene glycol (PEG), stabilizing 

agent, 17 
Polyols, stabilizing agent, 17 
Polypeptide-chain-binding proteins, See 

Chaperonins 
Posttranslational modifications of proteins, 

role in folding, 5 
Potassium ions, role in protein 

reconstitution, 115 
Precipitated state, vs. aggregated state, 36 
Premature folding, prevention, 5 
Primary structure, effect on protein 

inactivation, 14 
Prochymosin 
effect of inoculum density on production, 

136-141,144/ 
effect of lag time on production, 146,148/ 
effect of mutations on production, 141,145 
production from E. coli CY15070, 

134-136 
Profilin:actin complex, resolution by X-ray 

analysis, 29 
Prolyl cis-trans isomerase, folding 

catalyst, 98 
Protein aggregates 
determination of concentration by 

turbidimetry, 189 
effect of light scattering on UV 

absorption spectra, 189 
formation, 37,38,181 
methods for increasing recovery, 154 
similarity to native forms, 38 
structural probes, 38 

Protein aggregation 
advantages, 2 
causes, 1,13 
competition with folding, 98 
dependence on intermediates, 37 
dependence on protein concentration, 37 
disadvantages, 21 
effect of environmental conditions, 

14,44̂ 45 
importance in renaturation studies, 4 
inhibition, 42,43/47 
intermolecular forces, 38,42 
model systems, 23-24 
mutational studies, 42,44 
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226 PROTEIN REFOLDING 

Protein aggregation—Continued 
physical methods and models for study, 

21-31 
precursors of large aggregates, 42 
problems, 169-170 
shape and flexibility of aggregates, 28 
specific and nonspecific, 181 
specificity, 42 
susceptibility to degradation, 2 
techniques for study, 24 

Protein binding 
study by NMR, 29-30 
with hydrophobic ligands, 86 

Protein-binding specificity, modification, 87 
Protein characteristics leading to 

aggregation, 13 
Protein characterization, methods, 65 
Protein concentration 
effect on protein aggregation, 14 
effect on protein renaturation, 199,202,203/ 

Protein conformational changes, monitoring 
techniques, 101 

Protein denaturation 
agents, 11 
factors, 13 

Protein disulfide isomerase (PDI) 
folding catalyst, 98 
role in disulfide bond formation, 5-6 

Protein downstream processing, benefits of 
aggregated proteins, 2-3,11 

Protein engineering, goal, 119 
Protein export, 5 
Protein heterogeneity, 64,65 
Protein inactivation pathways, 14,181 
Protein precipitation, vs. inclusion body 

formation, 36 
Proteimprotein complexes, 29 
Protein-protein contacts, effect on protein 

aggregation, 14 
Protein production, advantages of inclusion 

bodies, 2-3 
Protein purification 
methods, 15 
problems with aggregated proteins, 2 

Protein recovery 
from aggregated state, 2,9-18 
from inclusion bodies 
downstream process, 197 
one-step process, 13 
steps, 11,12/ 

Protein renaturation, 14-17,64,65 
Protein secondary structure, methods of 

study, 22*, 24; 
Protein stability 
enhancement by molecular design, 119-120 
relation to inclusion body formation, 36 
role of disulfide bonds, 105 
thermodynamic definition, 120 
variables, 181 

Protein structure, methods of study, 22; 
Protein synthesis, effect on folding, 5 
Protein thermostability, 64-77,120 
Protein unfolding 
effect of disulfide bonds, 103,104/ 
effect of pH, 103,106/ 
endothermic nature, 65 
Gibbs free energy of unfolding, 101 
parameters for β-lactamase, 104; 
stages, 127 

Proteolysis 
inhibitors, 166 
β-lactoglobulin, 87-88 
occurrence during refolding, 166 

Proton occupancies during folding, 
52,54,61-62 

Protrimer, comparison with thermal unfolding 
intermediate, 125,127 

Pulse labeling 
analysis of experiments, 59 
measurement of hydrogen-exchange rate, 59 
pH variation studies, 61 
pulse-pH profiles, 61 
rapid-mixing apparatus, 53/ 
strategy, 52 
study of folding pathway, 51 
variation of conditions, 58-59 

Q 

Quasi-elastic light scattering (QLS), 171 

R 

Raffinose, inhibitor of inclusion body 
formation, 45,98 

Raman spectroscopy 
deconvolution of spectra, 25 
use in protein studies, 22;,26,38 
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INDEX 227 

Raman spectroscopy—Continued 
use in study of quaternary interactions, 28 

Recombinant human glia maturation factor 
beta (r-hGMF-beta) 

absence of biological activity, 80 
characterization, 80 
disulfide isoforms, 83/ 
growth inhibitory activity of isoforms, 

83;,85 
oxidative refolding, 79-85 
reverse-phase HPLC, 80,82/* 
sulfhydryl content, 81; 
See also Glia maturation factor beta 

Recombinant proteins 
aggregation, 1 
comparison with native proteins, 30-31 
problem in purification and use, 21 
production problems, 79 

Reconstitution of denatured proteins, major 
side reaction, 181 

Reduced proteins, thermostability, 64-77 
Refolded proteins, thermostability, 64-77 
Refolding, effect of proteolysis, 166 
Refolding conditions, effect on protein 

homogeneity, 64 
Refolding of inclusion body protein, 14-17 
Refolding pathway, intermediates, 186 
Refolding processes, optimum conditions, 14 
Refolding yields 
factors, 15 
improvement, 16 
optimization by engineering, 180-194 

Retractile bodies, See Inclusion bodies 
Renaturants, effect on enzyme activity, 101 
Renaturation, 2,47 
λ-Repressor, enhancement of stability, 120 
Resolution enhancement techniques, 26 
Retinol 
binding by β-lactoglobulin, 94 
interaction with β-globulin, 87 
transport by proteins, 94 

Retinol-binding protein (RBP), similarity to 
β-lactoglobulin, 94 

Retroviral v-myb oncoprotein, recovery from 
inclusion bodies, 13 

Reverse-phase chromatography 
protein purification, 15 
separation of GMF-beta isoforms, 80,82/83 

Rhodanese, renaturation, 47 
Ribonuclease, 51,91 

Ribulose bisphosphate carboxylase (rubisco) 
assembly, 8 
chaperonin-dependent reconstitution, 

45,111-112,115,117/ 
in vivo assembly in E. coli, 111,113/ 
irreversible aggregation, 115 
reconstitution of activity, 

112,113;,114/115 
temperature dependence of refolding, 111 

RTEM β-lactamase 
amino acid sequence, 99 
folding and aggregation, 97-107 
folding-equilibrium studies, 99-101 
production by E. coli, 99 

Rubisco, See Ribulose bisphosphate 
carboxylase 

Rubisco-subunit-binding protein, homology 
with groEL protein, 111 

S 

Saccharomyces cerevisiae, occurrence of 
inclusion bodies, 1 

Salts, effect on protein precipitation, 27-28 
Secondary structure, role in protein folding, 4 
Second-site suppressors, 44 
Secreted proteins, prevention of premature 

folding, 5 
Secretogranin II, aggregation, 24 
Secretory leukocyte protease inhibitor 
animal testing of recombinant protein, 208 
expression in E. coli, 206 
production of clinical lots, 208-20921QT 
protocol for large-scale production, 209 
refolding 
bench-scale, 207-208,210/* 
cost, 214-215 
factors, 209 
large-scale, 206-215 
optimization, 209,211 

therapeutic use, 206208 
Side-chain interactions, methods of study, 22; 
Signal sequence, role in protein transport, 5 
Silk fibroin, reversible conformational 

changes, 91 
Size exclusion chromatography, 67,71/ 
Small-angle neutron scattering (SANS), 28 
Small-angle X-ray scattering, 29 
Solid supports for protein refolding, 16 
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228 PROTEIN REFOLDING 

Solubilizing agents, effect on refolding 
yield, 15 

Solvent-induced folding, 86-95 
Somatotropins, production from inclusion 

bodies, 3 
Stabilizing agents, effect on refolding 

yields, 16-17 
Stationary phase, inclusion body 

formation, 150 
Stereoelectron microscopy, 25 
β-Strand -> α-helix transition, 

β-lactoglobulin, 88,9Qf,91,94 
Stressful environments, role in protein 

aggregation, 1 
Subtilisin, enhancement of stability, 120 
Sucrose 
effect on β-lactamase unfolding, 

103,104f,105,106/ 
effect on protein stability, 107 
inhibitor of inclusion body 

formation, 45,98 
Sugars, effect on protein stability, 

17,107 
Sulfhydryl reagents, role in protein 

folding, 209,211,212/· 
Sulfitolysis, 13 
SV40T antigen peptide Th, recovery from 

inclusion bodies, 13 

Τ 

Tailspike protein 
effect of mutations, 44 
model for inclusion body formation, 

37-38,39f,4Qf 
See also P22 tailspike endorhamnosidase 

Temperature, effect on protein 
aggregation, 14 

Thermal denaturation of proteins, 66-72 
Thermal stability of proteins, 64-77,105 
Thermal unfolding 
intermediates, 122,125,127 
pathway for P22 tailspike endorhamnoside, 

119̂ -131 
pH dependence, 122,124/ 
tsf mutant proteins, 128-129,13(y 
vs. in vivo folding, 125,126/127 

Thermitase:Eglin C complex, resolution by 
X-ray analysis, 29 

Thermodynamic treatment of folding 
equilibrium data, β-lactamase, 
101,102/;i04f 

Thermodynamics and kinetics of protein 
folding, 3-4 

Thiol-containing proteins, renaturation 
technique, 15 

Thiol-disulfide exchange 
acceleration, 15 
mechanism of protein inactivation, 14 

Thioredoxin, use in disulfide 
isomerization, 15 

Thromkinihirudin complex, resolution by 
X-ray analysis, 29 

Time, refolding parameter, 181 
Tobacco mosaic virus protein, 29 
Tomato bushy stunt virus, study by 

stereoelectron microscopy, 25 
Torpedo californica electric organ, 154 
Translation rate, importance in 

intracellular folding, 5 
Translational errors, effect on protein 

homogeneity, 64 
Triton X-100, extraction of aggregated 

proteins, 155 
Trypsinogen, refolding, 16 
p2-Tryptophan synthetase, renatured 

forms, 38 
Tryptophanase, improper refolding, 181 
A/mutant proteins, kinetic analysis of 

thermal unfolding, 129,130/" 
Tumor-associated antigens, use in 

biotherapy, 79 
Tumor-suppressive agents, use in 

biotherapy, 79 
Turbidimetry, use in study of aggregation, 

24,189 
Two-state model of protein folding, 

3-4,120 

U 

Ubiquitin, study of folding kinetics, 51 
Ultraviolet (UV) spectroscopy, use 

in study of aggregation, 
22f,24 

Unfolding of proteins, stages, 127 
Unfolding pathway, kinetic 

analysis, 120 
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INDEX 229 

Unfolding transition, effect of pH, 103,106/ 
Unfolding/refolding transition, 119 
Urea 
denaturing agent, 11,13 
effect on protein renaturation, 

199,200201/202 
effect on thermal transitions, 

67,71/ 
Urea gradient gel electrophoresis, 

185,186,187/ 
Urokinase 
recovery from inclusion bodies, 13 
refolding by dialysis, 15 

V 

Vectorial transport, effect on folding, 5 
Virus protein, refolding by dialysis, 15 

W 

Water proton relaxation, 30 

X 

X-ray analysis, 22f,29 

Y 

Yeast alcohol dehydrogenase (YADH) 
conformational drift, 65 
DSC analysis, 65,66,67,68/-69f 
effect of urea on thermal transitions, 67,71/ 
partial denaturation, 67,7Qf 
size exclusion chromatography, 67,71/ 
thermal denaturation, 66-72 
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