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Foreword 

JLHE ACS SYMPOSIUM SERIES was first published in 1974 to 
provide a mechanism for publishing symposia quickly in book 
form. The purpose of this series is to publish comprehensive 
books developed from symposia, which are usually "snapshots 
in time" of the current research being done on a topic, plus 
some review material on the topic. For this reason, it is neces
sary that the papers be published as quickly as possible. 

Before a symposium-based book is put under contract, the 
proposed table of contents is reviewed for appropriateness to 
the topic and for comprehensiveness of the collection. Some 
papers are excluded at this point, and others are added to 
round out the scope of the volume. In addition, a draft of each 
paper is peer-reviewed prior to final acceptance or rejection. 
This anonymous review process is supervised by the organiz
er(s) of the symposium, who become the editor(s) of the book. 
The authors then revise their papers according to the recom
mendations of both the reviewers and the editors, prepare 
camera-ready copy, and submit the final papers to the editors, 
who check that all necessary revisions have been made. 

As a rule, only original research papers and original re
view papers are included in the volumes. Verbatim reproduc
tions of previously published papers are not accepted. 

M. Joan Comstock 
Series Editor 
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Preface 

1HE UNDERSTANDING OF PROTEIN FOLDING IS CRITICAL to the pro
duction of protein pharmaceuticals, and protein folding plays a vital role 
in cellular processes. By developing fundamental theories of protein fold
ing, we can design new therapies to affect cellular regulation of protein 
folding, and we can rationally engineer proteins to display the desired 
characteristics. In addition, knowledge of protein folding pathways and 
intracellular regulation will improve methods of producing recombinant 
proteins for research and commercial use. With the growth of the 
biotechnology industry, interest in protein folding has increased dramati
cally since improving processes for the commercial production of recom
binant proteins often requires an efficient, high-yield protein folding pro
cess. 

Recent research has resulted in a rapidly changing perception of pro
tein folding fundamentals. To keep abreast of the many new theories and 
the growing knowledge of protein folding, seminars and publications such 
as this text are critical. This book provides an updated review of protein 
folding research and its impact on future technologies. Leading scientists 
in protein folding, protein chemistry, and protein design have contributed 
their extensive experience to the development of this text. 

The book is divided into two sections, which focus on the in vivo and 
in vitro aspects of protein folding. The first section focuses on in vivo 
protein folding and includes studies of the mechanisms of inclusion body 
formation and molecular chaperonins (in vivo folding aids). Recent stud
ies of inclusion body formation have led to important insights into the 
relationship between primary sequence and protein folding, as discussed 
in the second chapter. When chaperonins fail to interact with the folding 
protein of interest, inclusion body formation can occur. Studies of the 
role of the protein sequence in inclusion body formation are described 
(Chapters 3-4), and the kinetics of inclusion body formation are also 
analyzed (Chapter 5). In addition, a review of the current knowledge of 
molecular chaperones is presented (Chapter 6), followed by several inves
tigations into the mechanisms of these unique molecules (Chapters 
7-12). 

Although many of the studies presented in this section are performed 
in vitro, the results can be applied to the actual functioning of these pro
teins in vivo. The role of chaperonins in transport and cellular processing 
is also presented (Chapter 7), and alterations in the cellular production of 
different chaperonins in yeast are discussed (Chapters 8-9). The rate-

xi 
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limiting steps during folding may determine the formation of inclusion 
bodies and the extent to which a protein interacts with chaperonins. To 
address this problem, the rate-limiting folding of proteins was investigated 
in terms of both the intrinsic protein properties, such as prolyl isomeriza-
tion (Chapter 11), and the interaction of proteins with chaperonins 
(Chapters 10 and 12). 

The second section of the text focuses on in vitro protein folding and 
includes the role of primary sequence in determining structure, the 
improved recovery of recombinant therapeutic proteins, and the impact of 
protein engineering on protein folding. For the first time, a comprehen
sive list of helical propensities is presented for a number of different sys
tems (Chapter 13), and researchers may apply these results to their 
understanding of the elements of protein conformation. Significant 
advances in the folding of commercially valuable therapeutic proteins are 
also described (Chapters 14-15), as the understanding of folding path
ways is critical to the success of commercial proteins that require a fold
ing step in the recovery process. In the development of improved thera
peutic proteins, protein folding can be a major factor in determining the 
success of the product. Recent research in protein engineering and anti
body technology has resulted in the ability to produce recombinant 
humanized antibodies for therapeutic use, as discussed in Chapters 16 and 
17. Mutagenesis of known therapeutic proteins has been studied 
(Chapters 18-19) to determine the role of specific residues in protein 
conformation and stability. These studies will aid the development of 
improved therapeutic protein products. 

Jonathan King was essential in the organization of the symposia, and 
his guidance was greatly appreciated. The Divisions of Biochemical Tech
nology and Biological Chemistry and the Biotechnology Secretariat were 
vital for the support of this program. The program coordinators for this 
ACS meeting, Charles Goochee, Sharon Shoemaker, and Judith Klinman, 
made the organization and planning of the symposia an efficient process. 
George Georgiou and Paul Horowitz were kind enough to chair a session, 
and their contributions to the symposium as well as reviews of the text 
are greatly appreciated. The ACS acquisitions editor, Barbara Tansill, 
was instrumental in the timely publication of the book. The successful 
completion of this text was also made possible by many understanding 
colleagues at Genentech: Andrew J. S. Jones, Michael F. Powell, Rodney 
Pearlman, and Jessica Burdman. Finally, the authors of each chapter pro
vided excellent reports of innovative new research or updated reviews, 
and they should be commended for taking the time and effort to contri
bute to this text. 
JEFFREY L . CLELAND 
Genentech, Inc. 
South San Francisco, CA 94080 
January 22, 1993 
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Chapter 1 

Impact of Protein Folding 
on Biotechnology 

Jeffrey L. Cleland 

Pharmaceutical Research and Development, Genentech, Inc., 460 Point San 
Bruno Boulevard, South San Francisco, CA 94080 

Protein folding has played a major role in both academic and 
industrial research and development in biotechnology. The 
biotechnology industry has relied on both in vivo and in vitro 
protein folding to successfully produce the currently approved 
therapeutic proteins. In this article, the methods used to produce 
therapeutic proteins are discussed along with the rationale for 
choosing an expression system. An industrial perspective of the 
protein folding problem and potential solutions is provided with an 
emphasis on the practical aspects of improving in vivo or in vitro 
folding based on current research. In addition, the future 
directions of research in protein folding are projected focusing on 
the potential for improving in vivo folding, predicting protein 
structure, and ultimately developing new therapeutics. 

Over the past fifteen years, the biotechnology industry has developed from a 
fledgling group of research start-ups to companies with marketed products. To 
bring products to market, biotechnology companies have not only designed and 
discovered new drugs, they have also developed new processes for the large scale 
production of biopharmaceuticals. A wide range of therapeutic proteins are 
approved or in clinical trials. Each of the proteins in clinical trials as well as the 
United States Food and Drug Administration (FDA) approved therapeutic 
proteins are produced by different methods (see Table 1). The major processes 
employed for the production of these therapeutic proteins involve either 
Escherichia coli or mammalian cell expression systems. 

When considering the appropriate expression system for production of the 
desired protein, the manufacturer must consider the advantages and 
disadvantages of each method. Table 2 lists the characteristics of the major 
expression systems: bacteria, yeast, mammalian cells, and insect cells. The three 
host cell types used in approved therapeutic proteins are E. coli (eg. insulin and 

0097-6156/93/0526-0001$06.25/0 
© 1993 American Chemical Society 
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1. CLELAND Impact of Protein Folding on Biotechnology 5 

human growth hormone), Chinese Hamster Ovary (CHO) cells (eg. tissue 
plasminogen activator (rhtPA) and erythropoietin (EPO)), and hybridoma cells 
(eg. OKT3 and anti-sepsis antibodies). It is interesting to note that the approved 
therapeutics expressed in E. coli are all small proteins that do not require 
glycosylation for activity. In contrast, both CHO derived proteins, rhtPA and 
EPO, are large and extensively glycosylated. Often, glycosylation is required for 
the protein to retain its bioactivity, reduce its antigenicity, maintain its native 
conformation, and prolong its serum half-life. If glycosylation is required, then 
either mammalian cell, insect cell, or yeast expression systems must be used. 

In addition to glycosylation, the host organism dictates the in vivo protein 
folding efficiency. Eukaryotes have a different reduced-to-oxidized potential 
(redox, potential) within the various cellular components. Since most proteins 
are synthesized and processed in an oxidizing environment in eukaryotes, 
disulfide bond formation is enhanced during the initial folding events. Eukaryotes 
also possess a catalytic protein, protein disulfide isomerase (PDI), to assure 
correct disulfide bond formation. The importance of this intracellular protein is 
displayed in the production of rhtPA by CHO cells. This protein has 17 disulfide 
bonds and one free thiol. Therefore, the in vitro folding efficiency of E. coli 
derived rhtPA is very low (5). There are also several potentially misfolded and 
disulfide-scrambled intermediates that could form during rhtPA folding. In 
contrast, CHO cells are able to efficiently produce native rhtPA by using their 
intrinsic cellular machinery which includes PDI and other chaperones. Another 
catalytic chaperone protein, peptidyl prolyl isomerase (PPI), also exists in many 
eukaryotes and catalyzes the conversion of proline residues between the cis and 
trans states. Several other assistant proteins also referred to as chaperones exist 
in both eukaryotes and prokaryotes as well as plants (see references 6 and 7 for 
reviews). 

Based on their protein processing characteristics, animals cells would 
appear to be the natural choice for production of most proteins of therapeutic 
interest. However, as noted in Table 1, the majority of approved proteins are 
produced in E. coli. The original rationale for choosing an E. coli expression 
system arose from the lack of knowledge regarding animal cells. At the initial 
development of the biotechnology industry, animal cell culture was 
underdeveloped and the FDA had just begun to investigate some of the issues 
(DNA, viruses, etc.) surrounding the use of CHO cells. Thus, E. coli had an 
initial lead over CHO cells in both technology development and FDA approval. 
Besides their late development, eukaryotic expression systems have several 
potential limitations that reduce their utility for protein production. First of all, 
animal cells require longer growth times (~7 days) to achieve maximum cell 
density and achieve a much lower cell density (1-10 x 106 cells/ml) than£. coli 
(1 x 108 cells/ml). The same proteins that facilitate folding in eukaryotes, 
molecular chaperones, can also interfere with high levels of protein production. 
When a cell is forced to overexpress the desired protein, chaperones can become 
overwhelmed and the protein may then accumulate as partially folded structures 
inside the cell. This event has been observed in both eukaryotes and prokaryotes 
(yeast, 8\ mammalian cells, 9; E. coli, 10, 11 ). In addition, animal cells are 
often grown in expensive media, containing several growth components that may 
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6 PROTEIN FOLDING: IN VIVO AND IN VITRO 

interfere with the recovery of the desired protein. The high fermentation costs, 
technical challenges, and often low expression level of animal cells have resulted 
in the decision to proceed with E. co//-based products. For many companies, the 
yields obtained during in vitro folding of E. cofi-based proteins are often the 
limiting factor in the successful development of the product. In many cases, it 
is possible to use an animal cell system to obtain reasonable yields at costs 
approaching an£. co//-based process. If the FDA approved therapeutic proteins 
are any indication, animal cell systems are primarily used when the final protein 
product (rhtPA, EPO, and antibodies) can command a premium price. These 
prices are necessary to support the more expensive production as well as recover 
the investment in research and development. 

To avoid some of the problems with animal cell expression, bacterial 
systems are chosen because they usually provide a high level of expression of the 
desired protein. The expression of the recombinant protein can constitute 5 to 
20% of the total cellular protein. Bacterial systems such as E. coli lack the 
ability to secrete large proteins into the culture media and the cellular machinery 
to facilitate proper folding. Therefore, the high expression levels usually result 
in the formation of inclusion bodies, which are large insoluble aggregates of the 
desired protein. Several recombinant proteins are produced as inclusion bodies 
in E. coli (see reference 12 for a review). These insoluble protein aggregates 
must be solubilized and refolded to form the native protein. A major advantage 
of this production method is the ability to easily isolate the product from the 
cellular components by centrifugation or microfiltration. However, if the 
refolding yields are low, some of the benefits of inclusion body formation are 
negated. Inclusion bodies can be formed by proteins at different states of 
folding. Several studies have shown that inclusion bodies result from the 
association of folding intermediates (11,13). The intermediates form 
intermolecular bonds (van der Waals interactions, hydrogen bonds, disulfide 
bonds, etc.). These bonds are typically difficult to perturb since the 
intermolecular interactions are analogous to intramolecular bonds formed in the 
core of the native protein. To disrupt these aggregates, denaturants such as 
guanidine hydrochloride or urea are utilized and, if intermolecular disulfide 
bonds are formed, reducing agents must be used. The denaturants must then be 
removed to allow the protein to regain its native structure. During the refolding 
process, the protein undergoes a series of conformational changes which may or 
may not result in correctly folded protein. Potential pathways for the protein 
during refolding include the formation of misfolded intermediates, native-like 
intermediates, aggregates, or the native protein as shown in Figure 1. Each of 
the off-pathway reactions can dramatically reduce the recovery of native protein. 
These off pathway structures can also be difficult to remove from the final 
refolding mixture since their chromatographic properties are often similar to the 
native protein. 

To solve the protein folding problem, one must develop an understanding 
of both the in vivo and in vitro folding events. Each individual study on a single 
protein can yield insight into the general mechanisms of protein folding. Several 
approaches have been applied to the study of protein folding and many of these 
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1. CLELAND Impact of Protein Folding on Biotechnology 7 
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Figure 1: The potential folding pathways for an unfolded protein (U) are 
shown assuming that it is refolded in vitro by dilution with a simple buffer (no 
additives). The unfolded protein will fold to form an intermediate structure 
(Ix) which has some secondary structure. This intermediate as well as others 
in the folding pathway (I2...In) often associate to form soluble aggregates (A). 
These soluble aggregates can agglomerate to form large irreversible 
precipitates (P) that must be resolubilized in denaturants. Al l intermediates 
as well as the unfolded protein can form misfolded or off-pathway 
intermediates (Im) that can reduce the yield of native protein by becoming a 
kinetic trap for the preceding species. Some intermediates on the later 
portion of the pathway obtain a native-like conformation (In) and eventually 
assume the native state (N).  P
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8 PROTEIN FOLDING: IN VIVO AND IN VITRO 

approaches will yield insight into the design of improved processes as well as 
improved therapeutics. 

Solving the Protein Folding Problem for Industrial Production 

The success of therapeutic proteins may depend upon the ability to produce 
proteins inexpensively on an industrial scale. In light of the possible price fixing 
for drugs in the United States and elsewhere, pharmaceutical companies must 
produce their products at low costs to recover the large development 
expenditures required for pharmaceuticals. To achieve this goal, companies have 
encouraged both internal and external development of improved methods for the 
production of proteins. If low yields in protein folding from E. coli can be 
overcome or high levels of properly folded protein can be achieved in the 
periplasm of E. coli, the inexpensive production of proteins is possible. To 
achieve this goal, researchers have studied two different methods. The first 
method is the optimization of in vivo production of properly folded protein in 
E. coli. The second technique involves the development of improved methods 
to increase the yields from in vitro protein folding. Both of these approaches 
have provided some improvement in the yield of native protein. 

In Vivo Folding in E. coH To enhance the recovery of in vivo folded proteins 
in E. coli, several researchers have modified the growth conditions. 
Modifications in the growth conditions, if successful, are less difficult than other 
potential alternatives such as coexpression of chaperones or mutations in the 
desired protein. Several studies by King and coworkers have shown that 
temperature can play a critical role in the formation of inclusion bodies (14,15). 
For example, in the model system of p22 tailspike protein, a mutant protein that 
aggregated in vivo at high temperatures was produced (14). This mutant protein 
formed a temperature labile intermediate during both in vivo and in vitro folding 
(16,17). At 40°C, the intermediate aggregated to form insoluble inclusion bodies 
and folded to form the native protein at 37°C (17). These studies indicate the 
potential role of temperature in the formation of inclusion bodies. In addition, 
if inclusion body formation is primarily driven by endothermic processes such as 
hydrophobic interactions, high temperatures should be avoided during the 
fermentation. In many industrial fermentations, heat transfer and temperature 
control can be quite variable resulting in periods of global or local temperature 
increases above the desired growth temperature. These differences could be 
significant enough to result in the increased formation of insoluble aggregates. 
The effect of temperature on both in vivo and in vitro folding should be further 
studied to address this potential problem. 

Another important factor in the in vivo production of folded proteins in 
E. coli is the fermentation media composition. Studies by Georgiou and 
coworkers have shown that inclusion body formation can be dramatically affected 
by the addition of nonmetabolizable sugars such as sucrose and raffinose to the 
culture media (18). In these studies, the formation of periplasmic inclusion 
bodies of p-lactamase was dramatically reduced through the addition of these 
sugars to the culture media. These sugars could have either stabilized the 
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1. CLELAND Impact of Protein Folding on Biotechnology 9 

formation of the native structure or prevented the association of p-lactamase 
intermediates. The use of sucrose during in vitro folding of p-lactamase also 
resulted in improved recovery of native protein (19). It may then be possible to 
perform an in vitro screening of media components that will enhance the 
formation of soluble protein. These components must be able to enter the 
periplasm of E. coli and prevent aggregation. Further studies of the effect of 
culture media components on protein folding are needed to assess the potential 
for this method of producing high concentrations of soluble protein in E. coli. 

If changes in the culture environment are not successful in enhancing the 
recovery of soluble protein, alterations in the cellular components or mutations 
in the desired protein may be required. One potential change at the cellular 
level would involve the overexpression of the chaperones that inhibit protein 
aggregation. In E. coli, these proteins are DnaK, DnaJ, and the GroE complex, 
GroEL and GroES. It has been hypothesized that these proteins work in concert 
to produce soluble correctly folded protein (20). The proposed mechanism 
involves DnaK binding to an unfolded polypeptide chain followed by binding of 
DnaJ to the complex. The protein then forms an intermediate structure that may 
then bind to GroEL. Finally, after a series of ATP hydrolysis steps and 
interaction with GroES, the native protein is released (20). An initial attempt 
at increasing the production of soluble protein in E. coli has been performed by 
overexpression of DnaK in E. coli overproducing recombinant human growth 
hormone (21). The overexpression of DnaK appeared to reduce the amount of 
insoluble protein accumulated in the cells (21). However, if the chaperones work 
together in a concerted manner, it will be necessary to overexpress all of them 
to eliminate intracellular aggregation. Overexpression of the chaperone cascade 
may have adverse effects on cell growth and yield. Chaperones interact with 
cellular proteins during their synthesis and, therefore, chaperone overexpression 
may inhibit proper folding by altering the distribution of protein bound to the 
chaperones. In addition, the in vivo overproduction of the chaperone proteins 
at high levels will inevitably reduce the overall fermentation yield, desired 
protein mass per unit cell mass or media component. Therefore, chaperone 
overexpression may not be a feasible alternative for large scale protein 
production. 

Another possible method for increased production of soluble protein in 
E. coli could be based on recent studies comparing mutant and wild-type protein 
folding. As mentioned previously, King and coworkers produced a temperature-
sensitive folding mutant of the phage p22 tailspike protein (14). This mutant 
formed a temperature labile intermediate that aggregated at elevated 
temperatures (40°C). The temperature labile nature of this folding intermediate 
has been suppressed by further changes in the protein sequence. By introducing 
single amino acid substitutions, the temperature sensitive mutant was able to fold 
to the native state at 40°C without forming aggregates (22, 23). In contrast, a 
point mutation in bovine growth hormone (bGH) resulted in the stabilization of 
an intermediate that had a greater propensity to aggregate (24). Bovine growth 
hormone is difficult to renature since it forms a stable hydrophobic intermediate 
which readily aggregates (25). To avoid this problem, the section of bGH that 
had been shown to cause aggregation was removed and replaced by the 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

00
1



10 PROTEIN FOLDING: IN VIVO AND IN VITRO 

homologous sequence from human growth hormone. The resulting mutant 
protein followed the same folding pathway as the wild type, but did not form off-
pathway aggregates (26). These results indicate that it may be possible to make 
aggregation-suppressing alterations in a protein's primary sequence without 
dramatically altering the folding pathway or the native conformation. Either the 
use of single site mutations or homology within protein classes should provide 
methods for producing proteins that do not aggregate during folding. Another 
approach may involve the choice of expression vectors and expression of only the 
bioactive portion of the desired protein. For example, Carter and coworkers 
were able to achieve high levels of expression of an antibody fragment, F(ab')2, 
in E. coli (27). In this case, the fragment was the only portion of the native 
protein needed for activity. To make these changes industrially relevant, they 
must be considered at the very early stages of product development so that the 
correct molecule is chosen for preclinical and clinical studies. 

In Vitro Protein Folding. A more common approach to solving the protein 
folding problem has been the study of in vitro folding or "refolding." In 
addition, this approach has been widely applied in the production of therapeutic 
proteins. Over the past twenty years, several researchers have performed in vitro 
folding studies on different proteins in an attempt to understand the underlying 
mechanisms as well as improve the efficiency of the refolding process. Typically, 
the initial studies performed to characterize refolding investigate the effects of 
denaturant, redox reagent for disulfide containing proteins, and protein 
concentration. The solution conditions such as pH, buffer components, and salts 
used in the refolding step are then analyzed for their effects on refolding. 
Unfortunately, each protein is likely to fold by a different pathway for each 
condition and it is therefore difficult to develop general rules for refolding. 
However, intuition based on previous refolding studies can provide general 
insight into the appropriate conditions to assess. Each additional protein 
refolding study on an individual protein provides further information into the 
rules associated with the folding process. 

Several methods (see Table 3) have been utilized to either study in vitro 
folding or enhance recovery of native protein. One method uses molecular 
chaperones, intracellular proteins, to facilitate folding. Researchers have 
performed in vitro folding studies with different chaperones as shown in Table 3 
primarily to assess their mechanism of action. However, these molecules might 
also be useful in facilitating in vitro folding. For example, by using both catalytic 
chaperones, PDI and PPI, the refolding rate of RNase T l was greatly enhanced 
(31) and these chaperones could also be applied to other proteins that have 
disulfide bonds and proline residues. The increased folding rate could result in 
a reduced accumulation of unstable intermediates which are prone to aggregate. 
Noncatalytic chaperones have also been studied for their effect on in vitro 
folding. In particular, the GroE complex has been shown to inhibit aggregation 
and therefore facilitate folding in several studies (32-34). If these approaches are 
considered on an industrial scale, the costs resulting from the amount of protein 
required ([Aide]/[Protein] mass ratio in Table 3) to observe a significant effect 
would likely outweigh the benefit. In most cases, one would have to produce 
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1. CLELAND Impact of Protein Folding on Biotechnology 15 

more of the chaperone than the desired protein. This problem could be 
overcome if the chaperones are reused or recycled. 

If an optimal folding aide could be designed, it would have several critical 
properties. It would be cost effective, meaning that the improved recovery would 
outweigh the reagent costs or the reagent would be reusable without a significant 
reduction in efficiency. The folding aide would inhibit protein aggregation 
without adversely affecting the formation of native protein. In addition, it must 
be easily separated from the native protein after completion of folding. If the 
aide could operate at low concentrations and provide catalysis of folding, it would 
also greatly reduce process costs. Although a single molecule has not yet been 
discovered that can provide these properties for the folding of all proteins, there 
are several folding aides that have been somewhat successful (see Table 3). In 
particular, sugars, surfactants, and polymers have shown some utility in increasing 
the recovery yield of native protein during refolding. Sugars have been observed 
to stabilize native proteins (47) and this effect has been considered for their 
choice as a folding aide (19). Usually, sugars are used at high concentrations 
(> 10% w/w) to improve refolding yields (19, 35, 36). At these concentrations, 
the protein will become preferentially hydrated and a compact state such as the 
native protein will be favored (47). In contrast, surfactants have been used to 
solubilize inclusion bodies and enhance refolding by binding to the protein (39-
41). The surfactant concentrations are typically lower than those used for sugars, 
but the concentrations often exceed the critical micelle concentration and it is 
unclear whether micelle formation is necessary to achieve an improvement in the 
refolding yield. A few studies have assessed the effects of micelles on protein 
folding and these studies indicate that micelles are useful for membrane-
associated proteins (37) or hydrophilic proteins which could partition into a 
single reverse micelle (38). It appears likely that surfactants interact with 
unfolded or partially folded proteins in a stoichiometric fashion and, therefore, 
do not depend on micellar formation for their folding aide function. The 
stoichiometric binding of polymers during refolding has been studied in detail 
(42). In these studies, a folding intermediate of bovine carbonic anhydrase B was 
observed to bind to polyethylene glycol (PEG). Additional studies with PEG also 
revealed the apparent stoichiometric relationship between the polymer and the 
refolding protein. The amount of PEG required for enhanced refolding of other 
proteins was also correlated to a specific optimal reaction stoichiometries and the 
observed stoichiometries were probably dependent upon the physicochemical 
properties of each protein (43). If this same hypothesis is applied to previous 
studies with surfactants, the surfactant concentrations may be reduced 
dramatically depending upon their ability to bind folding intermediates and 
inhibit their aggregation. Sugars, surfactants, and polymers do not appear to 
provide any enhancement in the rate of refolding, but merely act as inhibitors of 
the off-pathway aggregation reaction. The only exception could be the use of 
polylysine (2500 MW) in the refolding of bovine carbonic anhydrase B where an 
increase in the initial rate of folding was observed (44). The unique ability of 
polyamino acids to potentially act as folding templates warrants additional 
studies. Further investigations of the effects of sugars, surfactants, and polymers 
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16 PROTEIN FOLDING: IN VIVO AND IN VITRO 

should lead to the development of general rules for their application in protein 
refolding. 

In addition to nonspecific folding aides, several researchers have 
attempted to use compounds that bind to the native protein with high affinity. 
In particular, ligands and inhibitors have been used to enhance refolding (35,46) 
or stabilize the native protein (45). In each case, the conceptual approach 
focussed on the stabilization of the native protein by shifting the refolding 
equilibrium toward the native-inhibitor complex. Some success has also been 
achieved through the use of monoclonal antibodies to the native protein (46). 
Antibodies will facilitate the formation of the correct native-like epitope and, 
therefore, guide the protein along the proper folding pathway. From an 
industrial standpoint, it may be interesting to consider a process involving 
immobilized antibodies that contact the denatured protein and then slowly 
equilibrate with refolding buffer. This process would allow the reuse of the 
reagents and provide easier separation as well as increased recovery of native 
protein. Again, additional studies are needed to assess the validity of this 
approach for the general refolding of proteins. 

Clearly, a great deal of interesting and insightful research has been 
performed on the in vitro folding of several proteins. These analyses have just 
begun to provide important insight into the design of better refolding schemes. 
Future studies on this aspect of protein folding may provide the industrial process 
researcher with the tools needed to achieve high yields during refolding. 

Protein Folding from a Research and Development Perspective 

Although the applied research on protein folding has a direct and significant 
impact on the biotechnology industry, fundamental studies of protein folding are 
also critical to the future success of biotechnology (for recent reviews see 48 and 
49). Continuing research into the role of chaperones and in vivo folding will 
yield insight into the cellular processing of proteins and, perhaps, provide some 
clues about improving protein expression and folding at the cellular level. This 
research would also complement studies on the influence of the protein's 
primary sequence on protein folding. With an understanding of the folding rules 
obtained from primary sequence information, structure prediction for any 
sequence of amino acids could be performed. Finally, if one had a complete 
understanding of protein folding rules and structure prediction, new drugs could 
be developed with improved properties such as higher affinity or activity. To 
achieve this level of understanding, the phenomena involved in protein folding 
will clearly require the continuation of fundamental research. 

Analysis of In Vivo Folding. Major strides have recently been made to 
understand the cellular mechanisms of protein folding. In particular, the 
understanding of chaperone function has improved significantly over the past few 
years. The cooperative nature of molecular chaperone action has recently been 
discovered (20) and these results indicate that the concerted action of the 
chaperones may be necessary to insure proper in vivo folding of the protein. The 
E. coli chaperones apparently operate in sequential order, DnaK, DnaJ, and 
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1. CLELAND Impact of Protein Folding on Biotechnology 17 

GroE complex, on the unfolded protein (20). The last chaperone set in the 
cascade, the GroE complex, has been the focus of several studies. GroEL, the 
14-mer of the 58 kDa heat shock protein, has been observed to function with 
positive cooperativity. More than one unfolded protein may bind to the GroEL 
double donut structure (two 7-mer rings) and, thereby, reduce the number of 
unfolded or partially folded proteins in the cytoplasm (50). Therefore, GroEL 
can both reduce intracellular aggregation by decreasing the concentration of 
folding intermediates and enhance the assembly of multimeric proteins by 
bringing the subunits together. Further research on GroEL has revealed that it 
is regulated by phosphorylation at high temperatures. Upon induction by heat 
shock, GroEL becomes reversibly phosphorylated and the phosphorylated form 
can bind and release denatured proteins without assistance from its usual 
cofactor, GroES (52). The cellular process for recovery from heat shock seems 
to indicate the possibility for improving the function of the chaperone, GroEL. 
With subsequent knowledge of the GroEL monomer conformation, 
improvements in GroE complex efficiency may be possible through genetic 
engineering methods. 

Primary Sequence Analysis and Structure Prediction. In addition to gaining 
knowledge on the function of cellular machinery in protein folding, researchers 
have made progress in developing methods for prediction of protein 
conformation from the primary sequence. One method of structure prediction 
is based on the use of homology within a protein family. This technique brought 
together the evolutionary knowledge within a protein family and several 
advanced computer sorting methods, and successfully predicted the structure of 
a protein domain (52). This research indicates that there is hope for developing 
a methodology to determine a priori the conformation of all known proteins. 
Computer simulations have also been used to predict protein folding and the 
effect of single site mutations on the protein. By modelling a protein as a block 
copolymer with chain segments consisting of hydrophobic or hydrophilic 
monomers, researchers have been able to assess the effect of a single mutation 
on the stability of the native protein (53). This approach may also provide an 
explanation for the effect of point mutations on suppression of temperature-
sensitive folding observed in the phage p22 tailspike protein double mutants 
(suppressor-temperature sensitive folding) where a single residue change resulted 
in temperature-insensitive folding (22,23). Other mutagenesis studies have 
revealed the importance of internal residue packing (54, 55) and potential 
repetition in sequences (56). The internal packing of a protein can apparently 
tolerate some minor changes in sequence, but the general consensus of these 
regions must be conserved to maintain the integrity and stability of the protein 
(54, 55). Therefore, the hydrophobic residues clustered in protein cores may be 
a common feature of protein structure which would reduce the complexity of 
structure prediction methodologies. Further simplification of structure prediction 
is elucidated from the studies of alanine replacements in T4 lysozyme. These 
studies have shown that solvent-exposed residues on alpha helices do not 
contribute to protein folding or stability (56). If there are indeed segments in the 
amino acid sequence that do not contribute to protein folding, then the 
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18 PROTEIN FOLDING: IN VIVO AND IN VITRO 

prediction of structure would be much simpler. Future research will focus on the 
applications of mutagenesis, x-ray crystallography, structure prediction algorithms, 
and sequence homology to elucidate the role of a protein's sequence in 
determining its conformation and folding. 

Application of Folding Knowledge to the Development of Future Products 

With a growing knowledge of the effects of changes in protein sequence on 
folding and conformation, more proteins will be altered to provide increased 
stability, specificity, or activity. Several structural alterations in enzymes have 
been performed to increase stability toward heat (57) or organic solvents (58). 
The primary purpose of these studies was to develop enzymes for use as catalysts 
in industrial processes. The structure of enzymes has also been analyzed for the 
development of inhibitors. A recent review by Kuntz describes the use of 
knowledge of the protein's structure and function to design HIV protease 
inhibitors as well as receptor antagonists or agonists (59). One might consider 
taking this knowledge one step further and developing small molecule analogs 
or mimetics to replace proteins. These structural mimetics often have many 
advantages over the original protein (see reference 60 for a review of mimetics). 
The small molecules can be delivered orally, unlike proteins which are usually 
delivered subcutaneously or intravenously. These molecules can also be made 
resistant to attack by proteases and can be engineered to have a greater 
specificity and activity than the original protein. In general, protein engineering 
coupled with an understanding of protein structure prediction will ultimately lead 
to the development of additional small-molecule therapeutics. 

In the future, biotechnology may become a tool for the development of 
small organic molecules and the understanding of biological functions. Each of 
these tasks will require additional knowledge of protein folding and its impact on 
protein stability and design. In many cases, it may not be possible to design 
small molecule agonists to replace proteins as observed for human growth 
hormone (61). The biotechnology industry will then be required to produce 
these proteins for therapeutic use. Therefore, both in vivo and in vitro protein 
folding will continue to have an impact on the biotechnology industry. 
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Chapter 2 

Amino Acid Sequence Determinants 
of Polypeptide Chain Folding and Inclusion 

Body Formation 

Jonathan King, Cameron Haase-Pettingell, Carl Gordon, Susan Sather, 
and Anna Mitraki 

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

Newly synthesized polypeptide chains within cells pass through a series 
of partially folded intermediates in reaching their native state. 
Association of these intermediates into the aggregated inclusion body 
state often competes with productive folding into the native state, in both 
prokaryotic and eukaryotic cells. For the thermostable tailspike of phage 
P22, a thermolabile early folding intermediate switches from the 
productive pathway to the inclusion body pathway with increasing 
temperature. Two classes of amino acid substitutions influence the 
behavior of these intracellular folding intermediates. Temperature 
sensitive folding (tsf) mutations destabilize the critical intermediates in 
the chain folding pathway at elevated temperatures, resulting in their 
polymerization into the aggregated inclusion body state, a kinetic trap for 
the chains. Global suppressors of the tsf mutations inhibit chain entry 
into the inclusion body pathway. Neither the tsf or global suppressor 
substitutions alter the activity or stability of the native state once 
correctly folded. For tsf mutations in the major coat protein, 
overexpression of the GroEL/S chaperonin efficiently suppresses the tsf 
folding defects. The isolation of global suppressor mutations, and 
overexpression of chaperonins, may be general strategies for solving 
problems of protein expression and protein recovery in biotechnology. 

The passage of newly synthesized polypeptide chains from the poorly defined 
conformation on the ribosome to the fully native functional state is emerging as a 
complex multi-step pathway (7, 2, 5). In eukaryotic cells, chains destined for export 
pass through a variety of cellular compartments including the endoplasmic reticulum, 
golgi, and secretion vesicles. Other chains must pass from the cytoplasm into cellular 
organelles such as the mitochondria with its double membrane, the nucleus, and 
chloroplasts in plants. 

Folding intermediates have to solve a variety of problems; they must pass 
through channels, avoid aggregated states, avoid proteolysis, reach particular cellular 

0097-6156/93/0526-0024$06.00/0 
© 1993 American Chemical Society 
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2. KING ET AL. Amino Acid Sequence Determinants of Chain Folding 25 

compartments, transiently bind to chaperones and other auxiliary proteins, and finally 
reach the native state. In fact, folding intermediates generally have properties quite 
distinct from their own native states, in terms of solubility, stability, half lives, 
interactions with cellular components such as chaperones or signal recognition 
particles (4, 5, 6). As a result there is no a priori reason to assume that the 
conformation of fqlding intermediates will represent simply a subset of the native 
conformation. 

The generation of misfolded, generally aggregated, chains has emerged as a 
practical problem both in the biotechnology industry and in biomedical research in 
general. It has been particularly, though not exclusively, associated with expression 
of cloned genes in heterologous hosts (7, 8, 9). The aggregated inclusion body state 
resulting from the association of folding intermediates differs from the precipitated 
state of native proteins (8, 9, 70). Both appear to be insoluble, but precipitates 
generated by exceeding solubility limits or salting out return to solution upon dilution, 
whereas inclusion bodies cannot be solubilized by dilution. 

The inclusion body problem can often be circumvented by exporting the newly 
synthesized chains outside the cytoplasm, limiting their spatial concentration. 
However, this is less feasible for oligomeric proteins, where formation of the product 
may require maintenance of high chain concentrations (77, 72, 73). 

Protein Folding Intermediates and Inclusion Body Formation 

The aggregation of polypeptide chains during in vitro refolding was initially carefully 
studied by Michel Goldberg (14) and Rainer Jaenicke and their colleagues, (77, 72), 
and more recently by Brems (75, 16) and Cleland and Wang (77, 18). They found 
that aggregates were not derived from the native or denatured form of the protein, but 
from folding intermediates in the pathway. The aggregated state represents a kinetic 
trap for a folding intermediate, which otherwise would proceed to its native state. 

In vitro aggregation and in vivo inclusion body formation are similar 
phenomena, originating from the association or polymerization of specific folding 
intermediates (6). For cloned genes expressed in a heterologous intracellular 
environment, the failure to obtain native protein in the heterologous environment may 
derive from the instability of folding intermediates which have evolved for a 
particular intracellular environment The association reaction seems to be highly 
selective, since aggregates contain largely the overexpressed protein, despite the 
presence of numerous species of partially folded polypeptide chains in the intracellular 
environment. This selectivity must reflect an aggregation mechanism that proceeds 
through specific interactions between folding intermediates and therefore is in some 
sense encoded in the primary amino acid sequence. 

Chaperones and Inclusion Body Formation 

In prokaryotic cells many of the chaperones were identified due to their induction 
under heat shock or other stress conditions (3, 6,19-23). However, they are essential 
proteins for the organisms and, thus, in some cases are not auxiliary functions that can 
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26 PROTEIN FOLDING: IN VIVO AND IN VITRO 

be dispensed with. In eukaryotic cells many of the chaperones play essential 
functions, such as mitochondrial import (3, 6), maturation of tubulin (24) and visual 
pigment formation (25). Recent studies of chaperone function in vitro indicate that 
GroEL recognizes folding intermediates that channel into the aggregation pathway 
(27, 22). The chaperonins transform these structures to a conformation that is past 
the off pathway junction, releasing them in a state that proceeds efficiently to the 
native state. 

Amino Acid Sequences Influencing Chain Folding and Aggregation 

Many sources of information -prosequences, signal sequences, cofactors, auxilliary 
proteins - are drawn upon during polypeptide chain folding. Nonetheless, the primary 
amino acid sequence remains the predominant determinant of native protein structure. 
We have been interested in amino acid sequence information controlling the 
conformation and properties of the folding intermediates, as opposed to those residues 
and sequences which stabilize the native state. 

The production of structural subunits of virions in heterologous hosts has been 
a critical aspect in the development of subunit vaccines. Two model systems for 
investigating the folding of structural proteins of viruses in bacteria are the tailspike 
and coat proteins of phage P22. The thermostable tailspike endorhamnosidase of 
bacteriophage P22 has provided an experimental system for investigating intracellular 
folding intermediates and inclusion body formation (26 - 41). More recently, we have 
extended the methodology developed for the study of the tailspike to the major coat 
protein of P22, the product of gene 5 (42, 43, 44). 

Folding Pathways for the P22 Tailspike Endorhamnosidase 

Each tailspike is a trimer of the 666 amino acid chain encoded by gene 9 of P22. Six 
tailspikes assemble onto the phage capsid to form the cell recognition and attachment 
apparatus of the phage. The native protein is thermostable, with a T m of 88° C, and 
is resistant to SDS and proteases (29, 30). The newly synthesized chains fold and 
assemble in the host cytoplasm without undergoing any known covalent modifications. 
During the in vivo folding pathway (Figure 1), the chain passes through single chain 
and triple-chain defined folding intermediates that are sensitive to heat, SDS, and 
proteases (4, 31, 32). Both species can be trapped in the cold and detected by native 
gel electrophoresis (4, 32). The SDS-resistance of the native state allows 
unambiguous identification of the mature polypeptide chains in SDS gels and thus 
makes it possible to follow the intracellular state of newly synthesized tailspike chains 
as shown in Figure 2 (4, 27, 32). No intermediate in the tailspike pathway 
corresponds to a native monomer. Because interchain interactions are required for the 
native structure, the kinetic species are in different conformations from their own 
native state. 

Robert Seckler and coworkers have studied the refolding of urea-denatured 
tailspike chains by fluorescence and other direct measurements (34, 35). The folding 
pathway followed by chains refolding from the fully denatured state proceeds 
similarly to that in vivo, passing through single chain and triple chain partially folded 
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2. KING ET AL. Amino Acid Sequence Determinants of Chain Folding 27 

AGGREGATE = INCLUSION BODY 

EARLY FOLDING (i) PROTRIMER NATIVE 
INTERMEDIATE v ' TAILSPIKE 

Figure 1: The folding and association pathway of the P22 tailspike. After 
release from the ribosome, an early single chain folding intermediate [I] is 
formed, which further proceeds to a species competent for chain-chain 
association. These chains associate to form the protrimer, in which the chains are 
associated but not fully folded. The protrimer folds further to form the very 
thermostable and SDS resistant native tailspike. The critical folded intermediate 
is thermolabile even in the wild type folding pathway, melting to an [I*] species 
which proceeds to the aggregated inclusion body state at the higher temperature 
range of growth. The dark dot symbolizes a temperature sensitive folding 
mutation, which prevents the intermediates from proceeding through the 
productive pathway at higher temperatures (26). Adapted from (40). 
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28 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Figure 2: The time course of the in vivo folding and assembly of newly 
synthesized tailspike polypeptide chains into the SDS resistant native 
tailspike. Salmonella typhimurium cells were infected at permissive temperature 
with P22 phage defective in capsid assembly to allow accumulation of higher 
than normal amounts of soluble native tailspike protein. The culture was labeled 
60 min after infection with a two minute pulse of 1 4 C amino acids, and samples 
were taken at various times and frozen in the presence of SDS. The sample were 
thawed, promoting lysis, and the proteins were separated by electrophoresis 
through a SDS polyacrylamide gel. The gel was dried and applied to X-ray film. 
All the partially folded non-native species are denatured in SDS without heating 
and migrate as SDS polypeptide complexes. The native trimeric tailspike binds 
little detergent and, thus, migrates more slowly through the gel (2627,32). 
Adapted from (4). 
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2. KING ET AL. Amino Acid Sequence Determinants of Chain Folding 29 

intermediates (34, 35). Thus, the tailspike provides one of the very few systems 
where the in vivo pathway off the ribosome can be compared with the in vitro 
refolding pathway out of denaturant. 

At low temperature, (30° C) almost 100% of the newly synthesized folding 
intermediates form the native trimer. As the temperature of folding increases, the 
early partially folded intermediate partitions between the native pathway and an 
aggregation pathway leading to inclusion bodies (27, 57). At 39° C, about 20% of 
the newly synthesized polypeptide chains reach the mature form, while the remainder 
partitions to the inclusion body. The temperature dependence of this partitioning 
suggests that an early intermediate in the pathway is thermolabile and is being 
partially denatured within the cytoplasmic environment (Figure 1). The thermal 
denaturation of folding intermediates, which are generally much less stable than their 
own native states, is probably one of the major problems to which the inducible heat 
shock chaperones respond. 

If cells containing native tailspikes produced at permissive temperatures in vivo 
are shifted up to restrictive temperatures, the mature tailspikes stay SDS resistant (30). 
Thus once die native form is attained, its stability within the cell is not altered at 
higher temperatures. The aggregated state is not the product of the intracellular 
denaturation of the native protein, but rather the result of polymerization of a folding 
intermediate. If chains that have been synthesized at high temperatures are shifted 
to low temperature early enough, they can reenter the productive pathway (28, 57). 
However, once aggregated the chains cannot be recovered by lowering the 
temperature. These results indicate that aggregation is a conformational trap for 
folding intermediates that can be kinetically avoided. In the scheme below the step 
induced by higher temperature is modeled as the conversion from the productive 
intermediate I to the species I* which prefers the aggregation pathway. Temperature 
and chain conformation, rather than chain concentration, are critical in determining 
the pathway tanek by the nascent chain. 

[I*] --> aggregates 

Nascent chain --> [newly synthesized chain] <--> [I] <--> [Ipt] <--> pt ~>Trimer 

where pt refers to the protrimer. 

Temperature Sensitive Folding Mutations Identifying Critical Residues for 
Tailspike Folding 

Temperature sensitive folding (tsf) mutations alter the folding pathway without 
influencing the properties of the native form (26, 27). The tsf polypeptide chains 
reach the native state at permissive temperatures in vivo, but fail to reach it at high 
temperatures (28, 32). The native state of the mutant proteins, once formed at 
permissive temperature, has similar thermal stability and biological activity to the wild 
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30 PROTEIN FOLDING: IN VIVO AND IN VITRO 

type (24, 28, 29). Thus, the residues at the sites of these mutations make very little 
if any contribution to the stabilization or function of the native state. They behave 
as if they destabilize the already thermolabile single chain folding intermediate. They 
represent a class of residues within polypeptide chains, not crucial for the maintenance 
of the native form of the protein, but making a significant contribution to the stability 
and/or kinetic fates of folding intermediates. 

Since the native state of the tsf mutant polypeptide chains is fully stable at 
elevated temperatures, the failure of the chains to fold into that state at elevated 
temperatures must reflect a pathway that is kinetically rather than thermodynamically 
controlled (30). 

The mutations are located at more than 30 sites in the central region of the 
polypeptide chain, with the local sequences resembling those associated with surface 
beta turns (36, 37, 42). These sites apparently are kinetically important in directing 
turns and/or stabilizing a critical folding intermediate in the beta sheet fold at high 
temperature. The surface location of these sites explains the tolerance for the mutant 
substitutions in the native conformation, for example arginines for glycines (37). 
Thus, selection of tsf mutations detects surface sites that are kinetically important in 
chain folding. 

Temperature Sensitive Folding Mutants of the Major Coat Protein. 

The folding of another protein, the major coat protein of phage P22, can also be 
studied using a mutational approach. The major coat protein of P22 is a 47,000 D 
chain encoded by gene 5 of P22. About 420 coat molecules copolymerize with 
approximately 300 scaffolding molecules to form the procapsid of the phage (43). 
This packages the DNA and transforms to the mature capsid. Temperature sensitive 
mutations have been mapped to 17 sites in the chain (44). At low temperature these 
chains fold up and form the procapsid and mature capsid of infectious virons. At 
high temperature the chains fail to reach the folded monomer state as indicated by the 
lack of recognition by the scaffolding subunits (44). The chains accumulate in an 
inclusion body state presumably derived from a folding intermediate. 

Global Suppressors of Protein Folding Defects and Inclusion Body Formation 

Starting with temperature sensitive folding mutants of tailspike, a second set of 
mutants was selected, which alleviated the folding defects of the starting alleles (38). 
A group of these second site suppressor mutations mapped within the gene coding for 
the tailspike. Two nearby substitutions in the center of the polypeptide chains, 
Val331>Ala and Ala334>Val, were able to suppress diverse tsf and absolutely 
defective amino acid substitutions spanning over 200 residues in the primary sequence 
(39). Figure 3 shows the intracellular folding of wild type, tsf, and su/tsf polypeptide 
chains. Whereas native tailspikes were not detected in the tsf infected cells, a 
significant fraction of the chains matured to the native trimer in the double mutant 
infected cells. 

The strains containing the suppressor mutations by themselves were not 
defective in any of their physiological functions. The analysis of the purified 
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55 20 -

60 

Q. 

» -

B 40 

S$ 20 

su A334>V/ tsf G244>R 

wild type 

10 20 30 40 50 

Time After Label 

Figure 3: Kinetics of the intracellular folding and aggregation at 39°C of the 
tsfG244>R, suA334>V/tsfG244>R and wild type polypeptide chains. Infected 
cells were pulse labeled with 1 4 C amino acids at 39°C. Samples were taken at 
different times, concentrated, and lysed by freezing and thawing. Samples were 
centrifuged, and pellet and supernatant fractions were mixed with SDS sample 
buffer and separated by SDS-PAGE. The gel was dried and applied to X-ray film. 
The resulting tailspike bands were quantified with a microdensitometer. (f) 
Native tailspike, (o) Folding intermediates, (•) Aggregated species or Inclusion 
body. 

suppressor proteins, alone or in combination with a tsf mutation, showed that their 
thermal stability and activity were not altered with respect to wild type. The chains 
carrying only the global suppressor mutations (Figure 4) mature more efficiently than 
wild type at high temperatures, suggesting that they might be "super-folding" 
substitutions. However, examination of the kinetics of intracellular chain folding 
revealed that the suppressors substitutions did not change the rate of the intermediate 
to mature steps in chain folding. Rather they inhibited the loss of folding 
intermediates to the kinetically trapped inclusion body state (40). Of additional 
practical significance is the absence of effects on native function or stability of the 
suppressor substitutions 
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80 

Q. 

55 20 

I 40 

su A334>V 

- H 
su V331>A 

wild type 

a 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Time After Label 

Figure 4: Kinetics of intracellular folding and aggregation at 39°C of the su 
V331>A, su A334>V, and wild type polypeptide chains. The protocol was the 
same as in figure 4. (*) Native tailspike; (o) Folding intermediates; and (•) 
Aggregated species = Inclusion bodies 

The local sequence surrounding the suppressor region is as follows: 

Ser-Tyr-Gly-Ser-Val-Ser-Ser-Ala-Gln-Phe-Leu-Arg 
331 334 

It is difficult to imagine how a single amino acid substitution could alter the 
aggregation behavior of a 666 amino acid chain, if that process were "nonspecific". 
Site specific mutagenesis studies by Myeong-Hee Yu and coworkers (41) show that 
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2. KING ET AL. Amino Acid Sequence Determinants of Chain Folding 33 

the suppressor phenotype is very specific to the substitution with only Ala or Gly at 
site 331 and Val or He at 334 functioning as suppressors. The observations support 
models in which inclusion body formation is a rather specific off-pathway 
polymerization process involving domains of folding intermediates that would 
normally productively interact in the intradomain mode (Figure 1). 

Three general models seem possible: 1) the suppressors identify the site on the 
folding intermediate that initiates the association reaction, 2) the mutations stabilize 
the productive conformation of the folding intermediate(s) that the tsf mutations are 
destabilizing or, 3) the suppressors could create a site for chaperone recognition or 
binding that is absent from the wild type chain. 

Regardless of the mechanism this kind of suppressor sequences identifies an 
additional class of sequence information for the folding of polypeptide chains: 
sequences that ensure passage of the chain through the productive pathway, by 
preventing off-pathway traps. 

Mutational Suppression of Inclusion Body Formation in Eukaryotic Proteins 

Mutations that alter inclusion body formation have been described recently for a 
number of systems. Ronald Wetzel and colleagues have reported that subtle amino 
acid substitutions can either decrease or increase inclusion body formation for 
interferon and interleukin 1, without affecting biological activity (45). The authors 
have also developed screening methods that allow systematic mutational analysis. 
The same kind of mutations were found by Rinas et al. (46) on basic fibroblast 
growth factor. The existence of a global second site suppressor of temperature 
sensitive mutants has also been reported for the human receptor-like protein tyrosine 
phosphatase (47). This mutation reduced the amount of protein that was 
intracellularly accumulating in inclusion bodies. 

Suppression of Inclusion Body Formation by Overexpression of Chaperonins. 

LaRossa, Gatenby and Van Dyk reported that introduction of plasmids over-
expressing groE chaperonins suppressed temperature sensitive mutants in a variety of 
Salmonella genes, as well as P22 tailspike mutants (48). The effects reported for the 
tailspike tsf mutants were quite small. Further investigation of this suppression has 
led us to conclude that the tailspike tsf chains are not being rescued by overexpression 
of the groE chaperonin. During in vitro refolding the groE chaperonin binds to an 
early tailspike intermediate but does not suppress the folding defect (49). 

In contrast, the tsf mutations in gene 5 are efficiently rescued. As shown in 
Table 1, plating the gene 5 tsf mutants on strains overproducing the chaperonin brings 
the yield of phage almost back to wild type levels. Though the heat shock operon is 
induced at 39°C in Salmonella without the plasmid, we suspect that these normal 
chaperonin levels are inadequate to cope with the very high concentration of 
misfolded coat chains in the ts mutant infected cells. The chaperonin likely acts on 
the same intermediate affected by the coat protein tsf mutations (Figure 5). 

Much more work will be needed to identify the actual conformational features 
of intermediates that are critical in the choice to proceed down the productive 
pathway, or to switch to the aggregation pathway. These features are encoded in the 
amino acid sequence, and therefore subject to mutational modification. 
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Chapter 3 

Duplicated Segment of Clostridium thermocellum 
Cellulases 

K. Tokatlidis1,2, Sylvie Salamitou1, Tsuchiyoshi Fujino1,3, P. Béguin1, 
Prasad Dhurjati2, J. Millet1, and J.-P. Aubert1 

lUnité de Physiologie Cellulaire and URA 1300 Centre National 
de la Recherche Scientifique, Institut Pasteur, 25 rue du Dr. Roux, 

75724 Paris Cedex 15, France 
2Department of Chemical Engineering, University of Delaware, 

Newark, DE 19716 

All but one of the Clostridium thermocellum endoglucanases and 
xylanases sequenced to date contain a highly conserved, duplicated 
segment of 22 residues, which is generally located at the COOH 
terminus of the protein. In Escherichia coli clones overproducing 
endoglucanase CelD, this segment contributes to the formation of 
cytoplasmic inclusion bodies containing fully active enzyme. In C. 
thermocellum, the duplicated segment appears to anchor the various 
catalytic components to a large scaffolding component, leading to the 
formation of the high molecular weight complex, termed cellulosome, 
that is responsible for crystalline cellulose degradation. 

Clostridium thermocellum is a Gram-positive, spore-forming bacterium with an optimal 
growth temperature of about 60°C. The thermostable cellulase system produced by this 
bacterium has a very high specific activity towards cotton, a form of cellulose that is 
most recalcitrant to enzymatic hydrolysis due to its high degree of crystallinity (7). 

The cellulase system of C. thermocellum consists of an extracellular 
multienzyme complex of about 2-4 MDa (2, 3), termed cellulosome (4), which is 
composed of at least 14-18 different types of subunits, ranging from 40 to 250 kDa (2). 
Many of the components are endowed with endoglucanase or xylanase activity. A 
notable exception is the largest component, termed SI, a 210-250 kDa glycoprotein 
devoid of catalytic activity. 

A number of C. thermocellum genes involved in cellulose or hemicellulose 
hydrolysis have been cloned and expressed in Escherichia coli. These include fifteen 
distinct endoglucanase (eel), two xylanase (xyn), and two G-glucosidase (bgl) genes 
(5-7). Eight of the eel genes, one of the xyn genes, and the two bgl genes have been 
sequenced (reviewed in (#); (9-7 7), and unpublished data). The encoded 
endoglucanases and the xylanase contain catalytic domains that are representative of 
four of the seven broad cellulase and xylanase families defined by hydrophobic cluster 
analysis (72). Furthermore, most of them share a conserved region of about 65 
residues, usually located at the COOH end of the proteins. The region contains two 
homologous segments of 22 residues each linked together by 9-15 amino acids (Figure 
1). It is often, but not always, separated from the rest of the protein by a sequence rich 
in proline and hydroxy amino acids. The duplicated segment is not directly involved in 

3 O n leave from Nagoya Seiraku Company Ltd., Nagoya, Japan 

0097-6156/93/0526-0038$06.00/0 
© 1993 American Chemical Society 
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3. TOKATLIDIS ET AL. Duplicated Segment of C. thermocellum Celluloses 39 

CelA 416 G 
CelB 501 G 
CelD 584 G 
CelE 414 G 
CelF 669 G 
CelG 502 G 
CelH 831 G 
X y n Z 429 G 
O r f X G 

CelA 448 A 
CelB 533 A 
CelD 620 A 
CelE 450 A 
CelF 708 A 
CelG 535 A 
CelH 870 A 
X y n Z 463 A 
O r f X A 

DVNGDGNVNSTDLTMLKRYLLK 
DVNGDGRVNSSDVALLKRYLLG 
DVNDDGKVNSTDLTLLKRYVLK 
DVNGDGKINSTD CTMLKRYILR 
DVNFDGRINSTDYSRLKRYVTK 
DINSDGNVNSTDLGILKRIIVK 
DLNFDNAVNSTDLLMLKRYILK 
DLNGDGNINSSDLQALKRHLLG 
DVNLDGQVNSTDFSLLKRYILK 

DVNRDGAINSSDMTILKRYLIK 
DVNVS GTVNSTDL ATJMKRYVLR 
DVNRDGRVNSSDVTIL S R Y L I R 
DVNADLKINSTDLVLMKKYLLR 
DVDGNGRINSTDLYVLNRYILK 
DVNADGKVNSTD Y T V L K R Y L L R 
DLNRDNKVDSTDLTILKRYLLY 
DVNRS GKVDSTD Y S Y L K R Y I L R 
DMNNDGNINSTDISILKRILLR 

S V T N I N R E A 

L V E N I N K E A 

A V S T L P S S K A E K A 

G I E E F P S P S G I I A 

S L E F T D P E E H Q K F I A A 

N P P A S A N M D A 

S L E L G T S E H E E K F K K A 

I S P L G E A L L R 

W D I N S I N V T N 

S I P H L P Y - C O O H 

S I S E L P Y - C O O H 

V I E K L P I - C O O H 

S I D K F P A E D . . . 

L I E K F P A E Q - C O O H 

S I D K L P H T T - C O O H 

A I S E I P I - C O O H 

I I T E F P G . . . 

N - C O O H 

Figure 1. Alignment of the conserved, duplicated segment present in 
endoglucanases CelA, CelB, CelD, CelE, CelF, CelG, CelH, in xylanase XynZ, 
and in a putative cellulosome component encoded by an open reading frame (OrfX) 
located upstream of celE. The reiterated region is framed. Amino acids in boldface 
type are identical or have similar chemical properties. Numbers indicate, for each 
line, the position of the leftmost residue within the sequence of each protein. 
Similarity criteria are : V, L, I, M; R, K; D, E; N, Q; Y, F, W; S, T. (Reproduced 
with permission from Beguin, P., Millet, J. and Aubert, J.-P., FEMS Microbiol. 
Lett., in press. Copyright 1992 Elsevier Science Publishers B.V.) 
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40 PROTEIN FOLDING: IN VIVO AND IN VITRO 

the catalytic function of the cellulases, since several experiments have shown that 
truncated enzymes, encoded by genes deprived of the duplicated segment, retained their 
catalytic activity towards soluble substrates (13-15). Likewise, removal of the 
duplicated segment from the sequence of endoglucanase CelE did not affect the 
cellulose binding affinity of the enzyme (76). However, the duplicated segment is 
present in all cellulases and xylanases known to be part of the cellulosome (77-79). By 
contrast, endoglucanase CelC, the only enzyme known not to possess the duplicated 
segment does not belong to the cellulosome (E.A. Bayer and R. Lamed, personal 
communication). These observations hinted towards it having a role in the structural 
organization of the cellulosome. 

The first part of this chapter will review evidence that the duplicated segment is 
responsible for the formation of inclusion bodies containing active endoglucanase CelD 
when the corresponding gene, celD, is overexpressed in Escherichia coli. The second 
part will discuss the role of this segment in the structural organization of the 
cellulosome. 

Role of the Duplicated Segment in the Formation of Inclusion Bodies Containing Active 
Endoglucanase CelD 

Using recombinant DNA technology, high yields of many eukaryotic and prokaryotic 
proteins have been obtained in foreign hosts. However, it has often been observed, 
particularly in Escherichia coli, that recombinant gene products precipitate and form 
insoluble cytoplasmic inclusion bodies (20-24). Biochemical analysis snowed that they 
contain the recombinant protein as a major constituent. Inclusion bodies can readily be 
observed by phase contrast microscopy as highly refractile granules usually located at 
one extremity of the cell. Electron microscopy revealed them to be amorphous masses 
not surrounded by a membrane (20-27). However, recent data by Bowden et al. (28) 
indicate that p-lactamase forms two kinds of inclusion bodies, found in the periplasm 
and in the cytoplasm, respectively. Periplasmic inclusion bodies are amorphous, 
whereas cytoplasmic granules appear to be more regular. 

Cellular factors such as chaperonins can have an important role in controlling 
inclusion body formation. One recent report showed that overproduction of the 
molecular chaperonin DnaK reduces the partitioning of human growth hormone into 
inclusion bodies (29). The most plausible mechanism for the formation of inclusion 
bodies is that they are formed from intermediates of the protein folding pathway that 
operates in vivo (reviewed in (30), see also paper by J. King, this volume). 

Recovery of the protein in a soluble form usually requires treatment with a 
chaotropic agent, such as urea, followed by a renaturation/refolding step during which 
the chaotropic agent is removed (27, 24). In many cases, the recovery of native 
proteins from inclusion bodies has proved quite difficult, due to problems in the 
refolding of the polypeptides obtained after dissolution of the inclusion bodies. The 
case of CelD is an exception. By contrast with other proteins found in inclusion bodies, 
the enzyme can be extracted from the inclusion body fraction in the presence of 5 M 
urea, and after dialysis of the urea extract, it is easily purified in a highly active form. 
Furthermore, the protein crystallizes readily, which suggests that it has a homogeneous 
and presumably native conformation (27). Therefore, it was of interest to investigate 
the basis of such a behaviour. 

Activity of Insoluble CelD within Inclusion Bodies. Two explanations could account 
for the high activity of CelD purified from inclusion bodies. Either the enzyme was very 
efficiently renatured after dissolving the inclusion bodies in 5 M urea, or the enzyme 
was not denatured in its insoluble form nor during the urea treatment. To differentiate 
between these two hypotheses, the specific activity of the protein inside of the inclusion 
bodies was assayed directly using the small, diffusible substrate p-nirrophenyl-P-D-
cellobioside (p-NPC). The specific activity was calculated after estimating the amount 
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3. TOKATLIDIS ET AL. Duplicated Segment of C. thermocellum Cellulases 41 

of antigenic CelD present in the inclusion body fraction by Western blotting using an 
anti-CelD rabbit polyclonal antiserum. The measured specific activity, 1.4 +/- 0.25 
U/mg, was very close to that of purified CelD (1.6 +/- 0.4 U/mg) (31). Furthermore, 
although inclusion bodies are soluble in 5 M urea, the activity of purified CelD at room 
temperature was not affected by urea concentrations ranging up to 8 M. Studies based 
on intrinsic fluorescence emission spectra and far-ultraviolet circular dichroism 
confirmed the absence of detectable structural changes (32). Thus, the high specific 
activity of the enzyme purified from inclusion bodies is probably due to the fact that it 
does not acheive a denatured form at any stage. 

Role of the Duplicated Segment in the Formation of Inclusion Bodies by CelD. As 
stated above, measurements of activity show that inclusion body formation does not 
entail the denaturation of the catalytic core of the enzyme, which comprises about 90 % 
of the polypeptide chain. However, this does not rule out that small surface 
perturbations not affecting activity, such as changes in the conformation of the 
duplicated segment, might enhance the probability of aggregation. Thus, we 
investigated whether the duplicated segment might be a candidate for mediating 
intermolecular interactions leading to the precipitation of CelD (31). 

Earlier evidence had suggested that inclusion bodies were formed for CelD and 
XynZ only in E. coli clones harboring plasmids with the corresponding genes carrying 
the duplicated segment. Polypeptide products encoded by truncated genes devoid of the 
duplicated segment did not form inclusion bodies (75 and unpublished data). 

As shown by Western blotting, CelD was present in inclusion bodies almost 
exclusively as a 68 kDa polypeptide. Truncation of the 68 kDa species occurred during 
the dialysis step performed after solubilizing the enzyme in urea, yielding a form of 65 
kDa, which is lacking part of the duplicated segment (75). The 68 kDa form was absent 
from the soluble cytoplasmic fraction, which consisted entirely of the 65 kDa form, 
and some lower M r degradation products. 

The 68 kDa species contains the intact form of the duplicated segment, since it 
cross-reacted in Western blotting experiments with an antiserum directed against 
endoglucanase CelA, whose only sequence similarity with CelD lies in the duplicated 
segment carried by both enzymes. By contrast, anti-CelA antiserum did not react with 
the 65 kDa CelD species, nor with a 63 kDa species derived from a clone from which 
the whole sequence encoding the duplicated segment was deleted (31). 

All these results support the hypothesis that the duplicated segment is essential for 
the interactions leading to inclusion body formation by CelD. 

Role of the Duplicated Segment in the Structural Organization of the Cellulosome 

Purification of Intact CelD from Inclusion Bodies. In order to define the properties 
conferred on CelD by the duplicated segment, it was essential to obtain the intact form 
of the enzyme. The technique recommended by Babbit and coworkers for the 
purification of Torpedo californica creatine kinase and bovine pancreatic trypsin 
inhibitor (33) proved most efficient to prevent proteolysis of the 68 kDa form during the 
extraction procedure. The 68 kDa form could be obtained at at least 95 % purity 
(unpublished data) by washing inclusion bodies at least twice in 0.15 M NaCl, 
followed by incubation for 16 h at 37 °C with agitation in the presence of 0.1 M Tris-
HC1 buffer, pH 7.7, containing 2.5 % n-octyl-glucoside. Presumably n-octyl 
glucoside solubilizes membranes cosedimenting with inclusion bodies and eliminates a 
membrane-bound protease that is dissoved in urea and refolded during the dialysis step. 
The rest of the purification was carried out as described (27). The preparation obtained 
had a specific activity similar to those of the 65 and 63 kDa forms of CelD purified 
previously (75, 27). 
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42 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Presence of the Duplicated Segment in Several Cellulosome Components. The 
hypothesis that the duplicated segment plays a role in the organization of the 
cellulosome implies that it should be specific for cellulosomal components and 
detectable in many of these. We looked by Western blotting for the presence in 
cellulosomal components of epitopes cross-reacting with the duplicated segment of 
CelD (34). 

Polyclonal rabbit antibodies against the 68 kDa form of CelD were obtained and 
preadsorbed against an excess of the 63 kDa species in order to block the recognition of 
epitopes located on the core enzyme. These antibodies, which still reacted with the 68 
kDa species, revealed in the culture supernatant of C. thermocellum a set of 6-8 bands 
ranging in M r between 50,000 and 100,000. All polypeptides recognized were 
adsorbed on a cellulose affinity column and were associated with high molecular weight 
complexes larger than 1 MDa, indicating that they corresponded to cellulosomal 
components. 

Binding of CelD and XynZ Carrying the Duplicated Segment to the Largest Component 
of the Cellulosome. Another set of Western blotting experiments was performed in 
order to determine whether the duplicated segment conferred on cellulosomal proteins 
the capacity to bind to other cellulosomal components (34). 125I-labelled forms CelD 
and XynZ carrying the duplicated segment were used as probes against cellulosomal 
proteins separated by SDS-PAGE and transferred onto nitrocellulose. In both cases, the 
same set of cellulosome-specific polypeptides ranging between 95 and 250 kDa was 
revealed. The most prominent band corresponded to the large, non-catalytic subunit SI. 
Control experiments performed under the same conditions with forms of CelD and 
XynZ devoid of the duplicated segment failed to reveal any band, even after 5-fold 
longer exposure of the blots. These results suggest that the duplicated segment serves to 
anchor the various cellulases and xylanases of the cellulosome to SI, which would act 
as a scaffolding component of the complex. 

Discussion and Perspectives 

The duplicated segment behaves as an independent domain that is distinct, in structure 
and function, from the catalytic core of cellulolytic or xylanolytic enzymes. It mediates 
binding to S1 of two proteins, CelD and XynZ, which are totally different in sequence, 
and most likely in tertiary structure. Its presence or absence does not seem to influence 
the catalytic properties of the enzymes tested to date. In addition, the part of the 
duplicated segment remaining in the 65 kDa form that was crystallized is not ordered in 
the crystal lattice as is the rest of the polypeptide (35). 

The recognition of SI by 125I-labelled CelD and XynZ suggested that SI might 
contain several complementary "receptors", to which the duplicated segment would 
bind. Cloning and sequencing of a fragment encoding part of the SI protein showed 
that the SI polypeptide does indeed contain at least three segments of about 165 
residues each having sequences very similar to each other (Figure 2). These segments 
are responsible for binding to the duplicated segment of CelD (36). The cloning and 
sequencing of the entire SI gene indicates that SI contains six further receptor segments 
located upstream from the three segments described in (36) (A.L. Demain, personal 
communication). 

Enhancement of inclusion body formation, as observed for CelD, is probably due 
to less specific intermolecular interactions, and may be correlated with increased 
hydrophobicity. In the case of CelD, ammonium sulphate precipitation of the 68 kDa 
form of the protein occurs at a lower concentration than for the truncated 65 kDa form 
(Figure 3). A decrease in the ammonium sulphate concentration required for 
precipitation was also observed for the intact form as compared to the truncated form of 
the Clostridium cellulolyticum endoglucanase CelCCA, which carries a duplicated 
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3. TOKATLIDIS ET AL. Duplicated Segment of C. thermocellum Cellulases 43 

1' DLDAVRIKTOTTO^ 
166 f 

332 f N K L T L k ^ 

58' ^xzw&m^ 
223' i ii\ro£i*PD^ 
387' LITOPNP^ 

115' LSWlGFVH^ 
280' L s v i i d r v ^ 
444 ' FSAIEISEFGAFADNDLyE 

Figure 2. Alignment of the three COOH-terminal segments of SI. Amino acids that 
are identical or have similar chemical properties are shown on a stippled 
background. Numbers indicate, for each line, the position of the leftmost residue 
relative to the beginning of the fragment whose sequence was determined in ref. 
(36). 

Figure 3. Ammonium sulphate precipitation curves of the 68 and 65 kDa forms of 
endoglucanase CelD. The proteins were incubated overnight at 4 °C in solutions 
prepared from saturated ammonium sulphate and an appropriate volume of 50 mM 
Tris-HCl buffer, pH 7.7. Precipitated material was pelleted for 15 min at 13,000 
gmax » resuspended in water and assayed for protein using the Coomassie Blue 
binding assay (45). Values are expressed as percentage of the maximal amount 
precipitated. 
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44 PROTEIN FOLDING: IN VIVO AND IN VITRO 

segment similar to that found in C. thermocellum enzymes (37). Thus, the duplicated 
segment seems to render such proteins more hydrophobic, and so more sensitive to 
salting-out. 

Other polypeptides have been reported to induce the formation of insoluble 
inclusion bodies when fused to otherwise soluble proteins. As observed for CelD, the 
protein in the inclusion bodies thus obtained is less susceptible to proteolysis. Among 
the polypeptides that lead to aggregation are the Rop protein (38), the TrpLE protein 
(39, 40), the C-terminal part of diphtheria toxin (41, 42) and prochymosin (43, 44). 
TrpLE fusion proteins are now commonly used for the production of antigenic material. 
However, none of these systems has been reported to produce inclusion bodies 
containing enzymatically active protein. 

A variety of questions remain concerning the duplicated segment. First, 
determining the structural basis of the interaction with SI is clearly required to 
understand the organization of the cellulosome. We are currently trying to crystallize the 
68 kDa form of CelD, since the structural information already available on the core 
enzyme (35) should greatly facilitate the interpretation of x-ray diffraction data. Second, 
although the duplicated segments carried by the catalytic components are quite similar, 
they are not identical, and the same is true of the corresponding receptors on SI. Does 
this reflect recognition specificity (i.e. does each of the receptors on SI bind a defined 
catalytic component preferentially), or do these components attach to SI in a more or 
less random order ? Third, if the duplicated segment is grafted onto other, non-
cellulosomal proteins, will these proteins be endowed with SI binding and inclusion 
body formation properties ? This question is currently being investigated using CelC, a 
non-cellulosomal endoglucanase that does not form inclusion bodies in E. coli, as a test 
protein. 
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Chapter 4 

Probing the Role of Protein Folding 
in Inclusion Body Formation 

Boris A. Chrunyk1, Judy Evans, and Ronald Wetzel 

Macromolecular Sciences Department, SmithKline Beecham 
Pharmaceuticals, 709 Swedeland Road, King of Prussia, PA 19406 

Point mutations in recombinant human interleukin-1β (IL-1β) have been 
identified which exhibit dramatic changes in the level of inclusion bodies 
(IBs) in E. coli producing this protein. In both wild type and mutants, a 
smaller percentage of IL-1β is deposited into IBs when cells are grown 
at 32° C rather than 42° C. Some of the mutant proteins have been 
purified and examined for their stabilities and folding kinetics by 
monitoring the fluorescence of the lone tryptophan. In addition, 
aggregation associated with thermal treatment of the native protein, and 
with the refolding of the protein from the denatured state, was 
monitored. Several lines of evidence suggest that at least one sequence 
variant, Lys97->Val (K97V), may form IBs due to an alteration in the 
properties of a folding intermediate. Implications of the structural 
locations of this and other IB mutants will be discussed. 

The expression of heterologous proteins in bacterial hosts sometimes leads to the 
deposition of the product of interest into amorphous refractile particles known as 
inclusion bodies (IBs) (7,2). This often poses technical problems in protein recovery, 
since (a) denaturing conditions are often required for solubilization of IBs, and (b) once 
solubilized in denaturant, refolding conditions must be identified to allow recovery of 
active protein. At the same time, in those cases where refolding conditions can be 
established, inclusion body formation may actually prove advantageous. For instance, 
inclusion body formation can protect the protein from proteolytic digestion during 
expression. In addition, since in many cases the isolated inclusion body is highly 
enriched in the overexpressing protein, separation of IBs from soluble cellular contents 
can serve as an initial purification step. 

It would thus be useful to be able to control inclusion body formation, and 
acquiring an understanding of the mechanism(s) of IB formation would seem a valuable 
approach to this goal. Several external factors have been suggested to influence 
inclusion body deposition in bacterial cells (2). To date, however, the only external 
factor proven to influence the balance between soluble or insoluble expression in a 
variety of systems is temperature (5,4). Characteristics of the overexpressed protein 
itself undoubtedly contribute significantly to their deposition into inclusion bodies. For 

1Current address: Central Research Division, Pfizer, Inc., Groton, C T 06340 

0097-6156/93/0526-0046$06.00/0 
© 1993 American Chemical Society 
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4. CHRUNYK ET AL. Protein Folding in Inclusion Body Formation 47 

example, most proteins are only marginally stable at 25°C (5) and eventually undergo 
cooperative unfolding at some higher temperature (Tm). The unfolded state that is 
populated at equilibrium at temperatures above this T m would be expected to be prone 
to aggregation due to the exposure of normally buried hydrophobic residues (6). 
Similarly, proteins which require disulfide bonds to achieve net folding stability may 
populate at equilibrium aggregation prone unfolded states under the reducing conditions 
of the cytoplasm. Alternatively, aggregation of transiently populated folding 
intermediates may be responsible for some IBs, for example if the intermediates are 
poorly soluble and/or build up to relatively high concentrations as controlled by folding 
kinetics. 

How might sequence determine the fate of a freshly synthesized polypeptide 
chain? Since many proteins can achieve their native folds in vitro without requiring 
accessory factors (7), the code for folding, in many cases, is determined by the amino 
acid sequence alone. Alterations in the sequence by as little as a single point mutation 
are known to produce dramatic effects on die thermodynamic stability of a protein, the 
kinetics of folding, or both (8), thus leading to the kinds of species discussed above as 
potential sources of aggregate formation. In discussing the origins and consequences 
of off pathway reactions it is useful to invoke a generalized folding scheme such as that 
shown in Figure 1. Here, P represents proteolytic digestion and Agg represents 
aggregate formation. In this scheme, there exists a potential for aggregate formation or 
proteolysis at any stage in the folding of the polypeptide chain. Mutations can alter the 
stability of the native protein or generate a proteolytic site, both of which can lead to 
decreased levels of soluble product. As suggested for P22 tailspike protein, mutations 
can also alter IB levels via effects on a folding intermediate (9,10). 

In their investigation of mutations in the trimeric Salmonella phage P22 tail spike 
protein, King and coworkers (9, 10) isolated temperature sensitive folding (tsf) 
mutations. At permissive temperatures (<39WC), WT and the mutant tail spike proteins 
both folded and assembled properly in vivo, while at higher temperatures the tsf 
mutants were driven into inclusion bodies. In vitro characterization of the WT and 
mutant proteins showed that all had similar T m values, some 40° higher than the non-
permissive temperature at which IBs were formed in vivo(ll). This result suggested 
that folding or assembly, and not stability, of the to/" mutant proteins plays the major 
role in inclusion body formation. Specifically, a temperature sensitive folding 
intermediate was implicated (9,10). 

In order to further examine the roles of protein folding and stability in the 
formation of inclusion bodies, we have initiated studies with recombinant human 
interleukin lp (hIL-ip). Interleukin lp is a small (17kD) monomelic protein, whose 
X-ray (72) and solution NMR (75,14) structures are known. This allows for a more 
structural approach to analysis of mutagenic effects on inclusion body formation than is 
currently possible with the trimeric P22 tailspike protein. Additionally, previous work 
of Craig et al. (75) has established conditions for reversible in vitro folding of IL-lp. 
We review here the results of in vivo/in vitro comparisons of a collection of mutant 
IL-lp proteins which exhibit differing extents of inclusion body formation when 
synthesized in transformed E. coli (16-19). 

Inclusion Body Screening 

We obtained a collection of about 70 point mutants in IL-lp from Dr. Peter Young and 
his co-workers; these sequence variants were previously prepared by site-directed 
mutagenesis to explore structure/function relationships in the biological activity of this 
protein (20,21). These mutant BL-lp proteins were screened for their tendencies to be 
deposited into inclusion bodies during growth of E. coli. Since inclusion bodies are 
dense aggregates, centrifugation of cell lysates results in a separation of soluble protein 
from the cell debris and IBs. The total expression and fraction of protein in the soluble 
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48 PROTEIN FOLDING: IN VIVO AND IN VITRO 

or insoluble phases were determined by laser densitometry of SDS-PAGE gels. The 
results for several of the mutant proteins are shown in Table I (18). Also shown are 
T a g g and AAG U values, to be discussed below, for each mutant. The T a g g value is the 
temperature for the onset of protein aggregation , as observed under defined buffer and 
heating conditions and as monitored by scattering of fluorescence (18). The AAG U 

value is the difference in free energy of unfolding between a mutant protein and the 
wild type, in kcal/mole, where the free energies are determined by equilibrium 
unfolding measurements (18). 

It is immediately evident that there is considerable variability in both expression 
and in inclusion body percentage for the mutant proteins compared to wild type. 
Mutations are observed to alter expression level, IB content, or both. Thus, mutational 
effects in IL-lp are consistent with the general scheme invoked in Figure 1, and with 
mutational effects on IB formation observed in bacterial expression of P22 tailspike 
protein (9,10) and several other proteins (3,4). 

In Vivo Temperature Effects 

As discussed above, growth temperature can be a factor in inclusion body formation. 
To determine whether growth temperature is a factor in deposition of IL-lp into 
inclusion bodies, the plasmids carrying the WT, L10T, and K97V genes were 
transformed into E. coli strain AR120. In this strain, the P L promoter can be induced 
by nalidixic acid (22). Overnight cultures of the AR120 strains containing the 
respective plasmids were used to inoculate fresh Luria Broth. The strains were grown 
to an Ajsoo of ~ 1 at which time protein synthesis was induced by addition of 40 ug/ml 
nalidixic acid and grown for 5 hours. The cells were lysed and the soluble and 
insoluble fractions separated. SDS-PAGE analysis was followed by Western blotting. 
The results of densitometry scans of the Western blot are shown in Table II. 

Table II shows that, as observed for IB formation by some other proteins (3,4), 
reducing the temperature from 42°C to 32°C causes a reduction in the percentage of 
protein found in the insoluble fraction for each of the three sequence variants tested. At 
32WC, almost none of the WT protein is found in the insoluble fraction, while the two 

Table I. Mutational Effects on IB Formation in IL-ip a 

Mutation Expressionb % IL-lp in IBs T f l g £ *C AAG..C 

WT 
T9A 
T9E 
T9L 
T9Q 
T9W 
L10T 
LION 
K97R 
K97G 
K97V 

100 
111 
33 
47 
66 
37 
79 
49 
117 
96 
109 

8 
8 
47 
6 
24 
4 
83 
59 
1 
24 
61 

58.4 
58.4 
nd 
55.4 
52.3 
nd 
nd 
nd 
56.8 
54.2 
53.0 

-0.4±0.2 
nd 
-0.4+0.1 
-1.9±0.4 
nd 
nd 
nd 
-0.1±0.1 
-1.1+0.2 
+0.7±0.2 

a Heat induction at 42°C of the X P L promoter in E. coli strain AR58. bTotal expression 
relative to WT. cKcal/mole, errors represent 95% confidence limits. Adapted from 
reference 18. 
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4. C H R U N Y K E T A L . Protein Folding in Inclusion Body Formation 49 

mutant proteins show IB formation that is still quite significant, but which is 
nonetheless reduced from 42° C levels. These results are important for two reasons. 
They show that IB formation by IL-lp exhibits the temperature-dependence found in 
many other IB systems (3, 4), including the P22 tailspike protein prototype (23). 
Second, in vitro models for IB formation can eventually be tested for their relevance to 
the in vivo process by their temperature dependence. 

Thermodynamic Stability and Inclusion Bodies 

In order to determine the importance of protein stability to inclusion body deposition, 
the guanidine hydrochloride (Gdn-HCl) induced unfolding of the IL-lp proteins was 
initiated using die fluorescence of the lone tryptophan at position 120 as a probe of 
structure. The fluorescence monitored denaturation of the IL-lp proteins showed 
unusual behavior (Figure 2) in that upon increasing denaturant up to approximately 
1 M Gdn-HCl, the fluorescence intensity at the emission maximum of 343 nm 
increases. Above 1 M Gdn-HCL, the fluorescence decreases, consistent with solution 
quenching of tryptophan fluorescence upon unfolding of the protein. (In previous 
folding studies on wild type IL-lp, Craig and coworkers observed an initial burst of 
fluorescence in kinetic unfolding experiments (75). They attributed this burst to the 
disruption, during unfolding, of an interaction between tryptophan and another group 
on the protein which quenches the tryptophan fluorescence in the native state.) In order 
to derive thermodynamic parameters from denaturant induced unfolding curves a model 
is required, but the observed biphasic behavior in the equilibrium unfolding curve 
makes it difficult a priori to justify a simple two state approximation. However, an 
analysis of the equilibrium data showed that there may actually be two processes 
occurring in the initial increases in denaturant. Figure 2 shows there is an immediate 
large jump in fluorescence intensity from 0 to 0.3 M Gdn-HCl, followed by a more 
gradual increase in fluorescence with increasing denaturant up to 1 M Gdn-HCl. It is 
sometimes possible to separate two such phenomena to enable establishment of native 
baselines for fitting to a two-state model of unfolding (24); we used such techniques to 
improve the fit of the equilibrium curves obtained for IL-lp sequence variants (18). 

Although the behavior of the fluorescence can be handled mathematically, the 
physical interpretation of the effects is not immediately obvious. Since ionic strength, 
pH, and denaturants are all observed to produce an increase in fluorescence (75), and 
since no obvious quenching group could be identified in the X-ray crystal structure, 
alternatives to the rationale by Craig et al. were considered. Tryptophan 120 is only 
60% buried in the native structure (75) and lies in a small pocket near the surface of the 
protein. There appears to be a salt bridge between lysine 138 and glutamate 111 in the 
crystal structure, which has also been confirmed by solution NMR studies (74), and 
this salt bridge appears to be involved in stabilizing one end of the tryptophan pocket. 
Release of this salt bridge could result in a conformational change in the region of 
W120, which might further bury the tryptophan and thus increase its fluorescence. Our 

Table II. In Vivo IB Formation as a Function of Induction Temperature3 

Induction Temp. WTIB% L10TIB% K97VIB% 

32 *C 6.4 41.0 17.0 
42 *C 18.0 73.0 47.0 

densitometry of Western blot as described in text. These values express the 
percentage of total IL-lp produced which is found in the insoluble fraction, and are thus 
analogous to the second column of Table I. Data from reference 18. 
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50 PROTEIN FOLDING: IN VIVO AND IN VITRO 

P P P P 

u -N 

Agg Agg Agg Agg 

Figure 1. General scheme for protein folding, aggregation, and proteolysis in the 
cell. Adapted from reference 3. 
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Figure 2. Relative fluorescence of the lone tryptophan in IL-lp WT as a function of 
guanidine hydrochloride concentration at 25°C, pH 6.5. Inset shows the data fit to 
a two state model of unfolding as described in the text. Adapted from reference 18. 
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4. CHRUNYK ET AL. Protein Folding in Inclusion Body Formation 51 

proposed model for the fluorescence changes observed in this protein is that the initial 
increase in fluorescence up to 0.3 M Gdn-HCl is due to release of the salt bridge by 
virtue of an increase in the ionic strength of the solution, and that the subsequent 
increase in fluorescence results from gradual readjustments in the tryptophan pocket as 
denaturant strength continues to increase. 

With a model in place, the unfolding of a set of IL-lp mutant proteins was 
initiated. These proteins were chosen to encompass a range of IB contents but at the 
same time exhibit sufficient expression of IL-lp in the soluble fraction that material for 
folding studies could be isolated from lysis supernatants. The fluorescence data was 
converted to a fraction of unfolded protein, F a p n, and fit to a two state model (24) 
utilizing linear free energy relationships (25). No evidence for equilibrium stable 
intermediates was observed in this study (18) or in previous studies of the denaturation 
of WT IL-lp (75). Non-linear least squares fitting of these curves to a two state model 
of unfolding results in the thermodynamic parameters shown in Table I (18). A 
comparison of the free energy of unfolding, calculated at the WT midpoint (26), with 
IB formation in vivo is shown in Figure 3. Since these mutations were chosen for 
further study based on their overall expression of soluble protein, several of the 
proteins are clustered near the WT value. Surprisingly and significantly, K97V, which 
is predominantly deposited into inclusion bodies in vivo, was found to be more stable 
than WT by almost 1 kcal/mol. For the remainder of the proteins there is a fair trend 
between IB formation and stability. Since many members of this limited set of mutant 
proteins are similar in stability to the WT, however, this trend is not strong and cannot 
be viewed as a significant correlation. In addition, the result with the K97V variant is 
difficult to justify with a model for IB formation depending solely on thermodynamic 
stability effects. 

In Vitro Thermal Studies 

Western analysis of SDS-PAGE on cell lysates grown at lower temperature (Table II) 
suggested that temperature is a factor in IB formation. Since stability against reversible 
unfolding, described above, did not strongly correlate with IB formation, we turned 
our attention to studies of stability against irreversible thermal denaturation. Previous 
calorimetric studies with the WT protein and some mutants showed that IL-lp does not 
melt reversibly but aggregates upon thermal denaturation (C. Brouilette, personal 
communication) and we have confirmed these results. The aggregates are not a result 
of interchain disulfide linkages, since gel analysis shows the absence of disulfide linked 
oligomers in the aggregates (BAC & RW, unpublished observations). In fact, strongly 
reducing conditions were implemented in all experiments to eliminate this as a 
possibility. 

Since thermal denaturation of proteins is often associated with unfolding (6,27), 
estimates of T m s can be obtained in these cases by monitoring light scattering, an 
indicator of aggregation and precipitation, as a function of temperature (5, 6, 27). 
Figure 4 shows the heating curves of the WT and mutant IL-lp proteins as monitored 
by scattering of fluorescence. The estimated temperatures for the onset of aggregation, 
Tagg, listed in Table I, are obtained by extrapolation of the linear portion of the curve of 
fluorescence with respect to temperature to zero relative fluorescence (18). The value 
for WT based on this analysis is 58.4°C, very close to the 62°C determined 
calorimetrically (C. Brouilette, personal communication). In fact, we would expect the 
Tagg, which is a measure of the temperature of onset of aggregation, to be lower than 
the calorimetric T m , which is defined as the temperature of maximal heat absorption. 
Of the seven proteins surveyed, three showed significantly reduced Tagg values. 
Interestingly, two of these proteins, K97G and K97V, also show increasea inclusion 
body formation. A comparison of the T a g g and the amount of protein expressed in 
inclusion bodies is shown in Figure 5. 
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52 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Figure 3. Comparison of the free energy of unfolding relative to WT, calculated at 
the WT midpoint, to IB formation in vivo using values from Table I. Adapted 
from reference 18. 

60000 

Temperature °C 

Figure 4. Thermal aggregation curves of WT and mutant proteins in 10 mM MES, 
2 mM EDTA, 10 mM DTT, pH 6.5. Key: WT, • ; K97R, - o - ; K97G, ; 
K97V, - A - ; T9L, --0--; T9A, --[]--; T9Q, - A - . 
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4. CHRUNYK ET AL. Protein Folding in Inclusion Body Formation 53 

The value of the Tagg determination is two fold- (a) it measures a property, 
aggregation, which resembles the in vivo property of IB formation, and (b) it measures 
this as a response to temperature (as opposed, for example, to Gdn-HCl concentration), 
and can thus be directly related to the in vivo response. In the limited set of variants 
studied, Figure 5 shows there is a trend of increased IB formation with decreased 
thermal stability. However, Figure 5 also shows that the in vitro aggregation observed 
starting from die native state is. not directly relevant to the in vivo process, since 
aggregation in vitro requires temperatures over 20°C higher than the lowest growth 
temperature found to support IB formation in vivo by the same sequence variants 
(Table II). These results are thus qualitatively similar to those obtained in studies of 
temperature sensitive folding (tsf) mutations in the P22 tailspike protein, where T m 

values near 90° C were obtained (28) for wild type and tsf mutants which form IBs in 
the 40° C range (23). This temperature difference has been the primary evidence for 
suggestions that tsf mutations influence folding intermediates in the P22 tailspike 
system (9,10). 

Kinetic Studies 

Since the experiments described above failed to demonstrate a strong correlation 
between either thermodynamic or thermal stability and IB formation, we turned our 
attention to folding kinetics. Previous work of Craig and coworkers established 
reversible folding conditions for the WT IL-lp at 25' C, and we utilized modifications 
of these conditions to evaluate the refolding/unfolding properties of the WT and mutant 
proteins, using tryptophan fluorescence as a probe (19). Refolding is characterized by 
a very fast increase in fluorescence, which is complete in the dead time of manual 
mixing, followed by a slow phase ranging from ~5000 seconds at the midpoint to 50 
seconds at 0.2 M Gdn-HCl. A comparison of the WT and two mutant proteins is 
shown in Figure 6. Although in some of the mutant proteins the unfolding rate was 
affected, the refolding rates were largely unaffected. The simplest explanation of these 
results is that differences among the sequence variants in inclusion body formation do 
not depend on differences in kinetic lifetimes of folding intermediates. 

These results do not preclude a role for kinetic intermediates, however. For 
instance, important differences among the mutants may occur during fast kinetic 
phase(s) inaccessible to manual mixing techniques. Our observation of a rapid change 
in fluorescence upon refolding suggests the existence of faster phases, whose further 
characterization will require fast kinetic techniques. An alternative explanation for the 
failure to observe differences in folding intermediates is that the tryptophan probe may 
not be sensitive to the folding event associated with aggregation. In fact, recent studies 
using covalently attached fluorescent probes (29) suggest that there do exist phases in 
the unfolding kinetics of IL-lp distinct from those we observed in tryptophan 
monitored studies. Finally, mutational effects may be more related to changes in the 
aggregation tendencies of folding intermediates than in their kinetic lifetimes. Although 
such details are not yet elucidated, recent experiments have added further support for 
the role of folding intermediates in these mutational effects (see below). 

Discussion 

It is interesting to consider both the position and the substituting residue when 
analyzing the structural aspects of inclusion body formation and in vivo proteolysis. 
Figure 7 shows the three dimensional structure of IL-lp (72). Strand 1, which contains 
both position 9 and 10, is part of the core 6 stranded p-barrel. Position 9 is partially 
buried with its side chain pointing toward solvent. Position 10 is completely buried 
with the side chain pointing into the center of the barrel. Mutations in the barrel strands 
might be expected to perturb the stability of the protein since packing inside the barrel 
may be critical. In fact, replacement of the wild type Leu at position 10 with 
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Figure 5. Comparison of the temperature for onset of aggregation, T a g g , to IB 
formation in vivo using values from Table I. Adapted from reference 18. 

10000 

E 
H 
c 

x 
.2 

1000 

100 

10 

CP o 
A 

o 
6 A 

o 0 • 

! « ° 

. i . . . . i b i n 1 • • • • i . . . . i . . . . 1 i • i i 1 i i i i 1 i i i i 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 

[Gdn-HCl], M 

Figure 6. Reversible folding kinetics of WT (o), T9A (•), and K97V (A) sequence 
variants as a function of the concentration of guanidine hydrochloride at 25° C, pH 
6.5. Adapted from reference 19. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

00
4



4. C H R U N Y K E T A L . Protein Folding in Inclusion Body Formation 55 

LYS 97 

Figure 7. Model of the three-dimensional structure of IL-lp showing the main 
chain and the N- and C- termini. The side chains of the residues at positions 9,10 
and 97 are shown in mottled lines. Adapted from reference 18. 
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56 PROTEIN FOLDING: IN VIVO AND IN VITRO 

hydrophilic residues results in either low expression (18) or high inclusion body 
content (Table I). Although the position 9 side chain is pointing toward solvent, 
residue replacements which increase hydrophobicity are tolerated with respect to IB 
formation, while hydrophilic side chains increase IB formation. For example, the T9L 
mutation produces essentially no effect on IB formation, yet (1) it is slightly 
destabilizing, both in terms of AAGU and Tagg (Table I), and (2) the surface exposure of 
additional hydrophobicity would be expected to decrease solubility of the native state. 
It is thus possible that hydrophobic character at this site is especially important in 
stabilizing or maintaining the solubility of a folding intermediate. 

Position 97 is located in a long surface exposed loop between strand 7 and core 
strand 8 (30). Surprisingly, replacements at this position result in significant alterations 
in thermodynamic stability. One might expect that replacements in a mobile loop region 
would have litde or no effect on stability. However, a replacement of a loop residue in 
the a subunit of tryptophan synthase from Salmonella typhimurium was shown to 
result in a stabilization of an equilibrium intermediate (37). A closer examination of the 
loop region in IL-lp indicates the presence of a small hydrophobic cluster which 
reduces the overall mobility of the loop as evidenced by the crystallographic 
temperature factors (30). This cluster may be critical for the folding and stability of the 
protein. Conservative replacement of the wild type Lys with Arg results in little 
change, either in stability or IB%. However, removal of die side chain by replacement 
with Gly results in a strong decrease in stability and increased percentage of IBs over 
the WT value. Perhaps the removal of the side chain at this position re-orients the 
cluster and alters the packing forces stabilizing it. The X-ray crystal structure shows 
that the methylene groups of Lys97 appear to pack on the surface of the protein. 
Replacement with Gly would remove these packing interactions, as well as increase 
conformational entropy in the unfolded state. The substitution of Val at position 97 
increases thermodynamic stability. This increased stability may be the result of an extra 
hydrophobic group packing, via non-native interactions, into the cluster, or simply by 
enhancing packing energy in the native contact area by removal of the protonated 
nitrogen of the Lys. Significantly, this K97V replacement, which enhances 
thermodynamic stability, also leads to enhanced deposition of the protein into inclusion 
bodies 

As in the case of the P22 tailspike protein (10), mutations in recombinant human 
interleukin-lp lead to variations in die deposition of the protein into inclusion bodies. 
As found in the tailspike protein studies, the influence of growth temperature on the 
delicate balance between soluble and insoluble expression does not appear to be related 
to the thermodynamic stability of the native state. Thermodynamic stabilities of DL-ip 
sequence variants do not correlate strongly with IB formation (Figure 3). Thermal 
stability, which is often a reasonable measure of thermodynamic stability (fj), also does 
not seem to control inclusion body formation; significantly, temperatures for the onset 
of thermally induced aggregation in vitro (Tagg values, Table I) are considerably higher 
than temperatures which are known to support substantial inclusion body formation in 
E. coli cultures (Table II). 

The unusual behavior of the K97V mutant is of some interest. Although the 
thermal stabilities of most of the sequence variants correlate well with their 
thermodynamic stabilities, IL-ip(K97V) is a dramatic outlier (18). There are other 
examples of uncoupling of thermodynamic and thermal stability (6). For example, T4 
lysozyme mutants have been constructed which are less stable than wild type to 
reversible unfolding but more stable against irreversible denaturation (52); this may be 
due to mutational effects on the aggregation competence of an unfolded form. In 
contrast, IL-ip(K97V) is more stable against reversible unfolding but less stable against 
irreversible denaturation; this may be due to a local unfolding event, at temperatures 
well below those required for cooperative unfolding, which unmasks an aggregation 
surface on the otherwise folded protein. The location of position 97 in a microdomain-
like hydrophobic cluster is consistent with this possibility. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

00
4



4. CHRUNYK ET AL. Protein Folding in Inclusion Body Formation 57 

Since mutational effects on inclusion body formation by IL-lp mutants do not 
seem to be related to the stability of the native state, a reasonable hypothesis is that the 
mutations influence some property of a folding intermediate. Recent kinetic 
experiments have shown that the K97V variant aggregates upon refolding at 42* C 
while the WT does not (79). Further, this in vitro folding dependent aggregation of 
K97V mirrors the in vivo result, in that refolding of K97V at lower temperatures does 
not lead to aggregation (79). These results provide further, more direct, support for the 
involvement of a folding intermediate in the formation of IL-lp inclusion bodies. 

It is tempting to speculate on how an independently folding subdomain 
containing Lys 97, as invoked above, might also play a role in the folding-dependent 
aggregation of the K97 V mutant. Our folding kinetics results on the wild type protein 
support previously published suggestions that folding of IL-lp may begin with a 
relatively rapid collapse to a "molten globule" type intermediate (35), and, consistent 
with what is known about such intermediates (34), subsequent, slower, folding steps 
would involve adjustments of side chain packing contacts and loop conformations. 
Surface exposure of the hydrophobic residues of the Lys97 loop in such a relatively 
long-lived intermediate would be expected to generate an aggregation-prone species, 
whose aggregation would be expected to be enhanced at higher temperatures (35). 

We have shown that mutations in recombinant human IL-lp can have a 
pronounced effect on the expression of soluble protein and that these effects do not 
correlate with characteristics of die native state such as location in particular secondary 
structure type, or surface exposure. Subde changes at a given position in the molecule 
can tip the balance between soluble and insoluble expression. As discussed above, we 
have recently obtained direct experimental support for the involvement of a folding 
intermediate in the deposition of mutant IL-lp protein K97V into inclusion bodies (79). 
We hope to continue to elucidate the in vivo mechanism by considering the role of 
chaperone proteins, and by searching for other genetic loci which influence inclusion 
body formation, including as suppresses of IB formation (77,36). 

Acknowledgments. The authors wish to thank Dr. Peter Young and Jay Lillquist 
for the gift of the IL-lp WT and mutant plasmids. 
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Chapter 5 

Experimental Investigation of the In Vivo 
Kinetics of Inclusion Body Formation 

Jim Klein and Prasad Dhurjati 

Department of Chemical Engineering, University of Delaware, 
Newark, DE 19716 

Double radiolabel pulse-chase experiments were performed to study 
the kinetics of inclusion body formation in vivo using an E. coli strain 
expressing a mutated form of the Salmonella typhimurium CheY 
protein. CheY was seen to migrate slowly from a soluble form to an 
insoluble form. This migration strongly influenced the overall 
partitioning of CheY between the soluble and insoluble fractions. The 
migration also has significant mechanistic implications. An 
assumption commonly made about inclusion body formation is that the 
soluble native protein will not become incorporated into the insoluble 
fraction. The experimental results suggest that this assumption can be 
inaccurate. 

Overexpression of protein in bacteria often results in a partitioning of the 
recombinant protein between soluble and insoluble forms and this partitioning has 
important consequences for the product recovery process. The ability to influence 
or even predict how a protein will partition would be very beneficial. 

Experimental work in this area has been rather limited. The present 
understanding of inclusion body formation process derives primarily from the work 
of Jonathan King and coresearchers (7-5). They demonstrated that, for the P22 
tailspike protein, inclusion bodies are formed from protein folding intermediates. A 
competition exists for folding intermediates between protein folding which results 
in native protein and aggregation which results in inclusion bodies. Other 
researchers studying protein folding and aggregation in vitro identified a similar 
competition between folding and aggregation (6-8). The controlled in vitro 
environment facilitated the collection of detailed kinetic information. 

The development of an accurate kinetic description of inclusion body 
formation requires additional in vivo studies. It has been proposed that in vitro 
kinetics be applied to in vivo reactions (9). In vivo environments, however, differ 
significantly from environments which can be created in vitro. Chaperones, for 
example, are known to influence the kinetics of folding and aggregation reactions 
(70-73). 

Our study is an investigation of the in vivo kinetics of inclusion body 
formation. Based on work in the literature, it was anticipated that recombinant 
protein would partition itself into soluble and insoluble forms after translation. This 

0097-6156/93/0526-0059$06.00/0 
© 1993 American Chemical Society 
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60 PROTEIN FOLDING: IN VIVO AND IN VITRO 

would occur on a time scale of seconds or minutes, typical time scales for protein 
folding. The partitioning was then expected to remain constant since a common 
assumption about inclusion body formation is that soluble native recombinant 
protein does not become incorporated into the insoluble fraction (9,74). However, 
this was not observed in our experiments. Our results indicate that a pathway exists 
for native protein to enter the insoluble fraction by unfolding and aggregating with 
other unfolded molecules. 

Experimental Procedures 

Materials. 11.0 mCi/ml, 0.0013 mg/ml L-[35s]methionine and 1.0 mCi/ml, 0.0022 
mg/ml L-[^H]leucine were obtained from New England Nuclear. Scintiverse II 
scintillation fluid from Fisher Scientific was used. Ultra Pure grade urea was 
obtained from Schwarz/Mann Biotech. 0.2 u,M Supor-200 filters were obtained 
from Gelman Sciences. pH 3-10 Pharmalyte 2D, pH 4.0-6.5 Pharmalyte, bovine 
pancreas DNase I (90% protein), bovine pancreas Ribonuclease A (approx. 95% 
purity), ampicillin, electrophoresis grade SDS, Grade I chicken egg white lysozyme, 
Trizma Base, Trizma HC1 and 2-mercaptoethanol were obtained from Sigma. 

Bacterial Strains and Culture Conditions. E. coli strain JM109 (75) was used in 
all experiments. Plasmid pME124sl5c (76) was obtained from J. Stock, Princeton 
University. pME124sl5c, a pUC12 derivative, codes for a Salmonella typhimurium 
CheY protein with a single point mutation. Plasmid pCT603 (77) codes for the 
Clostridium thermocellum endoglucanase EGD. Protein expression from both 
plasmids is induced with IPTG. Kinetic information was obtained by running 
several small cultures in parallel rather than sampling at different time intervals 
from one large culture. At different time intervals, one of the parallel cultures was 
stopped. Each such culture yielded partitioning information for a specific chase-
time. Parallel cultures were used to avoid changing growth conditions due to 
volume changes caused by sampling. All cultures had a volume of 10 ml and were 
grown in 50 ml centrifuge tubes. An agitating incubator at 37°C was used 
throughout. Media used were: LB (10 g/1 bacto-trypton, 5 g/1 yeast extract, 10 g/1 
NaCl, 3.6 mM NaOH), M9 (0.2% glucose, 6.0 g/1 Na 2 HP0 4 , 3.0 g/1 K H 2 P 0 4 , 5 
g/1 NaCl 0, 1.0 g/1 NH4C1, 0.01 |ig/l thiamine , 1.0 mM MgS0 4), and M9AA (M9 
supplemented with 40 |ig/ml of each amino acid except Pro, Leu, and Met). All 
cultures contained ampicillin at 1 mg/1. 

Radiolabeling. The experimental protocol used was a modification of the protocol 
described by Mosteller et. al (18). Inoculum was prepared for startup cultures by 
mixing together five cultures which had grown overnight in M9 to stationary phase. 
Inoculum sizes varied between 0.3 and 1.6 ml depending upon the startup culture 
growth conditions. The sizes were determined such that an OD^=600 between 0.8 
and 1.0 was obtained after approximately two hours of incubation. Five identical 
startup cultures were grown consisting of inoculum, fresh media with ampicillin 
(M9 or LB), and IPTG. Once an ODj^OO between 0.8 and 1.0 was reached 100 
MCi L-[3H]leucine, 1 5 M£> was added to each culture. Incubation continued for 15 
minutes (17 minutes during the "High Level" experiment) and then unlabeled L-
leucine was added to a concentration of 100 (igAnl. After incubation continued five 
minutes more to permit completion of protein translations already initiated, the 
five cultures were mixed. 10 ml was removed and harvested. Harvesting was done 
by mixing a culture with ice cold media and placing it on ice. The remaining 40 ml 
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5. KLEIN & DHURJATI In Vivo Kinetics of Inclusion Body Formation 61 

of culture was filtered using a 0.2 | i M Supor-200 filter, rinsed with 37°C chase 
media (LB or M9 with IPTG, amp, and 100 u,g/ml unlabeled L-leucine), and 
resuspended in 40 ml of 37°C chase media. Different amounts of these 
resuspended cells were used to inoculate a series of chase cultures grown in parallel. 
Inoculum sizes were determined to give OD^=6Q0 readings near 1.0 at the end of 
the chase periods. For example a chase culture harvested after one hour consisted 
of 5 ml of resuspended cells and 5 ml of chase media whereas a chase culture 
harvested after two hours consisted of 3 ml of resuspended cells and 7 ml of chase 
media. After all the chase cultures had been harvested, they were pelleted, 
resuspended in sample buffer (25 mM pH 8.0 Tris), pelleted again and resuspended 
in 50 pi of sample buffer. Samples were stored at -70°C. 

Cells were labeled with [35s]methionine in a similar manner for use as 
references with the [^H]leucine labeled samples. Five identical startup cultures 
were grown to an OD^=600 between 0.8 and 1.0. Then 50 u,Ci L-[35s]methionine, 
7 u,g, was added to each culture. Incubation continued for 20 min. and then the 
cultures were harvested. The five cultures were mixed, resuspended in sample 
buffer, pelleted again, resuspended in a total of 250 | i l of sample buffer and stored 
at -70°C. 

Sample Preparation. After thawing and mixing to assure homogeneity, equal 
portions of p5s]methionine cell suspension were added to each sample of 
[^H]leucine labeled cells. The use of the 35s labeled cells compensated for 
material lost and variations in sample handling. The CheY ^H/^S ratio in each 
sample remains the same regardless of: a) any material loss during the sample 
preparation or electrophoresis steps, b) the amount of sample loaded onto the gels, 
and c) how much of the spot is cut from the gels. This is true for both soluble and 
insoluble CheY. The use of a second isotope thus greatly increased the precision of 
the results obtained. 

25 uJ of lysozyme buffer (0.01 g/ml lysozyme, 0.45 M EDTA, pH 8.0) were 
also added to each sample. The samples were then incubated on ice for 30 min. 
prior to being freeze/thawed twice at -70°C. 5 ul each of 5.0 mg/ml RNase and 5.0 
mg/ml DNase were added to the samples which were then incubated at room 
temperature for five minutes. One drop of Triton-X was mixed into each and 
incubation was continued at 4°C for another 20 minutes. After incubation, the 
samples were centrifuged for 10 min. at 32,000 x g and 4°C. Portions of the 
supernatants were drawn off and placed on ice. These were the "soluble fraction" 
samples. The pellets were twice resuspended in 0.4 ml of sample buffer to wash off 
the remaining soluble material before finally being resuspended in 50 uJ of sample 
buffer and placed on ice. These were the "insoluble fraction" samples. 

5 pi of pH 3.0-10.0 ampholytes, 5 }il of (J-mercaptoethanol and a mass of 
urea equal to the volume of the sample were added to each of the soluble and 
insoluble samples. Samples were incubated with occasional agitation at room 
temperature for a minimum of 1 hour. Excess urea and cell debris were removed by 
centrifugation at 32,000 x g for 10 minutes. 

Electrophoresis. Samples were analyzed by two dimensional gel electrophoresis 
as described in (79) using the Iso-DALT system from Integrated Separation 
Systems. The first dimension gels, IEF, were cast using an ampholyte mixture of 
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62 PROTEIN FOLDING: IN VIVO AND IN VITRO 

0.9 ml of pH 3.0-10.0 Pharmalyte and 0.5 ml of pH 4.0-6.5 Pharmalyte. The second 
dimensions, SDS-PAGE, were run on 10% - 20% gradient gels. Gels were 
coomassie stained. The spot corresponding to the recombinant protein was 
physically cut from each gel and the protein was eluted from it using Solvable 
(DuPont Co., Wilmington, DE). 

Treatment of Data. The protein samples, after being eluted from the gel material, 
were counted for radioactivity using a Beckman LS-100C liquid scintillation 
counter. Al l values were greater than 6,000 cpm and most were on the order of 
20,000 - 50,000 cpm. Background readings were on the order of 40 cpm. The 
amounts of 35S a n c i 3j^ in each sample were determined correcting for 35 S 

spillover into the window. 3H/35S ratios for each protein sample were thus 
obtained, but needed to be adjusted to account for differences in the chase cultures. 
The samples run on the electrophoresis gels had been prepared using identical 
amounts of [35s]methionine labeled cell suspension, however, the amounts of 
[3H]leucine labeled material varied because different amounts of [^Hjleucine 
labeled cells had been used to inoculate each chase culture. To account for this the 
3H/35S ratios were multiplied by correction factors. For example in one particular 
experiment, the 0 hour chase, 1 hour chase, and 2 hour chase cultures consisted 
respectively of 10 ml, 5 ml and 3 ml of [^HJleucine labeled cell suspension and 0 
ml, 5 ml and 7 ml of chase media. The raw 3H /3 5 S ratios for CheY from the 
insoluble fraction gels were 3.67, 2.33, and 2.89 and from the soluble fraction gels 
were 3.50, 1.20, and 0.24. Multiplication with the correction factors 10/10, 10/5 
and 10/3 gave the values 3.67, 4.66 and 9.65 for the insoluble protein samples and 
3.50, 2.41, and 0.79 for the soluble protein samples. These indicate the relative 
amounts of radiolabeled CheY in the two fractions of each culture at the end of the 
chase periods. These were normalized against the 0 hour chase values giving 1.00, 
1.27, and 2.63 for the insoluble protein samples and LOO, 0.69, and 0.23 for the 
soluble protein samples. 

Results 

Pulse-Chases (CheY). Pulse-chase experiments were performed with the strain 
JM109 pME 124s 15c which overexpresses a mutated form of the CheY protein. 
These experiments were run to check the assumption commonly made that the 
recombinant protein would partition rapidly into insoluble and soluble forms and 
that the ratio of insoluble to soluble protein would subsequently remain constant. 
Each experiment can be characterized in terms of three stages: (a) a start-up period 
in which cultures were brought to a stage of active growth and recombinant protein 
production, (b) a pulse period in which cultures were incubated in the presence of a 
radiolabeled amino acid, and (c) a chase period in which chase cultures were 
inoculated using washed radiolabeled cells. Chase cultures were run in parallel and 
harvested after different lengths of chase time. After harvesting, the amounts of 
labeled soluble and insoluble CheY protein in each chase culture were determined. 

Three variations of the pulse-chase experiment were performed to obtain 
partitioning results at different levels of recombinant protein production. 
Recombinant protein levels were varied using different IPTG concentrations and 
media (Recombinant protein expression and inclusion body formation are 
significantly greater in LB than either M9 or M9AA.) The conditions in the three 
experiments were as follows: (a) Low Level - The IPTG concentration was 
maintained at 0.05 mM and M9 medium was used in all three stages of the 
experiment, (b) Intermediate Level - The IPTG concentration was kept at 1.0 mM 
and M9 was used in the startup and pulse stages followed by LB in the chase stage. 
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(c) High Level - IPTG was again kept at 1.0 mM. LB was used in the startup and 
chase stages. An M9 medium supplemented with amino acids, M9AA, was used in 
the pulse stage to obtain as high a growth rate as possible under defined conditions. 
The M9AA medium did not contain the amino acid used as the radiolabel and so 
sufficient uptake of radiolabel could be obtained. The CheY spots on the 2D gels 
from the High and Intermediate Level experiments were much more intense than 
the corresponding spots from the Low Level experiment. Inclusion bodies were 
clearly visible with a light microscope prior to the pulse stage during the High Level 
experiment, but not during the other two experiments. Thus, the levels of 
recombinant protein in the three experiments varied as anticipated. 

The results of these three experiments appear in figures 1 and 2. Figure 1 is 
a plot of the normalized amounts of insoluble radiolabeled CheY versus chase time. 
Figure 2 contains the corresponding plots of soluble CheY. The protein amounts 
are normalized with the amount present at the start of the chase stage so that the 
magnitude of change over the course of the chase is readily determined. In each 
experiment, the amount of radiolabeled recombinant protein in the insoluble 
fraction increased continuously by a factor between 2.5 and 5. The amounts in the 
soluble fraction decreased correspondingly to around 30% of the initial levels. The 
magnitudes of the changes are significant and occurred over a time scale of hours. 
These results were unexpected and are difficult to explain based on prevalent 
models and assumptions of typical protein folding kinetics. Cell growth and 
product formation kinetics could have been altered by the changes in media and 
temperature resulting from the washing step and this could have affected the rates of 
change in the plots. However, the significant result is the fact that there were, 
indeed, changes of a large magnitude which occurred over a long time period. 

Proteolysis (CheY). The rate of proteolysis was measured to determine the extent 
to which it was responsible for the decreases in the amounts of radiolabeled soluble 
protein. A pulse-chase experiment was run using 0.05 mM IPTG and M9 
throughout. However, unlike the previous experiments where the cell lysates were 
fractionated, whole cell lysates were run on the gels. Changes in the total amount 
of radiolabeled CheY were thus measured. A slow decrease in the level of labeled 
CheY was seen such that 80% of the original radiolabeled CheY remained after four 
hours of chase. The relative amounts of soluble and insoluble radiolabeled CheY at 
the start of the chase were determined in a separate experiment run under the same 
conditions as the proteolysis pulse-chase experiment. It found that approximately 
80% of the labeled CheY was soluble at the start of the chase. A similar value was 
calculated for the CheY partitioning using a material balance as discussed later. If 
the assumption is made that only soluble CheY is susceptible to proteolysis, 
approximately of 75% of the original soluble radiolabeled CheY should have 
remained at the end of the Low Level experiment. The measured result by 
comparison shows that only approximately 30% of the original soluble material 
remained. Proteolysis is, therefore, seen to be rather modest and insufficient to 
account for the decreases in the amounts of radiolabeled CheY seen in the pulse-
chase experiments. 

Pulse-Chase (EGD). A pulse-chase experiment was performed using a strain 
which expresses the protein EGD. The results confirm that radiolabel was not being 
incorporated into newly translated protein during the chase periods The experiment 
was performed with JM109 pCT603 using an IPTG concentration of 0.05 mM and 
M9 throughout. The recombinant protein expressed by this strain, endoglucanase 
EGD, contains a 3 kDa portion which is required for the protein's incorporation 
into the inclusion body but which is also rapidly clipped off by the cell (77, 20). 
Figure 3 shows the normalized amounts of soluble and insoluble radiolabeled EGD 
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Figure 1. Low, Intermediate and High CheY Expression Pulse-Chases: 
Insoluble Fraction. 
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plotted against the chase time. The amount of radiolabeled EGD in the insoluble 
fraction is seen to have increased only slightly before leveling off. Soluble EGD 
similarly showed no significant change throughout the chase period. The fact that 
the levels of radiolabeled soluble and insoluble EGD did not change significantly 
during the chase has significant implications. It confirms that incorporation of 
radiolabel into newly translated protein was not occurring during the chase periods. 

Chloramphenicol Pulse-Chase (CheY). Experimental results were reported in the 
literature which appeared to contradict the results of the Low, Intermediate and 
High Level pulse-chase experiments. Krueger et al. reported the that when 
chloramphenicol was added to an E. coli strain which formed CheB inclusion 
bodies, the amounts of soluble and insoluble CheB remained unchanged for at least 
an hour (14). Chloramphenicol is an antibiotic which acts by blocking protein 
production. An apparent contradiction between the results exists because 
chloramphenicol would not be expected to affect the behavior of fully translated 
molecules. A pulse-chase experiment was therefore run in which chloramphenicol 
was present in the chase media. The IPTG concentration was maintained at 0.05 
mM and M9 was used throughout. Figure 4 shows the normalized amounts of 
soluble and insoluble radiolabeled CheY plotted against chase time. Consistent 
with the literature report, the amounts of labeled CheY in the two fractions were 
essentially constant throughout the chase. The difference in the results of the 
experiments with and without chloramphenicol is surprising. A possible 
mechanism which accounts for this difference is discussed later. 

Discussion 

The results of the pulse chase experiments without chloramphenicol indicate 
that soluble recombinant CheY migrated into the insoluble fraction over a long time 
period. The crux of the argument for a migration of recombinant protein from the 
soluble form to the insoluble form is a material balance: the amount in the 
insoluble fraction increased and this increase was matched by a corresponding 
decrease in the soluble fraction. Likely alternative interpretations will be 
considered but are not supported by the experimental evidence. The migration of 
protein from the soluble to the insoluble fraction plays a significant role in 
determining the overall partitioning of recombinant protein between the two 
fractions. A mechanism for the migration is proposed which involves an 
equilibrium between native and unfolded protein conformations and which is 
consistent with all the experimental results. 

Material Balance. A material balance can be used to show that a movement of 
protein from the soluble fractions to the insoluble fractions occurred during the 
pulse-chase experiments without chloramphenicol. The amounts of radiolabeled 
CheY which entered the insoluble fractions were approximately equal to the 
amounts which left the soluble fractions. This is equivalent to saying that the total 
amount of labeled CheY remained constant since all the CheY protein is accounted 
for in these two fractions. Therefore, since there are no sources of radiolabeled 
CheY during the chases and none has been lost, the material which has left one 
fraction must have entered the other. 

A check can be made that the amount of labeled CheY which left the soluble 
fractions equals that which entered the insoluble fraction by verifying that the 
following equation holds: 

Sol(0)-Sol(t) = IB(t)-IB(0) (1) 
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Figure 3. EGD Pulse-Chase: Soluble and Insoluble Fractions. 
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Figure 4. Chloramphenicol Pulse-Chase: Soluble and Insoluble Fractions. 
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5. KLEIN & DHURJATI In Vivo Kinetics of Inclusion Body Formation 67 

where: Sol(t) and IB(t) are the amounts of soluble and insoluble radiolabeled CheY 
present after t hours of chase. Rearranged equation 1 is: 

The experimental data available is sufficient to obtain values for the left-hand side 
of this equation once values are known for the initial partitioning, IB(0)/Sol(0). 
These can be determined from equation 2 using a least squares best fit. The initial 
partitioning values are 0.16, 0.50, and 0.55 for the Low Level, Intermediate Level 
and High Level experiments respectively. Using these values for the initial 
partitioning, values for the left hand side of equation 2 are found to be mostly 
within 10% of 1.0. None of the values deviated from 1.0 by more than 20%. 
Clearly there is good agreement between the amounts of material which left the 
soluble fractions and the amounts which entered the insoluble fractions. These 
results apply to all calculations made using the last three or four chase time data 
points of the Low, Intermediate and High Level experiments, i.e. the long chase 
time data points. The changes in the amounts of radiolabeled soluble and insoluble 
CheY measured at short chase times were on the same order as the precision of the 
experiments and so these data points cannot be used in the calculations. 

Alternative Possibilities. No evidence could be found to support any alternatives 
to the interpretation that recombinant protein migrated from the soluble form to the 
insoluble form. Two alternative possibilities seemed most plausible: 1) that 
radiolabeled CheY continued to be produced during the chase periods, and 2) that 
the centrifugation step intended to separate the soluble and insoluble fractions was 
only partially successful at pelleting the insoluble material. It has already been 
shown that proteolysis of CheY is insufficient to account for the decreases in the 
amounts of soluble radiolabeled recombinant protein. 

The first alternative possibility, that radiolabel continued to be incorporated 
into newly translated protein during the chases, is in conflict with the results of the 
EGD pulse-chase experiment. This possibility might have explained the increases 
in the amounts of insoluble radiolabeled CheY. Sufficient free radiolabeled amino 
acid for the continued incorporation could have resulted from turnover of 
radiolabeled protein or incomplete removal of excess radiolabel during the washing 
step. The amount of radiolabeled EGD in the insoluble fraction did not, however, 
increase throughout the chase as the CheY had. This may be because the segment 
of the soluble EGD molecules required for aggregation had been proteolytically 
clipped off. Whatever the reason, translation of EGD was continuing during the 
chase and newly translated EGD would have been entering the insoluble fraction. 
Therefore, continued incorporation of radiolabel into newly translated molecules 
during the chase was not occurring. 

Other measurements confirm this conclusion. Two random spots from the 
insoluble fraction gels of the Intermediate and High Level experiments were tracked 
along with the CheY spots. Neither indicated that a significant increase in the 
amount of radioactivity in the insoluble fraction had occurred. Also measurements 
were made of the free radioactivity in the media during the chase period of an 
experiment in which excess radiolabel from the pulse was not removed. No 
decrease in amount of free radiolabeled amino acid was observed. Measuring the 
amount of free radioactivity in the media had proven to be an accurate means of 

IB(t) -1 
(2) 
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following the uptake of radiolabel during pulse periods. These observations serve 
to confirm the conclusion that the production of radiolabeled CheY ceased at the 
end of the pulse period. 

Experimental confirmation was obtained which eliminated the other 
alternative possibility, that the centrifugation used in these experiments was 
insufficient to achieve complete recovery of the insoluble recombinant protein. If 
complete recovery of insoluble material was not being achieved, small particles of 
insoluble material may have remained in the soluble fractions until they had grown 
sufficiently to be recovered in the insoluble fraction. The observed changes in the 
amounts of soluble and insoluble protein might then have resulted from particle 
growth during the chase period. This possibility was discounted with the following 
experiment: A culture was grown and radiolabeled such that when harvested it 
resembled the 0 hour chase culture of the Low Level experiment. The culture was 
split into several identical parts which were centrifuged at different speeds ranging 
from 6,000 to 15,000 rpm. The amounts of radiolabeled recombinant protein in the 
supernatants, i.e. the 'soluble fractions', were determined using 2D gels as before. 
They were found to be quite consistent, within 5% of each other. Similar results 
were obtained when the experiment was repeated using a culture grown under 
conditions similar to the 1 hour chase culture of the High Level experiment. The 
insoluble material is seen to be easily recovered since the amounts of radiolabeled 
recombinant protein recovered were independent of the centrifuge speeds used. A 
trend of increasing recoveries with increasing centrifuge speeds would have 
revealed that recovery was difficult. Reports in the literature confirm that 
centrifugation forces no greater than the 5,000 x g present at 6,000 rpm and far less 
than the 32,000 x g present at 15,000 rpm can achieve virtually complete inclusion 
body recovery (27,22). 

Protein Partitioning. The partitioning of the radiolabeled recombinant protein at 
each point in the chase can be determined: 

IB(t) = IB(0) lm(o)J 
Sol(t) Sol(0)f SoKt)") 

lsol(0)J 

The results appear in figure 5 in which the ratio of insoluble radiolabeled CheY to 
soluble radiolabeled CheY is plotted against chase time. It is apparent that the 
migration from the soluble form to the insoluble form plays a significant part in 
determining the overall partitioning of the recombinant protein. The initial 
partitioning of protein may not strongly favor the formation of the insoluble form. 
Eventually, though, most of the recombinant protein ends up as insoluble protein. 
This behavior has important implications for the preferential recovery of protein in 
either the soluble or insoluble form. 

Implications for the Mechanism of Inclusion Body Formation. The fact that the 
results of the pulse-chase experiments with and without chloramphenicol are so 
different is surprising and complicates interpretation of the results in terms of a 
mechanistic model. The prevalent model of inclusion body formation holds that 
newly translated protein is susceptible to aggregation only until it folds. If this were 
true for CheY the slow incorporation of protein into the insoluble fractions would 
be due to a particularly long lived folding intermediate. The stability of this 
intermediate would be exceptional. Another possible explanation of the results is 
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Figure 5. Low, Intermediate and High CheY Expression Pulse-Chases: Ratios 
of Insoluble to Soluble Radiolabeled CheY. 
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that the mutated CheY protein is "sticky". Namely that the soluble protein is either 
susceptible to aggregation in its native state or that it never folds completely. 
Neither of these explanation is consistent with the results of the chloramphenicol 
experiment. In both cases, the migration from the soluble to the insoluble fraction 
should continue during the chase, at least initially, since the concentration of the 
aggregating species would remain near what it had been during the pulse. Further, 
Stock et. al. (16) demonstrated that this particular CheY mutant retained its activity 
indicating that the protein does fold completely. 

A model for inclusion body formation which is consistent with all the 
experimental data can be arrived at by eliminating the assumption that the folding 
reaction leading to native protein is irreversible. The reverse reaction would 
provide a pathway for native protein to become incorporated into the inclusion body 
by unfolding and aggregating with other unfolded molecules. This interpretation 
would explain why the incorporation of soluble protein into the insoluble fraction 
was so slow. It further explains why the migration from the soluble fraction to the 
insoluble fraction is dependent upon whether or not translation is ongoing. When 
translation is occurring, as in the Low, Intermediate and High Level experiments, 
the concentration of unfolded protein should be relatively high since it is supplied 
with newly translated unfolded molecules. However, when no translation is 
occurring as in the chloramphenicol experiments reported here and in Krueger et 
a/.(14), the concentration of unfolded protein would be relatively low. Since it is 
likely that aggregation is a higher order reaction than folding, the folding reaction 
would be favored over aggregation at low concentrations of unfolded protein. The 
same interpretation can be applied to in vitro protein solutions. The amount of 
aggregation observed is often not significant because the concentration of unfolded 
protein is low. In vitro systems have only the reverse folding reaction as a source of 
unfolded protein and typical protein folding equilibrium constants would not yield 
high concentrations of unfolded protein. However, there have been reports of 
aggregation in vitro and it has been observed that the tendency to aggregate in vitro 
correlated with the tendency of the proteins to forms inclusion bodies in vivo (14). 

Conclusion 

Pulse-chase experiments were run to check the hypothesis that recombinant 
protein partitions rapidly into insoluble and soluble forms and that the ratio of 
insoluble to soluble protein subsequently remains constant. The hypothesis was 
not supported by the experimental results. Large changes in the amounts of soluble 
and insoluble radiolabeled CheY occurred throughout the chase periods . These 
changes resulted from a migration of the protein from the soluble form to the 
insoluble form. However, no changes occurred in the amounts of soluble and 
insoluble radiolabeled CheY when chloramphenicol was present in the chase media. 
Both of these experimental results are consistent with a model for inclusion body 
formation which excludes the commonly made assumption that the soluble native 
form of the protein does not become incorporated into the insoluble fraction. 
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Chapter 6 

Molecular Chaperones and Their Role 
in Protein Assembly 
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It has recently become clear that a specialized group of proteins termed 
molecular chaperones has evolved to assist protein assembly in the cell, 
a process that was originally considered a spontaneous event. Molecular 
chaperones function by preventing the formation of biologically inactive 
structures by binding non-covalently to exposed protein surfaces that 
have the tendency to interact incorrectly with other components in the 
cell. Molecular chaperones are required for a number of fundamental 
processes such as protein synthesis, protein translocation, DNA 
replication and recovery from stresses like heat. Their existence has 
implications for biotechnology. 

To understand how information present in the amino acid sequence is utilized to 
produce biologically functional proteins is one of the fundamental questions in 
biology. The early observations made by Anfinsen and colleagues (/) that denatured 
purified ribonuclease refolds spontaneously in the absence of any other proteins into 
an active enzyme, formed the basis for the "self assembly hypothesis". This 
hypothesis states that all the information required to assemble a polypeptide chain 
into a biological three-dimensional structure is contained within the amino acid 
sequence. The successful assembly of many other more complex structures from 
their denatured components in vitro, such as tobacco mosaic virus and the bacterial 
ribosomes, led to the assumption that protein assembly in vivo should also be a 
spontaneous event. However, in many cases the rates of protein assembly in vitro 
and in vivo differ. The reassembly of proteins in vitro occurs often with low yield 
particularly at high protein concentrations and physiological temperatures (reviewed 
in 2). Results of studies in a number of different experimental systems have recently 
led to the realization that protein assembly in vivo is more complex than was 
originally thought, and requires the involvement of other proteins that have 
collectively been termed molecular chaperones (5). 

0097-6156/93/0526-0072$06.00/0 
© 1993 American Chemical Society 
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6. VAN DER VIES ET AL. Molecular Chaperones in Protein Assembly 73 

Molecular chaperones are currently defined as a class of unrelated families of 
cellular proteins that mediate the correct assembly of other polypeptides, but are not 
themselves components of the final functional structures (4). It has been proposed 
that molecular chaperones assist protein assembly by promoting productive 
assembly pathways, thereby preventing molecules from forming biologically inactive 
structures, such as those found in inclusion bodies and/or aggregates. The term 
"assembly" used here covers both the folding of nascent polypeptides as well as any 
additional oligomerisations into larger protein structures. The formation of inactive 
structures is considered a result of incorrect interactions of hydrophobic and/or 
charged surfaces that are normally involved in domain interactions. The role of 
molecular chaperones is to prevent these incorrect interactions. It is argued that 
there is a need for molecular chaperones because the intrinsic properties of proteins 
assure that incorrect interactions are possible. 

The general concept of molecular chaperones (reviewed in 5) originated as a 
result of studies on the biogenesis of the chloroplast enzyme ribulose bisphosphate 
carboxylase-oxygenase, or rubisco, which fixes carbon dioxide in photosynthesis 
(reviewed in 6). However this concept also has implications for other area's of 
research. In biotechnology, for instance, problems are often encountered when 
recombinant proteins are produced in heterologues hosts. The possibility that human 
chaperone diseases exist whereby some proteins fail to assemble correctly because 
of mutations in certain chaperones, may have medical implications. 

The novel concept of molecular chaperones has stimulated research in 
several laboratories resulting in a rapidly growing chaperone literature. Here we 
describe the role of molecular chaperones and discuss their influence on protein 
assembly. Several other reviews have been published recently (7-10). 

The Role of Molecular Chaperones In Vivo 

Molecular chaperones perform an essential role and function during many cellular 
processes where changes in protein-protein interaction and consequently the 
exposure of hydrophobic and/or charged protein surfaces occur. These surfaces are 
normally sheltered in domain interactions, and are essential for sustaining the native 
protein structure. However, when transiently exposed, these surfaces have the 
potential to interact with other cellular components which may result in the 
formation of biologically inactive structures. Molecular chaperones prevent these 
incorrect interactions by binding non-covalently to the transiently exposed protein 
surfaces. Some processes that have been suggested to require molecular chaperones 
are discussed below, while others have been reviewed elsewhere (7). 

Protein synthesis is a vectorial process whereby the genetic information 
present in the RNA is translated sequentially into a polypeptide chain. Thus all the 
information required to assemble the protein, which is present in the amino acid 
sequence, may not be available at the same time. If the rate of protein assembly is 
faster than the rate of protein synthesis, the amino terminal region may commence 
folding before the complete RNA has been translated. The rate of protein refolding 
in vitro is frequently completed in seconds (2), while the synthesis of an average 
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74 PROTEIN FOLDING: IN VIVO AND IN VITRO 

protein in yeast takes about 2 minutes (77). Therefore, in vivo the amino terminus 
may become engaged in incorrect interactions with itself or other components in the 
cell producing inactive structures. Chaperones may be required to prevent these 
incorrect interactions. For example, the chaperonins, one family of molecular 
chaperones (Table I), bind to newly synthesized polypeptides in cell extracts of 
Escherichia coli (72), while chaperones of the heat shock 70 (hsp70) family bind 
transiently to polypeptides during their synthesis in vivo (13). 

Proteins that are transported across bacterial and eukaryotic membranes 
traverse in an unfolded or partially folded conformation. It has been suggested that 
molecular chaperones maintain newly synthesized precursor polypeptides in a 
partially folded conformation in the cytosol prior to their translocation (4). When 
the protein has been transferred to the cellular location where it functions (proteins 
may have to traverse more than one membrane), correct assembly occurs. This 
process has also been proposed to require the assistance of molecular chaperones. 
Ample evidence suggests that members of the hsp70-BiP and chaperonin families of 
molecular chaperones are required during protein transport (reviewed in 14-16). 

Many kinds of stress such as heating, chilling, wounding and infection either 
elicit or enhance the expression of specific genes. All organisms examined respond 
to heat by inducing the synthesis of a group of proteins called heat-shock proteins 
(reviewed in 77). Extremes of heat cause protein denaturation and often the 
formation of insoluble aggregates. It has been suggested that one role of molecular 
chaperones is to unscramble these aggregates (18). Many, but not all, molecular 
chaperones are stress proteins that also function in the absence of stress. There is no 
evidence so far that chaperones can unscramble insoluble aggregates and allow 
correct reassembly of the polypeptide chains. However, it has been reported that the 
Ecoli DnaK chaperone mediates the reappearance of enzyme activity from heat 
denatured RNA polymerase /// vitro (19). 

The degradation of proteins involves the exposure of protein surfaces that 
contain substrate recognition sites for the proteolytic machinery. These sites are 
often present on interactive surfaces that are normally buried in the interior of the 
folded protein molecule. Molecular chaperones may assist in presenting the 
polypeptide in a conformation suitable for degradation. The observation that the 
binding of the E. coli DnaK protein, a chaperone belonging to the hsp70 family 
(Table I), to a mutant form of alkaline phosphatase is required for the ATP-
dependent degradation of the enzyme is supportive of this idea (20). While studies 
with isolated proteins in vitro have shown that polypeptides bound to the Ecoli 
chaperonin are susceptible to proteolytic degradation (21-23). 

The Molecular Chaperone Class 

The number of currently recognized chaperones is growing rapidly as their 
involvement in an increasing number of cellular processes is appreciated. It is now 
evident that chaperones are found in every cell compartment where protein assembly 
occurs. The molecular chaperones class presented in Table I is defined functionally 
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6. VAN DER VIES ET AL. Molecular Chaperones in Protein Assembly 75 

Table I. Proteins Regarded as Molecular Chaperones 

Class Members Functions 

Nucleoplasmin Nucleoplasmin 
Protein XLNO-38 
Protein Ch-N038 
Nucleoplasmin S 

Assembly of 
nucleosomes 
and ribonucleoprotein 
particles in eukaryotes 

Chaperonins Chaperonin 60 
Chaperonin 10 

Folding of nascent 
polypeptides and 
transported proteins 
in bacteria, plastids, 
mitochondria and the 
cytosol 

Heat shock proteins 70 Hsp68, 72, 73; DnaK;BiP; 
clathrin uncoated ATPase; 
grp75, 78, 80; hsc 70, 
KAR2; SSA1-4; SSB1; 
SSC1; SSD1 

Assembly of newly 
synthesized and 
transported proteins in 
pro- and eukaryotes. 

Heat-shock protein 90 Hsp 83, 87; HtpG Masking of steroid 
receptors 

Signal recognition 
particle 

Several homologues in 
the cytosol of pro-and 
eukaryotes 

Arrest of translation 
and prevention of 
incorrect folding of 
precursor molecules 
prior to translocation 

Prosequences Prosubtilisin, pro-alpha 
lytic protease 

Protease assembly 

Ubiquitinated proteins 

Trigger factor 

Precursor ribosomal 
proteins 

Ribosome assembly 

Protein transport in 
bacteria 

Sec B protein Protein transport in 
bacteria 

papD protein Pilus assembly in 
bacteria 
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76 PROTEIN FOLDING: IN VIVO AND IN VITRO 

while the different families within this class are defined on the basis of sequence 
similarity. 

Nucleoplasmin is considered the archetypical molecular chaperone. Laskey 
et al (24) were the first to use this term, to describe the function of a soluble nuclear 
protein that mediates the assembly of nucleosome cores. It was Ellis who extended 
the term molecular chaperones to describe a wider range of proteins (3). 

Some chaperones (Table I) are covalently attached to the molecules whose 
assembly they mediate, such as the pro-sequences of the pro-subtilisin (25) and pro-
alpha-lytic protease (26) and the aminoterminal ubiquitin sequence present on some 
small ribosomal proteins in eukaryotes (27). In all three cases, the presence of the 
pro-sequences improves the correct assembly of functional structures, but are 
subsequently removed. The advantage of these cotranslational chaperones is 
presumably that they don't have to detect their substrate among the enormous 
variety of other protein molecules. 

It can be argued that the presequences found on precursor proteins, which 
are transported across membranes should also be regardes as molecular chaperones, 
because they prevent the rest of the polypeptide chain to fold into a transport-
incompetent conformation. However, in several cases it has been found that the 
chaperone function of these presequences is not sufficient to allow efficient 
transport of polypeptide chains without the assistance of other separate chaperones; 
e.g. the signal recognition particle in the case of cotranslational protein transport 
(28) and the trigger factor, the secB protein and the bacterial chaperonin 60 in the 
case of posttranslational protein transport (72, 29, 30). However, these observations 
raise the interesting possibility that the correct assembly of some proteins requires 
the assistance of more than one chaperone (see later). Clearly the most interesting 
question is by what mechanism the molecular chaperones function; what does each 
chaperone recognize in a range of functionally unrelated proteins and what is the 
underlying molecular mechanism by which they mediate protein assembly. Here we 
shall focus on the chaperonins, the structurally most complex of the molecular 
chaperones and discuss their effect on protein assembly. 

The Chaperonin Family 

Chaperonins constitute a family of sequence-related molecular chaperones that are 
found in all bacteria, mitochondria and plastids examined (4). The recent discovery 
of a protein from the eukaryotic cytosol that shows sequence-similarity with the 
known chaperonins may indicate that chaperonins are probably present in all 
compartments of the cell (37 and reviewed in 32). 

There are two types of chaperonins that are sequence-related to each other 
(33). The larger type is called chaperonin 60 (cpn60) since its subunit Mr is about 
60,000 while the smaller type is called chaperonin 10 (cpnlO) with a subunit Mr of 
about 10,000. The purified chaperonin 60 from E.coli (originally known as the 
groEL protein), chloroplasts (originally known as the rubisco subunit binding 
protein) and yeast mitochondria (also known as hsp 60) all have a distinct structure 
involving 14 subunits arranged in two stacked rings containing 7 subunits each 
(known as the "double donut", 34-36). Interestingly the cytosolic chaperonin from 
the archaebacterium Sulfolobus occurs as a complex of two stacked nine-membered 
rings (37), while the mammalian mitochondrial chaperonin 60 (38-41) has been 
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6. VAN DER VIES ET AL. Molecular Chaperones in Protein Assembly 11 

purified as a single ring of 7 identical subunits. The bacterial, mitochondria and 
cytosolic chaperonin 60 are homo-oligomers in contrast to the chloroplast 
chaperonin which contains equal amounts of sequence-related subunits, a and P 
(33, 42). The biological significance of these different arrangements is unknown but 
deserves attention. The chaperonin 10 (originally known as the groES protein in 
Ecoli) occurs as an oligomer of 7 identical subunits arranged in a single ring (43) 
and has recently been identified in mammalian mitochondria (44, 45) and spinach 
chloroplasts (46). Interestingly the chloroplast chaperonin, unlike the mitochondrial 
and bacterial cpn 10, appears as a binary protein with a Mr of 24,000 consisting of 
two cpnlO-like domains fused together. The purified chaperonin 60 possesses weak 
ATPase activity which is effectively inhibited upon binding of the chaperonin 10. 
This binding itself requires ADP or ATP (43, 47). 

The Kcoli Chaperonins. The chaperonins from Ecoli were the first to be studied 
in detail and their involvement in protein assembly in vivo and in vitro is discussed 
herein. Several reviews and papers have been published describing the chaperonins 
from other species (4, 6, 36-42, 48-50). 

Protein Assembly In Vivo is Mediated by Chaperonins. The Ecoli 
chaperonins were originally identified because mutations in their genes prevented 
the replication of several bacteriophages (reviewed in 57). The chaperonins 60 and 
10 interact functionally in vivo (52) and are essential for the formation of the 
bacteriophage lambda "preconnector", a protein structure on which the phage head 
proteins assemble (53). The chaperonins are essential for cell viability at all 
temperatures (54) and the genes are present on one operon (52) whose expression is 
induced upon heat shock (55). Additional studies have revealed that the two types 
of chaperonins are involved in a number of processes in uninfected bacterial cells. 
For example, genetic evidence suggests a role in DNA replication (56, 57), cell 
division (58), protein secretion (59, 60) and oligomeric protein assembly (61, 62). 
Most of the cellular processes that are mediated by chaperonin 60 also require 
chaperonin 10. However, chaperonin 60 alone is sufficient for maintaining 
polypeptides in conformations that are suitable for translocation across membranes 
in vitro. It appears that cpn60 inhibits the folding of the precursor and holds it in a 
conformation that interacts correctly with the transport machinery (72). 

E.coli Chaperonins Influence Protein Assembly In Vitro. The 
observation that the correct reassembly of chemically denatured purified rubisco 
requires the function of the two E.coli chaperonins and MgATP provided the first 
direct evidence in support of the proposed assisted self-assembly mechanism (63, 
64). The interaction of the E.coli chaperonins with a number of other purified 
proteins has since been documented: for example, pre-P-lactamase (65), rhodanese 
(66,), dihydrofolate reductase (27, 22), lactate dehydrogenase (67), citrate synthase 
(68), a-glucosidase (69), an antibody F a ^ fragment (70) and a variety of 
thermophilic enzymes (77). The E.coli chaperonins appear to influence the re
assembly by binding non-covalently to a range of unrelated proteins. From these in 
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78 PROTEIN FOLDING: IN VIVO AND IN VITRO 

vitro studies some generalizations can be deduced which are summarized below 
(reviewed in 72). 

A schematic representation of the refolding of proteins in vitro and the 
influence of the E.coli chaperonins is presented below, where N = native; I = folding 
intermediate; U = unfolded; cpn60 = chaperonin 60 and cpnlO = chaperonin 10, the 
* indicates a changed conformation of I. 

N 

MgATP K + 

U - I - (cpn60) 1 4-I* — N 
i (cpnl0)7 

aggr 

Most purified proteins that are treated with high concentrations of 
chaotropes such as urea or guanidinium hydrochloride, loose their biological activity 
and adapt an unstructured conformation. Dilution of the chaotrope results in a rapid 
formation of folding intermediates, some of which are stable and have been 
characterized (reviewed in 73). The folding intermediate of the bacterial enzyme 
rubisco is stable at low temperatures (4°C) and physiological conditions of ionic 
strength and pH (23). At a given temperature and up to a well-defined concentration 
(referred to as the critical aggregation concentration, C.A.C.) the folding 
intermediate is stable and will fold to the native state in the absence of the 
chaperonins. At concentrations higher than the C.A.C, aggregation occurs until the 
concentration of the folding intermediate is reduced to the C.A.C. after which the 
residual molecules fold into an active conformation. However, in the presence of the 
chaperonin 60, the stable folding intermediate forms a binary complex in a reaction 
that is kinetically indistinguishable from its refolding to the native state suggesting 
that the chaperonin recognizes structural features present in the folding 
intermediate. Under appropriate conditions, unfolded rubisco (23, 47), rhodanese 
(65, 74), citrate synthase (68) and oc-glucosidase (69) aggregate upon dilution of the 
chaotrope. However, when cpn60 is present during dilution, aggregation is 
prevented because the folding intermediates are trapped by the chaperonin. Thus, 
depending on the experimental conditions, the cpn60 either prevents aggregation or 
folding to the native state by binding to folding intermediates. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

00
6



6. VAN DER VIES ET AL. Molecular Chaperones in Protein Assembly 79 

Characterization of the rubisco folding intermediate has revealed structural 
properties similar to the so-called "molten-globule" (25), an intermediate formed 
during the refolding of many proteins in vitro (75, 76). The observation that the 
dihydrofolate reductase folding intermediate is prevented from binding to the cpn60 
in the presence of an excess of casein, a protein with properties of a partially folded 
protein, suggests a "molten-globule"-like conformation for the substrate polypeptide 
(21). Dihydrofolate reductase, rhodanese and rubisco polypeptides bound to cpn60 
are in a partially folded conformation as judged by their sensitivity to proteolytic 
degradation (21-23). Analysis of the spectral properties of the binary complex of 
cpn60 with either dihydrofolate reductase, rhodanese or a-glucosidase may also 
suggest that the chaperonin stabilizes a structure that resembles a "molten-globule" 
(21, 69). However, the precise structural motif recognized by cpn60 is unknown. 
Most substrate proteins analyzed contain a variety of secondary structural elements 
in their folded states and, thus, provide little clues for the recognition site. Two 
dimensional NMR analysis has revealed that a protein fragment corresponding to 
the aminoterminus of native rhodanese adopts an a-helical conformation while 
bound to the chaperonin 60 (77). However, it has recently been shown that an 
antibody Fab fragment, a protein completely devoid of a-helices in the native state, 
interacts with the chaperonin 60 during refolding in vitro in a manner similar to that 
observed for all proteins examined (70). Thus, the recognition site may not be based 
on a defined secondary structure but rather on the accessibility of the interactive 
side chains that constitute hydrophobic surfaces. 

Polypeptides bound to cpn60 are released by MgATP and potassium ions. 
Release may also result in generation a biologicallly active protein depending on the 
nature of the polypeptide. The binding of ATP and/or non-hydrolysable ATP-
analogous to cpn60 alone has been shown to induce large conformational changes 
measured by changes in protease sensitivity (78). Such conformational changes are 
sufficient to reduce the affinity of cpn60 for the substrate polypeptide. If the 
polypeptide is released under conditions where it refolds spontaneously, it 
progresses to the native state. Examples of such proteins are P-lactamase, 
dihydrofolate reductase and a-glucosidase. However, under conditions where 
aggregation is the predominant process the released polypeptide irreversibly 
aggregates, as in the case of rubisco, rhodanese and citrate synthase. This 
aggregation is prevented only when the polypeptide is released in the presence of 
the chaperonin 10 and MgATP and folding to the native state occurs. These 
observations indicate that the polypeptide released from cpn60 in the presence of 
MgATP and cpnlO has a different conformation than those polypeptides released 
with MgATP alone (79). Under physiological conditions where protein 
concentrations and temperature are higher than those required to refold most 
proteins in vitro, both cpn60 and cpnlO are probably required for correct protein 
assembly. 

Evidence is emerging that some members of the different chaperone families 
may function cooperatively to assist protein assembly. The transient interaction of 
newly imported polypeptides with the hsp70 chaperone in the mitochondrial matrix 
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80 PROTEIN FOLDING: IN VIVO AND IN VITRO 

is necessary for complete translocation but is not sufficient for correct assembly of 
the polypeptide chain, which requires sequential transfer to chaperonin 60 (80). A 
similar conclusion was reached for the in vitro refolding of rhodanese (81). While 
the dnaK chaperone is capable of binding a rhodanese folding intermediate, transfer 
to the chaperonin 60 is necessary for correct folding. Additional proteins, originally 
identified because of their requirement in DNA replication (reviewed in 82), have 
been shown to influence the refolding of rhodanese in vitro. The dnaJ protein 
functions cooperatively with the dnaK chaperone in binding the rhodanese folding 
intermediate, while the grpE protein enhances the efficiency of transfer to cpn60 
(81). Whether these sequential events occur in vivo remains to be determined. 

Implications for Biotechnology 

There is much commercial interest in producing large amounts of biologically active 
recombinant proteins in heterologous systems. However, in many cases problems 
such as formation of insoluble inclusion bodies and/or inactive aggregates are 
encountered. The formation of such aggregates is probably the result of incorrect 
interactions of folding intermediates that do not participate along productive folding 
pathways (83). It has been reported that increased levels of the E.coli chaperonins 
increase the amount of correctly assembled foreign rubisco enzyme when its 
subunits are produced from cloned genes present on a plasmid (62). The 
accumulation of correctly folded procollagenase in vivo increases 10 fold upon 
overexpression of either the E.coli chaperonins or the dnaK chaperone (84). It 
appears that by increasing the amount of chaperones by heat shock, production from 
a multicopy plasmid, or simply by the presence of unfolded proteins (85), the 
folding capacity of the cell can be enhanced leading to the increased production 
correctly assembled protein. Although the above reports are encouraging, there are 
still many foreign proteins whose assembly is not enhanced upon increased amount 
of chaperone proteins (84). Thus it appears that simple overexpression of 
chaperones is not a universal method for increasing the amount of biologically active 
recombinant proteins and every case may have to be evaluated individually. We 
recommend that such evaluations include the determination whether a foreign 
protein requires chaperones for its assembly in the cell in which it occurs naturally 
as it may be necessary to co-express those chaperones in the heterologous host. 
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Chapter 7 

Role of Molecular Chaperones in Transport 
of Proteins into the Mammalian Endoplasmic 

Reticulum 
Solubilization-Achieving Proteins, Folding-Accelerating Proteins, 

and Translocation-Mediating Proteins 

H. Wiech and R. Zimmermann 

Zentrum Biochemie, Abteilung Biochemie II der Georg-August Universität 
Göttingen, Gosslerstr. 12d, D-3400 Göttingen, Germany 

In signal peptide dependent transport of proteins across the membrane of 
the endoplasmic reticulum (ER) one can distinguish between transport 
mechanisms which involve ribonucleoparticles and those which employ 
molecular chaperones. Both mechanisms appear to converge at the 
membrane of the ER, specifically, at the level of the ATP-dependent 
translocase. The function of members of the Hsp70- and Hsp90-protein 
families in maintaining the transport-competent conformation of 
precursor proteins and in assisting in protein folding are discussed in a 
unifying model. According to their different activities molecular 
chaperones are divided into three groups. An enzyme catalyzing a rate 
determining step in the folding process is termed a folding accelerating 
protein (FOAP). A cytosolic factor keeping a precursor protein in a water 
soluble and non-aggregated state is characterized as solubilization 
achieving protein (SOAP). If the molecular chaperone is directly 
involved in maintaining the transport-competent conformation of a 
certain class of precursor proteins it is referred to as a translocation 
mediating protein (TRAMP). 

The actual understanding of the development and maintenance of specific cellular 
compartments represents a central problem in modern cell biology. Al l proteins are 
synthesized in the cytosol (excluding the few proteins which are synthesized by 
mitochondrial and chloroplast ribosomes). Due to the subcellular compartmentalization 
the sites of synthesis and functional location are often separated by at least one biological 
membrane. Thus, non-cytosolic proteins must be directed to a variety of different 
subcellular locations where they fulfill their specific functions. Therefore, the emergence 
of a nascent polypeptide chain from a ribosome signals the beginning of a complex 
process that leads to a correctly folded, localized, processed and assembled protein 
product. Consequently, folding of proteins must be rigorously controlled, both 
temporally and spatially. Hence, the amino acid sequence of the nascent chain encodes 
not only information necessary to determine its native three-dimensional structure but 
also information which is required for the cellular machinery to control the timing of 
folding. Furthermore, mechanisms have to exist which ensure the specific transport of 
proteins across membranes and the assembly of proteins into membranes (for review see 
1, 2, 3). 

0097-6156/93/0526-0084S06.00/0 
© 1993 American Chemical Society 
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7. WIECH & ZIMMERMANN Molecular Chaperones in Transport of Proteins 85 

In the case of protein transport into the mammalian endoplasmic reticulum (ER) 
most of the precursor proteins possess a transient N-terminal extension, called signal 
peptide (4). The biophysical properties of the signal peptide influence the remaining part 
of the protein with respect to adopting a native like conformation and targeting to the 
ER. Therefore, the emergence of the signal peptide from the ribosome is used as a 
recognition signal for proteinaceous components involved in the timing of folding as 
well as in the translocation process. 

It appears that there are two cytosolic systems which can contribute to the fidelity 
of the respective precursor proteins (Figure 1). One mechanism involves two 
ribonucleoparticles, the ribosome (RIB) and the signal recognition particle (SRP; 5), and 
their respective receptors at the membrane surface, ribosome receptor (RR; 6, 7,8) and 
docking protein (DP; 9,10) (Figure 1, pathway A). SRP seems to be able to support 
precursor protein translocation with respect to membrane specificity (together with its 
receptor, the docking protein) and, in collaboration with the ribosome, it seems to be 
able to keep the precursors in a state where the signal peptide is exposed and where the 
precursor stays water soluble as well as in an "unfolded" state. In other words, 
mammalian SRP has a variety of functions which are brought about by the inhibition of 
elongation of the nascent precursor polypeptide after SRP has bound to the signal 
peptide as it emerged from the ribosome (77). Hence, in this process the rate of protein 
synthesis is slowed down and energy in form of GTP is necessary to release the nascent 
chain from SRP and to complete the reaction (72). In the other mechanism, 
ribonucleoparticles are not involved. Therefore, this mechanism is termed 
ribonucleoparticle-independent transport (Figure 1, pathway B; 73). Here the 
interactions of a fully synthesized precursor protein with the ris-acting molecular 
chaperone Hsc70 and at least one so far unknown component (MoCh) keep the 
precursor protein in a transport competent state (14, 75). In this transport competent 
state, molecular chaperones help the precursors to stay soluble as well as loosely folded 
and keep their signal peptides exposed (13,16). In addition, the precursors which can 
make use of this system seem to require structural features which allow them to stay in 
this form on their own, at least for a certain time. In this mechanism the rate of folding 
and/or aggregation is slowed down in an ATP-dependent fashion. 

Both mechanisms converge at the level of the membrane (Figure 1, step C) where 
they use the same translocation machinery (SR, 77; NSM, 18; ASM, 19; TRAM, 20; 
Tase, 27). In both cases the translocation of the precursor protein is dependent on ATP 
and the signal peptide is cleaved off by signal peptidase (Figure 1, step D; SPase, 22). 
On the trans-side of the membrane molecular chaperones such as BiP (23,24) appear to 
be involved in assisting proteins in adopting their final three-dimensional structure 
(Figure 1, step E). 

Our aim is to understand the role of molecular chaperones, such as members of the 
Hsp70 protein family, in folding of secretory proteins in the cytosol and the lumen of 
the endoplasmic reticulum as well as to identify all the various molecular chaperones 
involved. Furthermore, we try to elucidate the nature of the transport competent state. 
Therefore, we study protein transport and protein folding in in vitro reactions. 

Protein Transport 

The Assay. We have mainly been interested in the ribonucleoparticle-independent 
pathway which is predominantly used by precursor proteins with less than 75 amino 
acids residues (13,25,26). To analyze the role of molecular chaperones in this process 
we employ the following assay for translocation of proteins in vitro. The [ 3 5S]-
methionine labeled precursor protein Ml3 procoat protein (which does not depend on 
translocase for membrane insertion!) is synthezised in a cell free transcription and 
translation system, derived from E.coli (Figure 2, panel I). This procoat protein is 
further enriched by removal of the ribosomes and ammonium sulfate precipitation. The 
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86 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Figure 1. Model for Ribonucleoparticle Dependent and Ribonucleoparticle 
Independent Transport of Proteins into the Mammalian Endoplasmic Reticulum 
RIB rribosome 
SRP rsignal recognition particle 
Hsc70 : stress protein of the Hsp70 protein family 
MoCh tmolecular chaperone (i.e. r^M-sensitive component = NSC) 
DP rdocking protein 
RR rribosome receptor 
SR :signal peptide receptor 
NSM :NEM-sensitive membrane protein 
ASM :Azido-ATP-sensitive membrane protein 
Tase rhypothetical translocase 
TRAM translocation chain-associating membrane protein 
SPase :signal peptidase 
BiP :heavy chain binding protein 
ERM rmembrane of the endoplasmic reticulum 
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50% (NH4)2S04 

+NaH2P04 

[ 3 5S]-M13 pC (73aa) Ny\ZV 
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R-lysate 
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dog pancreas microsomes — 

SPase 3 

N' 

Figure 2. Schematic Illustration of the in vitro Assay to Analyze the Activity of cis-
Acting Molecular Chaperones in Protein Transport into the ER 
s :sensitive r rresistant 
c .-competent 
R-lysate :rabbit reticulocyte lysate 
NEM :N-ethylmaleimide 
ATP :adenosine-5'-triphosphate 
SR rsignal peptide receptor 

ic .-incompetent 
SPase :signal peptidase 
Sup : supernatant 
ERM :ER membrane 
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88 PROTEIN FOLDING: IN VIVO AND IN VITRO 

precursor protein is then denatured at alkaline pH and renatured by the addition of 
sodium dihydrogen phosphate (Figure 2, panel II). The supplementation of the transport 
reaction with dog pancreas microsomes does not result in translocation (Figure 2, panels 
III and IV). Therefore, the structure of the procoat protein is called transport 
incompetent (Figure 2, panel III; indicated as "ic"). The addition of rabbit reticulocyte 
lysate (R-lysate) and MgATP, however, changes the properties of the precursor protein 
in such a way that a transport reaction can take place (Figure 2, panel IV). In contrast to 
the transport incompetent state, the transport competent procoat protein (Figure 2, panel 
III, indicated as "c") is less resistant (i.e. sensitive, indicated as "s") to protease 
digestion. The conversion from the resistant (indicated as V ) to the sensitive precursor 
state ("s") is dependent on the hydrolysis of ATP and a protein which can be inactivated 
by N-ethylmaleimide (NEM). Increasing amounts of reticulocyte lysate stimulate the 
transport reaction in the presence of hydrolyzable ATP as can be seen by the processing 
of the precursor protein to the mature form. Following addition of high amounts of 
proteinase K, only the mature form is protected by the microsomal membranes and 
consequently has reached its assembled state (Figure 2, panel IV). In the absence of 
ATP and in the presence of apyrase, or if NEM-inactivated reticulocyte lysate is added, 
the insertion of the procoat protein into the membrane does not occur due to its transport 
incompetent state. 

Hsc70 is Involved. Supplementing of the reaction mixture with purified Hsc70 
stimulates the transport reaction synergistically if limiting amounts of reticulocyte lysate 
are present (75). Under these conditions Hsc70 (NEM-insensitive) and at least a second 
component of the lysate (NEM-sensitive, termed NSC) are necessary to keep the 
precursor in a transport competent state. Addition of purified Hsp90, however, cannot 
substitute for Hsc70 (27). This reflects a high degree of substrate specifity for the 
molecular chaperones involved in the translocation process. 

Progress Report. Fractionation of the reticulocyte lysate by ammonium sulfate 
precipitation revealed that the transport stimulating activity was enriched 30-times in the 
10-66 % ammonium sulfate fraction (Figure 3, compare processing and sequestration of 
lane 3 with lanes 1,2 and 4). The stimulation of transport was ATP-dependent (Figure 
3, lane 5) and NEM-sensitive (Figure 3, lane 6). Addition of purified Hsc70 further 
stimulated the reaction indicating that at least two components, Hsc70 and NSC, were 
necessary to allow the transport reaction (data not shown). 

Therefore, the assay was modified for the characterization of NSC. If the amount 
of isolated Hsc70 in the reaction was kept constant, it was possible to analyze the 
activity of the fractionated reticulocyte lysate. The fractionation of the transport 
stimulating activity is shown in Figure 4. After gel filtration chromatography of the 10-
66 % ammonium sulfate fraction of the reticulocyte lysate, a stimulation of the transport 
reaction was detected only in fractions with a molecular mass of approximately 200 kDa 
+/- 40 kDa (Figure 4, lanes 13 to 15; compare with the starting material (NRL) in lane 
2). In this fraction the activity was enriched 400-times. Using native PAGE we were 
able to show that binding of procoat protein to this 200 kDa-complex in the presence of 
isolated Hsc70 was ATP-dependent and NEM-sensitive (data not shown). When the 
200 kDa fraction was inactivated by NEM treatment, the binding of procoat protein to a 
low molecular mass protein (between 15-50 kDa) was detected. At present, further 
biochemical approaches to characterize the complex have been unsuccessful. 

Protein Folding 

Hsp90 Plays a Role. In collaboration with Ursula Jakob and Johannes Buchner we 
studied mitochondrial citrate synthase as a model protein for analyzing the kinetics of 
renaturation of denatured protein. We have observed that Hsp90 (in contrast to Hsc70) 
is a molecular chaperone stimulating protein folding by preventing non-native proteins 
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7. WIECH & ZIMMERMANN Molecular Chaperones in Transport of Proteins 89 

Figure 3. Analysis of the Assembly of Procoat Protein 
The assay for ds-acting molecular chaperones was performed as described 
previously (27). The respective aliquots were supplemented in the presence of ATP 
with no cytosolic factors (lane 1), with the 0-10 % (i.e. % saturation) ammonium 
sulfate fraction (lane 2), with the 10-66 % ammonium sulfate fraction (lane 3, 
Mock treatment), with the 66-100 % ammonium sulfate fraction (lane 4), with the 
10-66 % ammonium sulfate fraction (lane 6, after NEM treatment) or in the absence 
of ATP (after apyrase treatment 80 units/ml) with the 10-66 % ammonium sulfate 
fraction (lane 5, Mock treatment). After addition of dog pancreas microsomes (5 
A280/m A) the samples were incubated for 15 minutes at 37 °C and analyzed as 
described (27) for processing and sequestration. Finally the samples were subjected 
to an urea-SDS-PAGE followed by fluorography (I) and densitometry (II). 
NRL-Mock: The 10-66 % ammonium sulfate fraction was incubated for 30 minutes 
at 25 °C in the presence of 10 mM NEM and 50 mM DTT. 
NRL-NEM: The 10-66 % ammonium sulfate fraction was incubated for 20 minutes 
at 25 °C in the presence of 10 mM NEM, the reaction was stopped by addition of 
50 mM DTT and a subsequent incubation step was performed for 10 minutes at 25 
°C. 
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1 1.4 1.8 2.2 2.6 3 

Figure 4. Analysis of the 10-66 % Ammonium Sulfate Fraction of the Rabbit 
Reticulocyte Lysate by Gel Filtration Chromatography on Superose 6 
The rabbit reticulocyte lysate was fractionated with ammonium sulfate and the 10-
66 % (i.e. % saturation) ammonium sulfate fraction was than applied to a Superose 
6 column. The fractions were analyzed with respect to their total protein content 
(A280) as well as their Hsc70- (D) and Hsp90- (ffl) content (protein, u.g/ml) (II). 
Furthermore, the fractions were tested in the assay for cis-acting molecular 
chaperones as described in Figure 3 with the modification that all samples were 
supplemented with 100 |Jg/ml of isolated Hsc70 (I). In lane 1 no cytosolic fraction 
and in lane 2 the 10-66% ammonium sulfate fraction was added. The bar in II 
indicates the active fractions of assay I. 
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7. WIECH & ZIMMERMANN Molecular Chaperones in Transport of Proteins 91 

from unproductive intermolecular interactions (28). The results are consistent with a 
model in which one Hsp90 dimer binds one or two molecules of the non-native 
"substrate protein" (for detailed description see Figure 5 and below). Since nucleoside 
triphosphates do not have any effect on the function of Hsp90, we speculate that the 
release of the substrate protein is driven by folding of the non-native protein. Thus, 
Hsp90 and most likely Grp94, its endoplasmic reticulum counterpart, represent a class 
of molecular chaperones which exhibit a GroEL/ES-like effect on protein folding but 
which function with a completely different molecular mechanism. 

A Model for Protein Folding in vitro 

The classic in vitro protein refolding experiments carried out with isolated ribonuclease 
(29) led to the dogma that both the structure of the folded state and the mechanism of 
folding are encoded in the amino acid sequence (defined as primary structure). 
Consequently, under suitable conditions, folding can be envisaged as a spontaneous 
process (see Figure 5, panel II, pathway starting at A, continuing over B to C). This 
hypothesis was supported by the identification of folding transition states and the 
characterization of folding pathways. The experimental conditions used, however, were 
often non-physiological and reversible unfolding could not be achieved for all proteins 
(for review see 30,31,32, 33). 

Although a detailed description of the folding pathway is still missing, it has been 
established for small monomeric proteins that folding occurs through the succession of a 
finite number of intermediate conformational states. In an in vitro model system, native 
proteins can be converted to a random coil state by modifying external parameters (i.e. 
temperature or pressure) and solvation conditions (i.e. pH-value, destabilizing salts). 
After dilution of the unfolded protein into native buffer conditions (Figure 5, panel II, 
reaction A) the refolding process ("non-vectorial folding") can start (Figure 5, panel II, 
reaction B). 

In vitro refolding (Figure 5) can be initiated by the collapse of hydrophobic 
regions of the polypeptide chain in the interior of the protein molecule. This process is 
accompanied by the rapid formation (in the milli-second time scale) of stable secondary 
structures (34,35,36). These secondary structure elements form the frame for specific 
tertiary contacts between parts of the polypeptide chain. The progressing folding process 
seems to follow a limited number of pathways with distinct intermediates (Figure 5, 
panel II, endproduct of reaction B). These intermediates (for "molten globule" see 37, 
38; for "compact intermediates" see 32) possess a significant portion of secondary 
structure, show a compact form, but have no defined tertiary structure and they expose 
more hydrophobic surfaces than native folded molecules. The formation of the 
intermediates is thought to occur in a cooperative fashion and is associated with a large 
change in enthalpy and heat capacity. It seems that these intermediates are in fast 
equilibrium with the completely unfolded state (Figure 5, panel n, reaction B) and are 
only slowly converting to the native state (Figure 5, panel II, reaction C). 

Therefore, the rate determining steps often occur at a late time point in the folding 
process, shortly before the protein reaches its final native conformation. Furthermore, 
the rate determining steps involve the reorganization of tertiary contacts. These steps are 
often limited by the reshuffling of incorrectly formed disulfide bonds (39) and/or by 
proline isomerization (40, 41). In addition, rate-limiting steps in the folding of large 
proteins may comprise domain pairing (42). Finally, the rate of reconstitution of 
oligomeric proteins is often determined by slow association processes (43). 

The analysis of the folding of proteins may be complicated by the formation of 
aggregates (Figure 5, panel I, reactions B2 and C2; i.e. the products of non-productive 
association and/or precipitation of polypeptides chains) in competition with correct 
folding reactions (44,45). 

The driving force for folding is the tendency to achieve minimum potential energy. 
Surprisingly, the stabilization energy of a native protein is relatively low (AG=-40kJ/mol 
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denatured polypeptide chain 

folding intermediate 

native polypeptide chain 

aggregation state I 

A chaotropic substance 

ML monomeric Hsc70 

§j| dimeric Hsp90 

aggregation state II 

Figure 5. Hypothetical Model for Protein Folding in vitro 
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7. WIECH & ZIMMERMANN Molecular Chaperones in Transport of Proteins 93 

on the average) and this marginal stability is the result of a delicate balance between 
opposing forces. This guarantees a high degree of flexibility which is a prerequisite for 
enzymatic function and supports transient unfolding of a protein following the input of 
small amounts of energy. 

SOAPS and FOAPS. Two mechanims seem to be involved in facilitating correct 
protein folding. One is the catalysis of slow steps on the folding pathway and thus the 
reduction of the time of exposure of hydrophobic surfaces in folding intermediates 
(Figure 5, reactions CI and 6). Examples for folding accelerating proteins (termed 
FOAPs) are the protein disulfide isomerase (PDI; 46,47) and the peptidylproline-cw-
fra/w-isomerase (PPI; 48,49). The second process involves molecular chaperones that 
bind to folding intermediates and thus prevent unproductive aggregation reactions 
(Figure 5, panel III, reactions B l and CI). In this case, the transient binding of a 
solubilization achieving protein (defined as SOAP) to unfolded or partially folded 
polypeptide chains may allow the substrate protein to reach the right conformation while 
bound to the surface of the molecular chaperone ("non-vectorial folding"). SOAPs 
thereby suppress competing unspecific self-aggregation reactions which are the 
consequence of interactions between different parts of the polypeptide due to the 
exposure of interactive surfaces of the folding intermediates. No evidence was found 
that SOAPs actively guide correct folding and assembly, i.e. act by selecting the correct 
folding pathway. 

Folding of proteins represents an isomerization reaction (Figure 5, panel II; 1. 
order reation) and, therefore, is independent on the protein concentration. On the other 
hand, aggregation is a reaction which is strongly dependent on the amount of refolding 
protein (44; illustrated in Figure 5, panel I; n. order reaction). At increasing 
concentrations of the denatured polypeptide, the rate of folding stays constant (Figure 5, 
panel II, reations B and C) whereas the rate of aggregation increases and can be much 
faster than the folding process (Figure 5, reations B2 and C2). Consequently, the 
recovery of native protein during in vitro protein folding is determined by a kinetic 
competition between the folding reaction and the aggregation (41). Reactions that 
sequester the quickly formed folding intermediates through transient binding (Figure 5, 
panel IB, reactions B l and CI) compete with their aggregation (Figure 5, panel I, B2 
and C2). The stabilization of folding intermediates by way of interaction with molecular 
chaperones (FOAPs or SOAPs) allows the rate determining steps in the folding process 
to proceed (Figure 5, panel III, reaction 6). Thus, the use of molecular chaperones in in 
vitro refolding experiments increases the yield of active and native protein. 

Citrate Synthase as a Model. The use of mitochondrial citrate synthase as a model 
protein for analyzing the kinetics of protein renaturation revealed that there is a striking 
difference between the rate of aggregation which posesses a half time of 15 seconds and 
the half time for the reactivation process which is 5 minutes. Therefore, aggregation is 
preceding the rate determining steps in protein folding (in Figure 5, panel II, and in the 
case of citrate synthase the rate determining step may be the dimerization reaction C). If 
a protein has reached its correct native conformation Hsp90 (or GroEL/ES) are not able 
to interact with or to unfold the protein substrate (50, 28). Consequently SOAPs are 
only active at early steps in protein folding where crucial intermediates with the potential 
to aggregate are prominent. 

Preliminary results gained by analyzing the activity of isolated Hsc70 and/or 
Hsp90 together with other cytosolic fractions in the refolding process of citrate synthase 
led us to assume a sequential action of Hsc70, Hsp90 and unidentified components of 
the cytosol (Figure 5, panel III, reactions B l or C2 and 2, 3, 4, 5, 6). According to this 
view, Hsc70 interacts with an early intermediate which may be characterized by 
containing only secondary structure elements (Figure 5, panel III, reaction Bl) . This 
reaction does not result in the formation of active dimeric citrate synthase, probably 
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94 PROTEIN FOLDING: IN VIVO AND IN VITRO 

because the binding of Hsc70 is transient. Therefore, the irreversible aggregation 
reaction is dominant (in Figure 5 competition between B l and 2 with B2). 

In contrast, Hsp90 binds to a folding intermediate which may at least partially 
assume a "molten globule" conformation (Figure 5, panel III, reaction CI) and 
chaperones the reactivation of the substrate protein (in Figure 5 reaction 6). 

Surprisingly, if Hsc70 and Hsp90 are both present in the renaturation assay, no 
refolding of citrate synthase occurs (in Figure 5 the reactions B l , 2, and 3 take place and 
result in a stable intermediate of citrate synthase bound to Hsc70 and Hsp90). Formation 
of active citrate synthase was only detected after supplementation with a cytosolic 
fraction. This observation suggests that an unknown component in the cytosol may 
release Hsc70 from the stable intermediate (in Figure 5 the reaction 4). As illustrated in 
Figure 5, the reactions 5 and 6 can now take place and result in the formation of active 
citrate synthase. 

Summarizing, the in vitro refolding of citrate synthase was useful in analyzing the 
characteristics of Hsc70 and Hsp90 as molecular chaperones and in delineating the role 
of unknown cytosolic components which modulate their activity. In addition, the 
concerted action of all components will eventually align the in vitro with the in vivo 
situation. Therefore, new insights into the mechanism of folding of proteins will be 
gained. 

A Model for Protein Folding in vivo 

A nascent polypeptide chain upon emerging from the ribosome and making contact with 
the solvent cytosol starts to fold and acquires a different conformation relative to its 
primary structure (Figure 6, panel II, reaction A). This may be a stepwise process 
accompanying the growth of the polypeptide chain from the amino- to the carboxy-
terminus ("vectorial folding"). In contrast to the time necessary for synthesis for a 
typical protein (which is in the range of minutes) the partially folded state can be 
achieved rapidly (in Figure 6, panel II, reaction B and C; in the range of milliseconds to 
seconds) and the slower rate-determing steps occur late in the folding process (Figure 6, 
panel II, reaction D). Monomelic single domain proteins in particular, may reach their 
native structure without any assistance and complete the process in a biologically 
reasonable time (Figure 6, panel II, pathway A, B, C, D). The correct folding of a multi 
domain protein, however, can be either independent or dependent of the action of other 
proteins which, due to a temporary interaction with the translated protein, assist or 
catalyse the folding process (Figure 6, panel III, reactions B l , B2, CI, C2, D l , 3, 4, 5, 
6). Folding accelerating proteins (FOAPs), solubilization achieving proteins (SOAPs) or 
translocation mediating proteins (termed TRAMPs) are located either in a soluble form in 
the cytosol or may be bound to the ribosome, thereby enhancing the possibility of 
binding to the emerging protein. 

Often, it is possible to isolate partially folded polypeptides as a complex with 
specific cellular proteins especially members of the heat shock protein families (57,52, 
53, 54, 55,56). Some of the molecular chaperones involved in in vivo protein folding 
seem to have a broad specifity whereas others assist only in the assembly of defined 
macromolecules. 

By analogy to the model describing protein folding in vitro, there may also be an 
in vivo sequential interaction of Hsc70, Hsp90 and as yet unidentified cytosolic 
components with the partially folded substrate protein in order to efficiently reach a 
native structure. Depending on the mechanism, the folding protein may interact with 
SOAPs and/or FOAPs at different times during the elongation or after termination of 
protein synthesis (compare in Figure 6 the reactions B l , B2 with the reations CI, C2 or 
with reaction Dl). The stabilization of the resulting conformation -due to the binding of 
molecular chaperones to interactive surfaces- would allow enough time for the 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

00
7



WIECH & ZIMMERMANN Molecular Chaperones in Transport of Proteins 

Figure 6. Hypothetical Model for Protein Folding in vivo 
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completion of the rate determining step in the folding process and thus result in the 
correctly assembled protein. 

Overexpresssion of recombinant proteins in prokaryotic and eukaryotic hosts has 
shown that there is a correlation between aggregation in vivo and the rate of expression 
of a protein. By analogy to the in vitro situation, one can speculate that under these 
conditions aggregation is also competing with correct folding and association. High 
concentrations of nascent or unfolded polypeptide chains favour aggregation (Figure 6, 
panel I, reaction D2 and D3; 57). The end products in vivo represent dense insoluble 
protein particles ("inclusion bodies") which are stablized through unproductive 
interactions (Figure 6, panel I, reaction D3; 58). 

To investigate protein folding in vivo, assays have been developed that are not 
dependent on obtaining large quantities of partially folded proteins which are sufficiently 
pure for physicochemical measurements. They include the formation of disulfide bonds, 
the use of conformation specific antibodies, the protease sensitivity of proteins and 
sucrose density gradient centrifugation. These techniques have been useful for probing 
the tertiary and quarternary structure of radiolabelled proteins (for review see 3). They 
also make possible the study of the acquisition of the final native structure of different 
proteins and should, in the future, help to analyze the folding pathways in more detail. 

A Model for Transport Competence 

Proteins can be classified into two major groups on the basis of their functional location 
in the cell, i.e. cytosolic proteins and non-cytosolic proteins. The folding pathway of 
various transition intermediates belonging to these classes is schematically illustrated in 
Figure 7. According to our view, three parameters influence the properties of a protein 
in the cytosol. The first parameter is the Gibbs free energy (represented in Figure 7 by 
the y-axis) which can be used as a measure of the evolution of the folding process. The 
tendency to achieve a minimum of potential energy is connected with the adoption of a 
native conformation. Second, a folding intermediate is only a substrate for molecular 
chaperones for a defined time interval (represented in Figure 7 by the x-axis). This 
relaxation time indicates how long a protein will stay in a certain conformation or 
complex before it reaches the next state. Third, depending on its conformation, a folding 
intermediate may possess characteristics (termed transport competence) which may or 
may not allow the transport across a membrane per se . In some cases the interaction 
with a molecular chaperone is required (in Figure 7 represented by the z-axis). 

In the early phase of elongation, the polypeptide emerging from the ribosome 
possesses primary structural features (Figure 7, p 1 0). As elongation proceeds, the 
nascent polypeptide chain adopts a secondary structure as a result of contacts with the 
hydrophilic surroundings (Figure 7, p 2°). When the N-terminal amino acids of the 
protein act as a recognition signal for targeting to another compartment (i.e for a non-
cytosolic protein) the first point of decision on which folding pathway will be used 
occurs (in Figure 7 illustrated by the interaction of p 2 0 with SRP). 

Cytosolic Proteins. For a cytosolic protein, the rapid formation of folding 
intermediates precedes the rate determining step on the folding pathway (for details see 
Figure 6, in Figure 7 the reaction from (p2°) to p<MG)). These intermediates can either 
follow an unproductive pathway which leads to an enzymatically inactive native like 
form of the protein (for details see also Figure 6, in Figure 7 the reaction from p(MG> to 
(p3°) and (p30)1") or, after a defined time interval reach the native state per se (Figure 7, 
the reaction from p(M G) to [p3°]). If the efficiency of the folding process and the 
acquisition of the native state (i.e. for the assembly of oligomeric proteins or where the 
catalysis of rate determining steps is necessary) requires transient binding to a molecular 
chaperone, the crucial folding step is accelerated via the binding to a FOAP and 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

00
7



WIECH & ZIMMERMANN Molecular Chaperones in Transport of Proteins 

time 

Figure 7. 
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subsequent release of the native protein (Figure 7, reaction from p(M G) through 
p(MG)*poAP and than p(M G) to [p3°]). Alternatively or in addition, the transient 
interaction of a substrate protein with a SOAP may be important to avoid the aggregation 
of the protein (for reasons of clarity not illustrated in Figure 7). This binding step could 
be particularly crucial in the case of multidomain or oligomeric proteins. 

Non-Cytosolic Proteins. As discussed earlier, for proteins which have to cross or 
become inserted into a membrane, there is an inverse correlation between the stability of 
the folded state of a precursor protein and the efficiency of its transport across a 
membrane (59, 16). In agreement with this observation it was shown that substrate 
analogs which stabilize the native conformation of an enzyme inhibit the transport of a 
precursor protein across biological membranes (60,61,13). 

SRP. The formation of sterically unfavourable structures that interfere with 
translocation can be avoided by a tight coupling of transport and protein biosynthesis. 
This is the case for secretory proteins which use the ribonucleoparticle-dependent 
pathway (Figure 7, reaction from p 2° to p2°SRP). As previously discussed, the 
ribosome and SRP preserve the status nascendi of a protein. In other words, as soon as 
the signal peptide emerges from the ribosome the association of SRP with the signal 
peptide results in a partial inhibition or a slowing down of the rate of elongation. 

Signal Peptide. Other precursor proteins which are unable to interact with this 
system may, spontaneously, adopt a membrane transport competent form after 
completion of biosynthesis (Figure 7, (p2°) binds to the membrane of the ER and can be 
translocated). This may be simply achieved by the presence of an additional amino acid 
sequence (the signal sequence) which, through unfavourable interactions with the 
remaining polypeptide chain, may prevent the formation of a stable three dimensional 
structure (62,63). This retardation in folding could be sufficient to block or at least slow 
down the formation of a transport incompetent structure. 

SOAP. On the other hand, the translocation of preproteins can depend on the 
temporary binding to a cw-acting molecular chaperone, i.e. a SOAP, (Figure 7, reaction 
from (p2°) to (p2°)SOAP). The bound precursor protein may be released spontaneously 
which results in the formation of a transport competent state (Figure 7, the complex 
(p2°)SOAP dissociates and (p2°) translocates across the membrane). Preproteins which 
are not able to interact during a defined time interval with a SOAP, show transient low 
solubility and thus tend to aggregate presumably because parts of their hydrophobic 
surface (especially true for membrane proteins) remain exposed to the cytosol. As a 
result of attempting to achieve a state of minimum potential energy without the assistance 
of a molecular chaperone they end up in a dead end state. On the other hand, preproteins 
which are denatured by chaotropic substances and are unfolded can be transported 
efficiently after dilution of the chaotropic substance. Under these conditions the 
dependence on certain cytosolic factors can be circumvented (64, 65, 66,19). 

TRAMP. Additionally, the transport competent state can result from interactions 
with more specific (in comparison to a SOAP) molecular chaperones, i.e. TRAMPs, 
(Figure 7, the reaction from (p2°)SOAP to p(MG>TRAMP or the pathway from p(MG> to 
p(MG)TRAMP). The association or dissociation (or both steps) may depend on the input 
of energy in the form of ATP. 

The nature of the interaction between a protein substrate and a molecular 
chaperone could be the binding to unfolded exposed stretches of the polypeptide 
backbone and should persist longer than is required for protein synthesis (e.g. if binding 
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7. WIECH & ZIMMERMANN Molecular Chaperones in Transport of Proteins 99 

occurs cotranslationally), whereas the dissociation must occur at a useful rate to keep 
pace with synthesis and translocation; otherwise, it interferes with transport as well as 
folding. The release of the polypeptide chain may occur through a stepwise exposure of 
segments of the polypeptide chain to folding conditions and may be the consequence of 
sequence specifity. The distinctive affinities of the components of the complex for the 
different peptide segments may ensure that especially critical sequences (i.e. the signal 
peptide) will be bound for a relatively long time interval (i.e. low ks-value). In contrast, 
binding of molecular chaperones to other (cryptic) parts of the polypeptide chain may be 
characterized by a high ks-value. Therefore, such segments would be stabilized in their 
actual conformation only for a short time interval. 

Translocation. On the membrane of its destination the translocation competent 
conformation of a preprotein may need further help from the activity of a TRAMP. 
These molecular chaperones, depending on their affinities for peptide segments, 
dissociate and release the preprotein into the membrane translocase which initiates 
translocation. The translocation competent conformation of the precursor protein is 
thought to be a molten globule state (see above). 

Considering the thermodynamic aspect, the difference in stability between this 
flexible intermediate and the native state is small, consequently a small input of energy 
(e.g. provided through binding of a molecular chaperone) is sufficient either to arrest 
folding in that state or to convert a folded protein back to a molten globular 
conformation. The difference in Gibbs free energy between the native and unfolded state 
or molten globule state of the protein is small and therefore the hydrolysis of one ATP is 
sufficient to drive such an unfolding reaction. We imagine that a possible mechanism 
could involve tight binding of a precursor protein to a complex between SOAP/TRAMP 
and ATP. However, the mechanism of molecular coupling of ATP-hydrolysis and 
unfolding is not at all known at present. 

Kinetically, the unfolding of a partially folded intermediate is rapid, refolding to 
the native state, however, is slow. Therefore, a preprotein can easily be further unfolded 
as soon as it leaves the cytosol and enters the translocase in the membrane. Furthermore, 
unfavourable refolding immediately after dissociation from the molecular chaperone is 
blocked since the kinetics of refolding to the native state are comparatively slow. 

The same principles as illustrated in the model for transport competence with 
respect to the ER (Figure 7) may be valid in the case of transport of non-cytosolic 
proteins to other intracellular compartments (e.g. mitochondria and chloroplasts). In this 
respect SOAPs (e.g. Hsc70) represent molecular chaperones with a more general 
function concerning the maintenance of transport competence (in the case of non-
cytosolic proteins). SOAPs are involved in various cellular processes and they are 
members of conservative and homogeneous protein families. In contrast, TRAMPs (e.g. 
the NEM-sensitive component) interact with specific recognition segments of the 
preproteins. Consequently, these components together with the receptors on the 
membrane increase -in a cascade like way- the specifity and efficiency of the whole 
translocation process. This protein group is made up by heterogeneous members. 

On the trans-side of the ER membrane similar reactions like the ones described for 
the cytosol (c/s-side) may take place. Only in this case the starting point is not the 
ribosome (as indicated in Figure 7) but the translocase which releases the "quasi-
nascent" polypeptide chain into the lumen. Then, due to an interaction with a trans
acting SOAP (i.e. BiP and Grp94) and/or a FOAP (e.g. protein disulfide isomerase) the 
mature protein may reach its final assembled state. A similar situation exists in 
mitochondria (i.e. mtHsp70 and Hsp60; 67) and in chloroplasts in the assembly of 
imported proteins. 
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Chapter 8 

Folding of Recombinant Human Insulin-Like 
Growth Factor-1 in Yeast 

Bhabatosh Chaudhuri and Christine Stephan 

Department of Biotechnology, K-681.106, Ciba-Geigy Ltd., Basel, 
CH-4002 Switzerland 

The role of propeptides, molecular chaperones and folding enzymes in 
the in vivo folding of human insulin-like growth factor-1 (IGF-1), 
expressed in the yeast Saccharomyces cerevisiae, has been studied. In 
order to acquire its native conformation intramolecular disulfide-
bridged IGF-1 needs to gain entry into the yeast secretory pathway. 
Secretion is possible using the alpha-factor leader (αFL), a polypeptide 
which consists of a 19-amino acid signal sequence and a 66-amino acid 
proregion (proαFL). It has been observed that classical signal 
sequences alone do not allow translocation of nascent IGF-1 across the 
membrane of the endoplasmic reticulum (ER). Translocation is 
permitted when the proαFL is covalently-linked to a signal sequence, 
when the stress-70 protein BiP (the yeast KAR2 gene product) is over-
expressed, and when the activity of the endogenous cis -> trans prolyl 
isomerase in a yeast strain is partially annulled. Constructs which use 
the proαFL to maintain a conformation necessary for translocation are 
the most efficient in permitting secretion of IGF-1. However, it appears 
that after allowing translocation, the proregion, which is processed later 
in the Golgi by the Kex2 endoprotease, has a deleterious effect on the 
folding of IGF-1. Early removal of the proregion, by co-expression of a 
mutant Kex2 protein which is retained in the ER, prevents formation of 
inactive disulfide-bonded IGF-1 dimers, the preponderant species in the 
secreted product. 

IGF-1 is one of the two structurally-related human insulin-like growth factors (IGFs). 
IGF-1 bears not only a high degree of homology to the primary amino-acid sequence 
of human insulin, but it also exhibits physiological effects similar to insulin in the 
living cell (i). Proinsulin, the single-chain insulin precursor, contains three 
polypeptide domains, the A, B and C chains. The amino-terminal B chain and the 

0097-6156/93/0526-0102$06.00/0 
© 1993 American Chemical Society 
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8. CHAUDHURI & STEPHAN Human Insulin-Like Growth Factor-1 103 

carboxyl-terminal A chain are connected by a C peptide. When mature insulin forms, 
the C peptide is processed, but the two chains B and A stay inter-linked through three 
disulfide bridges. IGF-1, a single-chain 70-amino acid polypeptide, can be divided into 
structural domains similar to proinsulin. The amino acid residues in the B and A 
domains of IGF-1 are more than 50% identical to the B and A chains of proinsulin, 
and the position of the three disulfide bonds in insulin and IGF-1 are preserved. The 
three-dimensional structure of IGF-1 can, therefore, be modelled reasonably on the 
basis of the known structure of insulin (2). The model has been confirmed by the 
structure of IGF-1 obtained in solution using 2-D NMR spectroscopy (5). 

In spite of these similarities to insulin, IGF-1 has some unique features which may 
have some bearing on its folding in a eucaryotic cell. Unlike proinsulin, the C peptide 
in single-chain IGF-1 remains uncleaved. There is also a D peptide, an 8-amino acid 
carboxyl-terminal extension, which is not found in proinsulin (7). The analysis of the 
human cDNA suggests that IGF-1 is formed as a precursor, which contains an 
additional peptide of 35-amino acid residues at its carboxyl terminus (4). In a 
mammalian cell, the role of the C and D peptides, and of the carboxyl-terminal 
proregion in the folding and secretion of IGF-1 is unknown. It appears that the folded 
structure which the molecule acquires during secretion undergoes further modification. 
Although unusually high concentrations (i.e. about 1000 times more than that of 
insulin concentrations present in the plasma) of the two IGFs are secreted from human 
cells, yet most of the IGFs (at least 80% of the total IGF-1) circulate, as inactive 
entities, tightly bound to carrier proteins (5). It is likely that IGF-1 is biologically 
active only when released from the carrier protein-IGF-1 complex. 

Recombinant IGF-1 has been expressed in a variety of different organisms (7). In 
order to obtain active IGF-1, we have used the secretory pathway of the unicellular 
eukaryote, the yeast Saccharomyces cerevisiae. In this report, an attempt to secrete the 
correctly folded molecule is described. 

Experimental Procedures 

Materials. All enzymes used for DNA manipulations were obtained from Boehringer 
Mannheim. Reagents needed for sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), immunoblotting and enzyme-linked immunoabsorbant 
assay (ELISA) were from Bio-Rad (Richmond, CA), excepting poly(vinylidene) 
difluoride (PVDF) membranes and goat serum which were bought from Millipore 
(Bedford, MA) and Gibco (Basel, Switzerland), respectively. Nitrocellulose filters 
used for visualising proteins secreted from yeast colonies, were available from 
Schleicher and Schuell (Feldbach, Switzerland). Centricon-3 concentrators were 
purchased from Amicon (Beverly, MA). Yeast extract and Bactopeptone, required for 
preparing IGF-1 expression medium, were obtained from Difco Laboratories (Detroit, 
MI) and casamino acids from Sigma (St Louis, MO). Anti-(rabbit immunoglobulins) 
conjugated to alkaline phosphatase antibodies (the secondary antibody) were 
purchased from Tago (Burlingame, CA). Rabbit polyclonal IGF 1-antiserum was 
generated using active, monomeric IGF-1 purified by high-performance liquid 
chromatography (HPLC), and was obtained from K.Einsle (Ciba-Geigy, Basel). The 
polyclonal anti-Kar2 antibodies were raised in rabbits against an 11-amino acid 
peptide from the yeast immunoglobulin heavy-chain binding protein (BiP) by using a 
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104 PROTEIN FOLDING: IN VIVO AND IN VITRO 

published procedure (6). The antibodies were provided by A.Hinnen (Ciba-Geigy, 
Basel). The Escherichia Coli signal peptidase was a gift from W.Wickner (UCLA, 
CA). 

Strains and Transformations. All newly constructed plasmids were transformed in 
Ecoli HB101. Yeast transformations (7) were performed in S.cerevisiae strains 
AB110 (a, his4-580, leu2, ura3-52, pep4-3, [cir°]) and SE104, a [cir°] derivative of 
GRF18 (a, leu2-3, leu2-112, ura3A5), where the functional copies of the proteinases 
A and B, and the carboxypeptidases S and Y have been removed by gene replacement. 
The chromosomal copy of the cytoplasmic cyclophilin gene (c-cyclophilin, CYP1) (8) 
in the yeast strain SE104 was disrupted by transformation with the linearized plasmid 
p\JC\9/cypl::LEU2 where a flushed 2.9kb BgUl fragment containing the functional 
copy of the LEU2 gene has been inserted at the unique Ncol site (also flushed with T4 
polymerase) of the CYP1 gene (#). 

Cloning of BiP and Cytoplasmic Cyclophilin Genes from Yeast The yeast genes 
encoding the binding protein, BiP (KAR2) (6,9) and c-cyclophilin (CYP1) (8), were 
cloned by using the polymerase chain reaction (PCR) (70) and 
oligodeoxyribonucleotide primers (Microsynth, Zurich, Switzerland). The coding 
region along with the transcription terminator of the KAR2 gene was isolated using 
oligomers 5' TACAGCTGGATCCTACCATGTTTTTCAACAGACTAAGCGCTGGC 
3' (a), and 5' CTCGAGCCTTTCAACTCTCTC 3' (b). The complete CYP1 gene, 
which includes the promoter, the coding region and the terminator, was obtained by 
using the oligomers 5' ATATGAATTCTAGAACCTTTCATCATC 3' (a), and 5' 
ATTAAAGCTTGATTGAAATTAAAACAA 3' (b). In each case, (a) and (b) 
represent the 5' ends of the sense strand and the 3' ends of the anti-sense strand of the 
published KAR2 and CYP1 sequences (6,8). Genomic DNA from the wild type yeast 
strain S288C was amplified in 30 cycles of PCR. A BamHl-Xhol fragment containing 
the -2495 base pair (bp) coding region of the KAR2 gene, which includes -2180 bp of 
the coding sequence and ~315bp of the KAR2 terminator, was subcloned in pUC20 
and was completely sequenced (77). Four point mutations in the coding region which 
altered the following amino acids of the yeast BiP polypeptide, Tyr^ 4 4 t 0 Cys^ 4 4 , 
P h e 1 3 4 7 to L e u 1 3 4 7 , A s n 2 1 3 3 to A s p 2 1 3 3 and P h e 2 3 1 3 to L e u 2 3 1 3 were identified. 
We do not know whether there is any major difference in functionality between the 
BiP which we have expressed from a PCR clone and the wild type. Preliminary results 
indicate that this mutant form of yeast BiP undergoes translocation and is retained in 
the ER (Latham, S.; Chaudhuri, B., unpublished data). The restriction map of the 
cloned EcoRl-Hindlll 1385bp CYP1 gene, subcloned in pUC19, is identical to the one 
already published (8). The PCR product has been partially sequenced (77). No 
differences have been found between the clone obtained from PCR and the published 
sequence. 

Plasmids. 

Plasmids bearing IGF-1 Expression Cassettes which contain different 
Secretion Signals. The normal expression cassette used for the secretion of IGF-1 (7) 
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8. CHAUDHURI & STEPHAN Human Insulin-Like Growth Factor-1 105 

consists of a 400bp glyceraldehyde-3-phosphate dehydrogenase promoter (GAPDHp) 
and the coding sequence for the 85-amino acids of the S.cerevisiae alpha-factor leader 
(OCFL). The cassette ends with the tetrapeptide Leu-Asp-Lys-Arg which provides the 
Kex2 endoprotease cleavage site and it is followed by the coding sequence for mature 
IGF-1 and the alpha-factor terminator (aFj) (7). The 255bp OCFL DNA sequence was 
replaced by the 57bp yeast invertase signal sequence (Inv^), the 51bp yeast acid-
phosphatase signal sequence (PHC^) , the 57bp alpha-factor signal sequence (aF^), 
and the hybrid leaders, the 255bp Inv^proaFL and the 249bp PHOSssproocFL (where 
proaFL denotes the proregion of the OCFL) by standard techniques of DNA 
manipulation (72). Detailed descriptions of these constructions have been reported 
earlier (75). BamHl fragments of the different expression cassettes were subcloned in 
the Ecoli-Sxerevisiae shuttle vector pDP34B (7,74), containing the complete 2-
micron yeast plasmid sequence, and the yeast genomic URA3 and the dLEU2 
sequences as selectable markers. The plasmids encoding the IGF-1 expression 
cassettes with the OCFL and the aF^ as secretion signals have been named pBC23 and 
pBC27, respectively. 

BiP Expression Cassette under the Control of the CYC1 Promoter for Co-
expression with IGF-1. A -HOObp Sall-BamHl fragment encoding the yeast iso-
cytochrome b gene (CYC1) promoter was isolated from the plasmid pLG669-7 (75) 
which contains a CYCl-lacZ gene fusion. The Sall-BamHl promoter fragment and 
~2495bp BamHl-Sacl encoding the KAR2 gene and its transcription terminator (6) 
were subcloned in SalUSacl digested pUC20. The isolated ~3600bp SaR-Sacl 
fragment was purified from the plasmid pUC20/CYC7p-XA7?2, the 5' and the 3' ends 
were flushed with T4 polymerase and the fragment was ligated in the flushed and 
dephosphorylated Bglil site of pBC23 to yield a plasmid containing both the IGF-1 
and BiP expression cassettes. This plasmid was named pBC28 and was used to express 
IGF-1. 

Cytoplasmic Cyclophilin Expression Cassette for Co-expression with IGF-1. 
A 1385bp Bglil fragment encoding the CYP1 gene (S), obtained as a PCR product, 
was subcloned in the unique BgRl site of pBC23 to yield the plasmid pBC29. Clones 
harboring plasmids which encode both the IGF-1 and the c-cyclophilin expression 
cassettes were chosen for further expression of IGF-1. 

Plasmids bearing Kex2p variants. At first, the expression cassette for the 
soluble form of the Kex2p (sKex2p) (76) was obtained by deleting from the KEX2 
gene (77) the DNA encoding the C-terminal 200-amino acids. The gene construct for 
sKex2pHDEL was made by adding linkers, encoding the His-Asp-Glu-Leu (HDEL) 
(18) peptide sequence and two stop codons, to the 3' end of the gene encoding sKex2p. 
The construction has already been described (14). The expression cassettes containing 
the genes encoding for wild type (wt) Kex2p and the mutant sKex2pHDEL were 
isolated as BamHl fragments and subcloned in the unique Bglil site of pBC23, to yield 
plasmids pBC24 and pBC26, respectively. 
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106 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Expression of IGF-1. The plasmids were transformed in the yeast strains AB110 and 
SE104, both free of the 2-micron yeast plasmid but containing a mutant non-functional 
allele of the URA3 gene. Three transformants from each transformation were grown 
for 72h in an IGF-1 expression medium which lacks uracil (7). This allowed plasmid-
bearing cells to be maintained during growth. IGF-1 expressed by these cells was 
measured both quantitatively and qualitatively. 

Quantitative Determination of IGF-1 in the Yeast Culture Media. Correctiy 
folded, active, monomelic IGF-1 was quantified by reversed-phase HPLC and the total 
amount of secreted IGF-l-like molecules was estimated by ELISA. The details of 
these procedures have been described elsewhere (7). 

Immunoblot Analysis. Samples for SDS-PAGE followed by Western blot analysis 
were performed according to previously published protocols (7). 

Colony blot analysis. Yeast transformants were picked and streaked as circular zones 
on plates containing a solid IGF-1 expression medium. After incubating the plates for 
24h at 30°C, the cells were blotted on to nitrocellulose filters (13). The secreted 
proteins remaining fixed to the filters were detected by a method identical to the 
protocol used for Western blot analysis (7). 

Results and Discussion 

Signal Sequences, Unfolding of Nascent Proteins and Secretion from Yeast For 
targeting newly translated polypeptides to the secretory pathway a transient N-terminal 
extension, consisting of a hydrophobic core of amino acids, is required (79). This extra 
stretch, usually 15 to 30-amino acids long and termed signal peptides, mediate 
translocation of nascent polypeptides into the endoplasmic reticulum (ER). 
Translocation represents the first step in the eukaryotic secretory pathway (20). 

It has been suggested that recognition of signal peptides by a cytosolic 
ribonucleoprotein complex, the signal recognition particle (SRP), is an essential facet 
of the translocation process (27). Nonetheless, it has remained intriguing how a 
disparate set of signal peptides, sharing only a hydrophobic core, can be at all 
recognized by the cell. Randall and Hardy have tried to explain this phenomenon by 
proposing that translocation takes place because the peptides which act as signal 
sequences enforce a delay in the folding of a nascently synthesized polypeptide (22). 
There is evidence that in yeast, the cytosolic heat shock proteins hsp70 (the 70 
kilodalton heat shock proteins) and the ER-resident BiP (the KAR2 gene product) may 
be also involved in translocation competence of proteins, perhaps by assisting the 
relaxation of any newly acquired tertiary structure (23-25). It is believed that for 
translocation to occur the nascent polypeptide must be in an unfolded state. 

A variety of signal peptides have been used to direct the secretion of foreign 
proteins from yeast. Only rarely have the signal peptides, intrinsic to a particular 
protein, been able to direct the processing and secretion of a mature protein from 
yeast. In most cases, secretion of foreign proteins have been achieved from 
S.cerevisiae by fusing signal sequences of yeast secretory proteins to the coding region 
of different heterologous polypeptides (26). 
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Secretion of IGF-1 in yeast Probably the most commonly used yeast secretion 
signal is the prepro sequence of the prepro-oc-factor, the precursor of a 13-residue 
peptide pheromone secreted from haploid a mating type cells (27). Secretion of IGF-1 
can also be directed by the prepro sequence, usually referred to as the alpha-factor 
leader (aF]J. The 85-amino acid OCFL sequence is an unusually long polypeptide 
which can target proteins to the secretory pathway. Besides possessing a pre- or signal 
sequence, the OCFL also contains a proregion (the proocFL). 

In a homologous situation where the OCFL permits the secretion of oc-factor to 
allow mating of a cells with the opposite mating type a cells, the signal sequence is 
cleaved during translocation. In the lumen of the ER a precursor intermediate 
proocFL-oc-factor is formed (28) to which N-linked core sugars are attached (29). The 
proocFL contains three consensus sequences (27) for N-glycosylation (Asn-Xaa-
Ser/Thr) sites (29). Signal sequence cleavage and glycosylation of the proocFL has also 
been observed when the heterologous proocFL-IGF-1 fusion protein enters the 
secretory pathway (7). 

For the maturation of oc-factor, the glycosylated proccFL-oc-factor undergoes 
processing either in the late Golgi or in the secretory vesicles by the product of the 
KEX2 gene which specifically recognizes pairs of exposed dibasic amino acids, Lys-
Arg (30). A similar Kex2p-mediated removal of the proocFL occurs in the maturation 
of IGF-1 (7,14). It is not known if the proregion is absolutely necessary for the 
secretion of the oc-factor (31). It is possible that, at least, in the secretion of 
heterologous proteins, the proocFL is redundant. 

Classical Signal Sequences Do Not Allow Translocation of IGF-1 into the ER. 
Four yeast secretion signals, the 19-amino acid invertase signal sequence (Inv^) 
encoded by the SUC2 gene (32), the 17-amino acid-phosphatase signal sequence 
(PHOS^) encoded by the PH05 gene (33), and the pre (ocF^) and prepro (OCFL) 

sequences of prepro-oc-factor encoded by the MFa gene (27), have been used to 
attempt the secretion of IGF-1 from S.cerevisiae. Expression cassettes, under the 
control of the same GAPDH promoter but encoding different secretion signals, have 
been used for the expression of IGF-1. It has been observed that only the OCFL 

sequence permits secretion. Yeast strains harboring the plasmids which encode the 
m v ss» t n e PHOSss and the aF^ do not secrete IGF-1 into the culture medium. 
Comparison of the levels of IGF-l-specific mRNA, in the total RNA obtained from 
cells harboring signal sequence constructs, does not show any discernible differences 
from strains where the OCFL is used as a secretion signal. This result excludes the 
possibility that drastically reduced mRNA levels could be a reason for the absence of 
secretion of IGF-1 when only signal sequences are employed (13). 

When IGF-1 is expressed fused to signal sequences, IGF-l-like molecules 
accumulate inside the cell which can be detected on immune-blots with anti-IGF-1 
polyclonal antibodies. Homogenisation of spheroplasted cells permits separation of 
crude membranes. Membrane protection experiments reveal that the intracellular 
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IGF-l-like species are not membrane-encompassed and, therefore, are probably in the 
soluble cytosolic fraction. Further analysis on polyacrylamide gels shows that the 
molecules have a slower mobility than authentic monomelic IGF-1. They can undergo 
cleavage by Exoli signal peptidase (34) to yield the mature IGF-1 molecules (13). 

These observations imply that classical signal sequences do not permit the 
translocation of IGF-1 into the ER. The signal sequence attached IGF-1 molecules 
accumulate in the cytoplasm. It is likely that during synthesis these polypeptides fold 
too quickly into a compact conformation which prevents translocation (7,22). Since an 
unfolded conformation is believed to be a prerequisite (23) for the first step in 
secretion, the translocation event fails to take place. In this context, experiments 
investigating whether any of the known molecular chaperones or folding enzymes (35) 
play a role in the process of translocation of IGF-1 would be interesting (7,36). 

Role of BiP in Folding/Unfolding of Proteins. The immunoglobulin heavy-chain 
binding protein (BiP) is a member of the 70kDa heat-shock protein family (55). In 
mammals, BiP is a 78kDa protein which is retained in the ER. BiP is generally 
induced in cells which undergo stress. The yeast homolog of BiP, encoded by the 
KAR2 gene, is essential for karyogamy (6). The KAR2 gene product is one of the few 
proteins in yeast which contains, at the C-terminus, the Sxerevisiae ER-retention 
signal, His-Asp-Glu-Leu (HDEL) (18). It has been proposed that for proteins destined 
for secretion, the ERD2 gene product in yeast (57) recognizes the C-terminal HDEL 
tetrapepide in an intermediate compartment between the ER and the Golgi. After 
recognition, the HDEL containing polypeptide is recycled back into the ER, thus 
allowing retention of the protein in the ER through the Erd2p receptor-mediated 
pathway. Other proteins are probably also involved in this process of recognition and 
recycling, but they remain to be identified. 

It has been shown that malfolding of mutant proteins and incorrectiy glycosylated 
proteins causes an elevated level of intracellular BiP (55). BiP is thought to act as a 
quality control agent (38), permanently binding to malfolded and unglycosylated 
proteins and preventing these malfolded structures from leaving the ER. Proteins 
bound to BiP are finally destroyed in the ER via a novel degradation pathway (38). 

Not only does BiP have a role in modulating protein folding in the lumen of the 
ER,but it is also thought that BiP is involved in the translocation of precursors across 
the ER membrane. Experiments in which levels of BiP were down-regulated, by 
expressing a temperature sensitive yeast kar2 mutant, have shown that secretory 
proteins accumulate as precursors in the cytosol at the nonpermissive temperature 
(24,25). It has been suggested that BiP binds to nascent proteins whilst they are still 
translocating, preventing the first part of the polypeptide from folding, so that once it 
has been sufficiently translocated the protein can fold correctly. Thus, the binding of 
BiP probably causes newly synthesized proteins to maintain an unfolded conformation 
which would then allow translocation. BiP can be released from bound proteins by 
ATP hydrolysis. Pelham proposes that, through a cyclic system of ATP hydrolysis, the 
protein involved is able to fold in steps every time BiP dissociates and then associates 
with it (18). Therefore, BiP acts by stabilizing nascent proteins until they adopt their 
correct conformation. 
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Over-expression of BiP Unfolds Nascent IGF-1 to Allow Translocation/ 
Secretion. We have expressed the yeast BiP homolog (the KAR2 gene product) (6,9) 
under the control of the comparatively weak CYC1 promoter (75). The promoter is 
repressed in the presence of glucose. The IGF-1 expression cassettes containing the 
ocFss and the OCFL were subcloned in pDP34B (14) to yield the plasmids pBC27 and 
pBC23, respectively. The BiP expression cassette was subcloned in pBC27 to yield 
pBC28. The plasmids pBC23, pBC27 and pBC28 were transformed in the yeast strains 
AB110 and SE104. Transformants from both yeast strains were analyzed on a colony 
blot filter assay which can detect secreted IGF-1 from yeast cells blotted onto 
nitrocellulose filters. Proteins adhering to the filter were detected using anti-IGF-1 
polyclonal antibodies (7). Secretion of IGF-1 is seen in transformants bearing plasmids 
pBC23 and pBC28 but not in the transformants bearing pBC27 (Figure 1). 

Figure 1. IGF-1 secretion from yeast strains over-expressing KAR2, as detected on a 
colony assay. Eight transformants from the strain SE104 bearing the plasmids (A) 
pBC27 (ocFss-IGF-1), (B) pBC28 (aFss-IGF-1 and KAR2) and (C) pBC23 (aF L -
IGF-1) were streaked out on an agar-based IGF-1 expression medium (7). Secreted 
IGF-1 blotted on to nitrocellulose filters were incubated with the polyclonal IGF-1 
anti-serum. The nitrocellulose-bound antigen-antibody complex was visualized using 
the alkaline phosphatase-conjugated secondary antibody and the Bio-Rad 
immunoassay kit. 

Transformants in SE104 were grown in liquid cultures in the IGF-l-expression 
medium with glucose as the sole carbon source (7). The glucose concentrations are 
exhausted at about 14h of growth allowing de-repression of the CYC1 promoter. 
Supernatants of cells grown for 72h were analyzed by HPLC. Identical titers of IGF-1 
were obtained in the strains AB110 and SE104 (Table I). 
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Table I. Over-expression of BiP Aids in the Translocation of Nascent IGF-1 in 
Yeast 

Plasmid Expression Cassette(s) Signal or Leader 
Sequence 

HPLC titers 
in | ig/ml a 

pBC23 IGF-1 ocFL 12 
pBC27 IGF-1 aFss 0 b 

pBC28 IGF-1 & BiP aFss 3 

a The titers are an average of values obtained from three different transformants. 
b The supernatants were concentrated 10-fold with Centricon-3 filters. 

The HPLC data confirm that expression of BiP on a multi-copy plasmid does allow 
secretion of IGF-1 from a construct bearing only a signal sequence. It has been 
observed that none of the IGF-1 expression plasmids allow more than four copies per 
cell, when plasmid-bearing cells are selected in uracil. It is possible that IGF-1 
expression plasmids encoding KAR2 have even a lower copy number. Intracellular 
levels of BiP expressed in yeast strains harboring plasmids pBC27 and pBC28 have 
been compared on Western blots (Figure 2). Levels of BiP in yeast transformants 
bearing pBC28 are distinctly higher and can be detected using anti-Kar2 antibodies. 

Figure 2. Western blot analyses of intracellular BiP, using 10% SDS-PAGE. 100 
ODGOO

 c e l l s w e r e mechanically lysed using 0.3 g glass beads (0.5 mm diameter) with 
200 JLLI of sample buffer (4% SDS, 0.1 M Tris pH6.8, 4 mM EDTA) and 1.5ul of the 
cell lysate was loaded in each slot of the polyacrylamide gel. After blotting with poly 
(vinylidene) difluoride membrane, the proteins were incubated with anti-Kar2 
antibodies and were visualized as in Figure 1. Lanes 1-3, transformants of SE104 
harboring pBC28 (aFss-IGF-1 and KAR2); lanes 4-6, SE104 harboring pBC27 (aF^-
IGF-1). The 47 and 110 kilodalton (kDa) bands used as markers belong to the pre-
stained high-range standard proteins (Bio-Rad). 
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These results imply that early association of BiP with IGF-1 precursors can afford 
a conformation which allows translocation. The constitutive levels of BiP, expressed 
from a chromosomal copy, are not enough to maintain the newly synthesised IGF-1 in 
an unfolded state. However, when cells produce more BiP from an extra-chromosomal 
expression cassette, translocation-competence is somewhat facilitated resulting in 
secretion of mature IGF-1 into the culture supernatant. In this context, it ought to be 
mentioned that the expression of BiP under the control of a strong constitutive 
promoter (viz. GAPDHp), which normally permits higher levels of transcription than 
the inducible CYC1 promoter, causes strains to grow very poorly, suggesting that 
overexpression of BiP with the GAPDH promoter may be deleterious for the yeast 
cell. Moreover, the construction fails to provide any secretion of IGF-1. Analysis of 
the plasmids isolated from these strains show that they have undergone rearrangement. 
These results indicate that an optimal expression of the stress protein BiP could 
transfigure into a positive effect on the translocation of the nascent IGF-1 when signal 
sequences are used for translocation. Until now, we have failed to show so 
emphatically such a clear effect of the overexpression of BiP on the secretion of IGF-
1, using the OCFL or other hybrid leader sequences as secretion signals (Stephan, C., 
and Chaudhuri, B., unpublished data). 

Immunophilins and Protein Folding. The cellular action of the immunosuppresive 
drugs Cyclosporin A and FK506 are thought to be mediated via the cytoplasmic 
receptor proteins cyclophilin and FKBP (FK506 binding protein), respectively (39). 
The cyclophilins and FKBPs from different species are highly conserved, indicating 
that they may have an important role to play in the cell. Interestingly, cyclophilin and 
FKBP share no apparent homology. Yet they have been grouped together because they 
both catalyze the cis -> trans isomerisation of Xaa-Pro bonds present in short synthetic 
peptides, implying that they have the capability to rotate a cis Xaa-Pro bond in the 
peptide substrate to the trans geometric conformation. Recent studies have shown that 
in addition to cyclophilin and FKBP, there are other cellular proteins which exhibit 
this isomerase activity (39,40). Proteins binding to small immunosuppressant 
molecules (either cyclic peptides or macrolides) and possessing peptidylprolyl 
isomerase activity, have been classified as belonging to a new family of proteins, 
termed immunophilins (39). 

In vitro experiments have shown that cyclophilin catalyzes the slow isomerisation 
of Xaa-Pro bonds in proteins, too (41). This catalysis accelerates the in vitro refolding 
of proline-containing polypeptides. There is only indirect evidence that cyclophilin 
may have an important function in the folding of proteins in vivo. Mutations in the 
Drosophila melanogaster cyclophilin homolog ninaA, an eye-specific membrane 
protein, seem to affect the folding and intracellular trafficking of rhodopsin (42). It has 
also been noticed that when chicken embryo fibroblasts are treated with cyclosporin A 
the folding of the triple helix of type I collagen appears to be delayed (35). 

S.cerevisiae has at least three cyclophilin-related genes (8,43), one cytoplasmic 
and the other two bearing signal sequences. It is not clear whether the signal sequence-
bearing cyclophilins really secrete from yeast. Recently, other cyclophilin genes 
encoding signal sequences have been cloned in higher eukaryotes and there are data 
which strongly indicate that cyclophilins in the secretory pathway participate in 
intracellular protein transport (44,45). 
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Using RNase T l as a model system, purified cyclophilin, obtained from the 
intracellular proteins of yeast, has been shown to be an in vitro catalyst of protein 
folding (46). It has been speculated that cytoplasmic cyclophilin may also be involved 
in the unfolding/refolding of newly synthesized proteins in vivo, particularly of those 
which have to traverse cellular membranes (47). 

Removal of Cytoplasmic Cyclophilin Activity Has an Effect on the Folding of 
IGF-1 in the Cytoplasm. Secretion of IGF-1 in yeast seems to be impossible using 
signal sequences alone. Untranslocated IGF-1 molecules, with uncleaved signal 
sequences, are associated with a soluble fraction after lysis of yeast spheroplasts (13). 
From these observations, it is tempting to think that a cis -> trans isomerisation of one 
or more of the five Xaa-Pro bonds present in IGF-1 may be responsible for the rapid 
folding of the IGF-1 precursor in the cytoplasm into a conformation which prevents 
translocation across the membrane of the rough ER. Although prolyl isomerisation is a 
slow process in vitro, it may not be slow enough in vivo for IGF-1 to prevent a 
premature folding into a conformation which is translocation incompetent. 

C-cyclophilin (the CYP1 gene product) is an abundant protein in yeast, 
corresponding to about 0.4% of the total cellular mRNA (8). We have studied the 
effect of removing the functional copy of the CYP1 gene from the genome of the yeast 
strain SE104. In vivo translocation of IGF-1 was monitored by assaying for secretion 
of IGF-1 from the strains SE104 and SE104cy/?7 on colony blots. 

Surprisingly, we find that in the strain SE104cy/?7, where the cyclophilin activity 
has been abolished (Chaudhuri, B.; Stephan, C , unpublished data), secretion of IGF-1 
is observed from a strain harboring the IGF-1 expression plasmid containing the aF^ 
(Figure 3). Secretion cannot be detected in the same strain when c-cyclophilin is 
expressed again, this time from a plasmid which also bears the IGF-1 expression 
cassette (pBC29). 

Figure 3. Influence of c-cyclophilin (CYP1 gene product) on the secretion of IGF-1, 
as detected on a colony assay (see Figure 1). Yeast transformants harboring the 
expression plasmids pBC23 (aFL-IGF-l), pBC27 (aF^-IGF-1) and pBC29 (aF^-
IGF-1 and CYP1) were analyzed. Eight transformants from each of the three 
transformations were used. (A), pBC27::SE104; (B), pBC27::SE104cyp7; (C), 
pBC29::SE104cy/?7; (D), pBC23::SE104. 
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It is obvious that in strains which do not express the CYP1 gene, nascent IGF-1 
undergoes translocation, and after signal sequence cleavage, at least part of the 
molecules traverse the secretion pathway. The correctly folded IGF-1 molecules in the 
culture supernatant have been identified by HPLC. Using a signal sequence, secretion 
of IGF-1 from strains lacking CYP1 is low compared to the secretion from strains 
transformed with the ocFL-encoding expression plasmids. This indicates that although 
translocation is allowed, its efficiency is poor in the absence of c-cyclophilin (Table 
II). 

Table II. The Rotamase Cyclophilin Prevents Translocation of Nascent IGF-1 in 
Yeast 

Plasmids Expression Signal/Leader Sequence Yeast Strain HPLC Titers 
Cassettes for IGF-1 Expression in fig/ml a 

pBC23 IGF-1 a F L SE104 16 
pBC23 IGF-1 « F L SEl04cypl 13 
pBC27 IGF-1 ocFss SE104 Ob 
pBC27 IGF-1 aFss SE104cyp7 4 

pBC29 IGF-1 &Cyplp aFss SEl04cypl Ob 

a The titers are an average of values obtained from three different transformations, 
b The supernatants were concentrated 10-fold with Centricon-3 filters. 

These results strongly suggest that the aF^-IGF-1 precursors, which form in the 
cytoplasm, do acquire a folded/misfolded structure catalyzed by the cis -> trans prolyl 
isomerase. Probably multiple prolines are involved in this process. As a result of 
premature folding/misfolding, translocation is blocked. In the absence of the 
isomerase, the newly synthesized IGF-1 molecules can probably undergo co
translational translocation because one or more of the Xaa-Pro bonds is maintained in 
a configuration which influences the entry of IGF-1 into the secretory pathway. It can 
be very well imagined that deletion of the gene encoding the cytoplasmic FKBP 
(48,49) together with the CYP1 gene, in a yeast strain, would have a more pronounced 
effect on the translocation of nascent IGF-1. 

Covalent Attachment of the Proregion of the aFL to a Signal Sequence Allows 
Translocation of IGF-1. Of the four yeast secretion signals used to direct IGF-1 to 
the secretory pathway, the aFL is the only sequence which permits secretion (13). The 
aFL consists of a 19-amino acid signal sequence (aF^) and a 66-amino acid proaFL-
The function of the proaFL in the secretion of the mating pheromone a-factor is 
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unclear. A construction where the proocFL has been deleted permits translocation of oc-
factor across yeast microsomal membranes in vitro, though poorly (31). In the context 
of the secretion of foreign proteins, the three heterologous proteins, aminoglycoside 
phosphotransferase encoded by Tn903 that directs kanamycin resistance, human 
granulocyte-macrophage colony stimulating factor and interleukin-ip, have been 
reported to be secreted from yeast only by using the aFss (50). 

The three signal sequences aF^, Inv^ and P H C ^ do not allow translocation of 
IGF-1 into the yeast ER, which would enable the secretion of IGF-1 into the yeast 
culture medium (75). Since the presence of the proaFL in the aFL facilitates 
secretion, we were eager to find out whether the proaFL might also help in promoting 
secretion of IGF-1 when fused to the Inv^ and the P H C ^ . Interestingly, fusion of 
the proaFL to the signal sequences does allow secretion, indicating that membrane 
translocation of IGF-1 is possible, in vivo (13). Transformants from the yeast strains 
AB110 and SE104 were grown in liquid cultures and the secreted IGF-1, using these 
novel hybrid leader peptides (ie. Inv^proaFL and PHOS^proaFL), was measured by 
HPLC (Table III). 

Table III. The Proregion of the aFL Allows Translocation/Secretion of IGF-1 a 

Leader Sequence Used Yeast Strain HPLC Titers in ug/ml b 

ccFL AB110 10 
ocFL SE104 16 
Inv^proaFL AB110 12 
Inv^proaFL SE104 19 
PHOS^proaFL AB110 4 
PHOS^proaFL SE104 6 

The IGF-1 expression cassettes were identical excepting for the leader sequence. 
The titers are an average of values obtained from three different transformations. 

It appears that signal peptides alone are not sufficient to allow translocation of 
IGF-1 across the membrane of the ER. For translocation, an unfolded conformation of 
the nascent protein is required. It is likely that the proaFL has a role in unfolding the 
nascent IGF-1, keeping the polypeptide in a conformation conducive to translocation 
(75). We found that the proaFL need not be the only sequence which permits 
translocation of IGF-1. In order to structurally define a proregion, primarily acting as a 
translocatory agent, we have screened a random library, consisting of 150 to 250bp of 
yeast genomic DNA fragments. It has been possible to isolate alternate sequences 
which fulfill the role of the proaFL in allowing translocation of IGF-1 (57). 
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The Role of the Proregion of the <XFL in the Folding of IGF-1. There are a 
variety of secretory proteins which after signal sequence cleavage form intracellular 
precursors, called pro-proteins (52). These intermediates contain peptide residues, 
known as propeptides, not found in the mature, secreted protein. After export of the 
pro-proteins from the ER, the proregion is proteolytically processed from the 
precursor, usually in the trans Golgi membrane or in the secretory vesicles (53). 
Cleavage often occurs at pairs of dibasic amino acid residues. 

Until recently, the possible cellular function of propeptide sequences was mainly a 
matter of conjecture. Evidence has now been obtained indicating that proregions can 
act as molecular chaperones (54). It has been shown both in vitro and in vivo that the 
proregions of two prokaryotic zymogens aid in the folding of the corresponding active 
proteases, subtilisin and a-lytic protease (54). In vitro data indicate that the causative 
agent for the proper folding of yeast carboxypeptidase Y (CPY) is also its proregion, 
present in the precursor form of CPY (55). 

Our results indicate that the proaFL may have an unfolding action on IGF-1 
before translocation is allowed. Upon entry into the ER, nascent IGF-1 is free to 
acquire its native structure. We have inquired whether the proaFL sequence is 
necessary, beyond the translocation step, in the folding of IGF-1. In order to 
investigate the role of the proaFL after signal sequence mediated translocation has 
occurred, it is imperative that the proaFL be removed in the lumen of the ER rather 
than in the Golgi. For proteins which have entered the secretory pathway folding is 
thought to take place in the ER (56). The KEX2 gene product, Kex2p, removes the 
proaFL from the precursor protein proaFL-IGF-1 only after IGF-1 has acquired its 
tertiary structure. 

The majority of the IGF-Mike molecules secreted from yeast are not the active 
monomers but inactive disulfide-linked dimers (57,58). It has been proposed that 
specific charged interactions between two IGF-1 molecules during the process of 
folding in the cell may cause the formation of dimers (58). Another reason for 
dimerization could be that IGF-1 folds aberrantly in the ER owing to the presence of 
the extraneous proaFL-

ProaFL causes IGF-1 to form disulfide-linked dimers. To study the folding of 
the proaFL-IGF-1 fusion protein in the ER we have co-expressed a novel mutant 
Kex2 endoprotease which is functional in the ER instead of in the Golgi (14). The 
wtKex2p is a C a + + dependent serine protease spanning the membrane of the Golgi 
(59). This Golgi-bound enzyme is known not to secrete. A soluble form of the enzyme 
(sKex2p), lacking the C-terminal 200-amino acids which includes the membrane-
spanning domain, secretes into the culture medium in considerable amounts (16). The 
S.cerevisiae ER-retention signal (18) has been attached to the C-terminus of sKex2p 
yielding an enzyme (sKex2pHDEL) which is partially retained inside the cell (Latham, 
S.; Chaudhuri, B., unpublished data). It has been shown that mutations in the proaFL 
cause ER-accumulation of proaFL-IGF-1 precursors. The novel mutant enzyme 
sKex2pHDEL functions in the ER by removing the proaFL from the ER-accumulated 
pool of precursor proteins. After processing, mature IGF-1 is released (14). 
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We have co-expressed sKex2pHDEL with the OCFL-IGF-1 fusion protein in the 
yeast strain AB110. The total IGF-1-like molecules in the yeast culture supernatant 
was measured by E L I S A . This assay estimates the sum of the different species of IGF-
1, the correctly folded monomers, the positional isomers where two of the disulfide 
bonds in IGF-1 are interchanged and the mixture of molecules which are disulfide-
linked dimers or multimers (7). H P L C gives an accurate measure of the correctly 
folded monomeric molecules alone. The results (Table IV) indicate that there is an 
appreciable decrease in the amount of molecules which are not the correctly-folded 
monomer. H P L C titers subtracted from the E L I S A values portray the amount of the 
inactive molecules formed. 

Table IV. The Presence of the ProaFL during Folding of IGF-1 Influences the 
Formation of Inactive Molecules 

Plasmids Expression Cassettes HPLC Titers a ELISA Values a Inactive IGF-1 
in |ig/ml in Mg/ml in Mg/ml 

pBC24 IGF-1 &wtKex2p 10 78 68 
pBC26 IGF-1 &sKex2pHDEL 9 24 15 

a The values are an average obtained from three different transformations. 

Furthermore, Western blot analysis reveals that dimers/multimers, which are disulfide-
linked (i.e. aggregates which can be reduced by dithiothreitol), are remarkably reduced 
when the ER-retained, modified Kex2p is expressed in an yeast cell (Figure 4). This 
implies that an early processing of the proaFL in the ER prevents intermolecular 
disulfide bond formation in molecules secreted from yeast. This has been confirmed 
by a variety of experiments which include pulse-chase kinetics (Chaudhuri, B.; 
Latham, S. E.; Stephan, C , unpublished data). These results also emphasize the fact 
that proaFL does have a role in the in vivo folding of the intramolecular disulfide-
linked IGF-1 molecules. In the native conformation of IGF-1 the 6 cysteines involved 
in the 3 wframolecular -S-S- bonds are masked (58). It is likely that during the folding 
of the proaFL-IGF-1 polypeptide at least two of the cysteines in IGF-1 are somehow 
uncovered. This must take place if mtermolecular -S-S- bonds are to form. The 
unmasking of cysteines could either take place because of misfolding or because 
proaFL slows down the rapid turnover of a folding intermediate where a cysteine 
residue is momentarily exposed (60). 
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Figure 4. A comparison of IGF-1-like proteins secreted from AB110 transformants, 
harboring the IGF-1 expression plasmids pBC24 (encoding IGF-1 and wtKex2p) and 
pBC26 (encoding IGF-1 and sKex2pHDEL), on a Western blot. Three transformants 
from each of the two transformations were used for analyses. 2ml of cells 
(OD6oo/ml=30) were harvested from 72h yeast cultures. The supernatants were 
concentrated 4-fold using Centricon-3 filters. 10|xl of cell supernatants were 
electrophoresed on a 15% SDS-polyacrylamide gel. Proteins fractionated on the gel 
were blotted as in Figure 2 and was incubated with IGF-1 anti-serum. Proteins were 
visualized as in Figure 1. (A) Lanes 1-3: pBC24; lanes 4-6: pBC26; lane 7: 150 ng of 
HPLC-purified IGF-1 monomer (M). (B) same as in (A), excepting that all samples 
were treated with the reducing agent dithiothreitol. The 17, 27 and 75 kDa bands used 
as markers belong to the pre-stained low-range standard proteins (Bio-Rad). 
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Conclusions 

It has been shown that signal sequences alone do not allow membrane-translocation of 
IGF-1 in vivo, probably because nascent IGF-1 folds too quickly in the cytoplasm into 
a translocation-incompetent conformation. The molecular chaperone BiP helps in 
translocation, perhaps by enforcing a relaxed conformation of the newly synthesized 
molecules. 

Removal of the endogenous cyclophilin activity in the cell also permits 
translocation, possibly by reducing the rate of isomerisation of cis Xaa-Pro bonds to 
the trans configuration. The cis -» trans prolyl isomerisation is known to have an 
impact on the kinetics of protein-folding, in vitro. In the case of IGF-1, reduced rates 
of isomerisation probably keeps nascent IGF-1 in an unfolded conformation 
compatible to translocation. 

The proregion of the prepro-oc-factor can function as an efficient translocatory 
agent in the secretion of IGF-1. However, after performing its chaperone-like function 
(i.e. preventing formation of inappropriate structures which disallow translocation), 
the proregion has an effect on the folding pathway of IGF-1. The proregion 
participates in the formation of inactive disulfide-linked dimers and multimers. It is 
seen that dimer formation is dramatically reduced when the proregion is removed in 
the lumen of the ER with the help of the mutant, ER-retained Kex2p endoprotease. 
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Chapter 9 

Role of the Protein-Folding Chaperone BiP 
in Secretion of Foreign Proteins 

in Eukaryotic Cells 

Anne S. Robinson and K. Dane Wittrup 

Department of Chemical Engineering, University of Illinois, 
Urbana, IL 61801 

A mathematical model of protein folding and binding to the chaperone 
BiP within the eucaryotic secretory pathway has been constructed. 
Incorporating model parameters reported in the literature, the model 
results suggest that increasing levels of BiP in the lumen of the ER 
will lead to more efficient protein secretion, due to competition with 
nonproductive aggregation of nascent polypeptide chains. We have 
experimentally measured significant reductions in BiP protein levels 
in yeast cells secreting foreign proteins. This reduction, brought about 
by an as yet unknown mechanism, may be responsible for inefficient 
secretion of foreign proteins by yeast. 

The past decade has seen a surge of interest in the process of protein folding 
and assembly within the cell, with the discovery that folding is assisted in vivo by a 
class of proteins known as chaperones (1-4). Since all of the information required to 
specify the compact folded structure of a protein is present in the amino acid 
sequence, proteins can be reversibly unfolded and refolded in dilute solutions in vitro 
in the absence of extra factors. However, protein folding in vivo after synthesis, or 
after translocation across membranes, must occur at total protein concentrations up to 
the millimolar range. At these concentrations, intermolecular aggregation reactions 
compete with the intramolecular folding process. One role for chaperones within the 
cell, therefore, is to prevent aggregation of protein folding intermediates. 

Chaperones include enzymes such as protein disulfide isomerase and peptidyl 
prolyl isomerase (5). Another type of chaperone binds to folding intermediates, but 
not folded proteins, and does not appear to cause covalent modification of the 
protein. Two major families of this type of chaperone have been widely studied, the 
hsp70 class and the hsp60 class. These two chaperone types differ significantly in 
structure and function: hsp70 exists as a monomer or dimer (6) and binds short 
peptide stretches in an extended conformation (7), while hsp60's form a stable 
scaffold of two heptamer rings stacked one atop the other (7) that appear to recognize 
elements of secondary structure in unfolded proteins (7). Recent work of Hard et al. 
(8) indicates that hsp70 and hsp60 chaperones may play sequential and 
complementary roles in protein folding, with hsp70's binding extended polypeptide 
chains to prevent aggregation, and then passing the polypeptide on to an hsp60 
oligomer for completion of folding. 

0097-6156/93/0526-0121$06.00/0 
© 1993 American Chemical Society 
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122 PROTEIN FOLDING: IN VTVO AND IN VITRO 

Most compartments of the eucaryotic cell contain hsp70 homologues, while 
eucaryotic hsp60 homologues have only been identified in mitochondria and 
chloroplasts (although sequence homology indicates the potential presence of what 
may be an hsp60-type chaperone in the eucaryotic cytosol (9,10).) Hsp70's such as 
DnaK in E. coli, yeast SSA, SSB, SSC, SSD, and KAR2, and mammalian hsp73, 
hsp72, and BiP/GRP78 are well conserved in sequence and function (4). ATP 
hydrolysis is required for release of unfolded proteins or peptides bound by hsp70 
chaperones(77). Sequential binding and release of extended polypeptide chains is a 
common feature of all hsp70 chaperones, and as such must constitute a significant 
aspect of their biochemical function. It has been proposed that hsp70's act as 
reversible molecular detergents which shield exposed hydrophobic patches of 
unfolded proteins from aggregation (72). Thus, one function of hsp70 chaperones 
may be directly analogous to that observed for non denaturing detergents in 
improving the yield of rhodanese refolding in vitro(13), or polyethylene glycol in 
improving refolding of carbonic anhydrase in vitro (14) - namely, binding to folding 
intermediates and hindering formation of protein aggregates. 

An hsp70 homolog, IgG heavy chain Binding Protein (BiP), is found in the 
lumen of the endoplasmic reticulum (ER) of all eucaryotic cells. The KAR2 gene in 
yeast codes for a BiP homolog, and is an essential gene required for cell growth (75, 
16). We will refer to the KAR2 gene product as BiP in this discussion, as this has 
become the generic term for the ER-resident hsp70 homolog. The first step in the 
eucaryotic secretory pathway is translocation of the secreted protein across the ER 
membrane in an extended form, and it has been shown that this translocation process 
is dependent on the presence of functional KAR2 protein in the ER lumen (77). 
Translocation intermediates which are artificially jammed in microsomal membranes 
in vitro can be chemically crosslinked with BiP (18). Taken together, these 
observations indicate that BiP plays a significant role in the early steps of the 
secretory pathway. 

Correct folding and assembly of a protein is a prerequisite for vesicular 
transport from the ER onward through the secretory pathway (72, 79). Misfolded 
proteins are retained in the ER, often in association with BiP (20). This has led some 
to conclude that BiP acts as a proofreading protein, whose chief role is to bind to 
misfolded proteins in order to prevent their secretion (21-22). BiP, although a 
soluble protein, is retained in the ER by a receptor-mediated recycling pathway (72), 
and perhaps by multiple calcium crosslinkages (23). If BiP binds to a protein, the 
protein must also remain in the ER, if one assumes that transport occurs by passive 
entrainment in a bulk fluid flow (24). 

Dorner and coworkers have shown that the proofreading role for BiP in CHO 
cells is dominant in certain cases - for example, secretion of von Willebrand factor 
(vWF), Factor VIII, or tPA mutants lacking glycosylation sites (21-22). Many 
studies have shown that alteration of glycosylation can lead to misfolding and 
retention of glycoproteins such as tPA (25-27), so the requirements for transport of 
mutant non-glycosylated tPA must differ from those for normal constitutively 
secreted proteins. Factor VIII is a 2,300 amino acid protein with 25 potential 
glycosylation sites, and is industrially produced by co-secretion with vWF, which 
forms a stabilizing complex with Factor VIE (28). The folding and transport of such 
a large, complex molecule is unlikely to be typical of the majority of secreted 
proteins. vWF is an adhesive glycoprotein that forms large multimers in the Golgi 
which are released through a regulated pathway (29). Endothelial cells and 
megakaryocytes are the only cell types which synthesize vWF in vivo. Thus, in each 
case in which BiP has been shown to inhibit protein secretion (21-22), the protein's 
native transport pathway is not representative of the majority of constitutively 
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9. ROBINSON & WITTRUP Protein-Folding Chaperone BiP 123 

secreted proteins. We are interested in the role of BiP in secretion of less complex 
and non-mutant proteins, such as antibodies, growth factors, and enzymes. 

BiP appears to perform two quite different functions: reversible association 
with partially unfolded proteins to prevent aggregation, and stable association with 
misfolded proteins to prevent transport. We believe that the seemingly contradictory 
roles of ER retention and unfolded protein solubilization can be reconciled by 
consideration of the observed biochemical functions of BiP in a mathematical 
framework. 

Mathematical Model of BiP Function in vivo 

We constructed a mathematical model of the processes of folding, aggregation, and 
binding to BiP which occur when a secretory protein is first translocated across the 
ER membrane. Our motivation was to predict whether increasing BiP levels in the 
lumen of the ER would be beneficial or detrimental to protein secretion, based on 
kinetic rate constants for binding and release of unfolded proteins by hsp70 
chaperones reported in the literature. It should be emphasized mat the purpose for 
constructing this model is to predict qualitative trends involved in BiP interactions 
with secreted proteins. It is quite possible that BiP performs as yet unobserved 
functions in the lumen of the ER, such as dissociation of translocation complexes 
after completion of protein translocation. However, given the importance of protein 
folding in determining secretion kinetics, and the established biochemical evidence 
that BiP binds to unfolded proteins and releases upon ATP hydrolysis, we believe 
that these interactions may account for the predominant contribution of BiP to 
protein secretion. 

Mathematical models of the eucaryotic secretory pathway constructed by 
other investigators have focused on the rates of vesicular transport steps, treating 
each organelle as a well-mixed compartment (30-32). By contrast, the present model 
includes no information concerning vesicular transport, as the folding steps in the 
lumen of the ER are likely to be rate-limiting for secretion (12,19,30). The process 
of protein folding in vivo has been modeled previously, but the presence of 
chaperones was not included in those model calculations (33). 

The proposed steps in the process of protein folding in the ER lumen, and the 
model equations used to describe the system, are shown in Figure 1. New, unfolded 
polypeptide chains (U) appear in the ER at the rate R s , and these chains either 
aggregate irreversibly with higher order kinetics (in the present model, second order), 
fold to an aggregation resistant form (F), or form a complex with BiP (C). Transport 
of the folded protein out of the ER is not included, since the purpose of this model is 
to focus on the rate-limiting folding step. 

The stoichiometry of BiP binding to unfolded nascent chains is taken to be 
1:1 in the present model. Palleros et al. observed approximately 1:1 stoichiometry of 
binding of cytosolic hsp73 to reduced carboxymethylated a-lactalbumin in vitro (34), 
and Suzuki et al. immunoprecipitated a truncated T-cell receptor a-chain from CHO 
cell extracts complexed with BiP at stoichiometric ratios of 1:1 to 2:1 (20). Thus, 1:1 
binding appears to be a reasonable approximation. 

A typical range of values for the second order rate constant for protein-
protein binding is 0.5-5.0 x 106 M^s" 1 , for interactions as diverse as actin 
polymerization, hemoglobin dimer assembly, and antibody-antigen association (35, 
36). A second-order rate constant for association of BiP and unfolded proteins (kb) 
of 1.0 x 106 M ' V 1 was used for base case simulations. 

Since ATP hydrolysis stimulates release of BiP-bound proteins, an estimate 
of the rate of dissociation of the complex can be obtained from the reported ATPase 
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124 PROTEIN FOLDING: IN VIVO AND IN VITRO 

A 

C • C* 
k f 

— = R - k.U2 - k fU - kbBU + khC - / iU 
dt 

^ = R s , b - k bBU + khC+khC* - MB 
at 
^ = k b BU - k h C - kJC - nC 

— = k ; c - k h c * - / / c * 
dt f h ^ 

— = k f U + khC*-/xF 
dt f h ^ 

Figure 1. Model for BiP-assisted protein folding in the lumen of the endoplasmic 
reticulum (ER). Unfolded nascent polypeptide chains (U) form aggregates (A), 
complexes with BiP (C), or fold to the stable compact form (F). C* represents 
partially folded protein bound to BiP. Only the correctly folded form (F) is 
competent for transport from the ER. Feasible ranges for each of the rate constants, 
with the exception of kf*, were found in the literature. 

activity(ii). The rate of peptide-stimulated ATP hydrolysis by BiP was measured as 
0.003 s_ 1 by Flynn, et al. in vitro(ll). However, accessory factors may accelerate 
ATP hydrolysis markedly in vivo. ATP hydrolysis by DnaK is enhanced in the 
presence of GrpE and DnaJ to rates as high as 0.35 s'l(37). DnaJ homologues have 
been found in yeast (38-40), but as yet no eucaryotic homolog of GrpE has been 
discovered. Thus, a range of 0.003-0.3 s_1 for complex dissociation is expected, 
depending on the extent to which currendy unidentified cellular factors accelerate 
complex dissociation. For the purposes of base case simulations, a value of 
kh=0.1 s_1 is assumed. 

All secreted proteins were lumped together in this model. Rothman has 
estimated the concentration of nascent chains within the ER at approximately 50 uM 
(2). Assuming that co-translational translocation occurs at approximately the rate of 
protein translation in eucaryotes (« 2 amino acids/second), and an average secretory 
protein size is 400 amino acids, then the rate of appearance of new polypeptide 
chains within the ER (Rs in the model) is 250 nM/s. The rate of synthesis of BiP 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

00
9



9. ROBINSON & WITTRUP Protein-Folding Chaperone BiP 125 

(Rs,b ) was varied in the simulations to produce differing steady state ratios of 
chaperone: nascent polypeptide chain. 

In our model, aggregation is considered to be irreversible, leading eventually 
to degradation of the aggregated polypeptides (41). However, it has been shown that 
DnaK can stimulate refolding of aggregated RNase in vitro (42), and that aggregates 
of influenza haemagglutinin are disassembled in the ER by an ATP-dependent 
mechanism which presumably involves BiP (43). If BiP is capable of solubilizing 
some of the aggregated chains for potential folding and secretion, then our 
assumption of irreversible aggregation will lead to underestimation of the beneficial 
aspects of BiP. A second order rate constant of 1 x 105 M'V 1 for aggregation of 
unfolded proteins has been measured in vitro (44), and is used in this model. 

The most speculative component of this model is the assumption that a 
protein will continue to fold to some extent while bound to BiP. Since BiP binds to 
peptides as short as seven amino acids(45), it is not implausible that the remainder of 
the protein will assume some elements of secondary and tertiary structure while 
bound to BiP. In fact, there is experimental evidence that binding of hsp70 
chaperones to proteins does not completely block formation of folded structures. 
Palleros et al. have shown that reduced carboxymethylated a-lactalbumin forms 
secondary structure (as quantified by CD spectra) while bound to hsp73 (34). Hard 
et al. have shown that folding intermediates are released from DnaK by GrpE and 
DnaJ in a form resistant to aggregation - refolding of rhodanese in the presence of 
DnaK + GrpE + DnaJ is slow, but yields as high as 30% are obtained, compared to 
undetectable refolding in their absence (8). In our model, the parameter kf*, which 
describes folding of the BiP-bound protein, is varied from zero to the rate constant 
for unassisted folding, kf. As reviewed by Ptitsyn & Semisotnov, the dominant 
folding time constant for proteins varies from 1-1000 s (46). Since the slowest step 
in folding is often a proline isomerization, we have chosen a value of kpO.Ol s 4 as 
typical for unassisted folding of a monomelic secreted protein (46). 

Steady state solutions of the model equations (for parameter values in the 
ranges described) were obtained by setting the derivatives to zero, and numerically 
solving by a variation of Newton's method which uses a finite difference 
approximation to the Jacobian of the system (47). It is of particular interest to 
determine the fraction of total lumenal protein which is in the correcdy folded form 
(F), and therefore competent for transport, as a function of BiP concentration in the 
lumen. This secretable fraction is plotted vs. BiP concentration with kf* as a 
parameter in Figure 2, in Figure 3 with kn as a parameter, and in Figure 4 with the 
nascent chain concentration as a parameter. 

A striking result is that the folded protein fraction increases with increasing 
BiP concentration for all combinations of parameter values tested, except when kf* = 
0. This implies that the dominant role for BiP is that of a reversible molecular 
detergent which inhibits aggregation, as long as the BiP-bound protein is capable of 
folding to some extent to an aggregation-resistant form. Even when kf* is 100-fold 
less than kf, increasing BiP increases the secretable protein fraction. When kf*=0, 
however, increasing BiP concentration decreases the secretable protein fraction. This 
may explain the results of Dorner et al., which seemed to indicate that BiP is 
detrimental to protein secretion. The folding kinetics of Factor VIII, vWF, and 
mutant non-glycosylated tPA within the lumen of the ER must be very slow, which 
may correspond approximately to the case kf*=0, resulting in a reduction of secretion 
of these proteins due to their association with BiP. 

It is also noteworthy that the model predicts maximum secretion efficiency at 
BiP: nascent chain ratios above five. The total concentration of ER-resident proteins 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

00
9



126 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Secretable 
protein 
fraction 

.1 1 10 100 
BiP molecules / nascent chain 

Figure 2. Increasing capability of the BiP-bound protein to fold, represented by 
increasing kf*, results in more efficient secretion. Steady state solutions to model 
equations were found as described in the text. Other simulation parameters: 
kb=l x 106 M - V 1 , k a=l x 105 M-h~l\ kf=0.01 s-^kh^. l s"1, nascent chain 
concentration = 50 | i M . At the given nascent chain concentration, BiP 
concentration is varied on this plot from 5 u,M to 5 mM. 
k*f(s-i) = 0.01; - - 0.005; - - - 0.001; 0.0005; 0.0001; 0.0 

1 + 

BiP molecules / nascent chain 

Figure 3. Dependence of secretable fraction on BiP levels is a weak function of 
the rate of ATP hydrolysis and protein release from BiP. Other simulation 
parameters: k b=l x 10* M - V 1 , k f =0.01 s"1, ka=l x 105 M ' V 1 , kf* = 0.001 s"1, 
nascent chain concentration = 50 | iM. At the given nascent chain concentration, 
BiP concentration is varied on this plot from 5 J J M to 5 mM. 
kh(s^= 1.0; 0 .1 ; - - - 0.01 
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9. ROBINSON & WITTRUP Protein-Folding Chaperone BiP 127 

1 + 

BiP molecules / nascent chain 

Figure 4. Dependence of secretable fraction on BiP levels is a weak function of 
the concentration of nascent chains within the ER. Other simulation parameters: 
k b=l x 106 M - V 1 , k^O.Ol s-1, ka=l x 105 M - V 1 , kf* = 0.001 s1, and kj=0.1 s-1. 
At the given nascent chain concentration, BiP concentration is varied on this plot 
from 5 (iM to 5 mM. Nascent chains (|iM) = 5; 50; 500 

has been estimated at approximately 1 mM (48). BiP is one of four major ER-
resident soluble proteins (BiP, GRP90, PDI, ERp72), so the concentration of BiP in 
the ER lumen may actually be in the range of five- to ten-fold over the nascent chain 
concentration of 50 | iM. 

Our model results consistently show a beneficial role for BiP in protein 
secretion, which is robust to changes in all of the model parameters within feasible 
ranges. This motivated us to experimentally explore the interactions between BiP 
and foreign proteins secreted in the yeast Saccharomyces cerevisiae, an organism for 
which powerful genetic techniques have been developed (49). 

BiP Levels in Yeast Cells Secreting Foreign Proteins 

As an initial step in studying the role of BiP in foreign protein secretion in yeast, we 
determined how native BiP synthesis is influenced by high level foreign protein 
secretion. BiP is induced by various stimuli which result in the presence of 
misfolded protein in the ER lumen (75,16), and if protein misfolding is responsible 
for inefficient secretion in yeast, one would expect induction of the KAR2 gene 
which codes for yeast BiP when foreign secreted proteins are overexpressed. 

Cell extracts were prepared from strains transformed with multicopy plasmids 
for constitutive expression and secretion of human erythropoietin, granulocyte 
colony stimulating factor, platelet derived growth factor, or Schizosaccharomyces 
pombe acid phosphatase (gift of S. Elliott). As shown in Table I, these proteins span 
a range of structural features in terms of size, glycosylation, and multimeric structure. 
Cellular levels of BiP were quantified by chemiluminescent slot blot immunoassays, 
and are shown in Figure 5. Surprisingly, BiP protein was at least five-fold lower in 
extracts from cells secreting foreign proteins from multicopy plasmids. Similar 
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128 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Table I Foreign proteins used in this study 
Protein3 Oligomer Glycosylated Size(aa) 

EPO + 193 
PDGF + 241 
GCSF 207 
PHO + + 435 

GCSF-PHO + + 548 
a EPO = human erythropoietin, PDGF = human platelet derived growth factor B 
chain, GCSF = granulocyte colony stimulating factor, PHO = Schizosaccharomyces 
pombe acid phosphatase, GCSF-PHO = fusion between GCSF and PHO. 

wild type 

single copy PHO 

Cellular BiP/KAR2 level 
by Immunoassay 

Figure 5. BiP/KAR2 levels in YPH500 (a ura3-52 lys2-801a ade2-101 trp-A63 his3-
A200 Ieu2-Al)cells overexpressing secreted foreign proteins. Protein abbreviations 
are given in Table I. Extracts from 10 mL of mid-exponential cell culture were 
prepared by glass bead disruption. Equal amounts of total protein were loaded onto a 
slot blotting apparatus in serial dilutions. The blots were probed with anti-Kar2 
antibody (gift of M . Rose) followed by goat anti-rabbit secondary antibody 
conjugated to alkaline phosphatase. X-ray film exposed to a chemi-luminescence 
substrate (Lumi-Phos 530) was used to detect IgG binding. Quantitation of intensities 
in the linear range of dilutions was performed by densitometric scans. 

results were obtained with a yeast strain deficient in vacuolar proteases (BJ5464 
a ura3-52 trpl leu2Al his3A200 pep4::HIS3 prblAl.6R canl GAL), and additional 
protease inhibitors added to the extracts did not affect the result. Mixing experiments 
with extracts containing normal levels of BiP protein and extracts with low BiP 
verified that proteolysis during sample preparation was negligible. Note that 
expression of S. pombe phosphatase from a single copy plasmid did not affect BiP 
levels, while phosphatase overexpression lowered BiP significandy. 

To determine if transcriptional limitations from the weak KAR2 promoter 
were responsible for the reduction in BiP protein, we attempted to overexpress the 
KAR2 gene from a galactose inducible promoter. The results are shown in Figure 6. 
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multi 
copy <--

PDGF Glu 

Gal 

EPO Glu 

Gal 

GCSF-PHO Glu 

Gal 

single copy PHO Glu 

"GaT 
~~r~~ 

10 12 14 

Cellular BiP/KAR2 level 
by Immunoassay 

Figure 6. BiP/KAR2 overexpression cannot be induced from a galactose-inducible 
promoter in cells overexpressing secreted foreign proteins. When YPH500 cells 
constitutively expressing foreign proteins were transformed with pGALKAR2, 
galactose induction did not increase BiP levels in the cells. pGALKAR2 is a LEU2-
selectable vector for Kar2 overexpression which was subcloned from the URA-based 
plasmid pMR1341 (gift of M. Rose). Cell extracts and slot blots were performed as 
described in Figure 5. 

Strains which constitutively overexpress secreted proteins cannot be induced to 
synthesize high levels of KAR2 protein. This result implies that a post-
transcriptional limitation is responsible for reduction in BiP. 

Since BiP has been shown to play a key role in the secretory process, it is 
clear that cells with very low BiP levels will not be capable of efficient secretion. In 
fact, the reduction of cellular BiP which we observe may be direcdy responsible for 
the inefficiency of secretion of foreign proteins by yeast. This result is somewhat 
surprising, and there are several possible explanations. Transcriptional limitations of 
the KAR2 promoter are unlikely, since transcription of the KAR2 gene from a 
galactose inducible promoter failed to raise levels of BiP protein. It is unlikely that 
both the native KAR2 promoter and the GAL promoter are inactive under these 
growth conditions. Degradation of BiP may be stimulated by foreign protein 
secretion. If so, this degradation must be non-vacuolar, since BiP reduction is 
observed in strains deficient in vacuolar proteases. 

Our working hypothesis is that the rate-limiting step in synthesis of KAR2 is 
translocation into the ER. The current model for eucaryotic secretion points to the 
existence of proteinaceous pores through which secreted proteins are translocated 
into the ER (50). If this is true, then there are a finite number of sites available for 
translocation of proteins into the ER. Flooding the cell with mRNA coding for 
foreign secreted proteins titrates out the available sites of entry to the secretory 
pathway, reducing the rate of insertion of BiP into the ER. Once BiP levels within 
the ER drop due to dilution by growth, a futile cycle is initiated, wherein the lack of 
BiP reduces the overall secretory flux, which in turn reduces the level of BiP, etc. In 
support of this model, it is noteworthy that lowered levels of BiP were observed for 
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130 PROTEIN FOLDING: IN VIVO AND IN VITRO 

all overexpressed secreted proteins, regardless of structure. Expression of S. pombe 
phosphatase from a single copy plasmid did not lead to an observable reduction in 
BiP, demonstrating that the mere presence of a foreign protein is not sufficient to 
lower BiP levels. 

Conclusions 

We have begun an investigation of the role of the protein folding chaperone BiP in 
determining the kinetics of secretion of foreign proteins in yeast. A mathematical 
model of protein folding and chaperone binding kinetics within the secretory 
pathway predicts that increasing BiP levels should improve secretion efficiency. 
This prediction contradicts the results of Dorner et al., who found that BiP plays a 
negative, proofreading role in transport of certain proteins (27-22). We believe this 
inconsistency is due to what is likely to be the unusually slow folding kinetics of the 
proteins studied. In fact, a 35-fold increase in secretion of active M-CSF occurs 
upon overexpression of BiP in CHO cells, a result which has been attributed to 
artifactual alteration of mRNA levels in the BiP-overexpressing cell line (22). It is 
not clear how BiP overproduction would affect M-CSF mRNA synthesis, but an 
overall stimulation of secretion might lead to enhanced protection of the mRNA from 
degradation while being translated on polysomes on the surface of the rough ER. In 
any case, the effect of BiP overproduction on M-CSF secretion is consistent with our 
model predictions. 

We find that levels of BiP in yeast cells overexpressing secreted foreign 
proteins are significantly reduced. Given the central role for BiP in the secretory 
process, this reduction may be directly responsible for the inefficient secretion 
kinetics observed in yeast strains used for overproduction of foreign proteins (51-53). 
We are currently exploring methods for correcting this deficit by overexpression of 
KAR2. 
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Chapter 10 

GroEL-Mediated Protein Folding 

François Baneyx1 and Anthony A. Gatenby 

Central Research and Development, E. I. du Pont de Nemours and 
Company, P.O. Box 80402, Wilmington, DE 19880 

The molecular chaperone GroEL has been shown to facilitate the 
refolding of chemically unfolded proteins by a mechanism which 
depends upon the presence of Mg-ATP and the cochaperonin GroES. 
In this article, we have used inhibition, proteolysis and fluorescence 
techniques to show that the adenine nucleotides AMP-PNP, y-S-ATP 
and ADP also bind to GroEL and alter the conformation of the 
tetradecamer. The absolute requirement for the cochaperonin GroES to 
achieve folding of biologically active Rubisco was further demonstrated 
using a GroEL single amino acid substitution mutant which interacts 
with GroES suboptimally. The implications of these results for the 
mode of action of GroEL are discussed. 

In the recent years, the traditional notion that all the information necessary for the 
proper folding of a polypeptide chain is contained in its amino acid sequence has been 
challenged by the discovery of molecular chaperones. Molecular chaperones are 
defined as a class of proteins which assist protein folding without becoming part of the 
final structure (1) and have been isolated in most of the tissues and cellular 
compartments examined to date. They include the nucleoplasmins, the heat shock 
proteins (hsp) 60, 70, and 90, the signal recognition particle as well as the secB and 
papD proteins in E. coli (for recent reviews see references 2-3). Among these 
polypeptides, the hsp60 and hsp70 families have been particularly well studied, owing 
to their natural abundance and their multiple roles in the cell. Nevertheless, despite the 
growing body of information, their function and mechanism of action remain obscure. 

The E. coli hsp60 homolog is the chaperonin GroEL, a protein which was 
initially discovered by its requirement for bacteriophage assembly (4). GroEL is 
organized as a double stack of seven subunits (subunit Mr 57,000) (5-7) and displays a 
weak ATPase activity fully dependent upon the presence of potassium ions (8-9). A 
large number of functionally and structurally unrelated proteins are capable of forming a 
binary complex with GroEL once they have been chemically unfolded, but cannot 
associate with the chaperonin in their native form. The resulting complexes are usually 

Current address: Department of Chemical Engineering, BF-10, University of Washington, 
Seattle, W A 98195 

0097-6156/93/0526-0133$06.00/0 
© 1993 American Chemical Society 
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134 PROTEIN FOLDING: IN VIVO AND IN VITRO 

quite stable since they can survive size exclusion chromatography and it has been 
postulated that they are formed as a result of interactions between hydrophobic patches 
(10). NMR analysis of transferred nuclear Overhauser effects has demonstrated that 
small peptides and protein fragments adopt a a-helical conformation at the surface of 
GroEL (77-72), suggesting that structural features may also play a role in complex 
formation. One to two proteins in a non-native form appear to associate with each 
GroEL tetradecamer (13-15). When such binary complexes are supplemented with 
Mg-ATP and the cochaperonin GroES (organized as a single ring of seven 10 kDa 
subunits) (7-8), bound proteins are released in a folded and active conformation by a 
process which remains largely unknown. In this paper, we have attempted to shed 
some light on the mechanism of action the GroEL/GroES system using proteolysis and 
fluorescence techniques and by comparing the behavior of wild type GroEL to that of a 
single amino acid substitution mutant, GroEL140. 

Interactions between GroEL, Adenine Nucleotides and GroES 

Susceptibility to Proteolysis. The binding of ATP and its subsequent hydrolysis 
by the chaperonin is likely to play a fundamental role in the refolding of proteins 
associated with GroEL. Non-hydrolyzable ATP analogs such as AMP-PNP and y-S-
ATP (Figure 1) have been reported to support the refolding of GroEL-bound proteins, 
albeit with a lower efficiency than ATP (16-18). In order to show that ATP analogs 
were able to interact with the ATP binding site of GroEL, a series of inhibition 
experiments were performed (79). Table I shows that all the adenine nucleotides tested 
inhibited ATP hydrolysis by GroEL. Full inhibition was achieved with y-S-ATP, 
while even a 100-fold excess of AMP-PNP only inhibited 60% of the ATP hydrolysis 
by GroEL. These results suggest that the ATP binding site(s) on GroEL can be very 
discriminating since ADP binds tighter to the chaperonin than the non-hydrolyzable 
ATP analog AMP-PNP. 

Table I. Inhibition of the ATPase Activity of GroEL by Adenine 
Nucleotides8 

Nucleotide ATPase activity (s-1) Inhibition (%) 
ATP 2.10 x 10 2 0 
ATP + AMP-PNP 0.81 x 10"2 61 
ATP + ADP 0.41 x 10"2 80 
ATP + ^S-ATP < 10"3 100 
SOURCE: Adapted from ref. 19. 
aAssays were performed with 0.1 U.M GroEL, 9.375 | i M ATP and 1 mM of the 
adenine nucleotides as described (79). 

The current body of information suggests that GroEL mediates protein folding 
in a highly dynamic fashion, harvesting energy from ATP binding and hydrolysis to 
modify its conformation. Such conformational changes have been demonstrated by 
protease digestion experiments with the hsp70 homologs Bip (20) and DnaK (27). 
Similar experiments were carried out with GroEL (79). Figure 2 shows that under the 
experimental conditions chosen, GroEL is essentially unaffected by the presence of 
trypsin for up to 30 minutes. However, when ATP is added to the reaction mixture, 
the half-life of the protein decreases to 22 minutes. This result is indicative of a 
conformational change induced by ATP. A similar, or in some cases enhanced, 
susceptibility to proteolytic degradation was observed when ADP, y-S-ATP, or AMP-
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Figure 1. Chemical structure of ATP (adenosine 5' triphosphate) and the non-
hydrolyzable analogs AMP-PNP (5' adenylyl imidodiphosphate) and y-S-ATP 
(adenosine 5'-0-(3-thiotriphosphate)). Only the relevant domains of the analogs 
are shown in the figure. 

o H — « — i — > — i — « — i — « — i — • — i — • — i — 

0 5 10 15 20 25 30 
Incubation Time (min) 

Figure 2. Susceptibility of GroEL to trypsin digestion at 37 °C; effect of adenine 
nucleotides and GroES. GroEL was incubated with 0.17 mg/ml of trypsin at 
37 °C with no additives (•), 2.5 mM ATP (A), 2.5 mM ATP and a 3.8 fold 
molar excess of GroES (•), 5 mM ADP (O), 5 mM AMP-PNP (•), or 5 mM y-
S-ATP (A). The reaction was quenched at the times indicated with 10 mM 
PMSF. Aliquots were resolved by SDS-PAGE and the intensity of the GroEL 
band quantified by videoscanning. The intensity at time zero was assigned the 
value 100% (Adapted from ref. 19). 
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136 PROTEIN FOLDING: IN VIVO AND IN VITRO 

PNP were substituted for ATP. Thus, the binding of adenine nucleotides is sufficient 
to induce a conformational change in the GroEL tetradecamer, although a subsequent 
conformational change resulting from ATP hydrolysis cannot be ruled out. In this 
respect, GroEL behaves like Bip (20), but differently from DnaK, since the latter 
protein requires ATP hydrolysis to change conformation (27). 

In the presence of ATP, GroEL and the cochaperonin GroES form a stable 
complex consisting of one to two heptamers of GroES per GroEL tetradecamer (5). To 
determine whether the binding of GroES imparted a further conformational change in 
GroEL, trypsin digestion was repeated with a 3.8-fold molar excess of (GroESh over 
(GroEL)i4 in the presence of Mg-ATP (79). Figure 2 shows that addition of GroES 
did not affect the hydrolysis profile of GroEL.ATP, suggesting that the formation of a 
complex between GroEL and GroES did not make additional lysine and/or arginine 
residues available to trypsin. This result was unexpected since electron micrographs of 
GroEL.GroES complexes formed in the presence of ATP show gross conformational 
modifications in the GroEL molecule (22). A possible explanation for these results 
could be that GroES binding generates quaternary structural changes in GroEL. 

BisANS Fluorescence. The fluorescent probe bisANS exhibits little intrinsic 
fluorescence (Figure 3) but becomes highly fluorescent upon binding to hydrophobic 
domains in proteins. This reporter has been shown to bind to GroEL with a 
stoichiometry of 2.8 probes per tetradecamer (77). In addition, although bisANS does 
not interact with GroES, it associates with GroEL.GroES complexes formed in the 
presence of Mg-ATP. Under these conditions, only 1.5 probes interact with each 
GroEL tetradecamer (77). 

In an attempt to determine whether the conformational changes induced by 
adenine nucleotide binding affected the hydrophobic patches within the chaperonin, the 
changes in the fluorescence of GroEL-bound bisANS was examined in the presence of 
different additives as described in Figure 3. In all cases, addition of adenine 
nucleotides slightly reduced the maximum intensity of the spectrum (Figure 3a). Since 
the mere presence of nucleotides did not influence bisANS background fluorescence 
(data not shown), the decrease in maximum fluorescence intensity may either result 
from the quenching of probe fluorescence by neighboring amino acids, or by a change 
in the stoichiometry or strength of binding of bisANS to GroEL as imparted by the 
binding of adenine nucleotides to the chaperone. ATP and ADP had a comparable 
quenching effect (5 to 6% decrease in maximum intensity) while AMP-PNP only 
weakly reduced the fluorescence level. Interestingly, y-S-ATP, which induces the 
strongest ATPase inhibition, also yielded the highest quenching (13%). Nevertheless, 
none of the nucleotides examined induced a shift in the maximum wavelength (493 
nm), suggesting that the conformational changes generated by adenine nucleotide 
binding do not drastically affect the solvent-exposed hydrophobic domains in GroEL. 

The fluorescence of bisANS was also examined with samples supplemented 
with a 3.7-fold molar excess of (GroES)7 over (GroEL)i4. Figure 3b shows that 
fluorescence quenchings similar to that reported for the GroEL.GroES.ATP complex 
(7 7) were observed with all the adenine nucleotides studied. As was the case in the 
absence of GroES, the relative order of quenching was AMP-PNP (22% decrease in 
maximum intensity), ATP (29%), ADP (32%), and y-S-ATP (36%). Overall, these 
results confirm the fact that GroES can form a complex with GroEL whether or not the 
nucleotide present is hydrolyzable. GroES binding did not significantly affect the 
hydrophobicity of the probe environment since the maximum emission wavelength was 
not changed. 

Using titration experiments, Mendoza et al. (77) were able to show that the 
dissociation constant of bisANS was essentially unaffected by the binding of GroES to 
GroEL in the presence of ATP. They suggested that the loss of one bisANS binding 
site on GroEL could result from a reduced accessibility or physical modification of 
the exposed hydrophobic domain in GroEL. It is tempting to further speculate that the 
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Figure 3. BisANS fluorescence. The fluorescence of bisANS (10 | i M final 
concentration) was measured in the presence of GroEL (1 uM protomer final 
concentration) and different additives in 100 mM Tris-HCl, pH 7.6, 10 mM KC1, 
10 mM MgCh at 37 °C using a Perkin-Elmer fluorescence spectrophotometer 
with excitation at 394 nm and a slit width of 5 nm. Panel a. from top: GroEL, 
GroEL + 2 mM AMP-PNP, GroEL + 2 mM ATP, GroEL + 2 mM ADP, GroEL 
+ 2 mM y-S-ATP, and background bisANS fluorescence in buffer. Panel b, 
from top: GroEL, GroEL + 2 mM ATP, GroEL + GroES + 2 mM AMP-PNP, 
GroEL + GroES + 2 mM ATP, GroEL + GroES + 2 mM ADP, GroEL + GroES 
+ 2 mM y-S-ATP, and background bisANS fluorescence in buffer. For all 
recordings made in the presence of GroES, a 3.7 molar excess of GroES 
heptamers over GroEL tetradecamers was used, and the background fluorescence 
of bisANS .GroES substracted. 
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138 PROTEIN FOLDING: IN VIVO AND IN VITRO 

topological change(s) induced by nucleotide binding is a requirement for the binding of 
GroES. If hydrophobic interactions are indeed the principal determinant for the binding 
of non-native proteins to GroEL, the "sririnking" of the hydrophobic patch imparted by 
GroES binding could weaken the anchoring of the partially unfolded protein and 
facilitate subdomain folding in a protected environment. The process could continue by 
successive rounds of ATP hydrolysis coordinated by GroES binding and release, 
during which the bound protein would progress from a molten globule-like structure to 
a more compact and native-like conformation (23). At this point, the protein could be 
released as a result of decreased affinity. 

Suboptimal GroES Binding Affects Protein Folding by GroEL 

E. coli strains mutant in the groE operon have been isolated on the basis of their 
inability to support bacteriophage X morphogenesis (24). Such a mutation (groEL140) 
was recently mapped to a single amino acid substitution (201Ser -> Phe) in the groEL 
gene (Georgopoulos, C., CMU Geneva, personal communication). GroEL140 was 
purified to near homogeneity and compared to wild type GroEL (79). The mutant 
protein behaved as a tetradecamer and exhibited an ATPase activity approximately 1.5-
fold lower relative to the wild type protein. It was capable of binding the adenine 
nucleotides AMP-PNP, ADP, and y-S-ATP (in order of increased ATPase activity 
inhibition). GroEL140 was more sensitive than wild type GroEL to trypsin hydrolysis 
(ti/2 = 30 min) and its susceptibility to hydrolysis was significantly enhanced in the 
presence of adenine nucleotides (79). Overall, these results indicated that GroEL 140 
assembled in a looser conformation than GroEL. 

The ability of GroEL140 to support the refolding of the dimeric form of 3 5 S-
labeled Ribulose bisphosphate carboxylase/oxygenase (Rubisco) from R. rubrwn was 
examined as described (25, 79, for a review see 26). Both wild type and mutant 
chaperonins could bind comparable amounts of acid unfolded [35S]Rubisco (Figure 4) 
indicating that the affinity of GroEL140 for non-native proteins was not compromised 
by the mutation. When ATP was added to the reaction mixture, over 75% of the 
radioactive material associated with GroEL was released from the chaperonin but only 
trace amounts folded into a monomer (LI) or the biologically active dimer (L2). 
Addition of GroES resulted in the recovery of 58% of the radioactivity in the L2 peak 
and 18% in the LI peak, while increasing the discharge of the GroEL-bound Rubisco 
(Figure 4a). Thus, addition of ATP alone to GroEL promotes the discharge of bound 
Rubisco. This material is however unable to fold properly and, presumably, binds to 
the column irreversibly (25, 79). The requirement for GroES to obtain active Rubisco 
dimers is consistent with the hypothesis that GroES couples rounds of ATP hydrolysis 
with subdomain folding and prevents the "wholesale" dissociation of proteins bound on 
the surface of GroEL in an inactive form (23). 

Figure 4b shows that the mutant GroEL140 only released 18% of the bound 
Rubisco following treatment with ATP. Discharge was increased to 53% in the 
presence of GroES, but under these conditions only 14% of the radioactivity properly 
folded as a L2 specie while 11% migrated to the LI peak. Since the low level of 
Rubisco refolding by GroEL 140 could only be partially attributed to its lower ATPase 
activity, we examined the interaction of the mutant chaperonin with GroES in more 
detail (79). When GroEL140 was mixed with an excess of GroES in the presence of 
Mg-ATP and resolved on a gel filtration column, no GroES protein could be detected 
by immunoblotting in the GroEL peak, while a GroES band was clearly visible when 
the experiment was repeated with wild type GroEL. This result suggested that either 
GroES was incapable of forming a complex with GroEL 140 or that the affinity of 
GroES for the mutant chaperonin was much lower relative to the wild type, resulting in 
dissociation of the complex upon size exclusion chromatography. Since GroEL140 
could promote low levels of Rubisco refolding, the second possibility seemed more 
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10. BANEYX & GATENBY GroEL-Mediated Protein Folding 139 

Elution volume (ml) 

Figure 4. Release and refolding of chaperonin-bound [35S]Rubisco. Acid 
unfolded [35S]Rubisco was loaded onto GroEL (Panel a) or GroEL140 (Panel b) 
and incubated with no additives (O), 2.5 mM ATP (•), or 2.5 mM ATP and a 7-
fold molar excess of (GroESh over (GroEL)i 4 (•). The samples were 
fractionated on a TSK G3000SW gel filtration column and the fractions counted 
(79). The positions of the Rubisco monomer (LI) and the biologically active 
Rubisco dimer (L2) are indicated by arrows (Adapted from ref. 19). 
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140 PROTEIN FOLDING: IN VIVO AND IN VITRO 

attractive. A suboptimal interaction between GroEL140 and GroES was in fact proven 
by showing that increasing the molar excess of GroES or the refolding incubation time 
enhanced the recovery of biologically active Rubisco (79). 

The above experiments point out that although GroES is not essential to release 
GroEL-bound Rubisco, it is required for its folding, as anticipated from previous 
studies (27-28). Proteins able to fold rapidly in the absence of a chaperone (e.g. pre p-
lactamase [73] and DHFR [76]) can be released in a folded conformation from GroEL 
by the action of adenine nucleotides alone. It therefore appears that even though a large 
percentage (and perhaps all) of the E. coli proteins can interact with GroEL (25), only a 
fraction may use the "foldase" activity of the GroEL/GroES system. The interaction 
may however be necessary for other purposes since GroEL has also been implicated in 
DNA replication (29-30), cell division (57), and protein translocation (32-34). 
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Chapter 11 

Prolyl Isomerizations as Rate-Determining 
Steps in the Folding of Ribonuclease T1 

Lorenz M. Mayr, Thomas Kiefhaber, and Franz X. Schmid 

Laboratorium für Biochemie, Universität Bayreuth, D-W-8580 Bayreuth, 
Germany 

Ribonuclease T1 is used as a model protein to elucidate the role of 
prolyl isomerizations for protein folding. Native ribonuclease T1 con
tains two cis prolyl peptide bonds at P39 and at P55. The trans to cis 
isomerizations at these prolyl residues are slow reactions and constitute 
rate-determining steps in the refolding of this protein. Prior to these 
final steps, intermediates accumulate during folding that show partially 
native structure. The replacement of the S54-P55 cis prolyl bond by a 
G54-N55 bond leaves the stability of the protein unchanged. It abol
ishes, however, a major slow folding reaction and thus simplifies the 
folding mechanism. On the other hand, replacement of the cis proline 
at position 39 by glycine strongly reduces the stability of the protein 
and leads to major changes in the folding mechanism. Results for a 
variant with a tyrosine residue instead of tryptophan at position 59 
indicates that the close contact between the residue at position 59 and 
proline 39, as found in the native protein, is already established in a 
folding intermediate before the rate-limiting trans to cis isomerization 
at P39 takes place. 

The folding of a polypeptide chain under native conditions is a spontaneous and 
reversible process that is directed by the information encoded in the amino acid 
sequence. The inherent relationship between sequence and folding is presentiy not 
understood at the molecular level. In our current work we concentrate on the kinetics 
of unfolding and refolding of small monomeric proteins. The aim is to detect tran
sient folding intermediates, to characterize their structure and stability, and to define 
their positions along the folding pathway. In principle, a folding pathway is under
stood when all intermediates and activated states are arranged in correct order and 
when their structures are known. In practice, the kinetic approach is confined by 
several limitations. Only intermediates that are followed by slow steps accumulate 
and can be studied. Structural investigations are restricted by the transient nature of 
intermediates, and the high cooperativity of folding limits the number of kinetic steps 
that can be observed. 

Folding is a complex process and it is difficult to establish and to evaluate 
kinetic mechanisms. The complexity of folding has two major sources. The unfolded 
state of most proteins is conformationally heterogeneous, thus giving rise to multiple 

0097-6156/93/0526-0142$06.00/0 
© 1993 American Chemical Society 
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11. MAYR ET AL. Prolyl Isomerizations as Rate-Determining Steps 143 

parallel refolding reactions, and partially folded intermediates can be formed transient
ly on these individual refolding reactions. It is therefore mandatory to use as many 
different probes as possible to follow folding, to vary the conditions, to employ 
natural or designed variants for comparison and to draw on thermodynamic and 
structural information for the molecular interpretation of kinetic results. 

An unfolded protein can adopt a tremendous number of different conform
ations. For all molecules to fold by the same pathway, all conformational transitions 
in the unfolded state must be very rapid, relative to the overall rate of folding. Not 
surprisingly, this is generally not the case. In particular, intrinsically slow isomeriza-
tion processes at Xaa-Pro peptide bonds in unfolded proteins prevent the molecules 
from rapidly equilibrating conformationally. 

Fast and Slow Protein Folding Reactions 

The application of fast mixing techniques and sequential mixing procedures revealed 
kinetic complexity in both protein unfolding and refolding (1-10). The key observa
tion by Garel and Baldwin (8) that both fast and slow phases in the refolding of 
RNase A produced enzymatically active protein led to the suggestion that part of the 
kinetic complexity was caused by the co-existence of fast-folding (UF) and of slow-
folding (Us) species in the unfolded state (eq. 1): 

k32 k 2i 
N ^ U F ^ Us (1) 

k23 kn 

Slow U F =̂ =̂  Us equilibration reactions in unfolded protein chains after fast 
unfolding (N ===== U F) of the native protein were a surprise in 1973. A plausible 
molecular explanation was provided by the suggestion of Brandts et al. (77) that the 
Us molecules refold slowly, because they contain incorrect isomers of Xaa-Pro 
peptide bonds. 

Peptide bonds are planar and can be either in the trans or in the cis conforma
tion. Peptide bonds not involving proline residues are generally in the trans state, the 
cis conformation has not been detected in unstructured, linear oligopeptides, and the 
equilibrium population of the cis form is believed to be 0.1 % or less (11-13). Very 
few non-proline cis peptide bonds have been found in native proteins by X-ray 
crystallography (14,15). 

The energy difference between the cis and the trans isomers is very small for 
peptide bonds between proline and its preceding amino acid, and Xaa-Pro bonds 
(Fig. 1) typically exist as a mixture of cis and trans isomers in solution, unless struc-

.—Ca i \ m—Ca 

V —N v \ ^ ) 
r// E A = 20 kcaVmol ' / 

o / \ + 1 

trans ' ^ cis 
(60-90 % ) (10-40%) 

Figure 1. Isomerization between the cis and the trans forms of a Xaa-Pro 
peptide bond. 
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144 PROTEIN FOLDING: IN VIVO AND IN VITRO 

rural constraints such as in folded proteins, stabilize one of the two isomers. In the 
absence of ordered structure the trans isomer is usually favored slighdy over cis. 
Trans contents of 60 - 90 % are frequently found in short linear peptides (16,17). 
The cis ^=*= trans isomerization involves the rotation about a partial double bond 
and is an intrinsically slow reaction (time constants around 10 - 100 s are observed 
at 25 °C) with a high activation energy (EA * 85 kcal/mol). 

Approximately 7 % of all prolyl peptide bonds in native proteins with known 
three-dimensional structure are cis (14). The conformational state of each peptide 
bond is usually well defined, being either cis or trans in every molecule, depending 
on the structural constraints imposed by the chain folding. Rare exceptions exist: 
cisltrans equilibria at particular Xaa-Pro bonds have been detected in native staphy
lococcal nuclease (18), in insulin (19) and in calbindin (20). After unfolding (N —> 
U F ) , prolyl bonds become generally free to isomerize slowly as in small oligopep
tides, thus leading to an equilibrium mixture of unfolded protein molecules with 
different prolyl isomers. The chains with the correct set of isomers, U F molecules, 
usually refold rapidly. Chains with at least one incorrect isomer (the U S molecules) 
refold more slowly. The re-isomerizations of the wrong prolyl bonds are slow steps 
in folding. Non-native isomers usually do not block refolding, therefore chains with 
incorrect isomers can rapidly form partially native structure prior to prolyl peptide 
bond re-isomerization (21-26). 

The formation of ordered structure and the re-isomerization of incorrect prolyl 
peptide bonds are probably not independent events in folding, but intimately coupled 
processes. Two aspects of the problem are worth noting. As already mentioned, 
unfolded protein chains with incorrect prolyl bonds can start to fold. At some point, 
however, correct isomers are required for folding to continue and thus the final steps 
of folding are often limited in rate by prolyl re-isomerization. The formation of 
ordered structure around the incorrect prolyl bonds early in folding can modify the 
kinetic properties of the subsequent isomerizations. This interdependence of folding 
and isomerization depends probably on two major factors: on the location of the Xaa-
Pro bonds in the protein structure and on the conditions used for folding. 

Our interest in the interrelationship between folding and prolyl isomerization is 
twofold, (i) Most proteins contain prolyl residues. The deceleration of folding by 
incorrect isomers and slow cisl trans isomerizations are therefore ubiquitous pheno
mena in protein folding. They could pose a problem for folding in the cell, since the 
newly formed protein chains are arrested for an extended time in partially folded 
states and are thus sensitive to aggregation, (ii) The importance of the various prolyl 
residues for the overall folding process might strongly differ. A correlation of certain 
kinetic events in folding with defined prolyl residues would improve our understand
ing of the molecular mechanisms of folding. The characterization of folding inter
mediates with such prolyl residues in the incorrect isomeric state would yield valu
able information on the role of individual, proline-containing chain segments for the 
structure and for the stability of folding intermediates. 

Structure and Stability of Ribonuclease T l . 

Structure. In our studies of the interrelationship between prolyl isomerization and 
protein folding we use ribonuclease T l (RNase Tl) from Aspergillus oryzae as a 
model protein. RNase T l is a small single-domain protein with 104 residues. The 
amino acid sequences of RNase T l and of several related microbial RNases (27) are 
known and the three-dimensional structures of the apo-enzyme and of several com
plexes with nucleotides have been solved at high resolution (28-31). The structure of 
RNase T l (Fig. 2) consists of an a-helix of 4.5 turns and two antiparallel B-sheet 
structures, which are composed of two ( B 1 - B 2 ) and of five ( B 3 - B 7 ) strands, respective
ly. These elements of secondary structure are connected by extended loop regions. 
Two disulfide bonds form a small (2-10) and a large (6-103) covalentiy linked loop. 
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11. MAYR ET AL. Prolyl Isomerizations as Rate-Determining Steps 145 

The protein contains four prolyl peptide bonds. Two of them (W59-P60 and S72-P73) 
are trans and the other two (Y38-P39 and S54-P55) are cis in the native protein. 
Both cis Pro residues connect the end of loop structures with B-strands. P39 is lo
cated near the active site and is buried in the hydrophobic core of RNase T l ; P55 is 
located near the surface. We will show later that isomerizations at these two cis 
prolines are rate-determining steps in the folding of RNase T l . 

N 

cis-Pro39 

Figure 2. Backbone structure of ribonuclease T l . The location of the cis and 
trans prolyl peptide bonds are indicated. Figure courtesy of Dr. U. Heinemann. 

Stability. Unfolding of RNase T l by heat or by chemical denaturants is reversible 
under a wide variety of conditions (32-37). This is a necessary prerequisite for a 
meaningful interpretation of kinetic results. Unfolding transitions of the wild-type 
protein are well approximated by a simple N ===== U two-state model. Identical tran
sition curves are obtained when unfolding is followed by different probes, and the 
calorimetric enthalpy of unfolding coincides with the unfolding enthalpy derived 
from the van't Hoff relation (36). The stability of RNase T l is strongly dependent on 
pH with a maximum near pH 5 (37), and it can be increased by the addition of salts, 
such as NaCl or CaCl2 (36,38,39). Reduction of the two disulfide bonds results in a 
strong destabilization of the protein. It can, however, attain a folded, enzymatically 
active conformation at low temperature and in the presence of high concentrations of 
NaCl (38,40). This allows us to study the folding of RNase T l in the presence as 
well as in the absence of disulfide crosslinks. 

Kinetic Models for Unfolding and Slow Refolding of RNase T l . 

In contrast to the apparent simplicity of the two-state equilibrium unfolding transiti
ons, the unfolding and refolding kinetics of RNase T l are complex processes. The 
unfolding reaction is followed by slow isomerizations of the denatured protein 
chains, and refolding is composed of at least three phases with rates and amplitudes 
that depend on the folding conditions as well as on the probes that were used to 
monitor folding (25,41). In this review we will first present our current models for 
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the unfolding and refolding of RNase T l and then describe the experimental evidence 
that has led to these models. Also, results for several designed variants with substitu
tion at or near proline residues are included (42-45). These variants were constructed 
to examine the predictions of our model, to simplify the folding mechanism, and to 
elucidate molecular aspects of the folding mechanism of RNase T l . A major result of 
these studies was that an alternative replacement of either P55 or P39 had strikingly 
different effects on the stability and on the folding kinetics of RNase T l . 

Model for Unfolding. The kinetic mechanisms to describe the unfolding and refold
ing of RNase T l are shown in schemes I and II, respectively. In the model for unfol
ding (scheme I) we assume that the actual unfolding reaction (N > UF) is 
followed by two slow isomerizations of prolyl peptide bonds, and that these two 
isomerizations occur at the proline residues P39 and P55. Both are cis in N and in 
U F , but isomerize largely to the more favorable trans state in the unfolded protein. 
Contributions from the trans prolines 60 and 73 are not considered. At equilibrium 
3.5 % of all unfolded molecules are in the U F state with P39 and P55 in the correct 
cis state (25,41). Furthermore, we assume that a cis/trans equilibrium of about 20/80 
is established at both P39 and P55. This suggests that the species with two incorrect 
isomers (U39t55t) predominates in the unfolded state (60-70%). The species with 
single incorrect isomers (U39t55c and U39C55t) are populated to approximately 10-20% 
each. 

4% 13% 

M 39c ^ TT 39c ^ T l 39t 
L y 55c U 55c U 5 5 c 

r r 

T T 19c 
u 55t ^ 
13% 

Tj39t 
U 55t 

70% 

Scheme I. Kinetic model for the unfolding and isomerization of RNase T l . This 
model is valid for unfolding only. The superscript and the subscript indicate the 
isomeric states of prolines 39 and 55, respectively, in the correct, native-like cis 
(c) and in the incorrect, non-native trans (t) isomeric states. As an example, 
U55c39t is an unfolded species with Pro55 in the correct cis and Pro39 in the 
incorrect trans state. The two isomerizations are independent of each other, 
therefore the scheme is symmetric with identical rate constants in the horizontal 
and vertical directions, respectively. The given percentages for the individual 
unfolded species are estimates only. 

Model for Refolding. In the model for refolding (scheme II) we assume that the 
3.5% molecules with the correct isomers refold rapidly (UF —> N). The two slow-
folding species with one incorrect prolyl isomer each (U39t55c and U39c55t) and the 
species with both prolines in the incorrect isomeric state (U39t55t) can regain rapidly 
most of their secondary structure and presumably part of their tertiary structure in 
the milliseconds range (the Ui —> lt steps, scheme II). Then slow folding steps 
follow that involve the isomerizations of the incorrect prolyl isomers. A peculiar 
feature of the folding model in scheme II is that the major unfolded species with two 
incorrect isomers can enter two alternative folding pathways (the upper or the lower 
pathway in scheme II), depending upon which isomerization occurs first. The distri
bution of refolding molecules on these two pathways is determined by the relative 
rates of isomerization at the stage of the rapidly formed intermediate l39t55t. 
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11. MAYR ET AL. Prolyl Isomerizations as Rate-Determining Steps 147 

Scheme II. Kinetic model for the slow refolding of RNase T l under strongly 
native conditions. U stands for unfolded species, I for intermediates of refold
ing, and N is the native protein. The superscript and the subscript indicate the 
isomeric states of prolines 39 and 55, respectively, in the correct cis (c) and the 
incorrect trans (t) isomeric states. 

Experimental Basis of the Folding Models. In the following discussion we describe 
the experimental approach that was used to establish and to test the mechanisms for 
unfolding (scheme I) and for refolding (scheme II). 

Complex Refolding of RNase T l . In the initial approach to characterize the 
refolding of RNase T l , we measured the kinetics of folding by different structural 
and functional probes and varied the conditions of both unfolding and refolding 
(25,41). The structural probes included the changes of absorbance, fluorescence, and 
of amide circular dichroism (CD) during refolding. The return of the RNase function 
was measured by activity assays. Refolding experiments were carried out at different 
pH values and in the presence of varying concentrations of stabilizing salts (such as 
NaCl) and destabilizing additives (such as GdmCl or urea). In all refolding experi
ments rapid changes with variable amplitudes were observed within the dead time of 
mixing (1-20 s). The kinetics of slow refolding were complex and in most cases they 
could be described as a sum of two first-order reactions. These two processes were 
labelled the "intermediate" and the "very slow" refolding reactions. Their derived 
rate constants and amplitudes were dependent on both the solvent conditions and the 
probe used to follow folding. 

Slow Formation of Us Molecules after Unfolding. Part of the kinetic comple
xity of refolding clearly originates from slow isomerizations in the unfolded protein, 
as outlined in scheme I. Slow refolding experiments carried out after varying times 
of unfolding (41) indicated that the species that are responsible for the slow phases of 
refolding are produced by slow chain isomerizations after the N > U F reaction 
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in the unfolded state. These equilibrations occur with time constants of approxima
tely 1000s at 0 °C and show activation energies of 88 kJ/mol, a value typical of 
prolyl isomerizations. 

Assays for the Formation of Native Molecules during Refolding. Spectral 
differences between the unfolded and the native state of a protein are convenient and 
sensitive probes to follow folding reactions. Unfortunately, the mechanistic interpre
tation of such folding kinetics is difficult. As an example, biphasic kinetics could 
originate from the parallel refolding of two unfolded species, from the sequential 
folding reaction of a single species or a combination of both. To discriminate bet
ween these alternatives, a probe is desirable that monitors selectively the appearance 
of the fully folded native protein. The regain of the function of a protein could be 
such a probe. It has been found in several instances, however, that folding interme
diates can already show properties of the native protein, such as catalytic activity. 

The formation of native molecules during refolding can be measured without 
interference from partially folded intermediates by a method that is based on the 
energetics of folding (46). The completely folded species, N , is separated from all 
partially folded species by a high barrier of activation energy. Therefore, only N 
molecules unfold slowly, whereas all intermediates (including native-like, enzymati-
cally active intermediates [46]) that have not yet crossed this final barrier unfold 
much more rapidly. Accordingly, the formation of native protein can be measured 
by unfolding assays. Folding is initiated in these experiments by dilution to the desi
red refolding conditions at time zero in a test tube. Then, after various time intervals 
of refolding, samples are withdrawn and transferred to unfolding conditions. The 
amplitude of the resulting slow unfolding reaction is a measure for the amount of 
completely refolded molecules that was present at the time when folding was inter
rupted. 

The analysis of RNase T l refolding by this technique (25,41) gave three salient 
results, (i) 3.5 % of the native molecules are formed within the dead time of the 
experiment. They are produced by the U F > N reaction, (ii) Slow refolding 
occurs on two major pathways. About 30 % of the molecules show sigmoidal folding 
kinetics, which indicates that two slow sequential steps are involved in their refold
ing, (iii) About 65 % of the RNase T l refold on a pathway that is limited in rate by a 
very slow process with time constants of 6500 s (at pH 5, 10 °C) and 3000 s (at pH 
8, 10 °C). Apparently, the slow folding events are dominated by the U39t5 5 t species. 
The sequential reaction reflects the lower branch in scheme II and the very slow 
reaction reflects the upper branch, which is limited in rate by the very slow re-
isomerization at P39. Folding reactions that originate from the minor species U39c 5 5 t 

and U39t55c contribute presumably as well, but could not identified unambiguously. 

Rapid Formation of Intermediates. The rapid formation of partially folded 
intermediates on all folding pathways is a distinctive feature of the folding model in 
scheme II. Although only 3-4 % of fast-folding U F molecules are present, 40-50 % 
of the changes in absorbance and fluorescence (depending on the folding conditions) 
occur within the dead time of manual mixing (2-20 s). This constituted early evi
dence for folding intermediates. More decisive results were obtained by CD spectro
scopy. The native-like amide CD spectrum of RNase T l was regained in less than 20 
s (25). This time was required to record the first spectrum of the refolding protein. 
This initial spectrum was more strongly negative than the CD of native RNase T l . 
We attribute this difference not to the formation of excess secondary structure early 
in folding, but to contributions of aromatic residues that have not yet developed at 
this stage of folding. Stopped-flow mixing experiments corroborated and extended 
this result. At 225 nm the regain of the native-like CD value is complete within 15 
ms (45). The transient accumulation of folding intermediates could be measured 
directly by an assay that is similar to the assay for native molecules (25). In summa-
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11. MAYR ET AL. Prolyl Isomerizations as Rate-Determining Steps 149 

ry, these findings indicate that well ordered intermediates are formed on all folding 
pathways of RNase T l . They display essentially native-like secondary structure and 
partial tertiary structure, as judged by absorption and fluorescence spectroscopy. 

Nature of the Slow Folding Steps. In the folding mechanism (scheme II) we 
assumed that all slow steps that constitute the inner rhombus of the model are prolyl 
isomerizations. This assignment was initially based on the finding that all slow fold
ing species were produced after unfolding by slow prolyl isomerizations and should 
thus contain incorrect isomers (25,41). An excellent tool to identify the nature of 
slow folding reactions is provided by peptidyl-prolyl cisltrans isomerase. Indeed, all 
slow folding reactions of RNase T l were accelerated by this enzyme, albeit with 
different efficiency (47,48). Catalysis of the very slow process was fairly poor, 
indicating that P39 is not well accessible for prolyl isomerase at the stage of the 
intermediate hrf5*. Catalysis of the intermediate phase was much better, and, 
moreover, when the concentration of prolyl isomerase was increased this phase itself 
became clearly biphasic. As we had suspected earlier, this kinetic phase is composed 
of several reactions with similar rates, and an average time constant is measured in 
the absence of prolyl isomerase. 

Even more revealing results were obtained when the formation of native 
molecules was followed in the presence of increasing concentrations of prolyl isome
rase (25). Both steps of the sequential folding pathway were efficiently catalyzed, 
demonstrating that both involve prolyl isomerizations, as assumed in our model. In 
addition, a shift from the upper to the lower pathway occurred in these experiments. 
The simplest explanation for this shift involves the htf51 molecules with two incor
rect isomers. They can enter either pathway, depending on which prolyl bond isome-
rizes first. Prolyl isomerase appears to catalyze trans > cis at P39 more effi-
cientiy than at P55 in these molecules and thus leads to a preference for the lower 
pathway in scheme II. 

In summary, these data support the kinetic mechanism in scheme II in its major 
aspects, (i) Two prolyl isomerizations create four unfolded species, and the dominant 
species contains two incorrect prolyl isomers, (ii) Extensive structure formation 
occurs early in refolding on all folding pathways, (hi) The slow steps of refolding are 
limited in rate by the re-isomerization of the incorrect prolyl bonds and occur on two 
major pathways. The choice of pathway seems to be determined by the rank order of 
isomerization. The mechanism in scheme II is complex, but clearly a simplification. 
It is valid only under strongly native conditions and contributions from minor species 
(e. g., with incorrect isomers at the trans prolines 60 and 73) are not included. 

Role of Individual Prolines Probed by Directed Mutagenesis. 

The kinetic results obtained for wild-type RNase T l suggest that prolyl isomeriza
tions, presumably at the cis prolines P39 and P55 are responsible for the complexity 
of slow refolding. We reasoned therefore that amino acid replacements at or near 
these proline residues should help in the molecular assignment of the observed fold
ing reactions. Ideally, the replacement of a cis proline by another amino acid should 
(i) increase the amount of fast-folding species ( U F , scheme I), (ii) abolish the sequen
tial reactions that involve two consecutive isomerizations, and (iii) lead to a general 
simplification of slow refolding. Replacements of cis prolines may, however, change 
the stability and the mechanism of folding and thus complicate the easy comparison 
with the folding of the wild-type protein. 

In our experiments we used three variants of RNase T l with substitutions at 
P55, at P39 and at W59, which is in close spatial contact to P39 in the native pro
tein. Although strikingly different results were obtained with these three variants they 
enabled us to understand several molecular aspects of the mechanism of RNase T l 
folding. 
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Folding of the (S54G,P55N) Variant of RNase T l . P55 is part of a surface loop 
with few contacts to other regions of the protein. In the closely related RNase C2 
(from Aspergillus clavatus) the residues S54 and P55 that form a cis peptide bond in 
RNase T l are replaced by G54 and N55, respectively. The flanking sequences on 
both sides are identical in the two proteins (27). To study the influence of P55 on the 
folding mechanism, we used a variant of RNase T l with such a G54-N55 sequence. 
By these "evolutionary guided" replacements we hoped to obtain a mutant protein, 
in which the cis S54-P55 bond is replaced by a normal peptide bond, but which is 
still very similar to the wild-type protein in its structure and stability. 

These expectations were borne out by the results (42). The structure and the 
stability of RNase T l did not change to a significant extent after the substitution of 
the cis S54-P55 peptide bond by a normal G54-N55 bond. The kinetic results were 
clearcut. The fraction of U F molecules increased more than fourfold from 3.5 to 16 
% after the replacement of the cis S54-P55 bond, indicating that isomerization of this 
bond is indeed a source for slow folding molecules, and that P55 is predominantly in 
the incorrect trans state in unfolded wild-type RNase T l . The fourfold difference in 
U F is well explained by a transIds ratio of about 80/20 at P55, as found typically in 
small proline-containing peptides. A similar trans/cis ratio exists also at P39, as 
suggested by the presence of 84% U s molecules in (S54G,P55N)RNase T l . The 
combination of these isomer distributions leads to the presence of more than 96% 
slow-folding molecules in the wild-type protein. 

In the mutant, the dominant species with two incorrect isomers (\Jsst39t) and 
the species with an incorrect P55 only (Us5t39c) no longer exist. Consequently all 
reactions originating from these species are absent, thus leading to the disappearance 
of the steps that constitute the "intermediate" phase in fluorescence and lead to the 
sigmoidal formation of native protein. The consequence is an enormous simplifica
tion of the mechanism for slow refolding. Four slow steps are required to explain the 
folding of wild-type U s molecules (scheme II). In the mutant, this complexity is 
reduced to a single slow proline-controlled step (presumably at P39) that limits the 
refolding of all Us molecules. 

A second remarkable feature is the rate of re-isomerization of the remaining 
prolyl bond (presumably P39, see below) during refolding. It is strongly dependent 
on the isomeric state of P55. In the presence of an incorrect trans P55, P39 re-
isomerizes with a time constant of about 190 s (at pH 8, 10°C; cf. lower branch in 
scheme II). However, when P55 isomerizes first to the native cis state (upper branch 
in scheme II) or is absent (as in the mutant) then trans —> cis isomerization of P39 
is strongly decelerated and proceeds with a time constant of about 3000 s. This reac
tion can be accelerated by adding "structure-breaking" salts, such as GdmCl, for 
both wild-type and mutant RNase T l (25,43). This is very unusual. It suggests that 
the incorrect trans isomer of P39 is "locked" in a folded intermediate structure, 
which retards its isomerization. The intermediate can be destabilized either by an 
additional incorrect isomer (at P55) or else by unfavorable folding conditions. 

The characterization of the intermediates in the folding of wild-type RNase T l 
was complicated by the multitude of intermediates with different combinations of 
incorrect prolyl isomers (cf. scheme II). The replacement of the S54-P55 bond in 
(S54G,P55N)RNase T l removed a major source of heterogeneity and only a single 
folding intermediate (presumably with an incorrect trans P39) is present. It is sepa
rated from the native state by a very slow step and could be studied at leisure. This 
intermediate resembles the native protein in the aromatic CD spectrum. It shows 
about 40 % enzymatic activity and the accessibility of W59 to quenching by acryl-
amide is as low as in the native protein. The amide CD spectrum is restored in the 
milliseconds time range (45). Activity and quenching measurements have longer dead 
times and therefore we do not know whether activity and solvent accessibility change 
in the same time range also. 
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Folding of the W59Y Variant of RNase T l . The very slow refolding reaction of 
RNase T l is unexpectedly slow in comparison to the proline limited refolding kine
tics of other proteins. A tentative explanation was that the incorrect trans isomer at 
P39 becomes trapped in a native-like folding intermediate and is thus sterically 
prevented from reaching the native cis state. P39 is closely packed against the tryp
tophan residue 59 in native RNase T l . Such a close packing might possibly restrict 
the isomerization at P39 during folding and we therefore decided to replace W59 by 
a smaller aromatic residue, tyrosine. 

This substitution does not influence the stability of the protein to a significant 
extent (43). Refolding of the W59Y variant, however, is much faster than that of the 
wild-type protein. It is essentially complete after 35 min (at pH 8 and 10 °C) com
pared to 250 min for the wild-type protein under the same experimental conditions. 
This acceleration originates from an apparent loss of the major very slow phase and 
it is found with all probes that were used to monitor folding. Of course, the mutation 
of a nonproline residue, such as W59, should not lead to the disappearance of a slow 
reaction or to a redistribution of fast and slow folding species. Indeed, the folding 
mechanism (scheme II) is apparently not changed. The amount of fast folding mole
cules is not affected in the variant and the appearance of native molecules in the time 
course of refolding still exhibits a lag phase, indicating that two prolyl isomerizations 
occur as in refolding of the wildtype protein. A major clue for understanding the 
molecular effect of the W59Y mutation on folding came again from experiments with 
prolyl isomerase (43). In the presence of this enzyme the slow refolding of the 
W59Y mutant can clearly be separated into two distinct kinetic phases. One phase is 
well accelerated by the enzyme, and thus resembles the intermediate phase in the 
wild-type protein. The other phase is only poorly catalyzed and corresponds to the 
very slow reaction of the wild-type protein. Apparently, this reaction is still present 
in the folding of the W59Y variant; but it is about tenfold accelerated and coincides 
with the intermediate phase under most conditions. From these results we conclude 
that during refolding of the wild-type protein P39 and W59 are already in close 
contact at the stage of a folding intermediate before the rate-limiting reisomerization 
of the Y38-P39 bond. This close packing retards the isomerization of P39. The 
retardation is relieved when the structure of this folding intermediate is destabilized, 
and, as a consequence, this folding reaction is accelerated, when the GdmCl concen
tration is increased. In the W59Y variant no retardation is found, since, after repla
cement of W59 by a less bulky tyrosine residue, more space is available for P39 to 
reisomerize. The "obstructive" effect of W59 on refolding is found only under 
strongly native conditions, where ordered structure is formed rapidly. Under conditi
ons that do not favor the formation of intermediates (above 1.7 M GdmCl) the slow 
refolding kinetics of the W59 and the Y59 variants of RNase T l become identical. 
The W59Y replacement is thus a "conditional folding mutant" of RNase T l . 

Folding of the P39G Variant of RNase T l . The structural environments of P39 and 
P55 differ strongly in the native protein. P39 is in a rigid part of the polypeptide 
chain, it is almost inaccessible to solvent, and its neighbouring residues, Y38 and 
H40, are part of the active site (28,29). This region is conserved in all homologous 
eukaryotic RNases (27) and thus no evolutionary guidance for the construction of a 
mutated variant was available. We decided to replace P39 by a glycine residue, since 
this small and flexible amino acid might be most easily accommodated at a geometri
cally restrained position. The resulting P39G variant is only marginally stable and its 
folding kinetics differ strongly from the kinetics of the wild-type protein and also of 
the S54G,P55N variant. As we will see, the altered kinetic properties are not easily 
explained by the proline model for protein folding. 

The backbone structure of RNase T l seems not to be affected by the P39G 
mutation. The amide CD is unchanged and the variant shows the same enzymatic 
activity as the wild-type protein. The fluorescence of W59 is decreased in the P39G 
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variant. The close proximity of the positions 39 and 59 in the folded protein is 
probably responsible for this effect. 

The P39G mutation strongly destabilizes the protein. The midpoint of the ther
mal unfolding transition is lowered by 17 degrees and the free energy of stabilization 
is decreased from 42 kJ/mol (wild-type protein) to 20 kJ/mol (P39G variant) at pH 5, 
25°C (Mayr and Schmid, unpublished results). Despite this quantitative difference in 
stability the dependence on pH (with a maximum near pH 5) and on NaCl concentra
tion is the same for wild-type and (P39G)RNase T l . The enormous loss of stability 
explains the serious problems that we encountered in the production and purification 
of (P39G)RNase T l . This variant could not be produced by using the isolation 
procedure of the wild-type protein, but only after reducing the growth temperature 
from 37°C to 28 °C and performing all purification steps at 4°C as rapidly as 
possible. 

Unfolding and refolding of (P39G)RNase T l are reversible reactions. The rate 
of unfolding of the mutant protein is 50-fold increased. Slow refolding, as monitored 
by fluorescence can be approximated by a biphasic process and resembles the refold
ing of the wild-type protein. The use of unfolding assays revealed that the refolding 
of (P39G)RNase T l still involves two sequential slow steps, similar to the wild-type 
protein. The surprising conclusion at this point was that unlike the case of the 
S54G,P55N variant, where the substitution of a cis proline led to the disappearance 
of a major slow phase, the substitution at P39 did not simplify the slow folding kine
tics of RNase T l . 

The refolding of the P39G variant has, however, several properties that are 
distinct from the folding of the wild-type protein, and are not expected from the 
simple proline model for protein folding, (i) Contrary to expectation and contrary to 
the results for the P55 variant, the amount of fast-folding U F molecules is not in
creased, but is decreased virtually to zero, (ii) The species that give rise to the 
slowest phase of refolding are not formed slowly after unfolding (cf. scheme I), but 
are present immediately after the fast N > U F reaction. The other slow refold
ing reaction, however, which leads to the sigmoidicity of refolding, is correlated 
with a slow isomerization that occurs in unfolded (P39G)RNase T l . (in) The unusu
al acceleration of the very slow refolding reaction of the wild-type protein upon 
increasing the GdmCl concentration from 0.2 to 2.0 M is not observed for the P39G 
variant, (iv) Only the faster of the two consecutive slow folding reactions is catalyzed 
by prolyl isomerases. The very slow reaction is not accelerated (Mayr and Schmid, 
unpublished results). 

These results suggest that only the faster of the two slow folding reactions of 
(P39G)RNase T l involves prolyl isomerization as the rate-limiting step. It is identical 
in rate with the intermediate phase in the refolding of the wild-type protein and thus 
we asssume that it reflects the trans —> cis isomerization at P55. The product of 
this reaction is, however, not the fully folded protein, but an intermediate that has to 
undergo a second, very slow reaction before folding is complete. This very slow 
reaction of the P39G variant is a novel reaction. It is not related with the very slow 
phase of folding of the wild-type protein and it is apparently not a prolyl isomeriza
tion. It is not created by a slow isomerization of the unfolded chain, it cannot be 
catalyzed, and all molecules have to undergo this reaction during refolding. 

In summary we note two major effects of the P39G substitution, (i) The stabili
ty of the protein is reduced by more than 20 kJ/mol, and (ii) there is a novel very 
slow refolding reaction that is not observed in the folding of the wild-type protein. 
What is the molecular nature of this slow refolding reaction, and is it related with the 
strong destabilization by the P39G mutation? The replacement of a cis Tyr-Pro bond 
by a Tyr-Gly bond could have two different consequences, (i) The cis bond at P39 is 
replaced by a trans bond at G39 in the variant. This difference in main chain geome
try would distort the folded state, thus leading to the observed strong decrease in 
stability and also to a high barrier for the final step of refolding, (ii) The cis confor-
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mation of the 38-39 bond is preserved in the folded P39G RNase T l . For peptide 
bonds not involving proline, the trans form is 10-20 kJ more stable than the cis form 
(72,75), and such an increment of free energy would be required to stabilize the cis 
form in the folded protein. In this case, the novel very slow folding reaction of the 
P39G variant could reflect the inherently unfavorable trans —> cis isomerization of 
the Y38-G39 bond. This bond is probably more than 99% trans in the unfolded pro 
tein, and therefore all molecules would have to undergo this isomerization. The 
activation energies of cis ^ trans isomerizations are near 85 kJ/mol for both normal 
peptide bonds and peptide bonds preceding proline. Regarding this high activation 
barrier and the unfavorable cisltrans equilibrium, a trans —> cis isomerization of a 
non-proline peptide bond could indeed be a very slow reaction in protein refolding, 
but not in unfolding, since the trans isomer is strongly favored in the unfolded state. 

The experimental data are not yet sufficient to exclude one of the above alterna
tives. In addition, both effects could be involved. A native-like chain conformation 
around P39 might be necessary as a template for the correct folding and docking of 
other chain regions. A change in the sequence and/or the main chain conformation 
could thus reduce both the stability and the rate of folding. Clearly, experimental 
handles are needed to identify non-proline peptide bond isomerizations in unfolding 
and refolding reactions. 

Concluding Section 

Our results indicate that the trans to cis isomerizations at P39 and at P55 largely 
determine the mechanism of slow folding of RNase T l . Contributions from the cis to 
trans isomerizations at P60 and P73 could not be detected, possibly since they are 
correlated with small amplitudes only. It is evident that structure formation and 
prolyl isomerization steps are mutually interdependent during refolding. Rapid fold
ing decelerates the re-isomerization at P39 by the formation of premature native-like 
structure that involves an interaction of P39 with W59. Strikingly different results 
were obtained for RNase T l variants where the cis prolines were replaced. The 
substitutions at positions 54 and 55 led to a clear result: a slow folding reaction was 
abolished and the mechanism of folding simplified as expected from the kinetic 
model. The replacement of P39 drastically destabilized the protein and led to a new, 
very slow event in folding that was not observed in the folding of wild-type RNase 
T l . This shows that the cis bond at P39 is of utmost importance for stability and 
folding. The change in the folding mechanism, however, impairs a straightforward 
comparison of the folding kinetics and the identification of the P39-limited event in 
the folding of the wild-type protein. The molecular origin of the new slow reaction in 
the folding of the P39G variant is unclear at present. It could originate from a trans 
to cis isomerization at G39. The isomeric state of the Y38-G39 bond in native 
(P39G)RNase T l is not yet known. 

We observed an interesting interrelationsship between folding and prolyl 
isomerization steps. The original proposal (77) that prolyl isomerization precedes 
folding appears to be a limiting case that holds only for strongly unfavorable conditi
ons, such as near or within the unfolding transition of a protein. Under more strongly 
native conditions protein chains can rapidly acquire extensive ordered structure still 
in the presence of incorrect prolyl isomers. Later in folding, the correct chain con
formation is required and further folding is limited in rate by the re-isomerization of 
the incorrect prolyl isomers. The extent of rapid structure formation depends on the 
location of the incorrect prolyl bonds and on the folding conditions. Prefolding can 
lead to acceleration of prolyl isomerization as in RNase A (21,22) but also to dece
leration, as in the case of P39 in RNase T l . 

Evidently, the rapid formation of partially folded intermediates is not always of 
advantage for folding, since protein may become trapped in an incorrect structure (in 
this case a structure with an trans isomer at P39). A fairly low stability of interme-

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

01
1



154 PROTEIN FOLDING: IN VIVO AND IN VITRO 

diate structures may be an important factor to warrant correct and rapid folding. 
Such a marginal stability is probably also important to maintain the folding protein 
chains in a state that remains accessible for folding catalysts, such as protein disul
fide isomerase and prolyl isomerase. 
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Chapter 12 

Kinetic Control of Protein Folding 
by Detergent Micelles, Liposomes, and 

Chaperonins 

P. M. Horowitz 

Department of Biochemistry, University of Texas Health Science Center, 
San Antonio, TX 78284-7760 

Recovery of active proteins after unfolding, or after recombinant 
expression, is often kinetically limited by aggregation of transient 
folding intermediates with exposed hydrophobic surfaces. Folding 
intermediates of the enzyme rhodanese (EC 2.8.1.1) can be trapped 
and efficiendy reactivated by interactions with detergent micelles, 
liposomes or the chaperonin proteins, groEL and groES from E. coli. 
These systems now permit study of the conformation of bound 
intermediates, and we present an overview of recent work in this area. 
In each case, the trapped intermediates have characteristics of molten 
globules. Limited proteolysis indicates that specific regions on the 
intermediates are protected by interaction. Control over detergent- or 
liposome- assisted refolding can be exerted by varying the lipid 
compositions, and in all cases the folding efficiency can be modified 
by general solution conditions. These approaches have implications 
for understanding the roles of accessory components in the practical 
control of protein folding and the recovery of recombinant proteins. 

Problems with the Native Folding Paradigm: The Role of Intermediates 

The amino acid sequence of a protein determines its three dimensional structure (i). 
Facile formation of native structure is most likely to occur in dilute, homogeneous 
solutions. However, even under these conditions, in many cases, the native structure 
is not easily regained after it has been disrupted by denaturation or after it has been 
perturbed by altered solution conditions (2). One reason for this difficulty is that 
kinetic competition often leads to aggregates that refold so slowly that the process 
appears irreversible (3). Thus, although the native structure may be 
thermodynamically most stable, it is formed so slowly that there is no useful 
formation of functional protein. Important practical issues depend on the distinction 
between the most stable state and the states that, although transient, are significandy 
populated on a biologically important time scale. 

These problems are particularly relevant inside the cell, where a protein finds 
itself in an environment that is complex, concentrated, interactive, and dynamic. 
Interestingly, what we would normally call the native structure of an isolated protein 

0097-6156/93/0526-0156$06.00/0 
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12. HOROWITZ Kinetic Control of Protein Folding 157 

is often not compatible with many biological requirements. Thus, the state that a 
protein adopts in dilute solution may not be capable of interacting with membranes, 
or it may not be capable of assembling properly into macromolecular assemblies. 
The enzyme rhodanese is being used increasingly to study many of these issues (4). 
Rhodanese is synthesized on cytoplasmic ribosomes and transported into the matrix 
of the mitochondrion (5). Rhodanese is a good model for several reasons: first, it is 
difficult to refold after denaturation (6); second, it is unstable in solution (7); and 
third, it forms inclusion bodies when expressed in E. coli (8). 

One way to understand and solve the problems caused by conformational cul-
de-sacs is to invoke the idea that protein folding occurs through intermediates that 
have transient and exposed interactive-surfaces. The native structure is expected to 
be formed in such a way that it minimizes die exposure of these interactive surfaces. 
Intermediates could form in several ways: from the denatured protein; during 
vectorial synthesis on ribosomes; or by structural perturbations of the folded protein. 
Then, these intermediates could kinetically partition into various paths ranging from 
what are normally considered desirable ends such as folding, assembly or membrane 
interactions, on the one hand, to less positive outcomes such as degradation and 
turnover, aggregation or enhanced chemical reactivity such as oxidation. This leads 
to the hypothesis that control of intermediates can direct the fates of proteins. 

Overview of the Enzyme Rhodanese 

The enzyme rhodanese has been increasingly used to study properties of folding 
intermediates (4). As noted above, rhodanese is a mitochondrial matrix protein that 
is synthesized in the cytoplasm. The catalytic function of rhodanese is to transfer 
sulfur atoms (9), and tins ability has been suggested to be involved in the synthesis 
and the control of iron-sulfur centers that are important electron carriers in the 
mitochondrion (10). The protein as normally isolated is a single polypeptide chain 
and it is monomeric (ii) . The sequence of rhodanese from the cDNA is very similar 
to the sequence derived for the protein itself (12,13), so there has been very littie, if 
any, processing of the polypeptide chain after mitochondrial import. This 
conclusion is supported by comparisons of the mature protein with protein that is 
produced direcdy under the direction of the rhodanese mRNA (14). The active site 
of rhodanese is in the region of contact between the two domains into which the 
protein is folded (i i) . 

The sequence of the first 25 amino acids from the N-terminus has consensus 
characteristics of a mitochondrial import signal (12). Specifically, this region 
contains basic residues embedded in a hydrophobic sequence with a capacity to form 
an amphiphilic alpha helix. Unlike most imported proteins, this leader sequence is 
not cleaved after import. Thus, the mature protein contains all the information for 
folding, targeting and mitochondrial import. In addition, the N-terminal sequence is 
helical on the surface of rhodanese (15). A synthetic peptide corresponding to this 
sequence is random in solution, but it binds to the chaperonin or heat shock protein, 
cpn60, in an alpha helical conformation (16). The role of cpn60 in facilitating 
folding will be discussed below. 

Hydrophobic surfaces are important in the structure and function of rhodanese 
(11). Extensive hydrophobic interactions in the interdomain region stabilize the two 
domain structure, and hydrophobic interactions occur between the N-terminal 
sequence and the body of the N-terminal domain (11). Rhodanese has been 
proposed to be able to partition on and off the membrane in course of in vivo 
function (17), and these interactions may be related to modulated exposure of 
hydrophobic surfaces. 
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158 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Difficulties in Refolding Denatured Rhodanese 

Until recently, it was very difficult to get refolding of rhodanese after in vitro 
denaturation (18). The most common result when refolding was attempted was that 
the protein precipitated. This effect was particularly clear when the solubility of 
rhodanese was measured as a function of the concentration of the denaturant, 
guanidinium hydrochloride (79). In this case, there was a critical concentration of 
guanidinium hydrochloride at which almost all the rhodanese precipitated from 
solution. This precipitation was proposed to result from aggregation of folding 
intermediates with exposed hydrophobic surfaces. This exposure could be 
demonstrated by using fluorescent probes such as l,r-bi(4-anilino)naphthalene-5,5-
disulfonic acid, bisANS. These probes are virtually non-fluorescent in aqueous 
solution, but become strongly fluorescent when bound to hydrophobic surfaces (20). 
Using the clue that there were structured species that might aggregate by interactions 
between perturbation-induced hydrophobic surfaces, it was found that precipitation 
could be prevented completely by including non-denaturing detergents such as lauryl 
maltoside in the incubation mixture (27). 

Detergent Assisted Refolding is Possible and Reveals Intermediates 

Urea induced unfolding is reversible if detergents are used, and, although the process 
is fully reversible, it is not described by a two-state model (22). Analytically, the 
transition curves for the denaturation can be fitted by two two-state transitions in 
which the one at lower urea concentrations corresponds to the formation of a folding 
intermediate. 

If the samples, at each of the urea concentrations above, are tested within 10 
minutes, rather than 24 hours required to ensure equilibrium, it is found that the 
enzyme quickly adopts a non-native conformation that only slowly relaxes to the 
equilibrium conformer (22). For example, when diluted to low urea concentrations, 
denatured rhodanese rapidly forms a state in which the fluorescence wavelength 
maximum is at 345 nm which is between that for the native enzyme (335 nm) and 
the fully unfolded protein (355 nm). This result suggests that the initial state formed 
on dilution has partially buried tryptophan residues. Samples at the low urea 
concentrations slowly reached their equilibrium values after continued incubation for 
several hours. These type of data indicate that intermediates form that are 
kinetically stable. 

Detergent Micelles Capture Incompletely Folded Rhodanese and Permit Studies 
of Intermediate-Like Species 

The detergents that are used are only effective above their critical micelle 
concentrations (23). Gel filtration chromatography demonstrates that reactivatable 
folding intermediates form transient, inactive complexes with the detergent micelles 
(24). Gel filtration studies using micelles containing cardiolipin are particularly 
informative (24). Micelles of lauryl maltoside containing cardiolipin permit 
refolding, but the folding process is slowed relative to micelles containing only 
lauryl maltoside. For example, 30 min after the start of refolding, most of the 
rhodanese coelutes in gel filtration with the much larger cardiolipin-containing 
micelles. The enzyme activity is very low, and the small amount of activity that is 
observed, elutes at a position characteristic of the native rhodanese. After a further 
29 hours of incubation, a much larger amount of activity is observed, and a much 
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12. HOROWITZ Kinetic Control of Protein Folding 159 

larger amount of protein has dissociated from the micelle. The results indicate that 
the micelles can bind an inactive form of rhodanese, and full reactivation follows 
release of the protein from the micelles. Experiments like these demonstrate that 
rhodanese forms complexes with increased efficiency when the micelles contain the 
mitochondrial, anionic phospholipid, cardiolipin. Although rhodanese has a net 
negative charge, its N-terminal sequence is positively charged, and this sequence 
may interact with charged phospholipids in membrane transport. Overall, the 
presence of cardiolipin increases the residency time of the protein in the micelle. 
The net effects are to increase the yield and decrease the rate of folding. The same 
general effects are seen with micelles of lauryl maltoside alone, but the process is 
considerably faster. Therefore, it is possible to exert some control over the folding 
reaction by the choice of the type of lipid and the overall composition of the 
micelles. 

The observation that rhodanese can bind to micelles as an inactive intermediate 
that is only active after release is similar to effect of chaperonin proteins (see below). 
This micelle system, then, provides an opportunity to observe the properties of 
structures that are related to folding intermediates. The folding intermediate(s) that 
is captured in the detergent lauryl maltoside is a case in point (22). The fluorescence 
maximum of the captured state is at 345 nm compared with the native enzyme at 335 
nm or the denatured enzyme at 355 nm. Studies of the ability of solutes to quench 
the intrinsic fluorescence of captured rhodanese indicate that the solvent exposure of 
tryptophan residues is between that of the native and the denatured enzyme. The 
UV-CD spectra in the region of 222 nm indicate that the intermediate retains a 
considerable amount of regular secondary structure. On the other hand, the near 
UV-CD signal in the region of 280 nm is dramatically decreased in the intermediate, 
indicating relaxed tertiary interactions around the tryptophan residues. The 
tryptophan residues in the intermediate are not fully mobile as monitored by 
fluorescence polarization. These properties of the rhodanese folding intermediate 
are similar to those normally used to define what have been called "molten globule 
states" or "compact folding intermediates" in the folding of proteins (25). 

Chaperonin Proteins can Protect Interactive Folding Intermediates and 
Participate in Biologically Related Folding Processes 

Protein folding in a biological system occurs in a complex environment, and one 
idea that has been proposed to understand how protein folding can be controlled in 
the cell invokes the properties of proteins called chaperones that are suggested to 
interact with folding intermediates to control interactions (26). These issues have 
been discussed well for the process of protein import from the cytoplasm to the 
mitochondrion (27). A fully folded protein can't enter the mitochondrion, and 
import is dependent on maintaining the target protein in a partially folded, import 
competent state. Protein assistants, at various stages of the process, are proposed to 
interact with a partially folded protein to help keep it in the import competent 
conformation. One of the proteins involved in the process of mitochondrial protein 
trafficking is hsp60 (heat shock protein with 60 kDa subunits) which is found in the 
mitochondrial matrix. This protein is a close homolog of the chaperonin, cpn60 
(also called groEL), that is found in E. coli. Cpn60 is the chaperonin that has been 
used to influence the folding and interactions of rhodanese. 

A model for the effect of cpn60 can be described that contains several features 
(27). Cpn60 is an oligomer composed of 14 60kD subunits that are assembled into a 
structure resembling a double doughnut composed of 2 stacked, 7-member rings. 
This structure binds non-native conformers. Even though interactive surfaces on the 
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160 PROTEIN FOLDING: IN VIVO AND IN VITRO 

passenger protein may be exposed, they can be protected sterically by being part of a 
macromolecular complex. Trapped structures of this type that can be formed with 
other polypeptide chains may also allow assembly at these interactive surfaces prior 
to release of the bound polypeptide thus providing the appropriate sequencing of 
interactions. This may be applicable to the orderly assembly of oligomeric proteins. 
For the protein rhodanese, the release step requires additional factors including ATP 
and a second oligomeric protein, cpnlO (20). This process allows ordered release to 
permit folding. 

Detergent-assisted Folding and Chaperonin-assisted Folding Share Common 
Features 

The correspondence between the detergent assisted folding and models, such as the 
one outlined above, for chaperonin-protein interactions were so similar, that we were 
led to test the influence of chaperonins on rhodanese folding (20). The E. coli 
chaperonins, cpn60 and cpnlO, were found to be very effective at facilitating folding 
of rhodanese which requires a combination of cpn60 + cpnlO + ATP (20). 
Comparisons of the kinetics of folding in the presence of the detergent lauryl 
maltoside with the cpn system indicates that the activity will reach the same level in 
both cases but the rate is much slower with the detergents (20). In addition, under 
appropriate conditions, there is some folding even when there are no additives. 
Interestingly, folding with the chaperonins is slower than that observed in this so-
called spontaneous case, but there is a significant increase in efficiency. This 
observation is the basis of the idea that chaperonins may generally function by 
directing folding in the sense of increasing efficiency, rather than speed. Cpn60, in 
the absence of die other components, can trap partially folded rhodanese and arrest 
spontaneous folding (28). If cpnlO and the other components are added back later, 
folding continues and the activity reaches the levels expected if all components had 
been present from the beginning. Additionally, light scattering experiments show 
that cpn60 prevents the aggregation that would occur on attempted refolding (27). 
This is similar to the effects of detergents (79). 

The complex between cpn60 and rhodanese is very tight, and the complex can 
be isolated in a form that has a high efficiency for reactivation of the bound 
rhodanese (27,28). This is important to ensure that properties of the bound protein 
reflect species that are competent to subsequendy fold. This system, then, gives us 
experimental access to a cpn60-bound intermediate. In terms of properties that have 
been investigated, such as intrinsic fluorescence, controlled tryptic digestion and the 
binding of hydrophobic probes, the cpn60 bound intermediate is like the detergent 
trapped intermediate (27,29). The fluorescence properties show that: a) the 
maximum of the fluorescence spectrum is at an intermediate position; b) quenching 
of tryptophan is intermediate between fully exposed and buried residues; and c) 
studies with fluorescence probes suggest that the bound intermediate has increased 
exposure of hydrophobic surfaces. These data show that there is folding on cpn60 to 
a molten-globule like structure having some native-like characteristics. The N-
terminus of rhodanese is not prevented by interactions with cpn60 from being 
proteolyzed (29). 

In view of the importance of hydrophobic surfaces in determining the fates of 
rhodanese folding intermediates, we were interested in whether there were 
complementary surfaces on cpn60. The fluorescence spectra of the probe, bisANS, 
whose fluorescence is enhanced when it binds to hydrophobic surfaces indicate that 
there are hydrophobic sites on cpn60 (20). Fluorescence titration indicates that only 
a few bisANS molecules are required to saturate the cpn60 oligomer. This indicates 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

01
2



12. HOROWITZ Kinetic Control of Protein Folding 161 

a small hydrophobic region is formed on the oligomer when the subunits assemble. 
It is possible that this region is the hole in doughnut structure. No hydrophobic sites 
are present on cpnlO. It is possible that, by modulating hydrophobic surfaces, cpn60 
can alternately bind and release intermediates that would otherwise aggregate by 
interactions of their own hydrophobic surfaces. 

Rhodanese Can Bind to Liposomes as a Reactivatable, Partially Folded 
Intermediate 

All these results indicate that the rhodanese intermediate(s) bound to cpn60 have 
characteristics expected for a partially folded protein that is in a state that can 
interact with membranes; so we tested the ability of rhodanese intermediates to 
interact with phosphatidylserine liposomes (30). The interaction was monitored by 
measuring the release of carboxyfluorescein that was trapped in liposomes. 
Rhodanese was diluted from urea and allowed to refold for varying times before 
introduction of liposomes. At early times after initiating refolding, rhodanese 
efficiently disrupts liposomes. The longer the delay to allow refolding, the less 
effective is the release, and native enzyme or fully folded enzyme has no effect. In 
addition to any effect on liposome disruption, rhodanese becomes tightly, but 
transiently associated with the liposomes (31). The binding can be directly detected 
using an ultracentrifugation based liposome flotation assay. The binding was found 
to depend on the state of rhodanese and on the nature of the lipid. 

Fluorescence reveals that the spontaneous release of rhodanese from the 
liposomes is associated with changes in die intrinsic protein fluorescence, and the 
complex with liposomes is stable for at least 48 hrs with CL (31). When large 
unilamellar vesicles are made with phosphatidylcholine, the protein is initially bound 
to the liposomes only if presented as a partially folded species. The interaction is 
characterized by a fluorescence spectrum indicating an enhanced quantum yield. 
The native enzyme is not bound to the liposomes. The bound form is slowly 
released, and, after 48 hours, its fluorescence spectrum has significantly changed 
from the originally bound form to give a final spectrum characteristic of unbound 
rhodanese. When the vesicles contain cardiolipin, rhodanese is bound to the 
liposome in a kinetically stable form. It is inactive, and there is no release or 
reactivation over 48 hours. 

Rhodanese that is bound as an inactive intermediate can be refolded and 
reactivated by liposome disruption (31). If rhodanese is first captured as a partially 
folded intermediate using cardiolipin containing liposomes, there will be no 
spontaneous reactivation during the experiment. However, if the liposomes are 
disrupted by the addition of the detergents lauryl maltoside or Triton X100, there is 
considerable reactivation. Importantly, Triton X100 will not, by itself, support 
refolding of unfolded rhodanese. These results support the hypothesis that the role 
of the detergent in this type of experiment is not to refold the protein, but to release 
the enzyme from a liposome-bound state in a form that is able to quickly adopt an 
active conformation. Thus, in this case, reactivation is due to liposome disruption 
and not detergent assistance. 

Summary and Conclusions 

The essential features that form the basis for our experimental approach are 
contained in the hypothesis that there is sequential folding of the polypeptide chain. 
If we follow folding from the unfolded polypeptide, domain coalescence precedes 
domain association giving extensive, exposed hydrophobic surfaces. In competition 
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162 PROTEIN FOLDING: IN VIVO AND IN VITRO 

with folding to a soluble, active conformation are kinetically competing interactions 
leading either to aggregation, or complex formation with chaperonins, or binding to 
detergent micelles or liposomes. It is the ordered release of these partially folded 
states, or the release of these intermediates at low concentrations, that give increased 
yields of active rhodanese. In this picture, the N-terrninus of rhodanese folds onto 
the surface of the N-terminal domain and assumes a helical conformation. The 
binding of this N-terminal sequence involves significant hydrophobic interactions 
with the surface of the N-terminal domain. This last interaction contributes stability. 
Thus, interactions involving the N-terminus can have profound consequences on the 
global structure of rhodanese. Chaperonins, such as cpn60, can associate with the 
interactive intermediates and have several consequences. They can: a) protect 
against heat shock, b) prevent aggregation that competes with proper folding; c) 
maintain non-native conformers that may be required for modulated membrane 
association or membrane transport; or c) they may even be necessary to present the 
protein for ordered proteolysis or oxidation. Overall, the chaperonins or the other 
assistants do not make folding faster in the rhodanese system. Their roles, in 
general, may be to raise the energy of activation for competing processes to prevent 
inappropriate kinetic trapping, or they may arrest all folding to stabilize 
intermediates and permit additional interactions that would not be easy from the 
native state. 

(Supported by Welch Grant AQ723 and NIH grants GM 25177 and ES05729). 
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Chapter 13 

Comparison of Amino Acid Helix Propensities 
(s-values) in Different Experimental Systems 

A. Chakrabartty and R. L. Baldwin 

Department of Biochemistry, School of Medicine, Stanford University, 
Stanford, CA 94305-5307 

Three years ago, work started on measuring the α-helix propensities of 
the amino acids in different short peptide systems (1 - 8) . As in earlier 
experiments with synthetic polypeptides (9,10), the helix propensity of 
an amino acid is taken as its s-value, where s is the propagation 
parameter of the Zimm-Bragg theory of a-helix formation (11). 
Although the results found with short peptides are still preliminary, 
the helix propensities are evidently different from those measured 
earlier with random-sequence polypeptides by the "host-guest" 
technique (9,10). The rank order of helix propensities in the different 
peptide systems is similar; however, one consistent set of s-values has 
not been produced. Here we compare the results of these substitution 
experiments and comment on possible reasons for the disagreements. 

Experimental Systems for Measurement of Helix Propensities 

The major differences between the short peptide and host-guest 
systems are in the sizes of the molecules studied and in the use of 
defined sequences and chain lengths in short peptide systems. With the 
exception of the dimeric coiled-coil system of O'Neil and DeGrado (3), 
the results are evaluated by applying helix-coil transition theory. The s-
values obtained for the uncharged non-aromatic amino acids from 
these systems are summarized in Table I. 

Host-Guest System of Scheraga and Coworkers (9,10). This system 
consists of a series of random copolymers which vary in their degree of 
polymerization and contain chiefly hydroxybutyl-L-glutamine (host 
residue); they are doped with varying small amounts of another amino 
acid (guest residue). Homopolymers of the host residues form water-
soluble helices which undergo thermal helix-coil transitions. The 
transition curves are altered when guest residues are present. The host-

0097-6156/93/0526-0166$06.00/0 
© 1993 American Chemical Society 
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13. CHAKRABARTTY & BALDWIN Amino Acid Helix Propensities 167 

guest determination of s(Ala) was found to be similar to that 
determined previously in a different block copolymer system (12). 
Analysis of an entire series of host-guest copolymers, containing each 
of the twenty amino acids, has yielded the s-values of all the amino 
acids. Except for proline and glycine, the s-values are all close to 1 and 
the differences between them are small. The helix nucleation 
constants were also found to be very small. A major consequence of 
this finding is that short helices are predicted not to form, unless they 
are otherwise stabilized by long-range interactions, such as side-chain 
interactions or tertiary interactions between helices as are found in 
proteins (13). Based on this conclusion, Scheraga and coworkers 
modified Zimm-Bragg theory by including parameters which consider 
long-range interactions (24, 15). The values of the interaction 
parameters were determined by fitting the modified theory to various 
published data, and estimates of helix contents, using the best fit 
values, did reproduce several of the experimental results (14, 15). 

A n opposing viewpoint has arisen, however, from the work of 
Marqusee et al (16). Marqusee et al. (16) demonstrated stable helix 
formation by 16-residue peptides comprised chiefly of Ala with a few 
interspersed Lys residues and no apparent stabilizing side-chain 
interactions. The helix content in this series of peptides decreases as the 
number of Lys residues increases (see their data for 1 M NaCl, where 
this effect can probably not be attributed to electrostatic repulsion 
between Lys+ residues). Their data suggest that helix formation in these 
short peptides is stabilized by Ala residues alone, and not by Lys+ 
residues or any long-range interaction. They concluded from this 
finding that the host-guest technique underestimates the s-value of Ala 
because there are helix-stabilizing interactions, probably hydrophobic 
interactions, among the sidechains of the host residues (17) , which are 
not accounted for in the host-guest analysis (16). 

Scheraga and coworkers recently proposed an alternative 
explanation^^) for the data of Marqusee et al. (16), which was based on 
Monte Carlo simulation of helix formation in peptides whose 
sequences are the same as those of Marqusee et al. (16). They attribute 
the stability of these short helices to the presence of Lys residues, which 
interfere with hydration of the backbone atoms in nonhelical 
conformations and thereby increase the helix content (18). 
Furthermore, Scheraga and coworkers contend that 1 M NaCl is not 
sufficient to screen electrostatic repulsion in peptides of high charge 
density, and the helix-inducing effect of Lys is offset by the electrostatic 
repulsion in the peptides with high Lys content(2&). 

Collaborative experiments between the laboratories of Drs. John 
Stewart (University of Colorado) and R.L. Baldwin (Stanford 
University) investigating possible sidechain interactions between the 
hydroxybutyl-L-glutamine residues are under way (Padmanabhan, S; 
York, E.J.; Stewart, J.M.; Baldwin, R.L. unpublished results), and the 
results will hopefully resolve this issue. 
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Table I. Helix Propensities Measured in Different Experimental Systems 
Amino flCid Published s values and calculated s values from 

published data (at (TO 
A B c D 

Ala 1.07 2.19 1.99 
Leu 1.14 1.55 0.85 1.70 
Met 1.20 1.41 0.64 0.87 
Gin 0.98 1.20 0.56 0.61 
He 1.14 1.02 0.37 0.44 
Val 0.95 0.93 0.18 0.20 
Ser 0.76 0.86 0.25 
Thr 0.82 0.79 0.18 
Asn 0.78 0.73 0.18 
Gly 0.59 0.57 0.06 0.02 

A Published values from Scheraga and coworkers (9). 
B Published values from Kallenbach and coworkers(4,6), pH 7, 

0.01M KF. 
C Calculated values from data of Stellwagen and coworkers (8) 

using Lifson-Roig theory (19), pH 7, 0.01 M KC1. 
D Published values for Gly from Baldwin and coworkers (5), 

calculated values for Leu, Met, He, and Val from data of 
Padmanabhan et al. (1), and calculated values for Gin and Ala 
from unpublished data of Chakrabartty and Baldwin, pH 7,1.0 M 
NaCl. 

Note: While the published data of O'Neil and DeGrado (3) yield values 
of AAG° or ratios of s-values in their system, the absolute values 
of s cannot be obtained. 

Peptide System of Baldwin and Coworkers (1,5). Our system is a helical 
reference peptide based on the design of Marqusee et al. (16) (sequence: 
Ac-YKAAAAKAAAAKAAAAK-amide) . We substitute one or more of 
the Ala residues with another residue and measure the change in helix 
content by circular dichroism (CD), and apply Lifson-Roig helix-coil 
theory (19) to calculate the s-value of the substituted residue. 

We chose Ala as a reference because it is a strong helix-former 
and its sidechain is small, nonpolar, and unable to participate in 
significant sidechain interactions (16). To minimize long-range charge 
interactions amongst Lys residues, they are placed 5 residues apart, 
causing them to spiral around the helix and be well separated in space. 
In addition, the CD measurements are made in 1.0 M NaCl so that 
charge interactions are screened. The single Tyr at the N-terminus of 
the peptide enables us to determine peptide concentration with high 
accuracy by tyrosine absorbance. 

Our reference peptide contains more than one type of residue. 
To facilitate calculation of the s-value of a substituted residues, 
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13. CHAKRABARTTY & BALDWIN Amino Acid Helix Propensities 169 

however, we treat the reference peptide as a homopolymer and 
calculate its average s value which is determined chiefly by Ala (12 
residues), with a small contribution from Lys (3 internal residues; only 
the internal residues contribute to the average s when Lifson-Roig 
theory is used). The s-value and nucleation parameter of our reference 
peptide have been determined by both CD (5,20) and hydrogen 
exchange methods (21), and similar values have been obtained by each 
technique. 

We decided first to determine the s-value of Gly because it has 
been shown to be a strong helix breaker (22): thus, the effect of a Gly-
substitution should be large and easily measured. In addition, we 
substituted every Ala in the reference peptide with Gly in a series of 
individual peptides, thus obtaining the entire substitution curve, not 
just one point. The determined value of s(Gly) is very small, 100-fold 
smaller than s(Ala), and it is significantly different from values 
obtained in most other systems (see Table I). We have also calculated 
the s-values of Leu, Met, Val, and He from the data of Padmanabhan et 
al.(l). These values, which are reported in Table I, are tentative and 
will be redetermined by synthesizing an entire series of substituted 
peptides. 

Recently we made a discovery which significantly affects the 
interpretation of substitution experiments based on CD measurements. 
A l l of the substitution experiments reported use peptides that contain 
either Tyr or Trp to determine peptide concentration. We found that 
aromatic sidechains of these residues, even when they are present at 
the frayed ends of helical peptides, contribute to far-UV CD. For 
example, in Table II we report large differences in the ellipticities at 222 
nm for three helical peptides which contain Tyr, Trp, or Ala at the N -
terminus, but are otherwise identical in sequence. 

Table II. Effect of Aromatic Residues on CD Measurements . 
Sequence Mean residue ellipticity at 222 nm 

A c - Y K A A A A K A A A A K A A A A K - a m i d e -25,000 
A c - A K A A A A K A A A A K A A A A K - a m i d e -30,000 
A c - W K A A A A K A A A A K A A A A K - a m i d e -32.000 
* Conditions: 0°C, pH7.0, 1.0 M NaCl and 1 mM each of sodium 
phosphate, sodium borate, and sodium citrate. 

The helix contents of these peptides are nearly identical when 
measured by amide-proton exchange using NMR (21) (Chakrabartty, A.; 
Padmanabhan, S; Baldwin, R.L. unpublished results). This apparent 
contradiction is reconciled if the differences in CD are caused by 
aromatic sidechain contributions to the CD spectrum and not by 
differences in helix content. Similar effects are not observed with non-
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170 PROTEIN FOLDING: IN VIVO AND IN VITRO 

aromatic uncharged amino acids (Chakrabartty, A ; Baldwin, R.L. 
unpublished results). The aromatic contribution to ellipticity at 222 nm 
is comparatively minute in unstructured peptides (Chakrabartty, A.; 
Baldwin, R.L. unpublished results). Thus, the effect we observe 
requires the presence of a helix and its magnitude may vary with helix 
content. 

It is well known that aromatic groups found in cores of globular 
proteins (see 23) or in conformational^ constrained diketopiperazines 
(24) can produce large far UV-CD bands, unlike the minor bands of 
unconstrained aromatic groups. Interactions of aromatic groups with 
one another and with peptide groups produces the unusual far UV-CD 
spectrum of helical poly-L-tyrosine (see 23). The aromatic groups in the 
short peptides mentioned above, however, are present at the frayed 
end of a peptide helix, a position with very few structural restraints. 
The aromatic CD in these peptides, therefore, is somewhat of a mystery. 

The aromatic contribution to peptide CD complicates the proper 
interpretation of the substitution experiment and it wil l affect the 
reported s-values. Consequently, it is necessary that it either be 
corrected or eliminated. A method of achieving this goal, without 
giving up the use of Tyr residues for determining peptide 
concentrations is being developed (Chakrabartty, A. ; Baldwin, R.L., 
unpublished results). 

Peptide System of Stellwagen and Coworkers (2,8). Stellwagen and 
coworkers have analyzed the helix-forming tendencies of all 20 amino 
acids using the helical (i,i+4) E,K peptide designed by Marqusee and 
Baldwin (25) (sequence: Ac-YEAAAKEAAAKEAAAKA-amide) . Ala9 
was substituted with each of the other 19 amino acids and helix 
contents were determined by CD. 

The major difference between this system and ours is the 
presence of three (i,i+4) ion pairs between Glu and Lys which 
contribute to helix stability. Nevertheless, their observed change in 
helix content produced by Ala->Gly substitution, in terms of actual 
ellipticities at 222 nm, is essentially the same as ours. Furthermore, 
upon using their data and Lifson-Roig theory (which does not take 
account of helix stabilizing sidechain interactions) to calculate s-values 
for uncharged non-aromatic amino acids, we find very good 
agreement, with the exception of Leu, with our values (Table I). We are 
not yet able to evaluate the contribution of ion pairs, when they are 
present in configurations such as those in the above reference peptide. 
The problem lies in the difficulty of assigning s-values to charged 
residues and also in the evaluation of the charge-helix dipole 
interaction produced by a charged residue (see 26). The solution is being 
pursued by collaborative efforts between the laboratories of Drs. J.A. 
Schellman (University of Oregon) and R.L. Baldwin (Stanford 
University). 
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13. CHAKRABARTTY & BALDWIN Amino Acid Helix Propensities 171 

As regards the large disparity between the s-values of Leu, note 
that in these substitution experiments the relationship between the s-
value of the substituent and helix content is nonlinear; at helix 
contents close to 1, a small error in helix content translates into a large 
error in s-value. Whenever a strong helix former, such as Leu, is 
examined, a small error in estimating helix content wil l result in a 
large error in s. This is the most likely reason for the disparity. 

Peptide System of Kallenbach and Coworkers (4,6). This system 
employs a helical reference peptide (sequence: succinyl-
YSEEEEKKKKEEEEKKKK-amide) in which the arrangement of Glu 
and Lys residues enables the formation of (i, i+4) ion pair interactions 
among 16 charged residues. Ion pair interactions are critical for helix 
formation in this peptide because an isomeric peptide with an altered 
sequence (succinyl-YSEEKKEEKKEEKKEEKK-amide), which precludes 
any (i, i+4) Glu-Lys ion pair interactions, shows no significant helix 
formation at neutral pH. 

The helix propensities of uncharged non-aromatic amino acids 
were determined by inserting three copies of each amino acid into the 
reference peptide at positions X (succinyl-YSEEEEKKKKXXXEEEEKKKK-
amide). The helix contents of the peptides were anaylzed by CD and s-
values were calculated (see Table I) using their own helix-coil theory, 
which incorporates (i, i+4) sidechain interactions but is otherwise 
similar to classical helix-coil theories. 

Their rank order of helix-forming tendencies, in terms of actual 
ellipticities at 222 nm, (4) is similar to ours (1,5) (with the exception of 
Leu) as well as to Stellwagen's (2,8), but is significantly different from 
host-guest results (9). In terms of s-values, Kallenbach's values 
correlate both with ours and with the values we calculate from 
Stellwagen's data but not with Scheraga's host-guest values (Table III). 

Table III. Correlations Between s-values from Different Laboratories 
y-axis x-axis 

Stellwagen Kallenbach Scheraga 
Baldwin R = 0.90 R = 0.95 R = 0.52 

m = 1.20 m = 1.36 m = 1.67 
b = = 0.06 b = = -0.89 b = = -0.96 

Stellwagen R = 0.98 R = 0.80 
m = 0.80 m = 1.03 
b = = -0.44 b = = -0.60 

Kallenbach R = 0.71 
m = 1.73 
b = = -0.50 

R, correlation coefficient; m, slope; b, y -intercept. 
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172 PROTEIN FOLDING: IN VIVO AND IN VITRO 

The correlation between Kallenbach's values and ours or 
Stellwagen's is good (R = 0.95 and 0.98, respectively) and the slopes of 
the linear regression lines are close to 1. If we disregard our value of 
s(Leu) the correlation is even better (R = 0.98; m = 1.2; b = -0.85). There 
appears, however, to be a constant offset of approximately 0.7 between 
s-values of Kallenbach's and ours or Stellwagen's (Figure 1). 

2.5 

e 2.0 

ctf 
m 1.5 h 

CD 
O) 
CO 

| 
CD •«—• 

CO 

1.0 

^ 0.5 

0.0 
0.0 

i > 1 1 1 • 1 • 
y= -0.74+ 1.1x R = 0.97 o Stellwagen 

• Baldwin 

1.0 1.5 
s(Kallenbach) 

2.5 

Figure 1. Correlation of s-values of Kallenbach and coworkers with 
s-values of Baldwin and coworkers and also the calculated s-values 
from the data of Stellwagen and coworkers using Lifson-Roig theory. 
The linear regression line is a composite fit of Baldwin and 
Stellwagen values against Kallenbach values. The Baldwin value 
for s(Leu) was omitted from the analysis. 

The cause of this offset lies at the heart of the disagreement 
between the s-values determined in different peptide systems. The 
obvious difference between these peptide systems is the amount of 
helix stabilization imparted by sidechain interactions. While our Ala-
Lys peptide system possesses no evident sidechain interactions, helix 
formation in Kallenbach's system is entirely dependent on such 
interactions, and sidechain interactions make some contribution to the 
helical stability of Stellwagen's system. The predominance of sidechain 
interactions in Kallenbach's system motivated them to modify classical 
helix-coil theory to include an (i,i+4) sidechain interaction parameter. 
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13. CHAKRABARTTY & BALDWIN Amino Acid Helix Propensities 173 

To investigate the consequence of this modification, we analyzed their 
ellipticity data using unmodified Lifson-Roig theory (i.e. with no 
interaction parameters) and compared the results with their published 
s-values (Figure 2). It should be noted that when the helix nucleation 
parameter is small (as in this case), the Lifson-Roig theory produces 
virtually identical results to Kallenbach's theory if the interaction 
parameter is removed, and if only small peptides (n « 20) are 
considered. 

2.5 

2.0 

2? 1.5 
o 
CD x: •*-^ 

5 i.o 
"of 

0.5 

0.0 
0.0 0.5 1.0 1.5 2.0 2.5 

s(Kallenbach) 

Figure 2. Correlation of the s-values of Kallenbach and coworkers 
with the s-values calculated from their data using Lifson-Roig theory. 

The striking feature of Figure 2 is that omission of the 
interaction parameter produces a similar, but smaller, offset to that in 
Figure 1. The similarity between Figures 1 and 2 suggest that the value 
of the interaction parameter in Kallenbach's theory is a likely cause of 
the offset in Figure 1. Thus, one set of consistent s-values may be 
produced if the Kallenbach interaction parameter is reduced in 
magnitude. While it is essential that stabilizing (i,i+4) ion pair 
interactions be explicitly accounted for in the analysis, as Kallenbach 
and coworkers have done, there may also be both stabilizing and 
destabilizing interactions in the (i,i + 3), (i,i + 2) and (i,i + l) 
configurations in Kallenbach's peptide helix. The allowed geometries 
and strengths of these interactions are not well established. 
Kallenbach's measurements were made in 0.01 M KF where 
electrostatic repulsion between like charges may also seriously affect 
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helical stability. Therefore, it is not yet possible to conclude whether 
(i,i+4) interactions wi l l dominate over the others, making it 
permissible to ignore the other contributions. If the contributions of 
these other interactions are significant, then adjustment of the 
interaction parameter and/or addition of new interaction parameters 
will be necessary. 

Dimeric Coiled-Coil System of O fNeil and DeGrado (3). O'Neil and 
DeGrado used a system in which one peptide is in equilibrium between 
helical dimeric and random coiled monomeric states. They chose one 
site in the peptide to substitute all 20 amino acids. This site is 
surrounded by small neutral amino acids and is solvent-exposed in the 
dimeric helical state. The monomer/dimer two-state equilibrium 
constant of the system is affected by the substituted amino acid, and this 
constant is related to the helix-forming tendency of the substituted 
amino acid. Their results, in terms of AG°(Xaa) - AG°(Gly), correlate 
well with those of Kallenbach and coworkers (4,6). 

It is not possible to obtain directly s-values from the results of 
their two-state analysis. There exists, however, a more complex 
ensemble-of-states model of Skolnick and Holtzer (27,28) which can be 
used to obtain s-values. While the two state analysis considers only 
nonhelical monomer and completely helical dimer states, the 
ensemble-of-states model considers the possible existence of partially 
helical monomers and dimers, and completely helical monomers as 
well. This analysis is currently being performed by DeGrado's 
laboratory (E.I. du Pont de Nemours and Company) in collaboration 
with Dr. A. Holtzer (Washington University), and independently by 
Dr. H . Qian (University of Oregon). Therefore, it is too soon to 
comment on the results obtained in this system. 

Preformed Helix Nucleus System of Kemp and Coworkers (7). By 
synthesizing a conformationally constrained analog of Ac-Pro-Pro, 
Kemp and coworkers have partially immobilized three carbonyl groups 
in an orientation which mimics that of the three peptide carbonyls of a 
single turn in a helix. This helical turn analog, when attached to the N -
terminus of a peptide, behaves as a helix nucleus or template which 
facilitates helix formation in the attached peptide. Such helices exhibit 
a very broad helix-coil transition expected from the non-cooperative 
process caused by the large nucleation parameter of the template(s££ 
26). By attaching the template to short polyalanine peptides (n = 4 to 6) 
and monitoring the conformations of the conjugates by NMR they 
have estimated the s-value of Ala to be around 1, close to the host-
guest result but considerably different from results of substitution 
experiments in short peptides (see Table I). It will be interesting to find 
out how the behaviour of their system changes as the major amino 
acid is varied; experiments of this kind have not yet been reported. 
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Investigation of Helix Propensities in Proteins 

The relative helix-forming tendencies of Ala and Gly were investigated 
in a protein system by Fersht and coworkers (29) using mutational 
experiments in solvent-exposed sites of barnase (RNase Ba from 
Bacillus amyloliquefaciens). They observe a strong position 
dependence different from that observed in the peptide substitution 
experiments (5). Ala->Gly mutations stabilize the protein when the 
mutation site is close to the ends of the protein helix, but they are 
destabilizing when the mutation site is at in an interior position. 

Fersht and coworkers' explanation of the stabilizing effect of the 
mutation at the helix ends is that the Ala sidechain prevents H -
bonding of solvent to the backbone atoms of the terminal helical turns 
and mutation removes the sidechain, thus allowing solvent access to 
the backbone atoms. The destabilizing effect of the mutation in the 
middle of the protein helix, on the other hand, was attributed to the 
reduction in the amount of buried hydrophobic surface in the protein 
caused by mutation. 

In peptide systems, fraying at the ends of isolated helices 
obscures the observation of end effects, such as the one observed by 
Fersht and coworkers. Effects in the helix interior, similar to the one 
mentioned above, are observed in peptide systems, however, and 
burial of hydrophobic surface is one of the factors which contributes to 
the s-value of an amino acid. The greater flexibility of the peptide 
backbone in the random coil when Gly is present also contributes. A 
basic difference between the protein and peptide systems is that, in the 
absence of sidechain interactions, the substitution effect in an isolated 
helix is entirely regular and uniform in the helix interior, and 
gradually diminishes at positions close to either end of the helix, 
whereas it depends on the surrounding context, provided by the 
remainder of the protein, in the protein system. 

Another possible aspect of protein helix formation which cannot 
be detected in peptide systems, and which may contribute to the 
differences in stability of the barnase mutants, involves desolvation of 
backbone atoms of the protein helix(30,31). It has been postulated that 
during folding, formation of tertiary structure from secondary structure 
requires desolvation of H-bonded backbone atoms; a significant 
positive enthalpy is predicted to be associated with this desolvation 
(30,31). Consequently, mutation-induced changes in stability may 
include contributions from this effect. 

Predicting Helix Propensity by Molecular Dynamics and Monte Carlo 
Simulation. 

The substitution experiment in short peptides is well suited for 
molecular dynamics simulation, because of the small size of the 
peptide helix, and the availability of experimental data makes it easy to 
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test the calculations. Hermans and coworkers (32) recently performed 
such a simulation on a 14-residue polyalanine helix in which one of 
the residues in the middle is replaced with a-amino isobutyric acid, a-
amino n-butyric acid, Val, Gly, D-Ala, t-Leu, or Pro. Their calculated 
values of AAG° for Ala -> a-amino isobutyric acid, Val, and Gly 
correlated very well with the values of O'Neil and DeGrado (3) and 
reasonably well with those of Lyu et al. (4). Besides reproducing 
experimental data, the simulations provide insight into the structural 
determinants of the s-value such as backbone flexibility of the random 
coil, in the case of Gly and Pro, and absence of a Cp-helix backbone 
contact in the case of Gly (32). 

Monte Carlo simulations have also been used to probe the 
thermodynamic and structural origins of peptide helices. The Monte 
Carlo simulations of Vila et al. (18) have been discussed under the 
section Host-Guest System of Scheraga and Coworkers. Creamer and 
Rose (33) have used Monte Carlo simulations to calculate the 
difference in configurational entropy of apolar residues between the 
unfolded state (modelled by a flexible Ala-X-Ala tripeptide) and the 
helical state (modelled by a rigid Ala4-X-Ala4 helix). Their computed 
values of TAS for Ala, Leu, Met, Phe, He, Val correlated well with -[0]222 
values of Padmanabhan et al (1) and with AAG° values of O'Neil and 
DeGrado (3) and Lyu et al. (4). 

Concluding Remarks 

The s-values which have been obtained so far, in different short 
peptide systems, disagree numerically, but produce the same rank 
order, and are quite different from host-guest results. The s-values 
obtained in different systems bear, however, a simple relation to each 
other, and the numerical disagreement may be eliminated when the 
helix-stabilizing effect of ion pair interactions is better understood. 

The field is active, and new developments can be expected 
rapidly. The use of so many different and ingenious experimental 
systems allows a critical test of the elegant theories of the helix-coil 
transition which were formulated three decades ago. 
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Chapter 14 

Single-Step Solubilization and Folding of IGF-1 
Aggregates from Escherichia coli 

Judy Y. Chang and James R. Swartz 

Department of Cell Culture and Fermentation, Research and Development, 
Genentech, Inc., 460 Point San Bruno Boulevard, 

South San Francisco, CA 94080 

A significant amount of IGF-1 can be expressed using the LamB signal 
sequence in E. coli (1 ). However, more than 90% of the IGF-1 protein forms 
insoluble protein aggregates (refractile particles), presumably in the periplasm. 
These protein aggregates are not detected by IGF-1 radioimmunoassay (RIA) 
and exhibit no appreciable bio-activity. A very simple, one step protein 
folding protocol was developed for the aggregated IGF-1. The inactive protein 
is solubilized using low concentrations of urea and DTT in an alkaline buffer. 
The protein is solubilized and folded in the same solution. Therefore, a 
denaturant removal or dilution step is not required. Recovery of correctly 
folded, active protein is dramatically affected by protein concentration and 
solvent conditions. 

Many recombinant proteins expressed in bacteria are unable to fold properly and often 
accumulate to form inactive aggregates called refractile particles. Refractile particles 
can be formed in the periplasm (1-3 ) or cytoplasm (2,4 ), following expression of the 
protein with or without a signal peptide, respectively. Insulin-like Growth Factor 1 
(IGF-1) is a single chain protein of 70 amino acids with three disulfide bridges in the 
molecule. These disulfide bonds are: Cysl8-Cys61, Cys6-Cys48 and Cys47-Cys52. 
We use a periplasmic protease deficient W3110 host carrying a plasmid, which 
contains the alkaline phosphatase promoter and the LamB signal peptide from E. coli 
and the human IGF-1 structural gene, to produce Insulin-like Growth Factor 1 in R 
coli. The gene product has the N-terminal sequence corresponding to authentic IGF-
1, is presumably accumulated in the periplasmic space, and can accumulate to as much 
as 10 - 15 % of the cell's protein. A small portion of the secreted IGF-1 (< 10% of 
the total) appears in the growth medium. This material is soluble, RIA detectable, and 
exhibits bio-activity. However, the majority of the IGF-1 accumulates within the E. 
coli periplasm and forms insoluble protein aggregates (7 ), refractile particles. The cell 
associated IGF-1 is insoluble, not detected by an IGF-1 radioimmunoassay, and does 
not exhibit bioactivity. In the process of characterizing these refractile particles, we 
developed a very simple, one step protein folding protocol to produce active IGF-1. 

Isolation of IGF-1 Aggregates 

IGF-1 refractile particles can be isolated easily by centrifugation after cell breakage. 

Four grams of cells (wet weight) from a 10 liter fermentation of E. coli carrying the 

0097-6156/93/0526-0178$06.00/0 
© 1993 American Chemical Society 
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14. CHANG & SWARTZ Solubilization and Folding of IGF-1 Aggregates 179 

IGF-1 secretion plasmid was resuspended in 100 ml of cell lysis buffer containing 25 
mM Tris, pH 7.5 plus 5 mM EDTA, with the presence of 0.2 mg/ml lysozyme. Cells 
were sonicated at 4°C for 5 min. Cell lysates were centrifuged at 12,000 x g for 10 
min. The distribution of IGF-1 protein in the whole cell, supernatant, and pellet 
fractions was examined using a Coomassie blue stained 4-20% Tricine SDS-PAGE 
gel under reducing conditions (Fig. 1). For the whole cell lysate, approximately 10% 
of the total E. coli protein is IGF-1. The supernatant fraction reveals a protein pattern 
similar to that of whole cell lysate, except that very little IGF-1 is detected. The pellet 
fraction (refractile particles) contains IGF-1 as the dominant protein suggesting that the 
centrifuged pellet is predominantly IGF-1 refractile particles. 

IGF-1 in the various fractions was also examined with a Coomassie blue stained, non-
reduced SDS-PAGE gel (data not shown). Under the non-reduced conditions, no 
significant IGF-1 migrating near the IGF-1 standard was detected . However, 
numerous high molecular weight, faint bands appeared, suggesting that the majority of 
cell associated IGF-1 is in disulfide linked aggregates. Visual observation as well as 
the SDS-PAGE results indicated that the aggregated form is completely dissociated 
upon heating in the presence of SDS and a reducing reagent. 

Solubilization of IGF-1 Aggregates 

To solubilize the IGF-1 aggregates, the effects of two chaotropic reagents and a 
reducing reagent were tested (Table I). Refractile particles at approximately 1.5 mg/ml 
were resuspended in 25 mM Tris, pH 7.5 and 5 mM EDTA. Two chaotropic 
reagents, urea and GuCl, and a reducing reagent, DTT, were supplemented, at various 
concentrations, alone or in combination. The solubilization of the refractile particles 
was examined by observing the clearing of the refractile particle suspension. The 
turbidity/solubility observation was confirmed by centrifuging the solution to remove 
the insoluble protein and then examining the resulting supernatant and pellet fractions 
on Coomassie blue stained, reduced SDS gels. IGF-1 folding was followed by the 
increase in radioimmunoassay recognizable titers. The turbidity observations and the 
soluble protein concentration results agreed well with the gel analysis. These results 
showed that the refractile particles are not soluble or are only slightly soluble with a 
chaotropic reagent alone (Table I), even in the presence of 8 M urea or 6 M GuCl. 
With the addition of 10 mM DTT, the refractile particles become completely soluble 
(Table I). The control experiment with 10 mM DTT alone revealed that the aggregates 
are not solubilized by a reducing reagent alone. After solubilization, samples were 
examined using a radioimmunoassay to detect immuno-recognizable IGF-1 and the 
resulting value was used to calculate the folding yield. Very little folding was 
detected, even for the completely solubilized samples. However, we were delighted 
that some folding was detected in the sample with 8 M urea plus 10 mM DTT. Since 
urea plus DTT worked well to solubilize the refractile particles and this solubilization 
protocol produced RIA recognizable IGF-1, we decided to use urea in further studies. 

Initial IGF-1 Folding 

Traditionally, to recover active protein from refractile particles, strong denaturing 
conditions, such as 8 M urea (5 ) or 6 M GuCl (6,7 ), are required for refractile 
particle solubilization. The completely unfolded protein is then folded after decreasing 
the concentration of the denaturant by dialysis or by dilution (5,7 ). Encouraged by 
the RIA recognizable activity detected in the solubilization experiments, we set out to 
test the idea of using a single solubilization/folding step to avoid the dialysis or the 
dilution step. In addition, if some degree of correct or beneficial structure is already 
present in the aggregated IGF-1 formed in the periplasm, then subsequent in vitro 
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180 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Fig. 1 Reduced, SDS Page gels of the refractile particle preparations. 

Table I. Solubilization of IGF-1 aggregates 

Chaotrope DTT solubility Folding Yield 
(mM) (%) 

- 0 _ 0.07 
- 10 0.04 

2 M urea 0 - 0.08 
4 M 0 - 0.11 
6 M " 0 0.13 
8 M " 0 - 0.15 
8 M 10 ++++ 1.15 
2 M GuCl 0 - 0.19 
4 M 0 - 0.16 
6 M 0 - 0.13 
$ M " 10 ++++ 0.11 
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14. CHANG & S W A R T Z Solubilization and Folding of IGF-1 Aggregates 181 

folding may be improved by a more gentle solubilization of the aggregates by using a 
minimal concentration of denaturant and reducing reagent. To test the idea, we 
examined the minimal concentration of urea and DTT required for IGF-1 solubilization 
and folding. IGF-1 refractile particles at approximately 1.5 mg/ml were resuspended 
in 100 mM sodium acetate, pH 8.2, with various concentrations of urea and DTT and 
incubated at 23°C for 3 hours. IGF-1 folding yield was monitored by 
radioimmunoassay (RIA). IGF-1 solubilization and folding are dependent on the DTT 
and the urea concentrations (Fig. 2). 2 mM appeared to be the optimal DTT 
concentration for all urea concentrations except with IM urea. A deleterious effect of 
high DTT concentration, 4 mM, was observed only when the urea concentration was 
low, 1 M. At 1 M urea, solubilization of the IGF-1 aggregates was incomplete. 
Increasing DTT concentration for samples with 1 M urea resulted in a yield decrease, 
presumably because of excess reducing agent without complete chaotropic 
solubilization. At 4 M urea, very little RIA recognizable IGF-1 was detected, 
regardless of the DTT concentrations. High folding yields were obtained for 2 M urea 
and the folding yield reached a maximum with 2 M urea and 2 mM DTT. The results 
indicated that it is important to have simultaneous disulfide bond reduction and 
decrease of noncovalent forces to allow one step IGF-1 solubilization and folding. 

Characterization of the Folded IGF-1 

This RIA detectable IGF-1 was examined using reverse phase HPLC. IGF-1 after 
folding was applied to a Vydac C-18 column which had been equilibrated with 0.1% 
trifluoroacetic acid in 25% acetonitrile (pH = 2). Elution was conducted at 40°C with a 
flow rate of 2 ml/min and with a 28.5-29.5% linear gradient of acetonitrile. The IGF-
1 elution profile reveal two major IGF-1 peaks (Fig. 3). One co-migrated with the 
authentic IGF-1 standard, the other migrated with a misfolded IGF-1 form. The ratio 
of the correct form to the misfolded form is approximately 2 to 1. The peak area of the 
correct form accounts for all of the RIA titer. This result suggests that when IGF-1 
becomes RIA recognizable, it has acquired a correctly folded conformation. 
Additional IGF-1 variants were also detected in the more hydrophobic region of the 
HPLC. These are IGF-1 dimers and oligomers along with IGF-1 monomers of 
unknown nature. 

To characterize the disulfide linkage and to check the general amino acid sequence of 
the folded protein, folded IGF-1 was isolated using a preparative HPLC at pH 7.0 and 
subjected to HPLC peptide mapping analysis after V8 proteinase digestion (8 ). The 
fraction co-migrating with the authentic IGF-1 standard was analyzed. The HPLC 
peptide mapping profile is identical to that of authentic IGF-1 (data not shown). The 
result suggested that this form contained correct disulfide linkages. In addition, this 
fraction was detected by RIA and exhibited full bioactivity (Fig. 4). The fraction co-
migrating with the misfolded IGF-1 form was also examined. The HPLC peptide 
profile indicated that two disulfide linkages were formed incorrectly at Cys6-Cys47 
and Cys48-Cys52. In addition, this misfolded form was not significantly detected by 
either the RIA assay or the bioassay. 

Optimization of IGF-1 Folding 

To increase the folding yield, several protein folding parameters were investigated. 

Effect of pH. To study the effect of pH and buffers on IGF-1 solubility and 
folding, refractile particles at 1.5 mg/ml were resuspended into a solution containing 
100 mM NaCl, 2 M urea, and 2 mM DTT and buffered with 100 mM of various 
reagents. The pH of each buffer was varied systematically within its effective pH 
range. Samples were allowed to fold for 5 hours at 23°C. IGF-1 folding was 
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182 PROTEIN FOLDING: IN VIVO AND IN VITRO 

0 1 2 3 4 5 

DTT (mM) 

Fig. 2 Initial optimization of urea and DTT for IGF-1 aggregate 
solubilization and folding. The standard deviation of the RIA is approximately 

T I M E C M I N . ) 

Fig. 3 HPLC analysis of folded IGF-1. 
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14. CHANG & SWARTZ Solubilization and Folding of IGF-1 Aggregates 183 

followed by the RIA assay. A dramatic pH effect was observed. The solubility of the 
IGF-1 protein increased with increasing pH, regardless of the buffer used (data not 
shown). At pH 9 and above, almost all IGF-1 protein was solubilized. This is 
expected since the pKa's of our reductant, DTT, are at alkaline pH. High pH will 
increase the formation of thiolated anions which are involved in disulfide exchange. 
RIA detectable titers increased very drastically as the pH was increased between pH 
7.5 and 10.5 (Fig. 5). Various buffers at the same pH exhibited different effects on 
IGF-1 folding. We selected Capso at pH 10.5 as the buffer of choice. 

Folding Kinetics. The kinetics of IGF-1 folding were examined. IGF-1 refractile 
particles at approximately 1.5 mg/ml were resuspended in 100 mM Capso, pH 10.5, 
with 2 M urea, 2 mM DTT, 100 mM NaCl and incubated at 23°C. Correctly folded 
IGF-1 was monitored at time intervals by HPLC using a Vydac CI8 column as 
described. Total IGF-1 protein, after solubilization in 50 m M Tris buffer, pH 8.0, 
containing 6 M urea, 5 mM EDTA, and 10 mM DTT, was also assayed by HPLC. 
Two 4.6x50 mm PLRP-S columns linked in series were used and the denatured IGF-
1 was eluted at a flow rate of 1 ml/min with a linear 32-45% acetonitrile gradient 
containing 0.1% trifluoroacetic acid. In subsequent experiments, H P L C based 
methods were used for both total and folded IGF-1. Results (Fig. 6) revealed that 
relatively little correctly folded IGF-1 was present in the 0.5 hr and 1 hr samples. 
After this point, the concentration of folded IGF-1 continued to increase with folding 
duration and appeared to plateau after approximately 5 hours. Subsequent analysis 
was done with 5 hour samples except where noted. Results in Fig. 2 which were 
done with 3 hour samples, may not represent complete IGF-1 folding. However, the 
validity of the relative effects indicated by the 3 hour time points was supported by 
subsequent studies. 

Solvent Effects. To further improve IGF-1 folding, various effectors cited in the 
literature, such as the addition of polyethylene glycol (9,10 ) of various molecular 
weights (300-10,000) and at various concentrations (1% to 9%), glycerol (10%-
40%), triton (0.05%-0.5%), NaCl (77 ), and other solvents (77,7J ) were tested. 
Most of these agents produced no apparent effect except for the addition of MeOH and 
EtOH. The effect of MeOH is shown in Fig. 7. With 20% MeOH, the yield of the 
correct IGF-1 form increased from 33% to 46% and the ratio of the correct to 
misfolded form improved from approximately 2.4 to 4.1. This is consistent with 
Tamura's (13 ) result that adding MeOH to folding buffer improves the formation of 
the authentic IGF-1 form. The kinetics of folding also accelerated in the presence of 
methanol. The folding yield plateaued at approximately 2 hours instead of 5 hours 
(data not shown). 

The effect of increased salt concentration was also examined. HPLC results revealed 
that by increasing NaCl from 100 mM to 1 M , no apparent effect on the yield of 
folding or on the ratio of the correct to misfolded form was obtained (Fig. 7). 
However, by using I M NaCl combined with 20% MeOH, the ratio of correct to 
misfolded forms further improved to 4.5 - 4.7 and the yield was improved to 48% 
(Fig. 7). Although folding with MeOH plus I M NaCl is only slightly superior to 
folding with MeOH plus 0.1 M NaCl, it is known that salts effectively neutralize the 
electrostatic forces in proteins and minimize unfavorable repulsive interactions during 
folding of the polypeptide chain (14). We, therefore, decided to include 20% MeOH 
and 1 M NaCl in the folding cocktail. 

Temperature Effects. The effect of temperature on IGF-1 folding was examined. 
IGF-1 was allowed to fold using Capso buffer, pH 10.5, containing 1 M NaCl, 20% 
MeOH, 2 M urea, and 2 mM DTT at several temperatures. The formation of correctly 
folded IGF-1 was followed by HPLC analysis. Fig. 8 shows the effect of 
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Fig. 4 Bioactivity and immunoactivity of folded IGF-1. Various IGF-1 
forms from the folded IGF-1 refractile particles were isolated using a Waters-C4 
preparative HPLC at pH 7.0. The correctly folded (fraction 46-51), the misfolded 
(fraction 51-55), and the regenerate fraction (fraction 55-58) were collected and 
analyzed by bioassay and radioimmunoassay for IGF-1. The bioassay for IGF-1 
activity measures the ability of IGF-1 to enhance the incorporation of tritiated 
thymidine, in a dose-dependent manner, into the DNA of BALB/c 3T3 fibroblasts. 

Fig. 5 Effect of pH and buffers on IGF-1 folding. The pKa's of buffers 
are: Tris, 8.3; Glygly, 8.4; Ches, 9.3; Capso, 9.6; Amp, 9.7; and Caps, 10.4. 
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Fig. 6 Kinetics of IGF-1 folding. 

Fig. 7 Effect of NaCl and Methanol on IGF-1 folding. IGF-1 refractile 
particles at approximately 1.5 mg/ml were resuspended in 100 mM Capso, pH 10.5, 
containing 100 mM NaCl, 2 M urea, 2 mM DTT, and with or without 20% Methanol 
and with or without additional 900 mM NaCl. IGF-1 was allowed to fold at 23°C for 
5 hours. Correctly folded and misfolded IGF-1 were measured by HPLC using a 
Vydac C-18 column. 
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186 PROTEIN FOLDING: IN VIVO AND IN VITRO 

temperature on the maximal folding yield obtained at each temperature. Similar IGF-1 
levels were obtained for folding at 15, 23, and 37 °C. Only at 4°C was a significantly 
lower IGF-1 level obtained. For convenience, we use 23°C, room temperature, as the 
temperature of choice. 

Effect of IGF-1 Aggregates Concentration. It is known that protein folding 
yield is dependant on protein concentration. To minimize the volume required for the 
folding reaction, we investigated the effect of high IGF-1 concentrations. In one set 
of experiments, the concentrations of DTT and IGF-1 refractile particles were varied 
simultaneously while keeping the molar ratio of DTT to IGF-1 protein constant at 10. 
Solubility results revealed that the majority of the IGF-1 protein was solubilized, 
regardless of added DTT or IGF-1 aggregate concentrations. Therefore, as the 
concentration of added DTT and IGF-1 aggregates increased, the soluble IGF-1 
concentration also increased (data not shown). IGF-1 folding was measured by 
HPLC analysis and results are shown in Fig. 9. The yield of the correctly folded 
IGF-1 form increased with increasing IGF-1 concentration and then plateaued at an 
initial refractile particle concentration of 1.5 mg/ml. The folding yield of IGF-1 was 
nearly constant at IGF-1 aggregate concentrations up to 4.5 mg/ml. The results 
suggest that by using higher concentrations of DTT and refractile particles 
simultaneously to increase the soluble IGF-1 concentration, one can minimize the 
folding volume and maintain a high specific folding yield. 

The other two sets of experiments were performed by varying the concentration of 
IGF-1 refractile particles and keeping a constant DTT concentration at 1 mM or 2 mM 
(Fig. 9). The optimal concentration for IGF-1 folding was obtained with a refractile 
particle concentration of 1.5 mg/ml. The reduction in the folding yield at higher 
aggregate concentations is consistent with the observation of elevated protein 
aggregation under these conditions. 

We also observed a lowered folding yield in the control samples while studying the 
effect of IGF-1 concentration. As yet, we have no satisfactory explanation for the 
variation. However, our subsequent data supported the superior performance of 
folding with a fixed DTT to IGF-1 ratio. 

Conclusions 

We have developed a very simple, one step in vitro protein folding protocol to produce 
bio-active IGF-1. Our approach was to optimize the concentration of the denaturants 
so that protein solubilization and folding occurred in one step, and the denaturant 
removal or dilution step before protein folding could be eliminated. The optimized 
folding condition uses 2 M urea. By maintaining a DTT to IGF-1 molar ratio of 10, a 
relatively high protein concentration (4.5 mg/ml) can be used. The pH and choice of 
buffer exert dramatic effects on folding yield. We obtained the best results with Capso 
at pH 10.5. One molar NaCl and 20% MeOH were added to improve the formation of 
native IGF-1. For ease of operation, we chose 23°C, room temperature. Two to five 
hours of incubation is required to obtain maximal folding yield with these conditions. 
Using this protocol, we can take advantage of E. coli secretion to produce large 
quantities of bioactive IGF-1. 
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60 n 

Temperature (C) 

Fig. 8 Effect of temperature on IGF-1 folding. The data represent the 
maximal yield obtained at a given temperature. 

30 n 

IGF-1 Concentration (mg/ml) 

Fig. 9 Effect of DTT and IGF-1 concentration on folding. IGF-1 
refractile particles were resuspended in 100 mM Capso, pH 10.5, containing 1 M 
NaCl, 2 M urea, and 20% MeOH. IGF-1 was allowed to fold at 23°C for 5 hours and 
analyzed. 
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Chapter 15 

Role of Disulfide Bonds in Folding 
of Recombinant Human Granulocyte Colony 

Stimulating Factor Produced 
in Escherichia coli 

Hsieng S. Lu, Christi L. Clogston, Lee Ann Merewether, Linda O. Narhi, 
and Thomas C. Boone 

Amgen Inc., Amgen Center, Thousand Oaks, CA 91320 

Oxidative folding of recombinant human granulocyte colony 
stimulating factor produced in E. coli follows a sequential 

pathway: where I1 and I 2 are the two 

folding intermediates and N, the folded, biologically active form. 
Based on their difference in hydrophobicity, these forms at 
various folding stages can be separated and quantified by reverse-
phase HPLC. The folding can be accelerated by increasing the 
folding temperature or by adding copper sulfate as a catalyst. 
Isolation and characterization of the intermediates revealed that I1 

represents the partially folded but fully reduced intermediate 
form; I2 has partially folded structure containing a single Cys36-
Cys42 disulfide bond; and N, the final folded form, has two 
disulfide bonds. I1 and I2 are less stable and conformationally 
different from form N. Our studies showed that in the folding 
process disulfide bond formation enables the reduced granulocyte 
colony stimulating factor to fold into a structurally correct and 
biologically active form. 

It has been known that elucidating a protein folding pathway lies in measuring the 
structural properties of intermediate protein species, since they are usually short
lived. As described by Creighton and others (1-4), a model that includes an 
oxidative refolding of a disulfide-reduced protein allows one to investigate the 
pathway of protein folding in detail. The folding intermediates can be kinetically 
trapped by chemical modification at different disulfide-reduced states during 
folding. The resulting stabilized intermediates can then be structurally characterized 
to establish the role of disulfide bond formation in the folding of biologically active 
proteins. We have employed this similar approach to study the folding of 
recombinant human granulocyte colony stimulating factor produced in E. coli. 

0097-6156/93/0526-0189$06.00/0 
© 1993 American Chemical Society 
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190 PROTEIN FOLDING: IN VTVO AND IN VITRO 

Granulocyte colony-stimulating factor (G-CSF) is one of the hemopoietic growth 
factors which play an important role in the stimulation, proliferation, and 
differentiation of hematopoietic progenitors, and are also required for activation of 
the mature cell functions (5,6). G-CSF is capable of supporting neutrophil 
proliferation in vivo and in vitro (7-10). The human G-CSF gene has been cloned 
and characterized (77,72). Large quantities of recombinant human G-CSF (hG-
CSF) produced in genetically engineered E. coli have been successfully used in 
human clinical studies to treat neutropenic patients in a variety of clinical situations 
(75-77). 

E. C0//-produced recombinant hG-CSF is a 175 amino acid polypeptide chain 
containing an extra Met (at position -1) at its N-terminus (Fig. 1; trade name: 
NeupogenTM). The molecule also contains a free cysteine at position 17 and two 
intramolecular disulfide bonds, Cys 3 6 -Cys 4 2 and Cys^-Cys 7 4 (18). The two 
disulfide bonds form two small loops which are separated by 21 amino acids. We 
have produced recombinant hG-CSF by E. coli direct expression at high expression 
levels. Like other bacteria-derived recombinant proteins, hG-CSF produced 
intracellularly in E. coli tends to precipitate, forming inclusion bodies. Since the 
insoluble form in the inclusion bodies is disulfide-reduced and not properly folded, 
the protein at this stage is not biologically active. Recovery and isolation of the 
biologically active hG-CSF thus requires implementation of procedures including 
solubilization of the inclusion bodies followed by a folding and oxidation step prior 
to any chromatographic separation. Practically, the identification of an optimized 
folding and oxidation procedure as well as detailed understanding of the folding 
pathway is beneficial to the overall manufacturing process. To accomplish this 
goal, we conducted the kinetic studies on the in vitro folding of reduced hG-CSF 
prepared from solubilized inclusion bodies. Biological and physicochemical 
characterization of the isolated folding intermediates and Cys->Ser analogs made by 
site-directed mutagenesis revealed that formation of disulfide bonds plays an 
important role during folding of hG-CSF. Some of the detailed experimental 
procedures not described here can be referred to in an earlier report (79). 

RESULTS 

Detection of hG-CSF Folding Intermediates and Folding Kinetics by 
reverse-phase HPLC, Due to the difference in hydrophobicity, the native, 
recombinant hG-CSF and its reduced, denatured form are well separated by 
reverse-phase (RP-) HPLC (19). The difference in the chromatographic elution 
times among different hG-CSF forms has allowed us to detect folding intermediates 
and to study folding kinetics by RP-HPLC. 

Recombinant hG-CSF was produced by E. coli direct expression. After cell 
breakage, the inclusion bodies containing the recombinant protein were collected 
and extensively washed in 0.2 M Tris-HCl, pH 8.0 containing 1 mM EDTA. 
Approximately 35% of the proteins in inclusion bodies is rhG-CSF. The level of 
the impurity at this stage appears to have litde effect on die folding studies. 

In our earlier study, solubilization of hG-CSF from the inclusion bodies using 
Sarkosyl (laurylsarkosine) was found to be suitable (20). Similar results were also 
obtained by solubilization using 6 M guanidine hydrochloride (GdnHCl) or other 
denaturants as demonstrated in other recombinant proteins. However, GdnHCl and 
urea were not selected for the studies because both denaturants seem to cause 
hG-CSF to precipitate during folding studies. As presented here, the solubilization 
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192 PROTEIN FOLDING: IN VIVO AND IN VITRO 

of the collected inclusion bodies was performed in 2% Sarkosyl and 50 mM Tris-
HC1, pH 8.0 for 20 min. at 25° C. The protein concentration was kept at 1-2 
mg/ml. The subsequent folding studies were performed at 25° C, 37° C, and at 
25° C in the presence of 40 \iM copper sulfate. Aliquots of different samples were 
taken at different time points for RP-HPLC. The folding rate was expressed by 
percent disappearance of the intermediates and formation of final oxidized form per 
second. Fig. 2 shows typical chromatographic profiles of the solubilized hG-CSF 
samples prepared at different folding times during incubation at 25° C in the 
presence of copper sulfate. The populations of the three major hG-CSF-related 
species, Ii, I2, and N, change dramatically as a function of time. Ii is defined as 
the intermediate form representing solubilized rhG-CSF. It is chromatographically 
different from the reduced, unfolded rhG-CSF in HPLC and will be discussed 
later. I2 is the intermediate converted from Ii, and N is the folded, biologically 
active form. At 20 min, Ii, the starting reduced hG-CSF, contains 67% of the total 
population with the remainder being the I2 form. At 1,2, and 4 h, the generation of 
12 has proceeded further with the concomitant disappearance of Ii and appearance 
of the final oxidized form N. Under such conditions, folding of N reaches its 
maximum in 12 h and is greater than 95% complete. Table 1 lists the initial first 
order folding rate for the conversion. The initial folding rate for conversion of Ii 
into I2 was estimated to be 1.9 xlO"2 s'1 and for conversion of I2 into N to be 
approximately 3.1 xlO - 3 s"1. 

Shown in Fig. 3 are the folding kinetics of hG-CSF at 25° C and 37° C without 
copper sulfate. The initial rate for I2 formation at both temperatures are similar (1.0 
xlO"2 s -1) but slower than the folding in the presence of copper sulfate (Table 1). 
However, at 25° C the generation of completely oxidized form N is relatively slow 
(6.6 xlO"4 s_1). In this case, I2 persists much longer and approximately 20 h is 
required to reach half-maximal folding from I2 to N versus 4.5 h in copper sulfate. 
At 37° C the folding from I2 to N is faster than at 25°C without copper sulfate, but 
biphasic kinetics, which takes place at approximately 8 h, becomes apparent. This 
has decreased the folding rate of the completely oxidized form (reaching only 80% 
after 23 h folding). The folding studies thus suggest that copper sulfate catalysis is 
crucial for completion of hG-CSF oxidative folding. Folding at elevated 
temperature (37°C) is not recommended. 

G-CSF Folding Intermediates Are Disulfide-reduced. Trapping 
experiments of the intermediates with an alkylating agent, [3H]-C2-iodoacetic acid, 
in 0.3 M Tris-HCl, pH 8.3 (20 min at 25° C) were performed to confirm if the 
intermediate forms detected by RP-HPLC contain disulfide reduced species. After 
alkylation, the resulting carboxymethylated derivatives contain more negatively 
charged groups than the oxidized form and are separable by cationic exchange 
HPLC. Fig. 4 illustrates the separation of the alkylated Ii and I2 derivatives from 
N by sulfoethyl polyaspartamide silica-based columns (4.6 x 200 mm, 5 (X) in 
20 mM NaOAc, pH 5.4 by a 30-min linear gradient from 0 to 0.2 M NaCl at a 
flow rate of 1 ml/min. Table 2 lists the labeling results for N and the purified 
intermediates. In the absence and presence of the denaturant, GdnHCl, N gives 
0 and 1 mole of label per mole of protein, respectively, suggesting that there is one 
free cysteine probably residing at a more hydrophobic environment. The fully 
reduced and denatured G-CSF gives 5 moles of label. The trapped Ii and I2 give 
3.74 and 1.9 moles of label per moles of protein, respectively (Table 2). These 
results indicate that 4 and 2 free cysteinyl residues are not forming disulfide bonds 
since they are available for the labeling. 
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15. LUETAL. Role of Disulfide Bonds in Folding 193 

N 

4 2 4 4 4 6 4 V 5 0 5 2 

Retention Time (Minutes) 

Figure 2. Folding of hG-CSF at 25°C in CuS0 4 monitored by RP-HPLC at 
different times. Chromatograms 1-6,20 min, 1,2,4, 8, and 12 h, respectively. 
Reproduced with permission from reference 19. Copyright 1992 The American 
Society for Biochemistry & Molecular Biology.) 
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194 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Figure 3. Folding kinetics of hG-CSF at 25*C (A) and 37-C (B) without G1SO4. 
Curves 1-3, Ii , I2, and N, respectively. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

01
5



15. L U E T A L . Role of Dilsulfide Bonds in Folding 195 

Table 1. Initial rate constant for disappearance of reduced forms and generation of oxidized form1 

Conditions 

Folding Products CuS0 4 + 25*C No C u S 0 4 , 2 5 ° C No CuSQ 4 ,37'C 

(Percent/sec) 

11- » I 2

2 1.9x10-2 1.0x10-2 1.0x10-2 

1 2 - >N3 3.1x10-3 6.6 xlO" 4 1.8 x 10"3 

1 The initial rate was estimated from the first phase folding kinetics. The folding rate of the second 
folding phase is slower in all cases and not described here. The error is approximately ±5%. 

2 Estimated from disappearance of reduced form Ii that corresponds to the formation of intermediate I2. 
3 Generation of form N, the final oxidized form, corresponds to the disappearance of intermediate I 2. 
SOURCE: Reprinted with permission from ref. 19. Copyright 1992 The American Society for 
Biochemistry & Molecular Biology. 

1 0 ' 2 0 3 0 ~ 

Retention Times (Minutes) 

Figure 4. Sulfoethyl cationic exchange HPLC of folding intermediates obtained at 
0,1, and 12 h folding samples after a gel filtration desalting. The peak at 8 min is 
residual sarkosyl. 
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15. L U E T A L . Role of Disulfide Bonds in Folding 197 

The labeled derivatives were further reduced by dithiothreitol and alkylated with 
non-radioactive iodoacetate and subsequendy subject to Staphylococcal aureus 
protease (V8 strain) digestion and HPLC peptide mapping as described (79). 
Structural analysis of the peptide fractions recovered from the HPLC confirmed that 
II contains all five free cysteines suggesting that no disulfide formation in this 
intermediate form. I2 has a Cys 3 6 -Cys 4 2 bond, but with both Cys 6 4 and Cys 7 4 

remaining reduced. N has two disulfide bonds, Cys 3 6 -Cys 4 2 and Cys^-Cys 7 4 . 
Cys 1 7 in Ii, I2, or N is inaccessible to iodoacetate labeling unless the modification 
is performed in the presence of a denaturant. 

G-CSF Analogs Missing Disulfide Bonds. For structural characterization, 
the iodoacetate-trapped intermediates do not represent the final folded forms. We 
then prepared and characterized hG-CSF analogs lacking a single disulfide bond. 
The analysis of the analogs can corroborate the findings obtained from 
physicochemical characterization of the isolated intermediates since analogs can be 
folded and oxidized to the respective stable oxidized states and isolated by hG-CSF 
purification procedures. 

Both Ser 3 6» 4 2 and Ser7 4 analogs were prepared by site-directed mutagenesis. The 
replacement of Cys at these positions produces the analogs missing the Cys 3 6 -
Cys 4 2 or Cys^-Cys 7 4 disulfide bond (Table 2). It is interesting to note that both 
analogs had correct disulfide bond formation but exhibited very slow folding in the 
absence of copper sulfate (several days) and were recovered. The Ser7 4 analog 
folded more rapidly than the Ser 3 6» 4 2 analog, but folded at least four times slower 
than formation of I2 from Ii in hG-CSF in the absence of C u 2 + at 25°C. RP-HPLC 
retention time of Ser3 6*4 2 analog is similar to the wild type hG-CSF. The Ser 7 4 

analog coeluted with I2, suggesting that both molecules lacking the same Cys 6 4-
Cys 7 4 disulfide bond have similar hydrophobicities. 

For comparative analysis, an analog with Ser replacing Cys 1 7 was also prepared. 
The Ser i 7 analog exhibited oxidation and folding rate similar to those of the wild 
type hG-CSF and could be isolated with equivalent recovery. As seen in Table 2, 
in iodoacetate labeling experiments, Ser1 7 and Ser36*42 analogs give 0.05 and 0.1 
mol of label per mol of protein, suggesting the formation of disulfide bonds in 
G-CSF analogs. The correct disulfide linkages for each isolated analog were 
further confirmed by peptide map analysis (not shown). 

Properties of hG-CSF, Intermediates, and Analogs. Table 2 also 
summarizes the physicochemical and biological properties of hG-CSF, the 
intermediates, and analogs. Stimulation of bone marrow cell proliferation by 
G-CSF was performed by a specific in vitro [3H]-thymidine uptake assay (79). 
Wild type hG-CSF usually exhibits a specific biological activity of 1 xlO 8 units/mg. 
We found that intermediates Ii and I2, Ser 3 6* 4 2 analog, and Ser 7 4 analog, all 
missing either one or two disulfide bonds, have biological activity less than 5% of 
the wild type molecule. In contrast, Ser1 7 analog is as active as the wild type hG-
CSF. These results thus suggest that elimination of a single disulfide bond 
structure appreciably decreases hG-CSF biological activity. 

Conformational stability of hG-CSF, the intermediates, and analogs were evaluated 
by GdnHCl denaturation studies (79). The denaturation profile of wild type 
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198 PROTEIN FOLDING: IN VIVO AND IN VITRO 

G-CSF approximates a simple two-state denaturation transition when the absorption 
changes at 290 nm were measured (the GdnHCl induced denaturation was 
irreversible). The midpoint denaturation transition occurred at approximately 3 M 
GdnHCl. The denaturation of hG-CSF detected by the change of absorbance at 
290 nm is also coincident with the GdnHCl-induced accessibility of Cys 1 7 by 
DTNB titration. The thermodynamic constant of hG-CSF ( A G ^ 2 ° ) determined by 
GdnHCl denaturation is about 5.4 Kcal/mole. As shown in Table 1, the folding 
intermediates and analogs (except Ser 1 7 analog) have much lower denaturation 
energy (2.2-2.8 Kcal/mole), suggesting that these molecular species are easily 
denatured and thus conformationally less stable than the wild type molecule and 
Ser1 7 analog. 

In CD analysis, all of the molecules tested have a-helical structures. However, the 
native molecule and Ser3 6*4 2 analog contains substantially higher helical content 
than the other species examined (Table 2). Ii, I2, and Ser74 contains approximately 
one half of the helical structures when compared to the native hG-CSF, suggesting 
that the absence of Cys^-Cys 7 4 disulfide bond results in partial recovery of G-CSF 
native structure. 

In fluorescence studies, no significant differences were observed among different 
G-CSF species analyzed at neutral pH. For the native hG-CSF, the fluorescence 
emission spectrum is characterized by a single peak with a maximum at 344 nm, 
typical of somewhat solvent-exposed Trp. There is no detectable Tyr spectrum 
around 300 nm. The spectra of the two analogs and intermediates are similar to the 
native hG-CSF, but exhibit higher intensities, reflecting differences in the 
environment of the two Trp residues. 

As shown in Fig 5, the fluorescence spectrum of native G-CSF molecule or Ser i 7 

analog at lower pH (-3.0) is clearly distinguished from other species tested. The 
Trp peak of native hG-CSF at a similar wavelength maximum (340 nm) is still 
evident, but is gready decreased in intensity, and a peak at 304 nm, attributable to 
Tyr, is also present. This suggests that the molecule has undergone a reversible 
change in conformation so that energy transfer from Tyr to Trp no longer occurs. 
However, such change only occurs for the native molecule or Ser1 7 analog. The 
other species shows a decrease in the intensity of Trp fluorescence, but no change 
in the Tyr fluorescence. It should be noted that there is no shift in emission 
wavelength maximum observed for any of the trapped intermediates and analogs at 
both neutral and acidic pH's. The above data thus conclude that tertiary structure of 
intermediates Ii and 12 as well the two analogs, lacking either disulfide bond, is 
different from that of the native molecule. 

DISCUSSION AND CONCLUSION 

Folding Pathway of hG-CSF Is Sequential. Recombinant hG-CSF 
solubilized from the inclusion bodies is disulfide-reduced and can refold 
spontaneously in the presence of the detergent, Sarkosyl, by air oxidation. Folding 
and oxidation of hG-CSF at room temperature by the catalysis of copper sulfate 
seems to be optimal. The copper ion concentration used for G-CSF oxidation is in 
the range of 20-40 \LM (20). Acceleration of thiol oxidation by copper ion in 
protein refolding has been reported earlier (21-24). The kinetic data shown here 
indicates that copper ion increases the folding rate of I2 from Ii approximately two-
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15. L U E T A L . Role ofDilsulfide Bonds in Folding 199 

fold and the folding rate of N from I2 5-fold. Copper also promotes oxidation to 
greater than 95% completion at 25° C. Increasing the temperature can also 
accelerate folding and oxidation of hG-CSF, but does not appear to increase the rate 
of the second phase of folding. The kinetic studies and the detection of intermediate 
forms suggest that the mechanistic pathway for hG-CSF folding under the 
described conditions is sequential: Ii —> I2 —> N. By comparing the folding 
rates described in Table 1, folding of I2 from Ii, involving the formation of Cys 3 6-
Cys 4 2 bond, is very fast. The folding of N from I2, involving the formation of 
Cys^-Cys 7 4 bond, is rate-limiting. 

Similar to the model system of the folding of bovine pancreatic trypsin inhibitor as 
described by Creighton (1-4), the disulfide-reduced intermediates during hG-CSF 
folding can be isolated and studied in detail. The intermediate Ii is fully reduced 
but contains considerable amount of secondary and tertiary structure. I2 has a 
single correct disulfide (Cys 3 6-Cys 4 2) and also contains a moderate amount of 
native-like structure. However, both intermediates are structurally different from 
the completely folded form and less stable. Since by HPLC analysis folding 
intermediates that contain non-native disulfide bonds were not evident, random 
disulfide formation among the free cysteines is less likely to occur. Intermolecular 
disulfide formation that can cause molecular aggregation was also not detected 
during these folding studies. 

Role of Disulfide Bonds. The role of disulfide bonds on the structure of 
G-CSF molecule can be assessed by characterization of the G-CSF analogs. Since 
the folding, as well as Cys^-Cys 7 4 disulfide formation of the Ser 3 6» 4 2 analog is 
slower than the native hG-CSF, the formation of Cys 3 6 -Cys 4 2 disulfide bond 
during folding of the wild type G-CSF seems to be important for providing the 
initial stabilization force for the conformational integrity of the molecule. As 
detected by far UV-CD analysis, the spectrum of the Ser 3 6» 4 2 analog resembles that 
obtained for the native molecule (-70% helix). The high helical content for 
C y s36,42 analog suggests that the formation of G-CSF secondary structure may be 
independent of Cys 3 6-Cys 4 2 disulfide formation. In contrast, the Ser7 4 analog and 
12, missing Cys^-Cys 7 4 disulfide bond, have similar hydrophobicities (by HPLC) 
and have similar secondary (by CD analysis) and tertiary (by fluorescence analysis) 
structure. The lower a-helical content observed for both the Ser7 4 analog and I2 
(see Table 1) may suggest that the formation of Cys^-Cys 7 4 bond is critical for 
complete folding of hG-CSF to its oxidized form. 

As evidenced from the biological activity of intermediates and analogs, it is apparent 
that loss of one of the two disulfide bonds in G-CSF molecule dramatically 
decreases G-CSF stimulatory effect on the proliferation of the isolated bone marrow 
cells. Since the absence of disulfide bonds in the intermediates or analogs causes 
conformational change in secondary and/or tertiary structures of hG-CSF, the 
perturbed structures may lead to these molecules to not tightly bind to the G-CSF 
receptor and to elicit lower biological activity. A recent report has identified that the 
functional domain of hG-CSF molecule, responsible for binding to its receptor, is 
at residues 20-46 and the COOH terminus, as determined by specific neutralizing 
antibodies (25). 

C y s 1 7 Is at the N-Terminal Helix. Recently, crystals of recombinant 
hG-CSF molecule have been successfully prepared. The initial X-ray crystallo-
graphic data confirms that G-CSF is abundant in a-helical structures forming an 
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420> 
nm 

Emission Wavelength 

Figure 5. Fluorescence spectra of hG-CSF species at pH 3.2 spectra 1-5: hG-CSF 
Ser74 analog, Ser36*42 analog, I2 derivative, and Ii derivative, respectively. 
Reproduced with permission from reference 19. Copyright 1992 The American 
Society for Biochemistry & Molecular Biology.) 

Figure 6. Helical wheel for the predicted N-terminal helix of hG-CF at residues 
9-36. Cys 1 7 resides on the hydrophobic area (upper left). 
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15. L U E T A L . Role of Dilsuifide Bonds in Folding 201 

antiparallel four helical bundle (Tim Osslund and David Eisenberg, submitted for 
publication), typical of other known proteins such as human growth hormone (26), 
and granulocyte-macrophage colony stimulating factor (27). Predicted secondary 
structure of G-CSF revealed that the N-terminal peptide segment, Leu 9 to Ala 3 6 , 
has a high propensity to form an a-helix (14), which is consistent with the deduced 
X-ray structure. Upon formation of this helical structure, Cys 1 7 may reside at the 
end of the second helical turn, and become oriented in the hydrophobic environment 
(Fig. 6), which is in close contact with other helices via hydrophobic interaction. 
The fact that Cys 1 7 in Ii is not available for iodoacetate labeling suggests that the 
folding of this N-terminal helix occurs earlier than formation of the first disulfide 
bond. Folding of the secondary structure near the N-terminus together with some 
tertiary folding observed for Ii provides some evidence that a correlated, partially 
folded conformation in Ii is required for the subsequent folding and for the 
formation of intramolecular disulfide bonds. 

Conclusion. The folding process of hG-CSF was followed in detail by kinetic 
studies. Unique intermediate forms can be identified and analogs that mimic the 
intermediates were prepared for further characterization. We have observed that the 
Ser7 4 analog mimics I2; however, none of the produced analogs mimic Ii. Detailed 
folding studies of hG-CSF has gready impacted the development of hG-CSF 
manufacturing. In the production of large quantities of rhG-CSF, every process 
step has to be maximally optimized to obtain a desirable purity and satisfactory 
recovery yield. Moreover, consistency and reproducibility of the manufacturing 
processes such as folding and chromatographic separations also have to be carefully 
validated and characterized. The identification of optimal folding conditions 
increases the overall yield for the fully oxidized and biologically active hG-CSF 
form. The efficient folding is also critical to eliminate undesired, partially oxidized 
intermediate forms in hG-CSF preparation, as large-scale chromatographic 
separations usually fail to resolve such molecular species with high structural 
similarity. 
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Chapter 16 

In Vivo Expression of Correctly Folded 
Antibody Fragments from Microorganisms 

Marc Better and Arnold H. Horwitz 

XOMA Corporation, 1545 17th Street, Santa Monica, CA 90404 

Antibody fragments, such as Fab, Fab', and F(ab')2 are useful targeting 
agents for treatment and diagnosis of human disease. Co-expression of 
antibody light chain and truncated heavy chain genes in the bacterium 
Escherichia coli or the yeast Saccharomyces cerevisiae allows the pro
duction of assembled, correctly folded and active antibody fragments. 
Linkage of these peptide chains to a signal sequence directs transport 
through the cytoplasmic membrane, and antibody fragment 
accumulates in the culture medium. Fermentation technology results 
in high-level expression of antibody fragments making applications 
that require large quantities of antibody fragments feasible. 

Expression of heterologous proteins in microorganisms provides the opportunity to 
synthesize large quantities of recombinant material outside of the native organism. In 
Escherichia coli, there are many well characterized expression systems available, and 
it is possible to localize foreign proteins into a variety of cellular compartments. For 
example, a protein can be expressed intracellularly where it may remain soluble or 
aggregate into inclusion bodies. Alternatively, a foreign protein may be linked to a 
signal sequence and become translocated across the cytoplasmic membrane where it 
may accumulate in the periplasmic space or, in some cases, in the cell culture super
natant. Under some conditions, proteins may also aggregate into insoluble particles 
in the periplasm (1). Each of these cellular locations may offer potential production 
advantages. 

Protein expressed intracellularly in an active form can be recovered directly 
from disrupted cells, but may be difficult to purify from the large number of other 
cellular proteins or be produced in low yields. Recombinant proteins expressed at 
high levels (often 10 to 30% of the total cell protein) frequently form insoluble inclu
sion bodies which may be purified from other cellular components easily, but must 
then be refolded to an active form. Secreted proteins often fold properly and can 
sometimes be produced at high yield. 

0097-6156/93/0526-0203$06.00/0 
© 1993 American Chemical Society 
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204 PROTEIN FOLDING: IN VIVO AND IN VITRO 

The earliest demonstration of antibody fragment Fab production from E. coli 
relied on intracellular production of the each antibody chain separately as insoluble 
inclusion bodies with subsequent refolding in vitro to an active form (2). This 
approach had a yield of about 1.4% at 25 u,g/ml and was impractical for preparation 
of large quantities of recombinant material. By the mid-1980's, however, it became 
clear that disulfide bond formation of heterologous proteins could occur in the envi
ronment of the E. coli periplasm, and that bacterial signal sequences could direct 
some heterologous proteins through the cytoplasmic membrane with proper signal 
peptidase processing (3f 4). We demonstrated in 1988 that assembled, active anti
body fragment (Fab) could be secreted from E. coli (5). Skerra and Pluckthun (6) 
made a similar observation with the smaller Fv fragment. Successful production of 
active Fab by secretion from E. coli was particularly striking, as it required the proper 
formation of four intrachain and one interchain disulfide bonds. This expression of 
Fab was the first demonstration that a complex heterodimeric eukaryotic protein 
could be properly folded by E. colL We subsequently demonstrated that Fab could be 
secreted in an active form from the yeast Saccharomyces cerevisiae as well (7). 

Antibody fragments produced at high yield in an active form from microor
ganisms have a variety of potential uses, especially as human pharmaceuticals. Anti
body fragments are expected to penetrate tissue more easily than whole antibodies 
due to their smaller size, and may make ideal targeting agents for reagents such as 
drugs, toxins or radio nuclides. Antibody fragments linked to radio nuclides are also 
attractive as in vivo imaging agents for diagnosis of occult tumors (8). Specific tar
geting with rapid blood clearance is a particularly attractive feature for this applica
tion, since it can result in a high tumor-to-blood ratio. 

Microbially-produced antibody fragments can be designed in a wide variety of 
forms, each with their own particular set of characteristics. Those forms successfully 
produced in E. coli include Fv, Fab, Fab', F(ab')2 and single chain antibodies. The Fv 
fragment is the smallest unit containing a complete binding site, and is a noncova-
lently-associated heterodimer of heavy and light chain variable domains. A single 
chain antibody is an Fv with a flexible peptide linker between heavy and light vari
able domains. A Fab contains the entire light chain plus the variable and first con
stant domain of a heavy chain. The Fab' is a Fab with the heavy chain extended to 
include one or more hinge region cysteine residues. The larger F(ab')2 contains two 
antibody Fab' arms linked via hinge cysteine residues. Some of these forms have 
been expressed as gene fusions to cytotoxic proteins as well (9,10). 

Here we demonstrate that correctly folded, active antibody fragments can be 
secreted from either E. coli or yeast at high yield, and that Fab, Fab' or F(ab')2 can be 
purified easily from fermentation supernatants. E. coli components such as DNA and 
endotoxin can be removed from purified antibody fragments, and purified material is 
suitable for pharmaceutical development. We have also examined some of the physi
ological aspects of Fab expression in E. coli and yeast, and find that expression in 
E. coli can be limited by translation, while expression in yeast can be limited by 
secretion. Finally, we demonstrate that specific immunotoxins with the 30 kD sub-
unit of the ricin A chain can be generated with Fab' and F(ab')2, and that each of these 
has unique and desirable cytotoxic properties. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

01
6



16. BETTER & HORWITZ In Vivo Expression of Antibody Fragments 205 

Construction of Fd and Fd' Modules 

Production of Fab and Fab', (or F(ab')2) molecules requires the co-expression of genes 
encoding the light chain along with heavy chain fragments designated as Fd and Fd', 
respectively. For Fab expression, we previously described an Fd module that 
incorporates a variable region gene sequence fused to a human C H I and a truncated 
hinge region (5). A termination codon was introduced at the position of the first 
inter-heavy chain cysteine residue in the hinge. The only hinge cysteine available for 
inter-chain disulfide bonding is the residue which forms a disulfide pair with the ulti
mate cysteine in the kappa chain. For Fab', and/or F(ab')2 expression, we have con
structed Fd' modules which incorporate additional hinge-region residues and include 
either one (Fd'-lC) or both (Fd'-2C) of the human IgGl cysteine residues involved in 
inter-heavy chain disulfide formation. The Fd'-lC module incorporates a termination 
codon at the position of the second inter-heavy chain cysteine residue, while the 
Fd'-2C module includes the entire hinge-region and the first eight amino acids of 
CR2. The amino acid sequences at the 3' end of these three Fd modules are shown in 
Figure 1. 

The constant region segments of the Fd or Fd' genes were constructed in a 
convenient module so that linkage to a variety of V-regions was practical. Restriction 
sites were introduced into the J-region of the Fd modules (BstEII), the J-region of 
kappa (HindUl) and at the 3'-end of each constant region gene. Using these sites, 
different variable regions (mouse, human, "humanized", etc.) are readily fused to the 
human light chain or Fd/Fd' constant region modules. This can generate a chimeric 
antibody where the variable and constant regions which fold into structurally distinct 
domains are from two different species. 

Secretion of the chimeric Fab and Fab1 from microorganisms is most effi
ciently accomplished by fusing a species-homologous signal sequence to the mature 
light chain and Fd/Fd' chain protein sequences. For this purpose, the 5' end of DNA 
encoding the mature sequences for engineered light chain and Fd or Fd' chains was 
modified to allow an in-frame fusion with the desired signal sequence. This was 
accomplished either by incorporating a restriction site at the 5' end of these genes to 
prepare a blunt end, or by use of appropriate PCR primers that directly generate a 
blunt 5' end. 

Expression of Fab, Fab1 and F(abf)2 in E. coli 

For expression of antibody fragments in E. coli, we have positioned the kappa and 
truncated heavy chain (Fd) genes in a single transcription unit under the control of a 
strong inducible promoter. Each of the genes has been fused to the pelB (11) leader 
sequence (from the pectate lyase gene from Erwinia carotovora) to direct protein 
translocation through the E. coli cytoplasmic membrane. The pelB leader was chosen 
since it was known that pectate lyase could be expressed at a high level in E. coli and 
that the protein accumulated in the periplasmic space. The ardBAD promoter from 
Salmonella typhimurium (12) was used to control gene expression. This promoter is 
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206 PROTEIN FOLDING: IN VIVO AND IN VITRO 

tightly repressed in uninduced E. coli cultures and is expressed at high levels upon 
induction with L-arabinose. 

The general features of this expression system for Fab are outiined in Fig
ure 2. Upon L-arabinose induction of an E. coli culture containing the expression 
plasmid, antibody genes are transcribed in a single dicistronic message, and Fab 
accumulates in the culture supernatant. The exact mechanism by which Fab escapes 
from the bacterial periplasmic space into the medium is not known, but this 
phenomenon allows facile purification of antibody fragment from the culture 
medium. 

Fab purified from bacterial culture medium is active and has the same antigen 
binding activity as Fab generated from whole antibody by papain digestion (5). This 
can be demonstrated by direct or competition binding experiments. In all cases tested 
(greater than 15 antigen specificities), bacterial Fab bound to the appropriate target 
antigen and competed with intact antibody for antigen binding. When analyzed on 
SDS polyacrylamide gels in the absence of reducing agent, bacterial Fab migrated as 
a single band of about 45,000 kDa. When reduced with dithiothreitol, Fab migrated 
as a doublet of about 23,000 kDa. These observations indicated that Fab released 
from bacteria is structurally and functionally equivalent to the Fab arm of a whole 
antibody. 

The amount of Fab that accumulates in the culture medium can vary from one 
antibody specificity to another. Typically upon induction of Fab in a shake flask 
culture, product yield can vary between 0.1 and 2.0 u,g/ml. An example of this vari
ability for two bacterially-produced Fab fragments is shown in Figure 3. For the pur
poses of this illustration, expression of 2 |ig/ml is referred to as "good", while expres
sion at 0.1 ug/ml is referred to as "poor." Accumulation of both light chain and heavy 
chain RNA and protein were followed after culture induction with L-arabinose. RNA 
could be detected very soon after induction in both a "good" and "poor" Fab producer 
and accumulated to the same steady state levels in vivo, suggesting that expression by 
the "poor" Fab producer is not limited by transcription. The Fab both associated with 
intact cells (cell cytoplasm plus periplasm) and free in the culture medium was de
tected by ELISA and immunostaining of protein slot blots. Interestingly, the total 
amount of Fab protein present varied widely in the two cultures, while the distribution 
of Fab between cells and culture medium (percent of total associated with each com
partment) was the same in both a "good" and "poor" producer. This suggests that 
secretion is not limiting and that translation of protein is the limiting step. A pulse-
chase experiment with 35s cysteine demonstrated that the rate of Fab protein turnover 
is the same in a "good" and "poor" producer (data not shown), thus "poor" expression 
is not due to increased turnover of Fab. In shake flask cultures, only a small percent
age of Fab was released from the cells (as we have previously shown (13)) in both the 
"good" and "poor" producer. Failure of the majority of Fab to be released from the 
cells is less apparent, however, when cells are grown in a fermenter where oxygen 
and nutrient feed can be more carefully controlled. Strategies for increasing the 
expression of Fab might be best aimed at increasing the level of translation. 

E. coli transformed with plasmids containing the light chain and Fd or Fd'-lC 
produced only Fab or Fab', respectively, while those containing light chain and 
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KAPPA - FNRGEC 
I 

Fd - VEPKSCDKTHT 

Fd' (1C) - V E P K S C D K T Y T C P P 

Fd' (2C) - V E P K S C D K T H T C P P C P A P E L L G G P 

CH1 || Hinge || CH2 

Figure 1. Amino acid structure at carboxy terminal end of Fd and Fd1 modules. 
Module Fd'-lC encodes a single inter-heavy chain cysteine while Fd'-2C encodes 
both inter-heavy chain cysteines plus an additional nine amino acids. The 3' end 
of the light chain is shown, as is the location of the Fd'-kappa inter-chain bond. 

araB Promoter / 
Transcription start 

Regulatory Gene (araC) 

L-arabinose 

Fd Kappa 

trpA 
Terminator 

J L 

RBS RBS 

CH1 
pelB Fd UpelB 

68 bp 
Kappa 

Figure 2. E. coli Fab expression vector features. Shown is a schematic view of 
the Fab transcription unit. The relative positions of the araC regulatory gene, 
araB promoter, Fd and kappa genes, trp A transcriptional terminator, pelB leader 
sequences, and the pelB ribosome binding sites (RBS) are shown. 
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Fd'-2C produce a mixture of Fab' and F(ab')2. From 10 to 30% of the antibody 
fragment present in induced K, Fd'-2C culture supernatants was F(ab')2. These mono
valent and bivalent forms were separated by size exclusion chromatography. F(ab')2 
produced by bacteria competed for antigen binding sites in an identical manner to 
whole antibody while monovalent Fab' competed several fold less well, as expected 
(14). Monovalent Fab1 purified from the culture supernatant could be oxidized to 
F(ab')2 in vitro (Figure 4), as has Fab' obtained from the E. coli periplasm (15). 

Since F(ab')2 accumulates with the Fd'-2C but not with the Fd'-lC module, we 
examined hinge variants to determine if both inter-heavy chain cysteine residues are 
required, or if other inter-hinge interactions may be important for disulfide formation 
or stabilization. An Fd' module identical to Fd'-2C except that the first cysteine 
residue involved in inter-heavy chain bonding was mutagenized to an alanine also 
directed a small amount of F(ab')2 into the E. coli culture medium, but the amount 
was about 10 times less than that formed from the Fd'-2C module. It appears, 
therefore, that interchain association may be favored when the entire hinge region is 
present and may then be stabilized by both interchain disulfide bonds. This also 
seemed to occur with expression of F(ab')2 in yeast, as will be described below. 

To prepare large quantities of Fab, Fab' or F(ab')2 for analysis, bacterial cul
tures were grown in a 14-liter Chemap fermenter. High level expression in the fer-
menter was accomplished by a series of optimization steps as shown in Table I. 
Factors which affect fermentation yield include culture temperature, rate of inducer 
addition and time of culture growth after induction. By this process, cultures were 
grown to an OD600 of 50 to 100 and induced with L-arabinose. Figure 5 demon
strates that Fab accumulated in the culture supernatant over time after induction with 
L-arabinose. Fab yields of greater than 100 mg/1 are typical (18). As noted previ
ously, the final fermentation yield can vary from one antibody fragment to another as 
would be expected for expression of a variety of recombinant proteins in E. coli. 

Table I. Fermentation Optimization3 

Titer (mg/l) 

Shake flask 0.5 - 1 
Fermentation - shot induction 

Batch 3 
Fed batch 40 
Temperature optimization 81 

Fermentation - gradient induction 454 
Induction time optimization 561 

a Optimization was for ING2 Fab (16, 17). Each 
run was done in a 10-liter fermenter in similar 
medium. 

Fab can be purified by a series of ion exchange chromatography steps from 
fermentation broth. A general purification scheme has been developed which can be 
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210 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Figure 4. Oxidation of Fab'-2C to F(ab')2 in vitro. Hinge cysteine residues were 
selectively reduced with 0.5 mM dithiothreitol, and Fab* was incubated in the 
presence or absence of 2 mM cysteine. Lane 1: reduced Fab'; Lane 2: oxidation 
without cysteine; Lane 3: oxidation with cysteine; Lane 4: purified F(ab')2; and 
Lane 5: Fab'. 

200 r-600 

TIME (hr) 

Figure 5. Fermentation time course. An E. coli strain which can express ING2 
Fab (76,17) was cultured in a Chemap 14L fermenter in 10L of minimal medium 
supplemented with 0.7% glycerol and induced with L-arabinose when the culture 
reached an 00600^70. Fab accumulated in the culture supernatant after induction. 
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16. BETTER & HORWITZ In Vivo Expression of Antibody Fragments 111 

used for any Fab purification and is also useful for purification of Fab from yeast 
cultures (16). The fermentation broth is concentrated and passed over a DEAE-cellu-
lose column. This step removes most contaminating E. coli proteins, DNA and endo
toxin. The DEAE-cellulose flow-through can be applied to a cation exchange resin, 
such as CM-cellulose, where the bound antibody fragment can be eluted with a salt 
gradient. Additional ion exchange steps can be added to remove trace contaminating 
proteins, DNA and endotoxin. Overall product yield is greater than 80%. As we 
have shown (16), E. coli endotoxin can be reduced to less than 0.1 EU/mg Fab, repre
senting an 8-log decrease from starting material, and contaminating DNA can be 
removed to less than 1 pg/mg of Fab protein. This purification scheme is suitable for 
pharmaceutical development. 

Expression of Fab, Fab1 and F(ab')2 in Yeast 

For expression of Fab, Fab1 or F(ab')2 in yeast, the light and heavy chain variable re
gions were fused to the human light chain and Fd chain modules to form light and Fd 
or Fd' genes. Assembled antibody genes were fused in-frame to the yeast invertase 
signal sequence (19) and cloned between the yeast PGK promoter and 3' untranslated 
region (20). Both of these transcription units were then inserted into an expression 
vector containing the yeast Ura3 and Leu2d genes for transformant selection and the 2 
micron origin of replication for autonomous replication in yeast (7), Figure 6. Ura+ 

colonies arising from transformation into Ura~ S. cerevisiae were screened for secre
tion of Fab. Protein of the size expected for Fab was identified in concentrated yeast 
culture supernatants by Western blot analysis with antibody to the human kappa 
chain. Cross-reactive bands were observed at the position expected for Fab and Fab' 
for transformants containing the light chain plus Fd or the Fd'-lC and at the expected 
positions of Fab' and F(ab')2 for the transformants containing the light chain plus 
Fd'-2C. A smaller amount of F(ab')2 could be detected in the culture supernatant of 
yeast expressing kappa plus an Fd module which ended after the proline following the 
second inter-heavy chain cysteine residue (data not shown). This again suggests that 
human IgGl F(ab')2 formation is most efficient when both inter-heavy chain cysteine 
residues are present along with an intact hinge region. 

Yeast cultures were grown in 10-liter fermentors to prepare large quantities of 
Fab, Fab* and F(ab')2. Expression vectors containing kappa and Fd or Fd'-lC pro
duced primarily yielded Fab or Fab', respectively, while a mixture of Fab' and F(ab')2 
(approximate ratio, 3:1) was purified from the culture supernatants of the transfor
mants containing the Fd'-2C. The Fab' and F(ab')2 were separated by gel filtration 
and ran at -100 kD and -50 kD for F(ab')2 and Fab', respectively, on a non-reducing 
SDS gel, Figure 7. 

Antibody fragments purified from yeast cultures were tested for antigen 
binding by direct and competition binding assays. The results, shown in Figure 8, are 
typical of these experiments and demonstrate that the F(ab')2 molecules behaved in a 
manner similar to that of the whole antibody, while the monovalent Fab and Fab' 
forms bound with a -3-4 fold lower affinity. We have not observed any differences 
in the activity of antibody fragments produced in yeast and E. coli. The yeast 
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212 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Figure 7. Coomassie blue-stained nonreducing SDS polyacrylamide gel showing 
Fab', F(ab')2> and chimeric IgG. Size marker molecular masses (kD) are also 
shown. 

Figure 6. Yeast expression vector features. Shown is a schematic view of the Fd 
(V-CH1) and kappa (V-CK) genes, the PGK promoter (P) and transcription termi
nation signal (T), and the invertase signal sequence (S). Also shown are the rela
tive positions of the Ura3 and Leu2d marker genes, the 2\i circle origin, and the 
ampicillin resistance gene (Ap*) for selection in E. coli. 
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16. BETTER & HORWITZ In Vivo Expression of Antibody Fragments 213 

1.2 

[Ab] nM 

Figure 8. Competition binding assay. Fab', F(ab')2 and IgG were incubated with 
HT29 cells and biotinylated chimeric IgG (ING4 - recognizing a melanoma-
associated cell surface antigen) at 4°C for 3 hours. Bound biotinylated antibody 
was detected with peroxidase-labeled avidin. Human IgG is included as a nega
tive control.  P
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214 PROTEIN FOLDING: IN VIVO AND IN VITRO 

expression system offers the advantage that culture supernatants contain relatively 
few proteins other than Fab, and that expression is constitutive. Antibody yield from 
yeast fermentation is, however, on-average about three-fold lower than that observed 
with E. coli. 

In the course of expressing a number of different specificities as Fab in yeast, 
we noted that, as with E. coli, not all fragments were secreted with equal efficiency. 
In order to determine where a potential block might occur, the levels of intracellular 
and secreted Fab was determined for "good" and "poor" producing strains. While the 
secreted Fab levels for the "good" producer were about 10-fold higher than for the 
"poor" producer (0.13 vs. 0.01 |ig/ml), the steady state intracellular levels were simi
lar for both (75 |ig/ml, "good" vs. 115 |ig/ml, "poor"). Unlike our observation with 
Fab expression in E. coli, the primary block for the "poor" yeast secretor appears to 
be with secretion rather than protein synthesis. Interestingly, there is not a direct cor
relation between a highly secreted Fab in yeast and E. coli. 

Construction of Fab, Fab', and F(ab')2 Immunotoxins 

Antibody fragments produced in E. coli (or yeast) can be linked to ribosome 
inactivating proteins to direct potent toxins to target cells. We have expressed 
chimeric (mouse V-region, human C-region) and human-engineered Fab, Fab1, and 
F(ab')2 fragments in E. coli which were derived from the murine H65 antibody (21) 
and recognize the human T-cell antigen CD5. Antibodies to CD5 are attractive 
candidates for treatment of human T cell-mediated disease since this antigen is found 
on mature T cells but not on precursor cells. The H65 antibody has previously been 
conjugated to the ricin A chain (21) and was cytotoxic to human T cell lines and 
peripheral blood mononuclear cells (primarily composed of human T cells) in vitro. 
The H65-ricin A chain immunoconjugate has also proven clinically effective in 
humans for resolution of steroid-resistant graft versus host disease, a complication of 
bone marrow transplantation (22). 

Both Fab' and F(ab')2 have been linked to the 30 kD form of the ricin A chain 
(RTA30) and evaluated for cytotoxicity against CD5-positive cells (14). It was antici
pated that these immunoconjugates might be particularly effective since immunocon-
jugates of proteolytically-produced anti-CD5 antibody fragments were as cytotoxic to 
target cells as whole antibody immunoconjugates (23, 24). RTA30 contains a unique 
free cysteine residue which can be used for chemical linkage to antibody fragments. 
Since Fab1 also contains an available free cysteine, a specific conjugate between Fab1 

and R T A 3 0 can be generated by direct oxidation of reduced R T A 3 0 and Fab1. This 
immunoconjugate (Fab'-SS-RTA3o) does not require nonspecific derivatization with 
chemical crosslinking agents for its formation. 

Alternatively, F(ab')2, which does not contain an available free cysteine 
residue, can be modified with a crosslinking agent to introduce a reactive thiol for 
conjugation. The crosslinking agent M 2 I T (25) was linked to F(ab*)2 lysine residues 
and then chemically linked to RTA30 to generate F(ab')2-M2IT-RTA3o. 

The binding and cytotoxic activity of these antibody fragment immunoconju
gates were compared to the immunoconjugate of chimeric H65 and RTA30. The anti-
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16. BETTER & HORWITZ In Vivo Expression of Antibody Fragments 215 

gen binding characteristics of the immunoconjugates were not altered by linkage to 
ricin A chain. The cytotoxicity of these immunoconjugates is shown in Table II. 
Several interesting observations can be made. The Fab'-SS-RTA3o is the least active 
(highest IC50) immunoconjugate, while the F(ab')2-M2IT-RTA3o is the most active 
(lowest IC50). Also, the extent of kill observed with both of the antibody fragment 
immunoconjugates is greater than that observed with the whole antibody immunocon
jugate. 

Table II. Activity of Chimeric H65-RTA30 Immunoconjugates 

HSB2* PBMC* 
Conjugate IC50(pM*T)b IC50(pM*T)h 

Fab'-SS-RTA30 530 1800 
F(ab,)2-M2IT-RTA30 33 57 
IgG-M2rr-RTA3o 60 400 
a HSB2 cells (ATCC #CCL 120.1) are a human T cell line that 
expresses CD5. Peripheral blood mononuclear cells (PBMC) 
were obtained from healthy donors as described (26). Assays 
were performed as described (14). Each value represents the 
average of at least two experiments. 

For direct comparison among immunoconjugates, the IC50 (im
munoconjugate concentration resulting in 50% inhibition) is 
expressed as toxin concentration (pM*T). pM*T is calculated by 
multiplying the IC50 of the conjugate (pM) by the toxin/antibody 
ratio (T/A) for a particular conjugate. T/A is obtained from den
sitometry of immunoconjugates by SDS-PAGE. 

Conclusions 

In this chapter, we have described the development of E. coli and yeast secretion sys
tems for various types of engineered antibody fragments including Fab, Fab' and 
F(ab')2. These fragments may have a variety of medical uses, especially for delivery 
of radio nuclides, drugs and toxins to specific sites in the body and as reagents for 
imaging solid tumors. To illustrate this potential, we demonstrated that very potent 
and target-specific immunoconjugates with RTA30 can be made with both Fab' and 
F(ab')2. Immunoconjugates with antibody fragments may offer specific clinical effi
cacy without the interference of Fc receptors since they lack the region (CH2-CH3) 
responsible for this activity. Likewise, properly assembled antibody fragments from 
microorganisms may be useful for in vitro clinical analysis and as industrial reagents 
for affinity purification. 

The microbial production approaches described in this chapter represent sig
nificant improvement over previous methods for producing antibody fragments since 
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216 PROTEIN FOLDING: IN VTVO^AND IN VITRO 

microbial fermentation can be an economic manufacturing method. Indeed, a signifi
cant technology base already exists for bacterial and yeast fermentation and is being 
expanded to included production of other recombinant proteins. 
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Chapter 17 

Characterization of Humanized Anti-p185HER2 

Antibody Fab Fragments Produced 
in Escherichia coli 

R. F. Kelley1, M. P. O'Connell1, P. Carter1, L. Presta1, C. Eigenbrot1, 
M. Covarrubias2, B. Snedecor2, R. Speckart3, G. Blank3, D. Vetterlein3, 

and C. Kotts4 

1Protein Engineering, 2Fermentation, 3Process Sciences, and 
4Medicinal and Analytical Chemistry Departments, Genentech, Inc., 
460 Point San Bruno Boulevard, South San Francisco, CA 94080 

We have been using biochemical and biophysical methods to 
characterize chimeric and humanized variants of the murine 
monoclonal antibody 4D5, directed against human epidermal growth 
factor receptor 2 (pl85HER2). These studies were performed on 
antibody Fab fragments produced by secretion from E. coli. 
Humanized Fab fragment (hu4D5-8 Fab) was expressed at very high 
levels (1-2 g/L), whereas chimeric Fab (ch4D5 Fab) was expressed at 
much lower titers (5-20 mg/L), as determined by antigen-binding 
ELISA of supernatants from 10 L fermentations. Hu4D5-8 Fab and 
ch4D5 Fab purified by using affinity chromatography on 
immobilized bacterial IgG-binding proteins gave identical far UV-
CD spectra characteristic of the immunoglobulin fold. 
Thermodynamic studies of antigen binding show comparable 
affinities (ΔG) for ch and hu4D5-8 Fab, but different ΔH values 
suggesting slight differences in the mechanism of binding. This 
difference is reflected in the anti-proliferative activity of these 
fragments on human breast tumor cells. 

Monoclonal antibodies (7) offer great promise for the treatment of human disease 
because of their specificity and affinity in binding antigen, effector functions and 
long serum half-lives. This potential, however, has often been thwarted by a 
human immune response against the therapeutic antibody (2). Current technology 
for eliciting a monoclonal antibody (MAb) requires immunization of a rodent with 
the target antigen. These rodent MAbs are often recognized as foreign by the 
human immune system. Although much work is in progress on developing 
methods for producing human MAbs (reviewed in 5), these methods have not yet 
yielded an antibody with affinity and specificity equal to that obtained via rodent 
immunization. A process called "humanization" (4), however, offers an 
alternative route to generating a therapeutic MAb. In this procedure, protein 
engineering methods are used to convert a rodent MAb into a human antibody, 
which should be less immunogenic, while retaining the antigen affinity and 
specificity of the original rodent MAb. As oudined in Figure 1, humanization 

0097-6156/93/0526-0218$06.50/0 
© 1993 American Chemical Society 
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17. K E L L E Y ET AL. Humanized Anti-pl85HER2 Antibody Fab Fragments 219 

Murine Monoclonal Antibody (MAb) 

Chimeric (ch4D5) F a b Humanized (hu4D5) F a b 

Figure 1. Schematic diagram of antibody humanization. Murine variable 
domain sequences are shown stipled and constant domains in black. Human 
consensus sequence is shown cross-hatched. 
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220 PROTEIN FOLDING: IN VIVO AND IN VITRO 

involves grafting the complementarity determining regions (CDR) of the murine 
variable domains into a human antibody. However, since a few framework 
residues may contact antigen or are important for determining the conformation of 
the antigen binding segments, molecular modeling must be used to identify which 
murine framework residues should also be included in the humanized form. We 
summarize here work on humanizing a murine MAb (4D5) which is directed 
against the extracellular domain (ECD) of human epidermal growth factor 
receptor 2 (p i85™^) . 

Role of pl85HER2 j n Breast Cancer, p i 8 5 ^ ^ j s overexpressed in about 30 
% of breast and ovarian cancers and the level of expression is correlated with poor 
prognosis for survival of the disease (5). pl85HER2 j s homologous to the 
epidermal growth factor (EGF) receptor and thus is a receptor tyrosine kinase. 
This class of receptor has an extracellular ligand binding domain, a single 
transmembrane sequence, and a cytoplasmic tyrosine kinase domain. The ligand 
for pl85HER2> c a r j e ( j "heregulin", has only recently been identified (6). 
Heregulin stimulates phosphorylation of p i 8 5 ^ ^ a s w e n a s t h e growth of cells 
which express p i 8 5 ^ ^ . 

Properties of MAb4D5. muMAb4D5 was originally elicited by immunizing 
mice with a fibroblast cell line transformed byoverexpression of pi 8 5 ^ ^ (7). 
This antibody (IgGl-k) binds 0 1 8 5 ™ ^ ^ ^ ° with high affinity (8; K D = 60 
pM) and also displays an anti-proliferative effect on tumor cell lines which 
overexpress p 185™^*^ Trie anti-proliferative effect is specific for tumor cell 
lines which express pl85**ER2 These results suggest that muMAb4D5 may 
have therapeutic potential for treatment of breast and ovarian cancer patients 
whose tumors show amplified p 185^^2 expression (5). In order to test 4D5 as 
an anti-cancer agent in humans, this MAb has been humanized (9). 

Humanization of 4D5 was successful in generating the antigen affinity of the 
murine MAb but did not fully regenerate the anti-proliferative activity (9). In 
order to further investigate the linkage between antigen binding and growth 
inhibition, we have used biochemical and biophysical techniques to characterize 
Fab fragments of 4D5. An expression system in which Fab fragments are 
secreted from E. coli (10) was employed to generate quantities of material 
sufficient for biophysical characterization. The role of framework residues 
implicated as being important for antigen binding has been addressed by 
characterizing Fab variants differing at these sites (Table I). For several of these 
variants, a complete set of thermodynamic parameters describing antigen binding 
has been determined, including ACp, which should enable assignment of the 
contribution to binding from the hydrophobic effect. A few of these Fab variants 
have been successfully crystallized and high resolution x-ray structures 
determined (C. Eigenbrot, unpublished results). 

Antibody Structure. For the purposes of discussing humanization of 4D5, 
the salient features of IgG structure are briefly reviewed here. A schematic 
diagram of a typical IgG antibody is shown in Figure 1. Antibodies have two Fab 
arms, which are responsible for antigen binding, and an Fc portion which is 
required for the effector functions of the immune system, i.e. complement 
activation. Intact antibodies are composed of two "heavy" and two "light" chains. 
The two heavy chains are linked together through disulfide bonds in the hinge 
region and each light chain is disulfide bonded to a heavy chain. Each chain has a 
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222 PROTEIN FOLDING: IN VIVO AND IN VITRO 

domain architecture, four immunoglobulin domains in the heavy chain and two in 
the light chain. Immunoglobulin domains are about 110 amino acids in length 
and have a P-sheet sandwich structure linked by a conserved, intradomain 
disulfide bond (11-12). Fab fragments are traditionally generated from MAbs by 
proteolytic cleavage with papain (75). 

X-ray structures of complexes formed between antigen and antibody Fab 
fragments (14) indicate that the majority of contacts with antigen are contributed 
by the complementarity determining regions (CDR) of the variable domains. 
These segments, 3 in the light chain and 3 in the heavy chain, have hypervariable 
sequences (75) thus generating the diversity of the immune response. The CDR 
segments are located on loop regions whereas the "framework" regions between 
the CDRs form the P-sheet of the domain (Figure 2). The folding of the 
immunoglobulin domain brings the discontinuous CDR segments together to 
make a contiguous antigen binding surface. As shown in Figure 2, interdomain 
contacts are much more extensive between chains as compared with contacts 
between domains on the same chain. Thus, folding and association of the two 
chains is an intricately coupled process. 

Although most of the contacts with antigen involve CDR residues, a few 
contacts are also observed with framework residues (14). In addition, some 
framework residues contact buried CDR residues and thus are important for 
determining the conformation of the CDR loops (76). 

Materials and Methods 

Humanization of muMAb4D5. Humanization of 4D5 has been described in 
detail elsewhere (9) and is only briefly summarized here. Models of the V L and 
V H domains of muMAb4D5 were constructed by using the coordinates of seven 
Fab crystal structures from the Brookhaven Protein Data Bank. A similar 
procedure was used to generate a model for a human antibody by using consensus 
sequences from the most abundant human Ig subclasses - V L kl and VHIIL A 
model of humanized 4D5 was then generated by transferring the 6 CDR segments 
from the model of the murine antibody into the human consensus model. 
Inspection of the models identified a set of framework residues (Table I) which 
appeared important for antigen binding either because the side chain could lie near 
the CDRs and thus contact antigen or because the side chain might help determine 
the conformation of a CDR loop. For example, V L residue 66, which is normally 
a Glycine residue in human and murine K chains, is an Arginine in mu4D5. 
Modeling suggested that the Arginine side chain could influence the conformation 
of CDR segments LI and L2 or might contact antigen. 

The muMAb4D5 variable domain genes were isolated by PCR amplification 
of the mRNA from the hybridoma. These genes were fused with human constant 
domains to generate a plasmid encoding a chimeric version of the 4D5 Fab. (In 
this and subsequent plasmids the heavy chain sequence terminates 4 residues after 
the cysteine which makes a disulfide bond with a cysteine from the light chain). 
The framework regions were then mutagenized in one step to generate the 
prototype humanized sequence (hu4D5-5) as previously described (9). Variants 
of hu4D5-5 having the substitutions shown in Table I were constructed by site-
directed mutagenesis. 

Expression and Purification of 4D5 F ab Fragments. Both the chimeric and 
humanized sequences were cloned into an E. coli expression plasmid designed for 
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17. K E L L E Y E T A L . Humanized Anti-p185HER2 Antibody Fab Fragments 223 

co-secretion of light chain and heavy chain Fd (10). This plasmid contains an 
expression cassette encoded on an EcoRI/Sphl fragment that has light chain and 
heavy chain Fd under the control of a single alkaline phosphatase (phoA) 
promoter. Both the light chain and heavy chain Fd are preceded by bacterial 
signal sequences. Humanized (hu) and chimeric (ch) 4D5 Fab fragments were 
expressed in E. coli by growth of the transformed strain in a 10 L fermentor. Fab 
was found in the supernatant fraction obtained upon removal of the cells by 
centrifugation. Antigen-binding ELISA indicated very high expression levels of 
humanized Fab (1-2 g/L) and much lower titers of chimeric Fab (5-20 mg/L). 
Fab was purified from the supernatant as described previously (8) and briefly 
summarized here. The fermentation supernatant (ca. 8 L) was microfiltered by 
tangential flow filtration (TFF) using a 0.16 urn membrane. The clarified 
supernatant was then concentrated to 200 mLs by TFF using a 30 kD cellulose 
membrane and diafiltered with 3x5 volumes of PBS. This fraction was subjected 
to affinity chromatography either on immobilized Protein A (huFab) or Protein G 
(chFab). Peak fractions eluted with 0.1 M Glycine pH 3 were pooled and further 
purified by using hydrophobic interaction chromatography. Concentrations of 
4D5 Fab were determined by absorbance measurements using an 6280 of 67 mM" 
1 cm~l. 

Purification of P 185 H E R 2 - E C D . The extracellular domain of plSS™ 1 ^ 2 

was purified from the cell culture medium of a CHO cell line expressing a 
truncated form of the receptor using the protocol of Fendly et al. (77). 
Concentrations of solutions of pl85**ER2 w e r e determined by absorbance 
measurements using an of £280 76 m M - 1 cm - 1 . 

Circular Dichroic Spectroscopy. CD spectra were recorded on a Cary/Aviv 
spectropolarimeter using cylindrical cells having a pathlength of 1 cm (near 
ultraviolet region) or 0.05 cm (far ultraviolet region). A series of 10 spectra were 
collected using a time constant of 1.0 s, a bandwidth of 1.0 nm and a wavelength 
interval of 0.5 nm, and then averaged to obtain the spectra shown in Figure 4. 

Differential Scanning Calorimetry. Thermal denaturation curves were 
obtained by using a Microcal, Inc. MC-2 calorimeter operated at a scan rate of 1.0 
°C min~l. Protein solutions were prepared for measurements by extensive 
dialysis versus 50 mM sodium acetate pH 5.0. Concentrations were adjusted to 2 
mg mL"l for measurements. 

Determination of Thermodynamics of Antigen Binding. K D values for 
binding of Fab to pi85HER2-ECD w e r e determined by using a 
radioimmunoassay (RIA) as previously described (8). For some of the variants, 
K D values were also determined from the kinetics of binding to immobilized 
antigen by using the method of Surface Plasmon Resonance (SPR) (18). A 
Microcal, Inc. OMEGA titration calorimeter was used to measure the enthalpy of 
binding. Solutions were prepared by dialysis versus 20 mM sodium phosphate pH 
7.5,100 mM sodium chloride. In a typical experiment, 1.3943 mLs of a solution 
of 7-10 uM p l 8 5 H E R 2 " E C D was titrated by addition of 6, 12 pX aliquots of a 
concentrated (0.2 - 0.5 mM) solution of Fab. For most of the Fab variants 
examined here, the "c" value (79) is greater than 10^ thus precluding a 
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224 PROTEIN FOLDING: IN VIVO AND IN VITRO 

calorimetric measurement of the binding constant. The observed heat pulses were 
integrated using the software supplied by the manufacturer. Heats of Fab dilution 
were measured in separate experiments by injection of Fab into a solution of 
buffer. These blank heats were subtracted from the heats measured for antibody-
antigen interaction and the result divided by the moles of receptor in the 
calorimeter cell to obtain AH. ACp was determined from the temperature 
dependence of AH in the range of 25 - 45 °C. In this range AH shows a linear 
dependence on temperature suggesting that ACp is independent of temperature. 

Results and Discussion 

Expression and Purification of 4D5 Fab. A secretion strategy was chosen for 
4D5 Fab production based on the previous success of Better et al. (20) and Skerra 
and Pluckthun (21) in E. coli expression of antibody Fab and Fv fragments, 
respectively. Secretion of the chains is necessary because the periplasmic space 
of E. coli has a more oxidative environment than the intracellular compartment, 
thus fostering disulfide bond formation. Both chains must be expressed together 
because isolated antibody Fd chains or V H domains generally have poor solubility 
properties. All of the hu variants were expressed at high levels (0.5 - 2.0 g/L) as 
judged by quantitative measurements of antigen binding by using an ELISA. 
ch4D5 Fab was expressed at much lower levels and required growth at 30 °C 
rather that 37 °C to obtain optimal expression (0.02 g/L). 

Both hu and ch 4D5 Fab could be rapidly purified using the protocol outlined 
in the Methods section. Due to the tight binding of hu4D5 Fab to S. aureus 
Protein A and high expression levels, 1-2 g of this material could be purified in a 
single day from 8 L of fermentation supernatant. Although data indicating 
binding of S. aureus Protein A to the Fab portion of some IgG molecules has been 
previously reported (22-23), this is the first demonstration, to our knowledge, of 
the use of Protein A in the purification of human IgG Fab fragments. Protein A is 
widely believed to bind only to the Fc region of IgG and a crystal structure of a 
fragment of Protein A in complex with Fc has been determined (24). ch4D5 Fab 
does not bind to Protein A suggesting that the Protein A binding site of hu Fab is 
located on the variable domains. ch4D5 Fab could be purified by using 
immobilized Streptococcal Protein G. The yield of this form was considerably 
lower because of the decreased expression levels and weak affinity of Fab binding 
to Protein G. 

As shown by SDS-PAGE (Figure 3), Fabs purified from E. coli supernatants 
are fairly homogenous and also gave molecular weights upon electrospray-
ionization mass spectrometry (Table I) consistent with their amino acid sequence. 
These data show that the Fab produced by secretion from E. coli have an 
interchain disulfide bond and are not proteolytically clipped or otherwise 
modified. 

Conformation and Stability of E. coli Produced Fab. The circular dichroic 
spectra of ch and hu 4D5-5 Fab are compared in Figure 4. Both proteins gave 
similar far U V - C D spectra in having a weak negative CD band at 217 nm and a 
stronger positive CD band at 202 nm. These spectra are consistent with CD 
spectra observed for Fab fragments generated by proteolytic digestion of IgG (25) 
and indicate that Fabs purified from E. coli supernatants have the immunoglobulin 
fold. 

The thermal stabilities of ch and hu 4D5 were compared by using differential 
scanning calorimetry as shown in Figure 5A. Thermal denaturation of 4D5 Fabs 
is not completely reversible as judged by cooling and reheating the sample. Both 
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17. K E L L E Y E T A L . Humanized Anti-p185HER2 Antibody Fab Fragments 225 

Figure 2. X-ray structure (backbone only) determined for hu4D5 Fab (C. 
Eigenbrot, unpublished results). The light chain is on the left with the variable 
domain at top. CDR loops, 3 from V L and 3 from V H , are designated LI , L2, 
L3, HI, H2, and H3 and are highlighted in black. Loop segments swapped to 
test role in anti-proliferative activity are also highlighted. 

« ~ -97 K 
— -66 

- t e a ^ » « • " 4 5 

— . -31 
mm -21 

a b e d e f g h 

Figure 3. SDS-PAGE on Fab purified from E. coli fermentation supernatant. 
Lanes a-f, h: purifed Fab; Lane g: molecular weight standards. (Reproduced 
with permission from ref. 8. Copy right 1992 American Chemical Society.) 
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226 PROTEIN FOLDING: IN VIVO AND IN VITRO 

-4000 • I i 
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• i • • 
230 250 270 

Wavelength (nm) 

-60 
290 310 

Figure 4. Circular dichroic spectra of hu4D5-5 (dashed line) and ch4D5 (solid 
line) Fab. Spectra were recorded on solutions containing 4 mM sodium 
phosphate pH 7.5, 20 mM NaCl at 25 °C. (Reproduced with permission from 
ref. 8. Copy right 1992 American Chemical Society.) 
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17. K E L L E Y E T A L . Humanized Anti-p185HER2 Antibody Fab Fragments 111 

-2.0 104 I » 1 1 1 1 

0 20 40 60 80 100 

Temperature (°C) 

Figure 5. Thermal denaturation of 4D5 fragments. Baselines were subtracted 
using the splines rountine of the Microcal DA-2 software and then the curves 
were normalized to the moles of protein in the calorimeter cell. A) 
Comparison of thermal stability of hu4D5-5 and ch4D5 Fab. B) Thermal 
stability of non-covalently linked versions of hu4D5-8. k Fab* differs from 
Fab in that the cysteines which make an interchain disulfide bond have been 
mutated to serines. X Fab* has an additional change in that the Ck domain has 
been replaced with a heterologous CX domain. Fv is a fragment composed of 
non-covalently associated V H and V L domains. 
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228 PROTEIN FOLDING: IN VIVO AND IN VITRO 

proteins display high melting temperatures (Tm) with ch4D5 Fab having a T m of 
72 °C and hu4D5-5 Fab having a T m of 82 °C. The thermal transitions cannot be 
precisely described by a single two-state process; AHcal/AHyH ratios are 3.7 and 
2.3 for ch4D5 and hu4D5-5 Fab, respectively. These data suggest that the 4 
immunoglobulin domains of chimeric Fab unfold more independently than the 4 
domains of the humanized Fab. Since ch4D5 and hu4D5 Fab have identical 
constant domains, these changes must reflect differences in the stability and 
cooperativity of the V L / V H unit. This conclusion is consistent with thermal 
denaturation studies (data not shown) on a hybrid Fab in which the murine V L 
domain of the chimeric Fab has been replaced with the humanized V L . The T m 

for this Fab is 76 °C and the AHcal/AHyH ratio is reduced relative to the chimeric 
Fab. We speculate that the differences in E. coli expression level between 
chimeric and humanized 4D5 Fab may be related to the observed differences in 
thermal stability and interchain cooperativity. 

We have begun denaturation studies aimed at quantitating interdomain 
interactions. Our approach is to attempt to dissect the free energy of chain 
association from the folding free energy by examining the concentration 
dependence of denaturation for non-covalently linked antibody fragments. For 
these experiments a non-covalently linked Fab fragment (Fab*) has been 
produced by mutating the cysteines which join the two chains to serines (P. 
Carter, unpublished results). In addition, the hu4D5-8 Fv fragment, a molecule 
consisting of only V L and V H domains and thus is non-covalently linked, has 
been expressed by secretion from E. coli and purified (26). Preliminary thermal 
denaturation experiments with these variants are shown in Figure 5B. Removal of 
the interchain disulfide bond results in an approximately 6 °C decrease in the Tm. 
hu4D5-8 Fab* displays a small temperature dependence of unfolding with the Tm 
increasing 0.7 °C upon increasing the concentration from 23 | i M to 328 u,M (data 
not shown). This result suggests that the interaction between the two chains is 
quite strong such that the two chains are mostly associated even at the lowest 
concentration. As shown in Figure 5B, replacement of the C K domain with a 
heterologous C\ domain generates a molecule with a much decreased T m . This 
result emphasizes the importance of interdomain interactions in the stability of 
Fab fragments. 

hu4D5-8 Fv retains high thermal stability as indicated by a T m of 65 °C for a 
2 mg mL"l protein solution. Unfolding of this variant shows a greater 
concentration dependence than observed for Fab* in that the T m varies by 5°C in 
the concentration range of 20 - 200 U.M (J. Livingstone, unpublished results). 
The Fv fragment has a higher T m than the Q L Fab* suggesting that changes in the 
light chain constant domain may decrease the stability of both the V H / V L and 
C H I / C L units. 

Antigen Binding Thermodynamics. A rigorous test of the humanized antibody 
can be made by determining the complete thermodynamics of antigen binding 
since the information present in AG, AH, AS and ACp can help illuminate the 
binding mechanism. For example, the magnitude of ACp should be related to the 
contribution to binding from the hydrophobic effect (27) and thus correlate with 
the amount of non-polar surface that becomes buried in the complex (28% We 
have used a radioimmunoassay (RIA) to determine the K D for binding of Fab to 
the extracellular domain (ECD) of p 185^^2 a n ( j a n isothermal calorimeter to 
measure the AH of binding (8). A Scatchard plot of a typical set of RIA data is 
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17. K E L L E Y E T A L . Humanized Anti-p185HER2 Antibody Fab Fragments 229 

shown in Figure 6 and a calorimetry experiment is shown in Figure 7. AG and AS 
were calculated using equations 1 and 2 and ACp was calculated from the 
temperature dependence of AH using equation 3. 

AG = -RTln(l/KD) (1) 
AG = AH-TAS (2) 
AH(T2) = AH(Tl) + ACp(T2-T1) (3) 
AS(T2) = AS(T,) + AC, MTJT,) (4) 

As indicated in Table II, the prototype humanized Fab (hu4D5-5) binds 
antigen about 3-fold more weakly than the chimeric Fab. hu4D5-5 has a much 
less exothermic AH of binding and also a less negative ACp than measured for 
chimeric Fab- Incorporation of two additional murine residues, V L - Y 5 5 and V H -
Y102, results in a variant (hu4D5-8) which has antigen affinity equal to or 
perhaps slightly greater than that measured for ch4D5 Fab. These changes also 
make AH and ACp more negative; nonetheless, the AH of binding is still 4 kcal 
mol"1 less exothermic than measured for ch4D5 Fab. Although the antigen 
affinity of 4D5 can be reproduced in a humanized form, the thermodynamic data 
suggest differences in the mechanism of antigen binding between ch and hu 4D5. 
This difference may be important for anti-proliferative activity as described in the 
next section. 

A value of 960 ± 100 A 2 for the amount of solvent-accessible nonpolar 
surface area which becomes buried upon complex formation is calculated from 
the magnitude of ACp (8). Since typical protein-protein interaction surfaces are 
about 55 % nonpolar (29), this suggests that about 1750 A 2 of total surface is 
buried in the interface with antigen. This surface area includes contributions from 
both antibody and antigen and is consistent with the mean value of 1600 ±285 A 2 

of contact area observed in x-ray crystal structures of antibody-antigen complexes 
(29). As shown by comparing the thermodynamic data of Table II, the side chain 
of VL -Y55 appears to become buried in the complex with antigen and contributes 
to binding through the hydrophobic effect. In contrast, VH-Y102 does not appear 
to contribute to binding through the hydrophobic effect suggesting that this 
residue contributes a side chain hydrogen bond to the interaction. The effect of 
this mutation is dependent on the presence of VL -Y55 since variant hu4D5-7 
binds antigen with the same affinity as hu4D5-5. In the x-ray structure 
determined for hu4D5-8 Fv, the V L - Y 5 5 and VH-Y102 side chains neighbor each 
other consistent with the non-additive effects on antigen binding of changes at 
these sites. 

Role of Framework Residues in Antigen Binding. The role of framework 
residues in antigen binding was determined by measuring antigen binding 
thermodynamics for hu4D5 variants having the changes from hu4D5-5 shown in 
Table III. Retention of human residues at the 5 positions identified as critical for 
antigen binding from modeling studies produces a variant (hu4D5-l) which binds 
antigen with much reduced affinity. This result highlights the importance of 
modeling studies in reproducing the affinity of a murine antibody in humanized 
form. About half of the reduction in AG can be attributed to the V H ~ A 7 1 R 
substitution, shown by comparing variants hu4D5-l and hu4D5-2. V H residue 71 
has been previously suggested as important for maintaining CDR H2 
conformation (30). The substitution VL-R66G decreases the affinity for antigen 
by about 3-fold primarily due to an unfavorable effect on the AH of binding. The 
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230 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Bound 

Figure 6. Scatchard plot of RIA data for binding of ch4D5 Fab to plSS™ 1* 2" 
ECD# (Reproduced with permission from ref. 8. Copy right 1992 American 
Chemical Society.) 
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17. K E L L E Y ET AL. Humanized Anti-pl85HER2 Antibody Fab Fragments 231 

24 

23 
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Figure 7. Determination of the AH of binding by using isothermal titration 
calorimetry. A) Titration of 8.5 u,M pi85HER2-ECD by 6 injections of 12 | iL 
each of a solution of 270 | i M ch4D5 Fab. B) Integrated heats as a function of 
final antibody/antigen ratio. (Adapted from ref. 8.) 
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234 PROTEIN FOLDING: IN VIVO AND IN VITRO 

nonpolar portion of the VL-R66 side chain is buried in the x-ray structure 
determined for hu4D5-8 F v (C. Eigenbrot, unpublished results), NH1 is involved 
in a salt bridge with VL-D28 whereas NH2 is free and could hydrogen bond with 
antigen. The thermodynamic parameters attributed to the V L - R 6 6 side chain are 
consistent with that expected for peptide hydrogen bond formation in water (27); 
nonetheless, a role for V L - R 6 6 in determining CDR LI conformation or 
neutralizing the charge on V L- D 28 cannot be excluded. 

Modeling studies had suggested that VH-A78 might be important for 
maintaining the conformation of CDR HI and thus was retained in the prototype 
humanized molecule. Mutation of this residue to the human consensus (Leu) does 
not result in an effect on affinity for antigen but does result in a less favorable AH 
of binding. A comparison of x-ray structures of two variants differing at this site 
indicates that the Leu substitution is accommodated by movement of a (3-strand 
without significant change in CDR HI (C. Eigenbrot, unpublished results). 

Anti-Proliferative Activity of 4D5 Fab Fragments . The effect of addition of 
4D5 Fab fragments on the growth of the human breast tumor cell line SK-BR-3 
was assayed as previously described (9). As shown in Figure 8A, the bivalent 
muMAb4D5 inhibits 50-60 % of the growth of SK-BR-3 cells relative to a 
control of no antibody addition. Monovalent, ch4D5 Fab displays about half the 
anti-proliferative effect observed for muMAb4D5. In contrast, hu4D5-8 Fab is 
inactive even though it binds antigen with affinity comparable to that measured 
for ch4D5 Fab. hu4D5-8 Fab will block the anti-proliferative effect of ch4D5 Fab 
suggesting that these two variants bind to the same target on SK-BR-3 cells. 
hu4D5-8 is active, however, if produced as a bivalent F(ab')2 (70) or full length 
MAb (9). These results indicate that high affinity binding is required but not 
sufficient for anti-proliferative activity. Since ch4D5 Fab is active, antibody-
mediated receptor dimerization is not obligatory for activity but may enhance the 
effect. The difference in antigen binding thermodynamics between ch and hu 4D5 
Fab (Table II) suggests that the difference in biological activity has its origins in 
interactions with the extracellular domain of p i 8 5 ™ ^ . Since ch and hu 4D5 
Fab have identical CDR regions and constant domains, residues responsible for 
anti-proliferative activity must reside in the framework regions of the variable 
domains. 

Recruitment of Anti-Proliferative Effect into Humanized 4D5 Fab. We 
attempted to recruit anti-proliferative activity into hu4D5-8 Fab by replacing 
solvent accessible, non-CDR loops with murine sequence. Examination of the 
models of murine and humanized 4D5 Fv identified 3 framework regions that 
were solvent accessible and considerably different in sequence between the two 
forms. These segments are VL8-13, VH60-67 and VH82-84 (Table IV and 
Figure 2). Single replacements of loops VL8-13 or VH82-84 with murine 
sequence gave a variant with a more exothermic AH of binding without 
significant effect on AG whereas the replacement of the VH60-67 loop resulted in 
weaker binding. Both the VL8-13 and VH82-84 changes resulted in small 
increases in anti-proliferative effect and combining the two loop changes gave a 
variant with anti-proliferative activity similar to the chimeric Fab (Figure 8B). 
These two loops are far from each other and far from the CDR loops (Figure 2) 
suggesting that they do not directly contact antigen. A conformational change in 
the Fabrantigen complex that is obligatory for the anti-proliferative effect is 
consistent with the unfavorable AS for antigen binding. 
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17. K E L L E Y E T A L . Humanized Anti-pl85HER2 Antibody Fab Fragments 235 
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Figure 8. Anti-proliferative effects of 4D5 variants. Inhibition of the growth 
of SK-BR-3 cells during a 4-day assay was determined as described previously 
(9). A) Comparison of activities of MAb and Fab variants. Effects of 
increasing concentrations of muMAb4D5 (filled circles), ch4D5 Fab (filled 
squares) and hu4D5-8 Fab (filled triangles) are shown. Inhibition of anti
proliferative effect of 20 nM ch4D5 Fab by increasing concentrations of 
hu4D5-8 Fab is shown as open triangles. B) Effect of loop replacements on 
anti-proliferative activity of hu4D5-8 Fab. hu4D5 (filled squares), hu4D5-8.A 
(open squares), hu4D5-8.C (open triangles), hu4D5-8.D (open circles), and 
ch4D5 (filled circles). 
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236 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Table IV. Antigen binding thermodynamics of hu4D5 Fab loop variantsa 

hu4D5 Fab Loop Swap K D 
AG AH 

(PM) (kcal mol'1) (kcal mol"1) 

hu4D5-8 None 90 ±30 -13.7 ±0.1 -12.9 ±0.4 

hu4D5-8.A V L8-13 120 -13.6 -15.8 

hu4D5-8.B VH60-67 280 -13.1 -10.4 

hu4D5-8.C VH82-84 140 -13.5 -16.7 

hu4D5-8.D VL8-13/VH82-84 110 -13.6 ND 
aVariants of hu4D5-8 were constructed in which the human sequence of the indicated segment 
was replaced with the corresponding murine sequence. 

Antigen Binding Determinants of hu4D5 Fab. We have mapped the functional 
epitope of hu4D5-5 Fab by determining the effect of individual alanine 
substitutions in the CDR loops on antigen binding affinity. The effect of these 
mutations on the K D for antigen binding was determined by using SPR (18). As 
shown in Figure 9, we find that four residues, H91 in V L and R50, W95 and 
YlOOa in V H , make large contributions to antigen binding. These residues are 
found in three CDR loops: H91 in CDRL3, R50 in CDRH2, and W95 and YlOOa 
in CDRH3. Most of the other CDR residues make only modest contributions to 
antigen binding (AAG < 1 kcal mol"1). These results are consistent with free 
energy calculations (31) which suggest that the set of residues that actively 
contribute to antigen binding is much smaller than the set of residues observed to 
contact antigen in structures determined by x-ray crystallography (14). Residues 
which make a large contribution to antigen binding are clustered in a shallow 
depression on the surface of hu4D5 (32) and thus define a putative antigen 
binding pocket. Less functionally important residues are arranged about the 
periphery of this pocket. A few mutations, mosdy in V L , result in small but 
significant (AG Standard error = -0.15 kcal mol"1) increases in affinity. This 
result suggests that the antigen affinity of the 4D5 antibody could be improved by 
combining mutations in V L or by combinatorial sorting of a library of human V L 
domains. 

Summary 

Studies on 4D5 Fab fragments indicate that hu4D5-8 binds antigen with affinity 
comparable to that measured for ch4D5. Variants of hu4D5 with human residues 
at critical framework sites bind antigen with decreased affinity confirming the 
importance of molecular modeling in antibody humanization. ch4D5 Fab but not 
hu4D5-8 Fab has anti-proliferative activity suggesting that other framework 
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17. K E L L E Y E T A L . Humanized Anti-pl85HER2 Antibody Fab Fragments 237 

AAG (kcalmol"1) 

Variant 

LD28N 
L l LN30A 

LT31A 
LY49A 

LS50A 

L2 LS52A 

LS52F 

LF53N 
LE55Y 

LR66G 

L3 

LH91F 

LH91A 

LY92A 

LY92F 

LT93A 

LT94A 

HI 

HK30A 
HD31A 
HT32A 
HY33A 

HR50A 

HY52A 

H2 HT53A 

HN54A 

HY56A 

H3 

HW95A 

HD98A 

HF100A 

HYlOOaA 

Figure 9. Contribution of CDR residues to antigen binding. Effect of alanine 
substitutions on antigen affinity is shown as a AAG value where AG = 
-RT / /Z(1/KD) and AAG = AGm u tant - AGwiid-type- K D values were determined 
by using S P R (18) in which p l 8 5 H E R 2 - £ C D was immobilized on the sensor 
chip. Mutants are named with the first letter denoting light (L) or heavy (H) 
chain, the second letter denoting the wild-type residue followed by the 
sequence position and the residue in the mutant. 
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238 PROTEIN FOLDING: IN VIVO AND IN VITRO 

residues are important for the biological effects of the antibody. These residues 
appear to reside in the loops V L 8 - 1 3 and VH82-84 which are far from the putative 
antigen binding surface. Biologically active fragments also have a more 
exothermic AH of binding suggesting that the differences in biological activity are 
inherent in the interactions with the receptor extracellular domain. These results 
suggest that a conformational change occurs in the antibody/antigen complex for 
the active but not inactive fragments. Analysis of a complete set of CDR 
mutations indicates that the energetics of antigen binding are dominated by a few 
residues which are clustered in a pocket on the surface of the antibody. 
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Chapter 18 

Spectral Analysis of Site-Directed Mutants 
of Human Growth Hormone 

Michael G. Mulkerrin1 and Brian C. Cunningham2 

lMedicinal and Analytical Chemistry and 2 Protein Engineering 
Departments, Genentech, Inc., 460 Point San Bruno Boulevard, 

South San Francisco, CA 94080 

Site directed mutagenesis has been used to identify receptor binding 
determinants on (hGH) by the substitution of alanine for residues in the 
hGH molecule (Cunningham and Wells, Science 244:1081-1985 (1989)). 
A number of these engineered molecules show greater than a 10-fold 
reduction in binding affinity to the human growth hormone binding 
protein (hGHbp) (ΔΔG >1.3 kcal/mole). Presently, although a crystal 
structure is available for hGH, there is no structure available for the 
mutants that would allow an accurate assessment of the perturbations 
occurring in hGH mutant molecular structure. In this report we use the 
spectroscopic tools, circular dichroism, second derivative absorption 
spectroscopy, and fluorescence spectroscopy to assess the structural 
integrity of the mutant proteins. Overall we detect little change in the 
structure of these engineered molecules. The structural changes we do 
observe in these mutants appears to be largely confined to alterations in 
the packing of the interior of the four helix bundle but in no case is there 
any significant change in the helix content of these molecules. For one of 
the mutant proteins (hGH D169N) though, there is a change in the 
permeability of the collisional quenching reagent, acrylamide, to the 
interior of the four helix bundle. The single tryptophan, Trp86, is a major 
spectral determinant of the hydrophobic core of hGH and is sensitive to 
subtle structural changes induced by site directed mutagenesis. 

The growth hormone family of proteins consists of the growth hormones, 
prolactins, and placental lactogens. This family of proteins are single chain 
polypeptides of 191 to 199 amino acids and approximately 22,000 Daltons. Based 
on sequence homology this entire family is believed to be comprised of helical 
coiled coil 4 helix bundles with a topological arrangement similar to human growth 
hormone hGH (1) and to porcine growth hormone (pGH) (2), for which there are 
crystal structures. This family of proteins are potent cytokines involved in growth 
and reproduction in many vertebrate species (3). 

Several mammalian growth hormones have been the subject of intense study 
including human growth hormone (hGH), bovine growth hormone (bGH), and 
porcine growth hormone (pGH). Site directed mutagenesis has been used to discern 

0097-6156/93/0526-0240$06.00/0 
© 1993 American Chemical Society 
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18. MULKERRIN & CUNNINGHAM Mutants of Human Growth Hormone 241 

which residues on both the hormone (4,5), and the receptor (6) are involved in 
binding in the human system. Similar mutagenesis strategies have shown which 
residues are involved in binding hGH to the growth hormone receptor when using a 
human prolactin scaffold (7). 

Alanine scanning mutagenesis has proven to be a powerful mutagenesis 
strategy for determining the role of specific residues in protein-protein interactions. 
Alanine scanning mutagenesis removes the side chain beyond the (5-carbon to test 
the functionality of a specific side chain. However, assigning a functional effect to 
a specific side chain requires that the alanine substitution causes only localized 
effects and does not disrupt the global structure of the protein. Ideally, mutational 
analysis of the structure or function of a protein would be followed by an analysis 
of the perturbation on the protein structure. Examples of such analysis include T4 
lysozyme (8), and tyrosyl tRNA synthetase (9) in which the mutational analysis of 
enzymatic function has been complemented with detailed crystallographic structural 
analysis. However, such a comprehensive analysis of structure/function 
relationships simply is not possible for most proteins because techniques are not yet 
available to crystallize any protein of choice and solve the structure quickly to a 
resolution sufficient for a comprehensive structure/function analysis. In light of this 
limitation, a number of techniques have been used in an attempt to access the 
impact of site directed mutagenesis on protein structure. These include the use of 
monoclonal antibodies (10), or biophysical techniques, such as fluorescence 
spectroscopy (77), circular dichroism (12,13), and NMR spectroscopy (14). In this 
report we show for human growth hormone a combination of spectral techniques 
that allow us to focus on structural changes in the variant hormones so that we can 
identify the side chain substitutions that cause specific localized effects rather than 
global structural disruptions. Such an analysis allows a more accurate interpretation 
of mutational analysis data. 

MATERIALS AND METHODS 

Protein samples were dialyzed in 0.01 M Tris pH 7.5 overnight. Protein 
concentration was determined from the absorption spectrum using E^Vnm = -̂82 
cm-1 for hGH and the mutants. Circular dichroism spectra were measured on an 
Aviv 60DS spectropolarimeter. Near UV CD spectra were measured over the 
wavelength range 320 nm to 250 nm at a 0.5 nm interval. The far UV CD spectra 
were obtained in the wavelength range of 250 nm to 190 nm at a 0.2 nm interval. 
Each spectrum is the sum of 5 scans with a two second integration time for each 
datum. 

Absorption spectra were measured from 350 nm to 250 nm at an interval of 0.1 
nm with a 0.1 nm band pass on an Aviv 14DS absorption spectrophotometer. Light 
scattering was corrected for by calculating the log OD vs. log wavelength line from 
325 nm to 350 nm and subtracting the extrapolated curve from the spectrum (75). 
From the absorption spectrum the second derivative spectrum is calculated using 
the vendor supplied software. Each spectrum is the sum of 5 scans with a 5 second 
integration time for each datum. 

Mutant proteins were expressed in E. coli, purified, and binding activity was 
assayed as previously described by Cunningham et al. (5). 

Fluorescence quenching experiments are carried out using additions of 4 to 10 
ul of either a 1 M or 5 M acrylamide solution into a 1.0 ml quartz cuvette. Protein 
solutions are 50 u.g of hGH or hGH mutant in 1.0 ml of 0.01 M Tris, pH 7.5. 
Results are corrected for dilution and the acrylamide used did not increase the total 
optical density to 0.1 OD at 295 nm in these experiments. 
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242 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Fluorescence quenching is described by the Stern Volmer equation (76) 

f>=l+K s v[Q] (1) 

where F 0 is the fluorescence in the absence of quenching, F is the fluorescence of 
the solution with quenching reagent added, K s v is the Stern Volmer quenching 
constant, and [Q] is the concentration of the quenching reagent in molarity. From a p 
plot of y versus [Q] a linear plot is obtained, and the Stern Volmer quenching 
constant (K s v) is the slope of the line. 

Lehrer modified Stern Volmer analysis (76) of the data is described by the 
equation, 

AF - [f JK[Q] + fa W 

where fa is the fraction of the total fluorescence accessible to the quenching reagent. 

RESULTS AND DISCUSSION 

Each of the site directed mutant proteins to be discussed displays a greater than 
10-fold decrease in binding to the growth hormone binding protein except E174A, 
which displays a 4-fold increase in binding. These mutant proteins were identified 
as part of a screen of 65 mutants in a systematic mutational analysis strategy and 
were proposed to constitute the receptor binding determinants on hGH (4). After 
identifying mutants of hGH which reduce receptor binding it becomes important to 
verify that each of these mutations specifically disrupt binding rather than indirectly 
affect receptor affinity through global perturbations in hormone structure. In this 
systematic mutational analysis the mutant protein D169A could not be expressed. 
Therefore, the mutant hGH protein D169N was designed as a more conservative 
mutation and was used to probe the proposed hydrogen bond between the 
tryptophan (Trp86) and the aspartate (Asp 169) (Bewley, personal communication). 

As a spectral probe the far UV CD (190 to 250 nm) is sensitive to the content 
of the secondary structural elements in a protein. Human growth hormone is 60% 
a-helical (1) and the contribution of the a-helical elements dominate the far UV CD 
spectrum. Therefore, the far UV CD would be sensitive to the disruption of the 
helical elements should this occur. In contrast, the near UV portion of the spectrum 
is sensitive to the local environment of the aromatic chromophores tryptophan, 
tyrosine, phenylalanine, and the disulfides. Although these chromophores are not 
evenly distributed throughout the hGH molecule, these residues do occur at many 
different positions and are shown along with the sites of the mutations in Figure 1. 
These chromophores are sensitive to their immediate environment, and the greatest 
effect will be observed from those chromophores nearest the site of mutation. 

Human growth hormone contains 22 aromatic residues: 1 tryptophan, 8 
tyrosines, 13 phenylalanines, and 2 disulfide bonds. Though the chromophores are 
distributed throughout the molecule, there is a significant difference between the 
sensitivity of each of the aromatic residues to changes in their environment, both in 
the absorption spectrum and in the near UV CD spectrum. Tryptophan is the most 
sensitive to changes in the polarity of the environment with potential shifts in the 
wavelength maximum of -3.0 nanometers for an absorption spectrum. Again 
tryptophan is the most sensitive residue contributing to the near UV CD with the 
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MULKERRIN & CUNNINGHAM Mutants of Human Growth Hormone 243 

Figure 1: Distribution of the aromatic amino acids and the mutants over 
the hGH molecule. This ribbon structure of hGH is based upon the X-ray 
structure (1) and the ribbon diagram was created using the program 
Molscript (27). Positions of the aromatic residues are shown (O) along with 
the residues changed in the protein described in the text (•). The helix 
wheel projection for helix 4 shows the amphipathic character of the helix 
with polar and charged residues on the hydrophilic face of the helix and the 
apolar residues on the hydrophobic face of the helix. Residue Phel91 is not 
observed in the X-ray crystal structure and is not shown on the figure. 
Residue Phe92 is on helix 2 hidden by helix 1. 
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244 PROTEIN FOLDING: IN VIVO AND IN VITRO 

largest potential change in rotatory strength (77). For both absorption spectroscopy 
and for the near UV CD spectrum tyrosine is less sensitive to its environment and 
phenylalanine is the least sensitive (77). 

The near UV CD spectrum is the sum of the intensity for each of the 
chromophores, but for each of the chromophores there is a region of the spectrum 
where that chromophore will dominate. The near UV CD spectrum of hGH is 
dominated by the tryptophan band centered at 292 nanometers while the tyrosine 
and phenylalanine residues comprise most of the spectrum from 250 nm to 285 nm 
with the two disulfides also contributing in this region (79). Each of the bands in 
the hGH spectrum, both the near UV CD and the far UV CD have been previously 
assigned by Holladay et al. (75), although there is some disagreement between these 
assignments and those made by Bewley and Li (79) from their interpretation of the 
second derivative absorption spectrum of hGH. 

The CD spectrum of the two mutants, K172A and E174A, are shown in Figure 
2A, B, and are compared with the spectrum of the wild type (wt) protein. In these 
spectra there is no change in the CD spectra either in the near or far UV CD, 
although these mutants reduce binding by 15-fold or increase binding by 4-fold, 
respectively (5). In the helix wheel projection in Figure 1 these residues are shown 
to be on the hydrophilic face. Therefore, these residues are exposed to solvent and 
do not contribute to the internal packing of the four helix bundle. In neither the far 
UV CD spectrum nor in the near UV CD spectrum is there any perturbation 
observed. 

A second series of mutants I58A, D169N, F176A with similar levels of 
decreased binding are shown in Figure 3A, B. These all show a reduction in the 
intensity of the far UV CD bands and marked alteration in the near UV CD spectra. 
Difference spectra (not shown) show a change in the intensity of the far UV CD 
spectrum increased from long to short wavelength. This phenomenon has been 
observed by Manning et al. (20), Manning and Woody (27) and Cooper and Woody 
(22). Their data show that a change in the alignment of the helices in a pair of 
helical peptides causes similar variations in the intensity of the CD spectrum with 
no change in the total number of residues in a-helical structure. Therefore a 
decrease in the intensity of the far UV CD does not necessarily imply there is a 
change in the total number of residues in the a-helix conformation in the protein but 
may result from a change helix packing. 

In the near UV CD spectra of these molecules (Figure 3B) the major change in 
the spectrum is in the region of 275 nm to 305 nm. In this region the chromophore 
that is responsible for much of the intensity is the single tryptophan (Trp86). The 
vibronic bands of Trp86 as assigned by Holladay et al. (18) are all positive in hGH 
and are as follows [0 - 0] ! L a Trp at 304 nm although our assignment is at 303.5 nm 
and Bewley and Li (79) assigned the peak to 304.2 nm. The peak at 292 nm is the 
[0 - 0] Trp !Lb as discussed by Bewley and Li (79) as opposed to the assignment 
made by Holladay et al. (18). 

The position in the structure (7) of each of the mutants F176A, D169N, the 
double mutant F176A/K172A, are shown in Figure 1 and these residues are on the 
hydrophobic side of helix 4, except K172A. Whereas, I58A is in the loop between 
helix 1 and 2 and as determined from the X-ray structure (7) this residue interacts 
with helix 2. Taken together these spectra show the mutants in helix 4 on the 
hydrophobic side of this amphipathic helix and the hydrophobic residue Ile58 
appears to alter the packing of the helices in the four helix bundle resulting in a 
diminution of the intensity of the far UV CD signal and a decrease in the intensity 
of the tryptophan CD signal. 

We use the second derivative (24) of the absorption spectrum to determine the 
position of individual peaks under the envelope of the all of the contributing 
chromophores in the absorption spectrum of hGH. Figure 4 is an overlay of the 
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Figure 2: Circular dichroism spectra of wthGH ( ) and the proteins 
K172A (—--) and E174A ( ). Panel A is the far UV CD spectrum and 
panel B is the near UV CD spectrum. 
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6 PROTEIN FOLDING: IN VIVO AND IN VITRO 
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Figure 3: Circular dichroism spectra of wt hGH ( ) and the mutants 
I58A ( ), D169N ( ), F176A ( ), and the double mutant 
F176A/K172A ( ). Panel A is the far UV CD spectrum and panel B is 
the near U V CD spectrum. 
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18. MULKERRIN & CUNNINGHAM Mutants of Human Growth Hormone 247 

absorption spectrum of hGH and the calculated second derivative of the absorption 
spectrum. This figure shows the correspondence of the minima in the second 
derivative of the absorption spectrum with the peaks in the zero order absorption 
spectrum, first determined by Bewley and Li (79). The tryptophan *L a band is one 
of two overlapping n =>7t* electronic transitions in the plane of the indole ring. The 
indole chromophore is shown in Figure 5 with the transition dipole moments of the 
! L a and the !Lb indicated (25). The *L a transition dipole results in a greater charge 
density on the indolyl nitrogen and the reason for the red shift is that the hydrogen 
bond can help to delocalize the charge density, the result of which is to lower the 
energy of the transition. Changes in the wavelength position of this minimum 
would therefore reflect alterations in the hydrogen bonding of the tryptophan to the 
hydrogen bond acceptor. 

Demonstration that the changes in the structure are caused by slightly altered 
packing is seen in the second derivative spectra shown in Figure 6A, B. The spectra 
of wild type hGH along with the proteins E174A, F176A, K172A, is shown in 
Figure 6A. In these spectra the wavelength minima are coincident indicating no 
change in the polarity of the environment for these chromophores. In Figure 6B is 
the spectra of D169N, I58A, and the double mutant F176A/K172A. In this series of 
spectra a single chromophoric band at 303 nm is shifted toward shorter wavelengths 
(summarized in Table 1). This band is on the red edge of the hGH absorption 
spectrum, at 303 nm, has been assigned by Bewley and Li (79) to the tryptophan 
0 - 0 The 12 nm red shift of this band is due to the hydrogen bond of the proton 
on the tryptophan (W86) indole nitrogen to a strong hydrogen bond acceptor, the 
aspartic acid (D169) in helix 2. 

Therefore, this perturbation in hGH appears to be highly localized in that it is a 
perturbation of the hydrogen bond between the tryptophan at 86 and the aspartic 
acid at 169. There is also a 1.0 nm shift of the band at 291 nm, which is consistent 
with the shift in the !Lb band observed by Strickland (79). The tryptophan lL\> band 
is also sensitive to hydrogen bonding at the indole nitrogen, but the maximum shift 
is only about 2 nm (79). Otherwise, the minima in the second derivative spectra are 
coincident indicating that the effect is localized to the tryptophan and there is not a 
major change in the conformation of the molecule affecting the other chromophores. 

These data also suggest that Ile58 perturbs Trp86 or influences the packing 
between helices so as to alter either the length or the angle of the hydrogen bond 
between Asp 169 and Trp86. In an analysis of the structure (7) we find that the side 
chain of Ile58 packs between the side chains of Leu81 and Leu82 in helix 2. These 
two residues are 1.5 turns away from the tryptophan at position 86 and the distance 
between the side chains of Trp86 and Ile58 is approximately 10 angstroms. It is not 
obvious as to why the mutation I58A has such a dramatic effect on the circular 
dichroic and absorption spectra but packing against the residues Leu81 and Leu82 
in helix 2 may restrict local mobility. Alternatively, Ile58 may force helix 2 closer 
to helix IV providing for a more optimal hydrogen bond between Asp 169 and 
Trp86. The double mutant F176A/K172A appears to be folded correctly from the 
far UV circular dichroic spectrum but there appears to be an alteration in the 
packing between helix II and IV manifest as a blue shift of the 303 nm band which 
could change only if there is a change in the hydrogen bond between the indole 
nitrogen proton and the hydrogen bond acceptor. 

Bewley and Li (79) originally proposed that W86 is buried in the interior of 
the hGH molecule, from an analysis of the absorption spectra, corroborated by 
Havel et al. (23) in an analysis of (L), acrylamide, and trichloroethanol quenching of 
the homologous protein, bovine growth hormone (bGH), and this observation has 
now been confirmed by the X-ray crystal structure of this protein (7). The limited 
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248 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Figure 5: Schematic of the tryptophan indole structure with the ! L a and lhb 

transition moments shown for tryptophan. 
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Figure 6: Second derivative spectra of hGH and the hGH mutants. Panel A 
is the second derivative of the spectra of wt hGH ( ), F176A ( ), 
K172A ( ), E174A ( ). Panel B is the second derivative of the 
spectra of wthGH ( ), 158A ( ), and D169N ( ). 
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250 PROTEIN FOLDING: IN VIVO AND IN VITRO 

accessibility of such buried tryptophans to collisional quenching reagents is 
recognized as a probe of protein dynamics, because changes in quenching can be 
related to changes in accessibility of the probe to the interior of the protein (26) and 
can be measured by Stern-Volmer analysis. Since our data show that some hGH 
mutants perturb the internal packing of the 4 helix bundle we may be able to detect 
alterations in the dynamics of these proteins that affect the solvent accessibility of 
W86. For these experiments we chose acrylamide as the quenching reagent since it 
is a more strongly penetrating quencher than iodide ion. The Stern Volmer 
quenching constant (K s v) for bGH using acrylamide is 1.4 times higher than for 
iodide ion (23) and should permit sensitive measurements. If a given mutant does 
alter the dynamic properties of the protein such that the accessibility of W86 to 
acrylamide is increased we can detect it through an associated increase in the Stern 
Volmer quenching constant, (K s v). 

Figure 7 shows the Stern Volmer plot of each mutant protein discussed thus far. 
The data for proteins wt-hGH, K172A, F176A, E174A, K172A/F176A have been 
averaged and the linear least squares fit represents the average of this data, we 
calculate K s v =2.2 M " 1 from this average. This is lower than K s v for bGH (2.7 M" 1) 
but not substantially different considering these two molecules are 67% 
homologous. The only outlier in this data is the variant hGH D169N. These data 
indicate there is an increase in the accessibility of the tryptophan, also these data are 
nonlinear. Using the method of Lehrer (16) we can calculate an apparent exposure 
(fa, equation 2) for the single tryptophan in these molecules; for growth hormone 
and the mutants I58A, K172A, E174A, F176A, F176A/K172A, fa is 0.11 and for 
D169N, fa is 0.5. The residue Aspl69 (Bewley, personal communication) was 
suggested as the most likely proton acceptor for the hydrogen bond with the single 
tryptophan (Trp86). This hydrogen bond has been shown in the X-ray crystal 
structure recently reported (7). Bewley's identification of Asp 169 was originally 
based on the high degree of conservation of this tryptophan and aspartic acid within 
the growth hormone/prolactin family (3) and the apparent proximity of these 
residues in the pGH X-ray structure (2). Only for the mutant, D169N, is there an 
alteration in the permeability to the interior of the protein for acrylamide. Iodide 
ion on the other hand which has reduced permeability to the protein interior 
compared to acrylamide shows no changes in quenching for any of the proteins 
discussed (data not shown). 

In summary, although most of these hGH molecules were chosen for their 
significant effect on the free energy of binding to the growth hormone binding 
protein. The far UV CD spectra indicates they retain the overall structure of the wt-
hGH molecule. There are however, subtle differences in the structure of the interior 
of these molecules that are differentially reflected in the far UV CD, the near UV 
CD and in the quenching of tryptophan fluorescence. In the far UV CD, mutations 
made on the hydrophilic face of helix 4 are not expected to alter helix packing and 
do not alter the far UV CD signal. These mutations also have no effect on the near 
UV CD, nor would they be expected to. There is apparently no effect of these 
mutations on helix packing and aromatic residues exposed to solvent are expected 
to have little if any CD signal. 

When the mutated residues are in the hydrophobic face of helix 4, changes are 
observed both in the far UV CD and in the near UV CD. These residues make up 
part of the hydrophobic core of the protein and when changed to alanine they can 
alter the packing of the four helix bundle. The changes observed in the far UV CD 
of these proteins are consistent with alterations in the packing of the hydrophobic 
core and do not necessarily imply a change in the content of secondary structure in 
the protein. Mutations made on the hydrophobic face of helix 4 consistently alter 
the near UV CD spectrum and in large part this is observed as a decrease in the 
rotational strength of the tryptophan CD signal. 
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MULKERRIN & CUNNINGHAM Mutants of Human Growth Hormone 251 

Table 1. Wavelength position of the red shifted TRP 1 ! , peak 

Hormone Tryptophan ^(nm) 

hGH 

I58A 

K172A/F176A 

D169N 

303.5 

302 

301 

300 

1.30 

1.25 

1.20 

1.15 

1.10 

1.05 " 

1.00 

0.02 0.04 0.06 

[Acrylamide] M 

0.08 0.1 

Figure 7: Stern Volmer analysis of tryptophan fluorescence in hGH and the 
hGH mutants. Data is plotted according to equation 1. Shown is the data 
for wt hGH (•), D169N (•), E174A (0), I58A (O), K172A (A), and 
F176A/K172A (•). The lower solid line represents a linear least squares fit 
to the data from all of the mutants except the D169N. The line through the 
data for D169N has no theoretical significance. 
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252 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Although changes seen in the near UV CD for these mutant proteins implies 
there may be significant changes in the internal packing of the protein. Stern-
Volmer analysis coupled with the near and far UV CD spectra demonstrate that any 
changes are highly localized. The only exception to this is the protein hGH D169N. 
This protein has increased permeability to acrylamide. For hGH D169N, this 
experiment indicates an increase in the dynamics of the four helix bundle that 
allows greater permeability of acrylamide to the protein interior and implies the 
hydrogen bond between Trp86 and Asp 169 may provide an important degree of 
structural stability to hGH. 

In combination, these techniques have provided significant detailed 
information about the structure of the mutants of hGH that affect the binding of the 
hormone to the receptor. Mutants in this region of the protein which reside in the 
hydrophobic core preferentially effect the environment of the tryptophan (Trp86). 
For hGH the tryptophan provides a particularly useful handle to probe the 
mutagenesis of hGH . Moreover, as is shown here and shown by Ogasahara et al. 
(72) in their analysis of tryptophan synthetase, having a large number of mutants for 
a single protein allows one to observe and analyze structural perturbations in some 
detail. Analysis of a number of mutants allows one to see trends in changes of 
structure. Saturation mutagenesis at position 49 in the tryptophan synthetase a 
subunit have shown a correlation between stability of the protein, the 
hydrophobicity of the residues substituted at position 49 and the rotatory strength of 
tyrosine in the near UV CD (12). Analysis such as these, particularly when they 
can be correlated with the X-ray crystal structure should help to provide a detailed 
analysis of the CD signal which can be used for protein structural analysis. 
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Chapter 19 

Altering the Self-Association and Stability 
of Insulin by Amino Acid Replacement 

David N. Brems, Patricia L. Brown, Christopher Bryant, 
Ronald E. Chance, Richard D. DiMarchi, L. Kenney Green, 

Daniel C. Howey, Harlan B. Long, Alita A. Miller, Rohn Millican, 
Allen H. Pekar, James E. Shields, and Bruce H. Frank 

Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, IN 46285 

We have manipulated the amino acid sequence of insulin to speed the 
absorption rate from the subcutaneous injection site and to improve the 
storage stability. The self-association of insulin was shown to be 
particularly sensitive to amino acid changes in the C-terminus of the B 
chain. The self-association of insulin was completely abolished in some 
analogs, which resulted in the biological effect of faster absorption rates 
from the subcutaneous injection site. The storage stability of Zn-free insulin 
was shown to be limited by the lability of the disulfide bonds. The 
maintenance of the native state of insulin was shown to be important in 
protecting the disulfides, indicating that the storage stability of insulin is 
under the thermodynamic control of the conformational equilibria. The 
storage stability of these insulin analogs differed by 100-fold. 

Altering Self-Association 

Insulin association is well documented but not fully understood. The insulin association 
behavior is known to be complex, with the metal-free species exhibiting a pH, ionic 
strength, and protein concentration-dependent association pattern consisting of 
monomer, dimer, tetramer, and higher ordered polymers all in dynamic equilibrium (1-
6). The association constant for the metal-free porcine monomer-dimer equilibrium at 
pH 7.0 is 1.4-7.5 x 105 M " 1 (3-7). 

The most detailed atomic information concerning insulin association comes from X-
ray crystallography. A variety of crystal forms of insulin have been studied. The N-
and C-termini of the B chain undergo significant conformational changes between the 
different crystal forms (8-12). The relationship between conformational flexibility of 
insulin, determined from X-ray crystallography, and the self-association in solution is 
of considerable importance. The crystal structure of the 2-Zn hexameric form and 
thermodynamic studies of insulin dimerization indicate that both hydrophobic 
interactions and hydrogen bonding are responsible for stabilizing association (1,2,6). 
X-ray crystallography results demonstrate that most of the non-polar dimer contacts 
involve the C-terminal end of the B chain, with B 2 3 " 2 6 and B 2 8 being the most 
predominant residues (10) (see Figure 1 for the amino acid sequence of human 
insulin). Association of the dimer is secured by a small antiparallel 6-sheet of hydrogen 

0097-6156/93/0526-0254$06.00/0 
© 1993 American Chemical Society 
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19. BREMS ET AL. Altering the Self-Association and Stability of Insulin 255 

A-Chain B-Chain 

30 T 

Figure 1. Amino acid sequence of human insulin and ribbon drawing of the monomelic 
structure (the A chain is striped). 
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256 PROTEIN FOLDING: IN VIVO AND IN VITRO 

bonds involving residues B 2 4 - 2 6 . Formation of the dimer packs P ro B 2 8 against 
residues B 2 0 - 2 3 , which are in a B-turn (10). The hexamer is mainly stabilized through 
the Zn coordination, but additional polar and non-polar residues are buried between die 
dimers as a result of hexamer assembly (10). 

The importance of the C-terminus of the B chain is further evidenced by removal of 
g26-30 i n despentapeptide insulin, which does not significantly alter the rest of the 
molecule but abolishes dimerization (13). In this study, the C-terminus of the B chain 
was systematically truncated and it was established that P ro B 2 8 is critical to the 
stabilization of insulin self-association in solution. Amino acid replacement was used to 
further investigate the role of B 2 8 and B 2 9 on self-association. 

The ability to design an active insulin with diminished self-association is important 
for future diabetes therapy. All commercial pharmaceutical formulations contain insulin 
in the self-associated state and predominandy in the hexamer form (14). Current models 
propose that the rate-limiting step in absorption of insulin from a subcutaneous injection 
site is the dissociation to monomer, which is readily absorbed (15). Indeed, researchers 
at both the Novo Research Institute and the Lilly Research Laboratories have shown 
that monomeric insulin analogs act more rapidly than current formulations (16,17). 

The Effect on Association of Truncating the C-Terminus of the B Chain. 
The ultracentrifugation properties of intact insulin, Des B 3 ° insulin, Des B 2 9 " 3 0 insulin, 
DesB28-30 insulin and Des B 2 7 - 3 ° insulin, in the absence of Zn, are illustrated in Figure 2 
(see ref. 18 & 19 for experimental details). Removal of B 3 0 or B 2 9 has little effect on 
aggregation, but removal of B 2 8 " 3 0 or B 2 7 " 3 0 results in much less self-association over 
the concentration range of 0-5 mg/ml. The solid lines in Figure 2 represent calculated 
curves that best fit the experimental data. The actual data for Des B 3° insulin and Des B 2 8 _ 

3 0 insulin are illustrated to demonstrate the typical variation between the data and the 
calculated curve. We conclude from these results that B 3 0 and B 2 9 are not critical, but 
the C-terminal three amino acids are essential for stabilizing association. Removal of 
proB28 removes the critical intermolecular contact with B 2 1 . These truncated insulins 
are at least 50% equipotent to insulin, as measured by receptor binding using membrane 
preparations of human placenta, and are at least 60% equipotent to insulin in lowering 
blood glucose in rats. Therefore removal of the C-terminal segment of the B chain does 
not destroy the conformational integrity nor activity. 

The Effect on Association of Altering B 2 8 and B 2 9 . The ultracentrifugation 
properties of several insulin analogs, altered at B 2 8 and/or B 2 9 in the absence of Zn, are 
illustrated in Figure 3 (see ref. 18 & 19 for experimental details). The solid lines 
represent the calculated curves that best fit the experimental data. The actual data for the 
insulin sample are illustrated to demonstrate the typical variation between the data and 
the calculated curve. The calculated curves in Figure 3 were obtained using an even-
aggregate model of association (5) and the equilibrium constants were varied to achieve 
the best fit to the experimental data. The data are not sufficiently precise to exclude 
alternative models. The results show that substitution of Pro 6 2 8 reduces the extent of 
aggregation, with the least aggregation observed for Asp B 2 8 < A l a B 2 8 « Lys B 2 8 . 
Variation of B 2 8 plus replacement of L y s B 2 9 with Pro diminishes aggregation further. 
For the X a a B 2 8 or the Xaa B 2 8 Pro B 2 9 series of analogs, the least aggregation results 
when B 2 8 is an acid side chain and the most aggregation results when B 2 8 is an imino 
acid side chain. The equilibrium constants Ki,2 and K were determined for the analogs 
and are shown in Table I (see 18 & 19 for experimental details). The data in Table I 
show that for the analogs the dimerization constants are altered more than the constant 
for higher order association. 
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19. BREMS ET AL. Altering the Self-Association and Stability of Insulin 257 

o-| , , 1 1 1 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 

Concentration (mg/ml) 

Figure 2. Equilibrium ultracentrifugation of human insulin and analogs. Effect of 
protein concentration of Zn-free insulin (curve 1) and Zn-free C-terminal truncated 
analogs: Des B 3° insulin, curve 2; Des B 2 9 _ 3 ° insulin, curve 3; Des B 2 8 " 3 0 insulin, curve 
4; and Des B 2 7 - 3 0 insulin, curve 5. (A), observed data for Des B 3 ° and (O), Des B 2 8 _ 3 ° 
insulin. Each line represents a calculated curve that best fits the data according to the 
even-aggregate model of association (see Table I). M w / M i represents the weight 
average molecular weight obtained from ultracentrifugation divided by the molecular 
weight of insulin monomer. (Reproduced with permission from ref. 19. Copyright 
1992 IRL Press.) 

8 

u-j , , , , 1 \ 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 

Concentration (mg/ml) 

Figure 3. Equilibrium ultracentrifugation of human insulin and analogs. Effect of 
protein concentration on ultracentrifugation in the absence of Zn of: A s p B 2 8 P r o B 2 9 

insulin, curve 1: A l a B 2 8 P r o B 2 9 insulin, curve 2; L y s B 2 8 P r o B 2 9 insulin, curve 3; 
p roB29 insulin, curve 4; A s p B 2 8 insulin, curve 5; A l a B 2 8 insulin, curve 6; L y s B 2 8 

insulin, curve 7; and insulin, curve 8. The symbols represent the observed data for 
insulin. Each line represents a calculated curve that best fits the data according to the 
even-aggregated model of association (see Table I). (Reproduced with permission from 
ref. 19. Copyright 1992 IRL Press.) 
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258 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Table I. Equilibrium Constants for an Even-Aggregation Model8 as 
Determined by Ultracentrifugation 

Analog (Zn-free) K i , 2 K2n+2 
( X H P M - 1 ) (x 10 3M-!) 

Human insulin (HI) 300 12 
AlaB28ffl 15 7.5 
LysB 2«HI 2.3 27 
AspB28HI 1.5 6.5 
ProB29ffl 1.1 4.8 
LysimProU 2 9 HI 0.9 3.5 
AlaB^ProB^HI 0.5 3.6 
AspB 28ProB 29 HI 0.1 7.5 

aEven-aggregate model Ii <-» I2 <-> I4 <-> 16 ... I12 <-> Il4. Ki,2 = P 2 M I 1 ] 2 and 
K2n+2 = [I2n+2V[I2] [fenl where n = 1-6 (see ref. 5 for details). 

Mechanism for Decreased Self-Association. Insulin in dilute concentrations 
has an altered conformation compared to insulin in more concentrated solutions (6). 
Dilute insulin has a 15-20% increase in 6-sheet and a concomitant decrease in random 
coil (20.). The far-UV circular dichroism data of the predominantiy monomeric 
analogs are each similar and indistinguishable from that of dilute insulin (data not 
shown). Our results show that the location of a Pro residue at B 2 8 is crucial for high-
affinity dimerization of insulins. Thus, the absence of Pro at B 2 8 in a series of C-
terminal truncated insulins or amino acid replacements at B 2 8 leads to decreased self-
association. Replacing L y s B 2 9 with Pro and varying the amino acid at B 2 8 caused even 
greater diminution of self-association. The X-ray structure of 2-Zn insulin hexamer 
indicates that Pro B 2 8 makes a non-bonded intermolecular contact of <3.5A to B 2 1 . 
Removal or replacement of Pro B 2 8 with other amino acids destroys this critical self-
association contact, and in solution disrupts dimerization to the extent shown in Table I. 
Ly SB29 does not make critical intermolecular interactions as evidenced by the self-
association of Des B 2 9 " 3 0 insulin. Charge repulsion at B 2 8 is not the cause for the 
disruption in self-association (21), because neutral, acid, and basic amino acid 
substitutions at B 2 8 all significantly disrupt dimerization (Table I). We suggest that 
insertion of Pro at B 2 9 creates a new surface that interferes with dimerization. The 
combination of removing the P ro B 2 8 intermolecular contact and introducing an 
interfering contact with Pro at B 2 9 is most effective at disrupting insulin self-association 
without destroying the insulin monomeric conformation. 

Time-Action Profile for a Monomeric Insulin Analog. The rate-limiting step 
of insulin absorption from the subcutaneous injection site is thought to be the 
dissociation process (15). Insulin analogs that are predominantiy monomeric at the 
normal concentrations used for injection therapy (3.5 mg/ml) are expected to diffuse 
more quickly from subcutaneous injection to plasma circulation. Lys B 2 8 Pro B 2 9 insulin 
was tested for its time-dependent activity profile in normal human volunteers. 
Ly S B28p r o B29 insulin was chosen because it was a fully potent insulin agonist by in 
vitro binding assessment relative to insulin in IM-9 lymphocytes, glucose transport in 
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19. B R E M S E T A L . Altering the Self-Association and Stability of Insulin 259 

isolated rat adipocytes, in vivo activity in rats and rabbits, and that it displayed 
extremely weak self-association. The time action profile of Lys B 2 8 Pro B 2 9 insulin (Zn-
free) has been compared to Humulin R (Zn-human insulin formulated for commercial 
sale) (17). The results of a randomized crossover design study in 9 healthy men using 
the euglycemichyperinsulinemic clamp technique (22) is shown in Table n. 

Table II. Human Clinical Study of the Time Action of L y s B 2 8 P r o B 2 9 

insulin compared to Humulin R 

Physiological response8 LySB28proB29 insulin Humulin R pvalueb 

Cmaxc (ng/ml) 5.26 1.80 0.0003 
Tmaxd (hr) 0.56 2.36 0.0045 
Ka e (1/hr) 0.829 0.373 0.0001 
Rmaxf (mg/min) 501 436 nsS 
TRmaxh (hr) 1.03 2.17 0.0038 
DA* (hr) 3.60 7.10 0.0001 

a10 units (28.57 units/mg) of each insulin injected subcutaneously (the in vivo potency 
of Lys B 2 8 Pro B 2 9 insulin is equal to that of human insulin). 

banalysis of variance (i.e. a value of 0.0003 implies that the differences observed in this 
trial are expected only 3 times in 10,000 similar trials if insulin and the analog did 
not really promote different time actions), 

cpeak concentration of insulin or analog. 
dtime to peak. 
eabsorption rate constant. 
fpeak glucose infusion rate. 
Snot significant 
htime to peak glucose infusion rate, 
^duration of action. 

Table II demonstrates that L y s B 2 8 P r o B 2 9 insulin displays a more rapid onset and 
disappearance of action than Humulin R. The time action of Lys B 2 8 Pro B 2 9 insulin more 
closely approximates the normal physiological response to a meal. Clinical studies are 
currently ongoing to assess the degree of improvement in diabetes management that 
might be achievable through use of this fast-acting insulin analog or other appropriate 
monomeric analogs. 

Altering Stability 

In vitro protein stability is important in all investigations regarding proteins. Lack of 
stability or degradation can prohibit or compromise the understanding of protein 
structure-function relationships. When proteins are utilized as pharmaceuticals (i.e., 
insulin), stability is of paramount importance to millions of patients. Formulations of 
insulin consist of liquid preparations that are administered by injection. Some 
degradation products are inactive and may cause unnecessary complications (23). In 
current insulin formulations, every effort is made to keep insulin degradation to a 
minimum. The current expiration date for insulin formulations ranges from 18 to 24 
months and is governed by the intrinsic degradation rate of insulin (23-24). It may be 
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260 PROTEIN FOLDING: IN VTVO AND IN VITRO 

possible to increase the stability of insulin through appropriate replacement or deletions 
of amino acids, and thereby reduce unwanted degradation and extend the expiration 
time. The native state of proteins is known to provide protection against degradation, 
which suggests that the solution-state storage of a protein may be governed by the 
equilibrium constant of unfolding; 

Keq = U / N, where: N = native and U = unfolded; for the reaction N <—> U. 

Excipients or amino acid replacements that increase the equilibrium constant are 
predicted to increase chemical degradation, and those that decrease the equilibrium 
constant are predicted to decrease chemical degradation. To establish that such a 
relationship exists, the rate of chemical degradation and the conformational stability of 
numerous insulin analogs were examined. The chemical degradation studies were 
conducted by incubating solutions of insulin or insulin analogs at 50°C for varying time 
periods and measuring the formation of large molecular weight polymers by size-
exclusion chromatography. Conformational stability was determined by guanidine 
hydrochloride (GdnHCl)-induced equilibrium denaturation (25). 

Chemical Stability. Insulin and analogs were stored at 50°C for varying times. 
Chemical degradation accelerates at a temperature of 50°C but heat denaturation is not 
induced (unpublished results). Degradation at 50°C was detected by size-exclusion 
chromatography and the results are illustrated in Figure 4 (see ref. 18 & 19 for 
experimental details). The chromatography mobile phase contained 6M GdnHCl to 
disrupt any noncovalent self-association of insulin. Therefore, peaks eluting earlier than 
monomer represent covalent adducts of insulin. The primary degradation product is a 
large molecular weight polymer that elutes near the exclusion limit of the column. When 
DTT was added to a sample that had been degraded for 6 days, the polymer 
disappeared (Figure 4) and reduced to authentic insulin A chain and insulin B chain, as 
determined by RP-HPLC (data not shown). Peaks eluting after 720 s (Figure 4) 
correspond to the buffers and preservatives that were present in the incubation mixture. 

The mechanism of the large molecular weight polymer formation was explored. 
Table III (see ref. 18 & 19 for experimental details) shows that the rate of polymer 
formation is dependent on pH, temperature, and metal ions. 

Table III. Effect of pH, Metal Ion, and Temperature on the Rate of 
Polymer Formation a » b 

50°C 40°C 30°C 

pH9 pH8 pH 7.4 Cu 2 +(pH 8)c pH8 pH8 

Human insulind 12.4 15 139 56 392 4029 

aPolymer was detected by size-exclusion chromatography using 6M GdnHCl, 0.1M 
phosphate, pH 3.0, as the eluting solvent. 

bValues are half-lives, in days, determined from the slope of a plot of the In of the area 
of the high molecular weight polymer peak versus time. 

ciOOuMCu 2*. 
d3.5 mg/ml. 
The polymerization rate increases with increasing pH, suggesting that the mechanism is 
dependent on the concentration of hydroxyl ions. The polymerization rate increases 
with higher temperatures. Redox metal ions, such as Cu2+, retard the polymerization 
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19. B R E M S E T A L . Altering the Self Association and Stability of Insulin 261 

10000 

— 170 H 1 r i 1 1 1 1 1 1 
200 270 340 410 480 550 620 690 760 830 900 

Time (seconds) 

Figure 4. Size-exclusion chromatography of human insulin incubated for varying time 
periods at 50°C, in 0.1 M sodium phosphate, pH 8.0, 0.25% m-cresol and 1.6% 
glycerol. The bottom chromatogram sample was not incubated, and in ascending order 
the chromatograms were incubated for 1,2, 3, and 6 days, and 6 days with DTT added 
after incubation but prior to chromatography (dashed line). The chromatography elution 
solvent was 6M GdnHCl, 0.1M sodium phosphate, pH 3.0. (Reproduced with 
permission from ref. 18. Copyright 1992IRL Press.) 
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262 PROTEIN FOLDING: IN VIVO AND IN VITRO 

reaction (the oxidized form is required for the retardation). These results are consistent 
with a P-elimination mechanism of the disulfide bonds and a disulfide interchange 
reaction, as previously established by Zale and Klibanov (26) as a major degradation 
pathway for insulin at 100°C. The polymerization rate of metal-free insulin at 40 and 
30°C was explored and the results are shown in Table III. At all temperatures tested, a 
high molecular weight polymer is the major degradation product. The rate of 
polymerization was linear with respect to temperature over the range investigated. For 
insulin, 50°C is an accelerator for chemical degradation and is representative of the 
polymerization mechanism that occurs at lower temperatures. The possibility that the 
OH" concentration and metal ions affect the rate of polymerization by altering the 
equilibrium constant for self-association has been considered. However, monomelic 
analogs that remain monomelic under the variations of Table HI still behave as expected 
for a B-elimination and disulfide interchange mechanism. The rate of polymerization to 
high molecular weight forms at 50°C was investigated for numerous insulin analogs. 
The results for the rate of polymerization for analogs and insulin are illustrated in 
Figures 5 and 7 (see ref. 18 & 19 for experimental details). As can be seen in Figure 5, 
the polymerization rate of insulin analogs varies greatly, with A s p B 1 0 A s p B 2 8 P r o B 2 9 

insulin demonstrating greater stability and L y s B 2 8 P r o B 2 9 insulin showing lesser 
stability compared with insulin. 

Conformational Stability. Guanidine hydrochloride-induced equilibrium 
denaturation was utilized to determine the conformational stability of insulin and insulin 
analogs. Denaturation was measured by circular dichroism at 224 nm. Previous studies 
of insulin have established that the denaturation transitions are reversible and conform 
to a two-state mechanism, with the two states being monomelic native and monomelic 
denatured (27). The denaturation experiments contained 20% ethanol to disrupt insulin 
self-association and to avoid the complications of intermolecular interactions (27). 
Figures 6, 7, and Table IV (see ref. 18 & 19 for experimental details) show the 
equilibrium denaturation results for numerous insulin analogs. Figure 6 shows the 
equilibrium denaturation results for insulin, L y s B 2 8 P r o B 2 9 insulin (the least stable 
analog), and Asp B 1 0 Asp B 2 8 Pro B 2 9 insulin (the most stable analog). The free energy of 
unfolding varies by 2 kcal/mol (Figured & TableIV) for the different analogs. 
The majority of analogs belong to a related series for which L y s B 2 9 was changed to 
proline and B 2 8 was varied. In this series of analogs, the conformational stabilities are 
comparable or less than that for insulin. Changing His B 1 ° to aspartic acid significantly 
increased the free energy of unfolding. The effect of Asp B 1 ° was also evident for 
analogs in which the C-terminus was altered. We suggest that the stabilizing effect of 
Asp B 1° and the Xaa B 2 8 Pro B 2 9 could be caused by a positive helix dipole effect (28-30) 
or a hydrogen bond acceptor near the N-terminal end of a helix (31-32). Residues B 9 - 1 9 

form an a-helix containing a net helix dipole of one positive charge near B 9 and one 
negative charge near B l 9 (Figure 1). A negative charge at B 1 0 from an aspartic side 
chain might be expected to favorably interact with the positive charge dipole and cause a 
net stabilization of the helix and an overall increase in the protein's conformational 
stability. An alternative explanation for the stabilizing effect of Asp B 1 ° is that the 8-
carboxyl of aspartic acid can form hydrogen bonds with any of the initial four main 
chain NH groups of the helix B 9 " 1 9 that are otherwise unpaired. 

Correlation of Chemical and Conformational Stability. Figure 7 shows the 
rate of chemical degradation versus the midpoint of denaturation for the different insulin 
analogs. The straight line in Figure 7 was determined by a least-squares fit to the data 
and has an R 2 value of 0.7 and P < 0.0005. Insulin analogs with the greatest chemical 
stability have the largest midpoint of denaturation and those analogs with the least 
chemical stability have the smallest midpoint of denaturation. The positive correlation 
for the rate of polymerization versus the midpoint of denaturation indicates that the 
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65 

-5 "I • 1 1 1 1 1
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0 2 4 6 8 

Time (days) 

Figure 5. Stability to chemical degradation (tendency to form polymers). Human 
insulin (A), A s p B 1 0 A s p B 2 8 P r o B 2 9 insulin (•), and L y s B 2 8 P r o B 2 9 insulin (O) were 
incubated for various times at 50°C as in Figure 4 except at pH 7.4. The formation of 
polymer was determined by size-exclusion chromatography with 6M GdnHCl, 0.1M 
sodium phosphate, pH 3 as the chromatography elution solvent. (Reproduced with 
permission from ref. 18. Copyright 1992 IRL Press.) 
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264 PROTEIN FOLDING: IN VIVO AND IN VITRO 

GdnHCl (M) 

Figure 6. Stability of the conformational equilibria. GdnHCl-induced equilibrium 
denaturation of insulin (A), AspB 1 0 A s p B 2 8 P r o B 2 9 insulin (•), and L y s B 2 8 P r o B 2 9 

insulin (O), measured by far-UV CD as described in ref. 27. (Reproduced with 
permission from ref. 18. Copyright 1992 IRL press.) 
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Figure 7. Correlation between chemical stability and conformational stability. Chemical 
stability was determined by the tendency to form polymer at 50°C as in Figure 4. 
Conformational stability was estimated by the transition midpoint of the GdnHCl-
induced equilibrium denaturation as described in ref. 27. The letter code for each analog 
is contained in Table IV. (Reproduced with permission from ref. 18. Copyright 1992 
IRL press.) 

chemical stability of insulin is under the thermodynamic control of the protein 
conformational equilibria. 

Since the main pathway for chemical degradation for Zn-free insulin is through 
disulfide destruction, we explored the rate of chemically induced reduction of protein 
disulfides for the analogs that differed the most in chemical and conformational 
stability. Insulin or insulin analogs were exposed to DTT for varying times and 
disulfide reduction was determined by reversed-phase chromatography. The results of 
such an experiment are illustrated in Figure 8 (see ref 18 & 19 for experimental 
details). The ordinate in Figure 8 represents the percent insulin that remains native or 
unreacted. As can be seen in Figure 8, Asp B 1 0 Asp B 2 8 Pro B 2 9 insulin is the most 
resistant to reduction, insulin showed intermediate susceptiblity, and Lys B 2 8 Pro B 2 9 

insulin was the most labile. To verify that the different susceptibilities observed for 
insulin and its analogs are conformationally related, the reduction was carried out in 
denaturing concentrations of GdnHCl. The results of this control experiment are 
illustrated in Figure 8 and demonstrate that the susceptibility to reduction of insulin and 
its analogs is indistinguishable in GdnHCl. Guanidine hydrochloride was shown not to 
alter the reducing potential of the reaction mixture by measuring the rate of DTT-
induced reduction of glutathione in the presence and absence of GdnHCl (data not 
shown). Therefore, different susceptibilities observed for insulin in the presence and 
absence of denaturant is a measure of the disulfide protection provided by the native 
structure. In order to develop l y s B 2 8 p r o B 2 9 insulin as a commercial product of 
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266 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Table IV. Results from Equilibrium Denaturation 

Code Insulin analog Midpointa AG (kcal/mol)h Insulin analog 
(M GdnHCl) 

A human insulin (HI) 5.1 4.4 
B A B 2 8 . H I 4.8 4.0 
C d e sB23-30_HI 4.7 3.8 
D \yB28pB29_HI 4.7 3.9 
E LB28pB29_ f f l 4.7 4.2 
F SB28pB29_HI 4.8 4.0 
G desfi30-HI 5.0 4.6 
H pB28pB29_HI 5.1 4.9 
I GB29_HI 5.1 4.3 
J GB28pB29_HI 5.1 4.6 
K QB28pB29_HI 5.1 4.8 
L KB28pB29„HI 4.9 3.6 
M EB28pB29_HI 5.2 4.6 
N AB28pB29_HI 5.2 4.8 
0 A b aB28 PB29_HI 5.2 5.4 
P VB28pB29_HI 5.2 4.7 
Q D B10 K B28pB29. H I 5.3 4.7 
R DB10-HI 5.3 5.1 
S £)B10vB28pB29_HI 5.7 4.9 
T DB10i)B28pB29_HI 5.7 5.7 
U £>B10E;B28pB29.HI 5.5 5.2 
V E)B10QB28pB29_HI 5.3 5.4 

aThe midpoint of the denaturation transition where: Keq = U/N = 1. Repetitive 
measurements of separate sample preparations show a variation of ±0.1 M 
GdnHCl. 

bGibbs free energy of unfolding in the absence of denaturant, which equals AG + m 
(GdnHCl), where m is a measure of the dependence of AG on [GdnHCl]. 
Repetitive measurements of separate sample preparations show a variation of ±0.5 
kcal/mol. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ch

01
9

file:///yB28pB29_HI
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Time of Quench (min) 

Figure 8. Susceptibility to reduction. Insulin (A), L y s B 2 8 P r o B 2 9 insulin (•), and 
Asp B 1 0 Asp B 2 8 Pro B 2 9 insulin (•) at a concentration of 1.2 mg/ml were incubated 
in a reducing solution containing 25 mM DTT, pH 7.5,0.2 M Tris at 23°C, and at 
various times samples were withdrawn, quenched in acid and analyzed for 
unreduced (intact) insulin by reversed-phase HPLC (18). The open symbols are the 
results when the reducing solution contained 7 M GdnHCl. (Reproduced with 
permission from ref. 18. Copyright 1992IRL Press.) 
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268 PROTEIN FOLDING: IN VIVO AND IN VITRO 

adequate stability, an alternative strategy that incorporates stabilizing additives into the 
formulation will need to be developed. Instability is not inherent to monomeric insulins 
as demonstrated by the extreme stability of analogs containing asp 8 1 0. 

We conclude the different rates of polymer formation for the analogs are caused by 
the differing extents of susceptibility of their disulfide bonds which, in turn, are 
dependent on the equilibrium constant of unfolding for the conformational equilibria of 
the insulin analog. These results confirm that the chemical stability of insulin is under 
the thermodynamic control of the conformational equilibrium constant for unfolding, 
which indicates that the rate of polymer formation is greater from the unfolded than the 
folded state. 
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Binding protein—Continued 
mathematical model of function, 

123-127 
proofreading role in CHO cells, 122 
role in IGF-1 folding-unfolding, 

108,109/,110f/,lll 
Biologically functional proteins, 

production with amino acid sequence 
information, 72 

Biotechnology, impact of protein folding, 
1-18 

Biotechnology industry, development, 1 
Bis(8-anilino-1 -naphthalenesulfonate), 

fluorescence, 136,137/ 
Breast cancer, role of plSS™*2,220 

C 

CelD, endoglucanase, See Endoglucanase 
CelD 

CeUular compartments, problem of 
understanding development and 
maintenance, 84 

Cellulosome 
description, 38 
role of Clostridium thermocellum 

ceUulase duplicated segment in 
structural organization, 41-42 

Chaperones 
inclusion body formation, 25-26 
molecular, See Molecular chaperone(s) 
role in protein folding, 121 
types, 121 

Chaperonin(s) 
comparison to detergent-assisted 

rhodanese folding, 160-161 
description, 76 
Escherichia coli chaperonins, 77-80 
role in biologically related rhodanese 

folding, 159̂ 160 
suppression of inclusion body formation, 

33,34,35/ 
types, 76-77 

Chaperonins 10 and 60, description, 76-77 
Chemical stability, insulin, 

260-263,267-268 
Circular dichroism spectroscopy, analysis 

of site-directed mutants of human 
growth hormone, 242,244,245-246/ 

Citrate synthase, use as model protein for 
protein renaturation kinetic analysis, 
93-94 

Clostridium thermocellum, cellulase 
system, 38 

Clostridium thermocellum cellulase 
duplicated segment 

alignment, 38-40,42-43 
ammonium sulfate precipitation curves, 

42,43/44 
formation of inclusion bodies containing 

active endoglucanase, 40-41 
structural organization of cellulosome, 

41-42 
Compact folding intermediates, 

definition, 159 
Conformational stability, insulin, 

262,264-268 
Cpn60, comparison to detergent-assisted 

rhodanese folding, 159-161 
Cyclophilin, role in protein folding, 

lll,112/,113f 

D 

4D5, monoclonal antibody, See Monoclonal 
antibody 4D5 

Detergent miceUes 
comparison to chaperonin-assisted 

folding of rhodanese, 160-161 
use for capture of folded rhodanese and 

intermediate studies, 158-159 
Dimeric coiled-coil system, amino acid 

a-helix propensities, 168f,174 
Disulfide bonds, folding of recombinant 

human granulocyte colony stimulating 
factor produced in Escherichia colU 
189-201 

Duplicated segment, Clostridium 
thermocellum cellulases, 38-44 

E 

Endoglucanase CelD 
activity within inclusion bodies, 40-41 
ammonium sulfate precipitation curves, 

42,43/44 
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Endoglucanase CelE)—Continued 
purification from inclusion bodies, 

41^2 
Endorhamnosidase, P22 tailspike, See P22 

tailspike endorhamnosidase 
Equilibrium constant of unfolding for 

protein, definition, 260 
Escherichia coli 
expression of Fab, Fab', and F(ab' )2, 

205-211 
humanized anti-plSS"**2 antibody Fab 

fragments, 218-237 
in vivo protein folding, 8-10 
role of disulfide bonds in folding of 

recombinant human granulocyte colony 
stimulating factor, 189-201 

single-step solubilization and folding 
of IGF-1 aggregates, 178-187 

Escherichia coli chaperonins, in vitro 
protein assembly effect, 77-80 

Escherichia coli expression system, 
advantages, 5-6 

Eukaryotic cells, role of binding protein 
in secretion of foreign proteins, 
121-130 

Eukaryotic proteins, mutational 
suppression of inclusion body 
formation, 33 

Expression of heterologous proteins in 
microorganisms 

advantages, 203 
antibody fragments, 204-215 

Expression systems 
characteristics, l,4f,5 
therapeutic proteins, 1,2—3r 

Fab 
applications, 204 
construction of immunotoxins, 214 
expression in Escherichia coli, 

206,207-208/ 
expression in yeast, 

211,212-213/214 
fermentation, 209r,210/,211 
production from Escherichia coli, 204 
purification, 204 

Fab' 
construction of immunotoxins, 

214,215t 
description, 204 
expression in Escherichia coli, 

206,209,21Qf 
expression in yeast, 211,212-213/214 
fermentation, 209f,210/,211 
purification, 204 

F(ab02 

construction of immunotoxins, 214,215* 
expression in Escherichia coli, 206,209 
expression in yeast, 211,212-213/214 
fermentation, 209^10/211 
purification, 204 

Fd and Fd' modules, construction, 
205,207/ 

Fermentation media composition, in vivo 
protein folding, 8-9 

FK506 binding protein, role in protein 
folding, 111 

Fluorescence, bisAns, 136,137/ 
Fluorescence quenching, definition, 242 
Folding accelerating proteins 
in vitro protein folding, 93 
in vivo protein folding, 94,95/96 

Folding aid, requirements, 15-16 
Folding intermediates, function, 24-25 
Folding of insulin-like growth factor 1 

aggregates from Escherichia coli 
aggregate concentration effects, 

186,187/ 
characterization of folded IGF-1, 

181,182/184/ 
initial folding, 179,181,182/ 
kinetics, 183,185/ 
optimization, 181,183-189 
pH effect, 181,183,184/ 
solvent effects, 183,185/ 
temperature effects, 183,186,187/ 

Folding of polypeptide chain under native 
conditions, amino acid sequence 
effect, 142 

Folding of proteins 
fast and slow reactions, 143/144 
kinetic control by detergent micelles, 

liposomes, and chaperonins, 156-161 
need for control, 84 
sources of complexity, 142-143 
See also Protein folding 
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Folding of recombinant human-insulin-like 
growth factor 1 in yeast 

binding expression cassette, 105 
binding protein cloning procedure, 104 
binding protein role, 108,109/,110r/,l 11 
colony blot analytical procedure, 106 
covalent attachment of proregion to 

signal sequence for translocation, 
113-117 

cytoplasmic cyclophilin expression 
cassette, 105 

cytoplasmic cyclophilin gene cloning 
procedure, 104 

experimental materials, 103-104 
immunoblot analytical procedure, 106 
immunophilin role, lll,112/,113f 
incapability of translocation via signal 

sequences, 107-108 
plasmids containing Kex2p variants, 105 
plasmids with expression cassettes 

containing different secretion 
signals, 104-105 

procedure for expression in yeast, 106 
quantitative determination 

procedure, 106 
role of signal sequences in 

secretion, 106 
secretion signals, 107 
strains, 104 
transformations, 104 

Folding of ribonuclease T l f 147-153 
Foreign protein secretion in yeast, 

binding protein levels, 
127,128f/,129-130 

Fv, description, 204 

G 

Global suppressors of protein-folding 
defects and inclusion body formation 

intracellular folding of suppressor and 
wild-type polypeptide chains, 
30-31,32/ 

intracellular folding of wild-type, tsf, 
and su-tsf polypeptide chains, 
30,31/ 

Granulocyte colony stimulating factor, 
applications, 190 

GroEL, complex formation, 133-134 

GroEL-mediated protein folding 
bisAns fluorescence, 136,137/138 
experimental description, 133 
GroES binding effect, 138,139/140 
inhibition of adenosine triphosphatase 

activity of GroEL by adenine 
nucleotides, 134f 

susceptibility of GroEL to trypsin 
digestion, 134,135/136 

GroES 
binding effect on GroEL-mediated protein 

folding, 138,139/140 
GroEL susceptibility to trypsin 

digestion effect, 134,135/ 
Growth conditions, in vivo protein folding, 8 
Growth hormone family of proteins, 

function, 240 

H 

Helix properties, See Amino acid cc-helix 
propensities 

Heregulin, definition, 220 
Host cells in expression systems 
glycosylation effect, 4r ,5 
in vivo protein-folding efficiency, 5 

Host-guest system, amino acid cc-helix 
propensities, 166-167,168* 

Hsp60, function and occurrence, 121-122 
Hsp70, function and occurrence, 121-122 
Human growth hormone, spectral analysis of 

site-directed mutants, 240-251 
Human insulin, amino acid sequence, 

254,255/ 
Human-insulin-like growth factor 1, folding 

in yeast, 103-118 
Humanization, process, 218,219/220 
Humanized anti-plSS™*2 antibody Fab 

fragments produced in Escherichia coli 
antigen-binding determinants in human 

4D5 Fab, 236,237/ 
antigen-binding thermodynamics, 

223,226,228-232 
antiproliferative activity of 4D5 

fragments, 234,235/ 
circular dichroism spectroscopic 

procedure, 223,225/ 
conformation and stability of Fab, 

226,227/228 
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Humanized anti-plSS™82 antibody Fab 
fragments produced in Escherichia coli— 
Continued 

differential scanning calorimetric 
procedure, 223 

experimental description, 218 
expression and purification of 4D5 

Fab, 226 
humanization of murine MAb4D5,222 
procedure for expression and 

purification of 4D5 Fab fragments, 
222-223,224/ 

properties of MAb4D5,220,221* 
purification of extracellular domain of 

p^S™112,223 
recruitment of antiproliferative effect 

into humanized 4D5 Fab, 234,236* 
role of framework residues in antigen 

binding, 229,233*,234 
role of pi 85"^ in breast cancer, 220 
structure of MAMD5,220,222,223/ 

Hydrophobic surfaces, importance to 
structure and function of 
rhodanese, 157 

Immunophilins, role in protein folding, 
111,112/113* 

In vitro protein folding 
applications, 10 
citrate synthase as model, 93-94 
description, 10 
model, 91,92/93-94 
molecular chaperone effect, 

10,11-14*,15 
requirements of folding aid, 15-16 
stabilizer effect, 16 

In vivo expression of correctly folded 
antibody fragments from microorganisms 

construction of Fab, Fab', and F(ab02 

in immunotoxins, 214,215* 
construction of Fd and Fd' molecules, 

205,207/ 
expression of Fab, Fab', and F(ab')2 in 

Escherichia coli, 205-211 
expression of Fab, Fab', and F(ab')2 

in yeast, 211,212-213/214 

In vivo kinetics of inclusion body 
formation 

bacterial strains, 60 
capability of centrifugation to achieve 

complete recovery of insoluble 
protein, 67-68 

chloramphenicol pulse-chase experiments 
for CheY protein, 65,66/ 

continued incorporation of radiolabel, 
67-68 

experimental description, 59-62 
implications for formation mechanism, 

68,70 
material balance, 65,67 
previous studies, 59 
protein partitioning, 68,69/ 
proteolysis of CheY protein, 63 
pulse-chase experiments for CheY 

protein, 62-63,64/ 
pulse-chase experiments for EGD protein, 

63,65,66/ 
In vivo protein folding, model, 

94,95/96 
In vivo protein folding in 

Escherichia coli 
aggregation-suppressing alteration 

effect, 9-10 
analysis, 16-17 
fermentation media composition 

effect, 8-9 
Inclusion bodies, role of Clostridium 

thermocellum cellulase duplicated 
segment in formation, 40-41 

Inclusion body formation 
advantages, 46 
amino acid sequence determinants, 24-35 
chaperones, 25-26 
in vitro thermal studies, 51-54,56 
in vivo kinetics, 59-70 
in vivo temperature effects, 48,49* 
influencing factors, 46-47 
kinetic studies, 53,54/ 
mutational effects, 47,48* 
mutational suppression in eukaryotic 

proteins, 33 
position 97 replacement effect, 56 
problem for protein recovery, 46 
protein-folding intermediates, 25 
protein stability effect, 

49,5Q^1,52/ 
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278 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Inclusion body formation—Continued 
suppression by overexpression of 

chaperonins, 33,34f,35/ 
three-dimensional structure, 53,55/,56 

Insect cell expression system, 
characteristics, l,4r,5 

Insulin 
alteration for insulin by amino acid 

replacement, 259 
human, amino acid sequence, 

254,255/ 
Insulin-like growth factor 1 
activity, 178 
human, folding in yeast, 103-118 
single-step solubilization and folding 

of aggregates from Escherichia coli, 
178-187 

structure, 178 
Insulin-like growth factor 1 aggregate 

concentration, IGF-1 folding effect, 
186,187/ 

Intermediates, role in native protein 
folding, 156-157 

K 

KAR2 gene product, See Binding protein 
Kinetic control, protein folding by 

detergent miceUes, liposomes, and 
chaperonins, 156-161 

Kinetics 
folding of IGF-1 aggregates from 

Escherichia coli, 183,185/ 
in vivo, See In vivo kinetics of 

inclusion body formation 

Liposomes, binding of rhodanese, 161 

M 

Major coat protein of phage P22, 
temperature-sensitive folding 
mutants, 30 

Mammalian cell expression system, 
characteristics, l,4f,5 

Mammalian endoplasmic reticulum, role of 
molecular chaperones in protein 
transport, 84-99 

Mammalian growth hormones, examples for 
studies, 240 

Material balance, description, 65 
Mathematical model of binding protein 

fraction in vivo, description, 
123-127 

Microorganisms, in vivo expression of 
correctly folded antibody fragments, 
203-215 

Misfolded chain generation, 
problem, 25 

Molecular chaperone(s) 
chaperonin family, 77 
classes, 74,75f,76 
definition, 73,133 
development of concept, 73 
implications for biotechnology, 80 
in vitro protein folding, 

10,ll-14r,15 
role in vivo, 73-74,75* 

Molecular chaperone role in protein 
transport into mammalian endoplasmic 
reticulum 

ammonium sulfate fraction analysis, 
88,9Qf 

assay, 85,87/88 
experimental objective, 85 
Hsc70 addition, 88 
Hsp90 effect on protein folding, 88,91 
in vitro protein-folding model, 

91,92/93-94 
in vivo protein-folding model, 

94,95/96 
procoat protein assembly analysis, 88,89f 
transport competence model, 

96,97/98-99 
Molecular dynamics simulation, prediction 

of helix propensity, 175-176 
Molten globules 
definition, 159 
formation, 79 

Monoclonal antibodies 
advantages for treatment of human 

disease, 218 
problem of human immune response, 218 
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Monoclonal antibody 4D5 
humanization procedure, 222 
properties, 220,221* 
structure, 220,222,223/ 

Monte Carlo simulation, prediction of 
helix propensity, 176 

N 

Native protein folding, role of 
intermediates, 156-157 

Newly synthesized polypeptide chains, 
role of folding intermediates, 24-25 

Nucleoplasmin, description, 75*,76 

P 

P22 tailspike endorhamnosidase, folding 
pathways, 26,27-28/29-30 

P39G variant of ribonuclease T l t role of 
prolyl isomerization in folding, 
151-153 

pi 8 5 H E R 2 ) role m b r e a s t cancer, 220 
Partitioning of recombinant protein, 

problem for product recovery, 59 
Peptide systems, amino acid a-helix 

propensities, 168-174 
Peptidyl prolyl isomerase, function, 5 
pH, IGF-1 folding effect, 181,183,184/ 
Polypeptide chain folding, amino acid 

sequence determinants, 24-35 
Preformed helix nucleus system, amino acid 

a-helix propensities, 168*,174 
Prepro-a-f actor, signal for IGF-1 

secretion, 107 
Primary sequence analysis, protein 

folding, 17 
Proinsulin, structure, 102-103 
Prolyl isomerizations in ribonuclease Tl 

folding 
directed mutagenesis probing of role, 

149-153 
experimental basis of folding models, 

147-149 
experimental objective, 142 
fast and slow protein-folding reactions, 

143/144 

Prolyl isomerizations in ribonuclease Tl 

folding-Continued 
kinetic models for unfolding and slow 

refolding of ribonuclease T l f 

145-147 
structure and stability of ribonuclease 

T l f 144,145/ 
Proregion of a-factor leader 
role in disulfide-linked dimer formation 

in IGF-1,115,116*,117/ 
role in IGF-1 folding, 115 

Protein(s), helix propensity studies, 175 
Protein aggregation, scheme, 47,5Qf 
Protein assembly, Escherichia coli 

chaperonins, 77-80 
Protein cellular alteration, in vivo 

protein folding, 9 
Protein disulfide isomerase, function, 5 
Protein folding 
analysis of folding, 16-18 
concentrations required, 121 
GroEL mediated, See GroEL-mediated 

protein folding 
in vitro, See In vitro protein folding 
in vivo, See In vivo protein folding in 

Escherichia coli 
interest, 121 
potential pathways, 6,7/ 
primary sequence analysis, 17 
scheme, 47,5Qf 

Protein-folding effect on inclusion body 
formation 

in vitro thermal studies, 51-54,56 
in vivo temperature effects, 48,49* 
inclusion body screening, 47,48* 
kinetic studies, 53,54/ 
mutational effects, 56-57 
protein stability effect, 49,5(̂ ,51,52/ 
replacements at position 97,56 
triree-dimensional structure, 53,55/56 

Protein-folding intermediates, inclusion 
body formation, 25 

Protein-folding methods for industrial 
production 

in vitro protein folding, 10-16 
in vivo folding in Escherichia 

colU 8-10 
Protein-folding pathway, measurement of 

structural properties of 
intermediates, 189 
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280 PROTEIN FOLDING: IN VIVO AND IN VITRO 

Protein partitioning, calculation, 68 
Protein proteolysis, scheme, 47,5Qf 
Protein refolding in vitro, schematic 

representation, 77-78 
Protein transport, 85,86 
Proteolysis of proteins, scheme, 47,5Qf 

R 

Recombinant human granulocyte colony 
stimulating factor produced in 
Escherichia coli 

analogues without disulfide bonds, 
196M97 

covalent structure, 190,191/ 
Cys17 at NHj-terminal helix, 

199,20Qf,201 
disulfide bond role in structure, 199 
disulfide-reduced intermediates, 

192,195/,196r,197 
experimental description, 190 
properties, 196U97-198,20Qf 
reverse-phase high-performance liquid 

chromatography, 190,192-195 
sequential folding pathway, 198-199 

Refolding, See In vitro protein folding 
Refolding of proteins in vitro, schematic 

representation, 77-78 
Refolding of ribonuclease T l t kinetic 

model, 145-147 
Refractile particles, description, 178 
Rhodanese 
advantages as model for protein-folding 

kinetics, 157 
binding to liposomes, 161 
catalytic function, 157 
detergent-assisted refolding, 158 
importance of hydrophobic surfaces in 

structure and function, 157 
refolding difficulties after 

denaturization, 158 
sequence, 157 

Rhodanese folding, 158-161 
Ribonuclease Tx 

kinetic models for folding, 145-147 
structure, 144,145/ 

Ribonuclease Tx folding, See Folding of 
ribonuclease Tl 

S 

S value, definition, 166 
S54G,P55N variant of ribonuclease T l t 

role of prolyl isomerizations in 
folding, 150 

Self-assembly hypothesis, description, 72 
Self-association, alteration for insulin 

by amino acid replacement, 254-259 
Self-association of insulin, description, 

254,256-259 
Signal peptide 
description, 85 
role in protein transport, 98 

Signal recognition peptide, role in 
protein transport, 98 

Signal sequences, role in IGF-1 
translocation, 107-108 

Single-step solubilization of insulin-like 
growth factor 1 aggregates from 
Escherichia coli, 178-180 

Site-directed mutagenesis, use in growth 
hormone studies, 240 

Site-directed mutants of human growth 
hormone, spectral analysis, 240-251 

Solubilization, single step, 178-180 
Solubilization-achieving proteins 
in vitro protein folding, 93 
in vivo protein folding, 94,95/96 
protein transport, 97/98 

Solvent, IGF-1 folding effect, 183,185/ 
Spectral analysis of site-directed mutants 

of human growth hormone 
absorption spectra, 244,247,248/ 
circular dichroism spectra, 

242,244,245-246/ 
distribution of aromatic amino acids and 

mutants, 242,243/ 
experimental description, 240-242 
reduction in binding affinity, 242 
second-derivative spectra, 247,249/ 
Stern-Volmer analysis of tryptophan 

fluorescence, 247,250,251/ 
tryptophan indole structure, 

247,248/251* 
Stability, ribonuclease T r 145 
Stability of insulin 
correlation between chemical and 

conformational stability, 260-268 
importance, 259-260 
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INDEX 

Stability of proteins, inclusion body 
formation effect, 49,5(̂ ,51,52/ 

Stabilizers, in vitro protein-folding 
effect, 16 

Structure, ribonuclease T l t 144,145/ 
Structure prediction, protein folding, 17-18 

U 

Unfolding of ribonuclease T l t kinetic 
model, 145-146 

Temperature, IGF-1 folding effect, 
183,186,187/ 

Temperature-sensitive folding mutants, 
major coat protein of phage P22,30 

Temperature-sensitive folding mutations, 
identification of critical residues 
for tailspike folding, 29-30 

Therapeutic proteins, characteristics, 
1,2-3* 

Translocation, role in protein 
transport, 99 

Translocation-mediating proteins 
in vivo protein folding, 94,95/96 
protein transport, 97/98-99 

Transport competence model 
cytosolic proteins, 96,97/98 
noncytosolic proteins, 97/98-99 

Transport of proteins into mammalian 
endoplasmic reticulum, 
model, 85,86/ 

Vesicular transport, prerequisites, 122 

W 

W59Y variant of ribonuclease T l t role of 
prolyl isomerization in folding, 151 

Yeast 
expression of Fab, Fab', and F(ab')2, 

211,212-213/214 
folding of IGF-1,102-110 

Yeast cells secreting foreign proteins, 
binding protein levels, 
127,128*/,129-130 

Yeast expression system, characteristics, 
l,4r,5 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

22
, 1

99
3 

| d
oi

: 1
0.

10
21

/b
k-

19
93

-0
52

6.
ix

00
2




