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Since the development and application of protein engineering techniques
in the early 1980s, these methods have revolutionized many areas of biological
science. Their use and impact in the field of protein folding has been enor-
mous. This review describes many of the different approaches to studying
protein folding pathways that have employed protein engineering techniques.
The review covers two decades of science, describing the early work on
tryptophan synthase and dihydrofolate reductase, through the development
and widespread application of ®-value analysis to the folding of small “model”
systems, to more recent work on larger proteins with complex topologies.
In addition, the application of protein engineering methods to study specific
processes linked with protein folding such as proline isomerization and dis-
ulphide bond formation are also discussed. The review ends with a brief section
on how these techniques are currently being used to engineer probes and
proteins for single-molecule experiments.
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l. Introduction

As with almost every other area of biological science, the most powerful
tool that has been developed and which has revolutionized the study of protein
folding pathways has been protein engineering. It is now possible to engineer
proteins in many different ways: single-site mutations can be made which
probe the role of a single side chain, multiple mutations can be introduced
into a protein for many different purposes. These can be specifically and
rationally designed, for example, to increase or decrease the intrinsic secondary
structural propensity or to switch the surface and core of two similarly
structured proteins, or a library of multiple mutants can be created from
which proteins with specific properties can be selected. Protein engineering
techniques can be used to generate small, single domains from large multi-
domain proteins, these domains often representing the simplest of folding
systems. The structures of proteins can also be manipulated in more complex
ways—circular permutants, in which the original N and C- termini are fused
and new N- and C-termini made, can be produced. In addition, chimeric
proteins consisting of regions of sequence from different, usually related,
proteins can be constructed. Novel fusion proteins can be made for a wide
variety of uses: in some cases, these may be fusions of identical protein domains
or repeat motifs, for example, for the study of the mechanical stability of
proteins or the folding pathways of repeat proteins. In other cases, completely
different proteins may be fused together to study how one folds in the presence
of the other.

In this review, we describe how protein engineering techniques have been
used over the past 25 years to study the folding pathways of many proteins with
very different structures and folding mechanisms. The review starts with a brief
account of the early work in the field and the first folding studies of mutant
proteins. A large section on single-site mutants and ®-value analysis provides a
detailed account of the considerable number of studies that have used this
approach to study the folding pathways of small proteins or protein domains.
Here, we have tried to be as comprehensive as possible; however, the focus is
on proteins where many mutations have been analyzed providing a detailed
picture of the folding energy landscape for these proteins. Alternative
approaches that have been developed but not as extensively applied as ®-value
analysis are discussed in the section on W-value analysis, a novel approach
which uses engineered metal binding sites to study folding. Recent work on the
folding of repeat proteins, which contain two or more repeated structural units
or motifs, is also described. Here, several different protein engineering strate-
gies have been employed to elucidate the folding pathways of these unusual
structures. The use of circular permutants to probe folding processes and,
in particular, the role of local versus long-range interactions is covered in
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Section VIIL. In addition, the application of protein engineering methods to
study specific processes linked with protein folding such as proline isomeriza-
tion and disulphide bond formation are also discussed. The review ends with a
brief section on how protein engineering techniques are currently being used
to engineer probes and proteins for single-molecule folding experiments.

Il. Early Protein Engineering Studies of Folding Pathways

It was in the early and mid 1980s that the first studies were published,
which used single point mutants of proteins to investigate the factors that
govern protein stability and determine folding pathways. The group of
C. Robert Matthews was the first to use the powerful and relatively new
technique of protein engineering on the o subunit of tryptophan synthase
(oTS). In 1983, a study was published on the effects of a single point mutant
(Gly—Glu21l) on both the stability and the kinetic behavior of oTS (I),
thereby establishing what was going to become, and possibly still is, the most
important tool for the experimental study of protein folding pathways. This
initial work was rapidly followed with a series of studies on different sets of
mutants of «TS, including a set of single point mutants testing the domain
unfolding model (2), single and double mutants that established synergism
within the protein structure (3), and multiple mutants at a single position (4).
This body of work, the principles behind this approach, and the possible effects
that mutations could have on stability curves, kinetic chevron plots, and energy
levels were reviewed in three excellent articles published in 1987 (5-7).

Following on from their work on «TS, the Matthews group applied
the protein engineering approach to studying folding pathways of another
protein—dihydrofolate reductase (DHFR). In this case, a high-resolution
crystal structure was available from the outset, such that mutations could be
rationally designed to probe specific regions of the protein, Fig. 1. The role of
secondary structure in the folding mechanism of DHFR was probed by study-
ing a set of mutants in two of the a-helices and two of the f-strands (8). The
effects of the mutations on stability were rationalized from the interactions that
the mutated side chains made in the crystal structure. Significant differential
effects of mutants in different elements of secondary structure were observed
and established that different regions of secondary structure form at different
times along the folding pathway. Multiple mutants at a single position in DHFR
were made in order to determine the relative importance of position and
specific character of the residue to folding (9). In this case, one set of mutants
behaved in a consistent manner, whereas a tyrosine substitution showed strik-
ingly different behavior, showing that position and specific amino acid type are
important in determining how the protein folds. The influence of long-range
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Fic. 1. Structures of some of the proteins whose folding pathways have been characterized
using protein engineering techniques and ®-value analysis. (A) The « subunit of tryptophan
synthase («TS) (PDB ID 1A50), (B) Dihydrofolate reductase (DHFR) (PDB ID 3DFR),
(C) Barnase (PBD ID 1BAN), (D) CI2 (PDB ID 2CI2), (E) Ubiquitin (PDB ID 1UBQ), (F)
Sucl (PDB ID 1SCE), (G) UlA (PDB ID 1NU4), (H) Acyl co-enzyme, a binding protein (ACBP)
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electrostatic interactions on folding was investigated in another study (10).
In this case, a double mutant in which two positively charged side chains
were engineered in the protein (Arg28Lys139) showed that long-range electro-
static interactions could affect stability and folding. This was the first example
where mutations were shown to change the apparent mechanism from
two-state to multistate.

oTS was chosen for folding studies as it was a single polypeptide chain with
no prosthetic groups, and many missense mutants had been isolated by the
Yanofsky group (I1). However, «TS is a large (29 kDa) protein (Fig. 1) and is a
complex system with which to study protein folding pathways. For TS, both
equilibrium and kinetic experiments showed evidence for multiple states and
transitions (11, 12). Although wild-type DHFR followed a simple two-state
model under equilibrium conditions, it too had complex kinetics (13).

lll. Single Point Mutations and ®-Value Analysis

At the beginning of the 1990s, Alan Fersht’s group published a significant
number of papers in which protein engineering techniques were used exten-
sively on the small ribonuclease barnase to study both protein stability and
folding. Barnase, a protein only a 110 residues in length, was a simpler system
than either oTS or DHFR. Not only was it relatively small, but it showed robust
two-state behavior under equilibrium conditions and evidence of a single
intermediate state on the folding pathway (14). The effects of a mutation on
protein stability and folding were formalized by the use of ® values, which gave
a quantitative measure of the effect of a mutation on the rate-limiting transition
state relative to its effect on the energy of the native structure (I5). This
approach, together with the characterization of a significant number of
mutants, enabled the structure and energetics of a folding transition state to
be characterized in some detail for the first time (15, 16), and established a
technique and analysis method that is now widely used by the protein folding
community.

Figure 2 illustrates the theory behind ®-value analysis and the interpreta-
tion of @ values, which is described in detail in two classic papers published by
the Fersht group in 1991 and 1992 (17, 18). The latter paper, a must-read for

(PDB ID 1HBS), (I) The immunity (Im) protein Im9 (PDB ID 1IMQ), (]J) Repeats 15 and 16 of
chicken brain o-spectrin (PDB ID 1U5P), (K) The SH3 domain from fyn (PDB ID 1FYN), (L) Cold
shock protein B (CspB) (PDB ID 1IM]JC), (M) The WW domain (PDB ID 1K9Q), (N) A fibronetin
type IIT domain from tenascin (PDB ID 1TEN), (O) D. melanogaster engrailed homeodomain
(PDB ID 1ENH), (P) RNaseH (PDB ID 1RDD).
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anyone undertaking ®-value analysis, discusses the assumptions in the method,
the optimal types of mutation to make in order to interpret ® values with a high
degree of accuracy, and the limitations of the approach. The initial study on
barnase used measurements on the unfolding kinetics of wild type and mutants
to calculate the energetics and structure in the rate-limiting transition state.
This approach had to be taken for barnase as folding kinetics could not be used
directly due to the transient population of an intermediate state during folding.
The principle of microscopic reversibility was used to justify the use of mea-
surements made under strongly denaturing conditions to describe a folding
transition state in native-like conditions (19). Subsequently, this was tested by
measurements on an even simpler, kinetically two-state system, CI2 (20).
In this case, ® values were calculated from unfolding data acquired at high
concentrations of denaturant, in a similar manner to that used for barnase, but
in addition, ® values were also calculated directly from folding data measured
by pH-jump experiments in water (21). Both sets of ® values were within
experimental error, thus validating the method.

Fic. 2. Free energy diagrams illustrating the principles of ®-value analysis. The free energy of
the denatured (D), transition state (TS) and the native (N) state are shown for both the wild-type
protein (black) and for a destabilizing mutant (red). The degree to which the mutation destabilizes
the native state is given by AAGp.y;, the difference in the free energy of unfolding between wild
type and mutant. The effect of the mutation on the energy of the transition state is given by AAGp.;
which for a two-state system can be calculated directly from folding data. For a non-two-state
system, then AAG+.x can be calculated from unfolding data and also used to calculate a @ value.
The ® value is simply the ratio of AAGp.; to AAGp.N. The structure of a model protein is shown in
the figure to illustrate how a mutated residue and the interactions it might make with other groups
in the protein changes as folding proceeds.(A) In this case, the mutation has a destabilizing effect on
the native state of the protein but no effect on the transition state, such that AAGp.; and therefore
@ are both zero. This is the case when the side chain of the mutated residue makes no interactions
in the transition state, thus, the protein is unstructured in this region in the transition state. In this
case, the effect of the mutation is observed in an increase in the unfolding rate of the protein, with
no effect on the folding kinetics.(B) In this case, the mutation has a destabilizing effect on the native
state of the protein and also has an equally destabilizing effect on the transition state, such that
AAGp.q is the same as AAGp.y and the @ value is one. This is the case when the side chain of the
mutated residue makes as many interactions in the transition state as it does in the native state, thus,
the protein is highly structured in this region in the transition state. In this case, the effect of the
mutation is observed in a decrease in the folding rate of the protein, with no effect on the unfolding
kinetics.Fractional ® values (not illustrated here) are indicative of the side chain of the mutated
residue making some, but not all, of its native-like interactions in the transition state and therefore
this region of the protein being partially structured in the transition state. For a comprehensive
discussion on the theory of ®—value analysis, see references (17) and (18).
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Extensive protein engineering and ®-value analysis studies on barnase and
CI2 provided the most detailed characterizations of folding transition states to
date (15-17, 21-23). The studies on CI2, in particular, were used to develop a
new mechanism for the folding of small, monomeric proteins—the nucleation—
condensation mechanism (23).

The engineering of single point mutations into proteins and ®-value analy-
sis has now been applied to a large number of proteins with different structures
(Fig. 1), stabilities, and folding pathways. Most of these proteins are relatively
small with comparatively simple folding kinetics. The following sections
describe in detail the results from these studies.

A. Mixed o/ Proteins
1. UsiQuiTIN-LIKE f3-GRrasp FoLDs

Proteins with a ubiquitin-like f-grasp fold have a f-hairpin-o-helix—f-
hairpin topology which results in the o-helix packing against a mixed f-sheet
to form the core of the protein. The first protein engineering/protein folding
study on ubiquitin focused on a single residue which lies in the core of the
protein at the a-helix/f-sheet interface. Single mutations at this site were shown
to change the folding kinetics of the protein, although the few mutants char-
acterized were insufficient for a full ®-value analysis (24). Despite the interest
in ubiquitin as a model system for studying protein folding pathways (25), a
comprehensive mutational analysis of the folding pathway was not published
until 2005 (26). This study revealed that the folding nucleus of ubiquitin is
highly polarized with structure residing almost entirely in the N-terminal
region of the protein comprising the N-terminal f-hairpin and o-helix, with
little or no structure in the C-terminal region of the f-sheet (26). In a very
recent study, the folding of another member of the f-grasp fold family of
proteins, the ras-binding domain (RBD) from a raf kinase, was also character-
ized extensively using ®-value analysis (27). Despite very low sequence simi-
larity between the two proteins, the RBD was also shown to have a structurally
polarized transition state similar to that found for ubiquitin, with particularly
native-like structure in the N-terminal f-hairpin. All residues constituting
the inner core of the protein were to some degree involved in structure in
the transition state. Interestingly, an analysis of the effect of mutations on the
energy of the transition state showed that it was structurally more diffuse than
as assessed by @ values (27).

The immunoglobulin binding domains of protein L and protein G also
adopt a f-grasp structure similar to ubiquitin and RBD (28) and their folding
pathways have been extensively studied using protein engineering techniques
by the Baker group. For protein L, the first f-hairpin is highly structured in the
transition state, whilst the second f-hairpin is not formed (29), and the a-helix
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is also largely disrupted (30). Destabilizing surface hydrophobic core mutants
of protein L have been studied and shown not to affect the folding rate,
suggesting that nonnative hydrophobic interactions do not interfere with hy-
drophobic core assembly (31). Together, the folding of more than 70 mutants of
protein L have been measured, making it one of the most fully characterized
proteins. The results emphasize that secondary structure formation can play an
equally important role as hydrophobic core formation (32). In contrast to the
results obtained for protein L, a protein engineering study on the folding
pathway of protein G showed a very different order of structure formation.
For this protein, it is the second f-hairpin that is structured in the transition
state with the first f-hairpin having little structure (33). The difference in
folding mechanism is attributed to intrinsic differences in the relative stabilities
of the two f-hairpins in protein L and protein G. To test this hypothesis, the
Baker group redesigned the first f-hairpin of protein G to maximize its stability
and redetermined the folding pathway by ®-value analysis (34). As expected,
the engineered protein folded in a manner similar to protein L, establishing
that it is possible to switch the folding pathway of a protein by modulating the
intrinsic stability of elements of secondary structure (34).

2. CELL CYCLE REGULATION PROTEINS

The folding of two cell cycle regulation proteins, sucl and cksl, has been
studied by extensive mutational analysis and in one case, by ®-value analysis
(35-37). These proteins adopt an o/f structure in which two f-strands are
followed by two a-helices and then two more f-strands which pack to form a
two-layer structure with antiparallel -sheet. ®-value analysis of 57 mutants of
monomeric sucl was used to generate a detailed picture of the structure of the
transition state ensemble for folding for this protein (35). The highest ® values
were clustered around f-strands 2 and 4 which form the center of the f-sheet,
this region of the structure forming the folding nucleus. Other regions of the
protein had lower ® values and are less structured in the transition state (35).
Sucl is known to form a domain-swapped dimer in which one molecule
exchanges a f-strand with an identical partner. A ®-value analysis on the
dimer established that it has similar structure in the transition state to that
found for the monomer; however, the ® values were consistently higher in the
dimer than the monomer indicating that there was greater structure (36).
These results were interpreted in terms of enthalpy/entropy compensation—
the dimer loses more entropy than the monomer on forming the transition state
ensemble, and this loss of entropy is overcome by a greater enthalpic gain
brought about by the formation of native-like structure (36). In contrast to
monomeric sucl, a mutational analysis of the related cell cycle regulation
protein cksl was complex as large changes in the slope of the unfolding and
refolding limb of chevron plots was observed on mutation (37). Despite this, a
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novel analysis was employed which showed that cksl folds sequential pairs of
p-strands first—p1/$2 and 3/f4, these strands then pack onto each other and
the o-helix to form the core (37). It is likely that the differences in folding
behavior between sucl and cks1 are due to the very different stabilities of the
two proteins, and that the folding of sucl is a much more cooperative process
than cks1 because the entropic costs of forming long-range interactions in the
hydrophobic core are adequately compensated for by the formation of a large
number of favorable interactions (37).

3. FERRODOXIN-LIKE FoLDs

A large number of proteins are classified in the ferrodoxin-like fold super-
family (28). These proteins have an o and f sandwich structure with an
antiparallel f-sheet, the topology is faffaf. This includes the proteins AcP,
Ada2h, U1A, and S6.

Acyl phosphatase (AcP) and Ada2h have an o« + f structure in which the
two helices pack against the four-stranded antiparallel ff-sheet. The folding
pathways of both proteins have been studied by protein engineering and ®-
value analysis, and the structure of their transition states compared (38—40).
For Ada2h, 20 single point mutations spread throughout the structure were
used to probe the structure in the transition state. Some secondary structure
was found to be formed in addition to the hydrophobic core, which is in the
process of being consolidated in the transition state (39). A folding nucleus
comprising of the packing of o-helix 2 and the two central f-strands was
identified (39). In addition, stabilizing mutations in o-helix 2 were generated
which resulted in a faster folding variant of Ada2h (38). A study on AcP showed
that the transition state ensemble is an expanded form of the native structure
where most interactions are at least partially established, and which was very
similar to that observed for Ada2h suggesting that protein folding transition
states are conserved (40).

Folding studies on the wild-type spliceosomal protein UlA showed inter-
esting features with a symmetrically curved chevron plot, the folding transition
state becoming more native-like at high concentrations of denaturant (41). A ®-
value analysis of the folding pathway of UlA showed a pattern of values
consistent with a nucleation—condensation mechanism with a structurally dif-
fuse nucleus. The first interactions formed during folding are between
B-strands 2 and 3 and the first oa-helix which forms part of the hydrophobic
core. Subsequently, f-strand 1 becomes structured and then f-strand 4 and
o-helix 2 pack against this structure to form the fully folded protein (41).
A movement of the transition state with denaturant concentration enabled a
fuller picture of the interactions and structure present in the transition state to
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be elucidated. Both the formation of, and the subsequent growth of, the folding
nucleus could be followed. The results showed that the folding of different
regions of the protein is highly coupled (41).

The folding of S6, a ribosomal protein which also adopts the ferrodoxin-like
fold has also been characterized by ®-value analysis by the Oliveberg group
(42). In contrast to U1A, wild-type S6 shows classic two-state folding kinetics
with no curvature, however, many of the mutants change the kinetic m-values
(the slopes of the chevron plot) leading to kinks and curves. This unusual
behavior is linked to mutations which are clustered in a distinct region in the
native structure and suggests a general plasticity of the energy landscape for
folding. The results show that interactions in the hydrophobic core form early
in folding, whilst entropically disfavored interactions between the N- and
C-termini form very late after the protein has overcome the energetic barrier
and transition (42).

4. OTHER o/ff PROTEINS

The ribosomal protein L23 has a central four-stranded f-sheet that interacts
with three a-helices to form a saddle-shaped hydrophobic core. Seventeen
mutants of 123 have been made and their unfolding and folding kinetics deter-
mined (43). All the mutants had fractional @ values with the highest being 0.44,
indicating that no element of structure is fully formed in the transition state and
that this protein has an extended folding nucleus. These results are consistent
with a nucleation-condensation mechanism. The residues with the highest ®
values cluster in the centre of the core of the protein and link the central f-strand
4 with a-helix 2. All other residues have lower ® values which showed a gradual
decrease as one moves away from the nucleating position (43). Analysis of
Hammond effects for the folding of mutants of L23 showed a set of primary
interactions that are critical in maintaining the correct overall topology for
nucleation which are formed on the uphill side of the barrier, and a secondary
set of interactions that are formed as the protein traverses the transition state
and which lead to downhill folding to the native state (43).

RNaseH is known to fold through a populated intermediate state and has
been proposed to fold in a hierarchical manner (44). Protein engineering
techniques have been used to acquire further evidence to support this
hypothesis. Mutations within what had been identified as the folding core of
the protein were observed to destabilize the kinetic intermediate and slow
folding, whilst mutations outside the core had little effect on the stability of the
intermediate but were observed to affect both transition and native states (45).
Interactions that were formed in the intermediate state were found to persist in
the transition state, consistent with a hierarchical model of folding (45). Muta-
tion of three residues involved in a buried salt bridge in RNaseH created a
protein in which the intermediate state accumulated even in the presence of
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low concentrations of denaturant, leading to a system which was three-state
under equilibrium conditions (46). In another study, some mutations at posi-
tion 53, a hydrophobic residue located at the interface between two helices,
resulted in destabilization of the intermediate and a switch from three- to
two-state folding kinetics (47).

B. All-x-Helical Proteins

The folding pathways of many all-a-helical proteins have now been char-
acterized using protein engineering techniques. This includes studies on
proteins with very different sizes and helical topologies including the small
three- and five-helical bundle structures of engrailed homeodomain and 4
repressor, the larger four-helical bundle structure of ACBP, and the nonbundle
structures of the Immunity proteins and spectrin domains.

1. ENGRAILED HOMEODOMAIN

The engrailed homeodomain (EnHD) from Drosophila melanogaster is an
example of a small, fast folding protein domain that forms a three-helical
bundle structure (48). Various aspects of the energy landscape for folding of
this protein have been investigated experimentally by using protein engineer-
ing techniques, which in conjunction with molecular dynamics simulations
have provided an exquisite picture of how this small protein domain folds,
Fig. 3 (49, 50). A highly destabilized mutant of EnHD, L16A, which is pre-
dominantly unfolded under conditions where the wild-type protein is folded,
was used to investigate the denatured state under native-like conditions (49).
Extensive secondary structure was observed and the polypeptide chain was
found to be remarkably compact and globular, although the side chains and
backbone were highly mobile (49). A classic ®-value analysis of EnHD revealed
that there is also extensive secondary structure and helix formation in the
transition state, with the helices being nearly formed and docking of the helices
together in the process of taking place, consistent with a diffusion—collision
model of folding (51). A truncated mutant of EnHD in which only helix-2 and
-3 were present was folded and monomeric in solution (50). Kinetic experi-
ments on this truncated mutant showed that it folded on the same time scale as
the fast folding phase of the full-length EnHD, consistent with this region of
the protein forming structure extremely fast on the folding pathway (50).

2. /. REPRESSOR

A monomeric form of the A repressor has been engineered by truncating
the protein to residues 6-85. This construct has an all-a five-helical bundle
structure which has been shown to unfold and fold extremely quickly (52).
A thermostable variant of 1 repressor (6-85), in which helix 3 was specifically
stabilized by two Gly—Ala mutations, was shown to fold an order of magnitude
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Fic. 3. The complete folding pathway of engrailed homeodomain from nanoseconds to
microseconds. The Fersht group used protein engineering techniques in conjunction with ®-value
analysis to characterize the rate-determining transition state for folding of engrailed homeodomain.
The ® values are color coded such that high values (close to 1) are blue, whilst low values (close to
zero) are red. Protein engineering techniques were also used to characterize the intermediate state
by NMR. Fast reaction kinetics using temperature-jump apparatus were performed to observe and
characterize the formation of the intermediate state from the denatured ensemble, and computa-
tional molecular dynamic (MD) simulations were performed to gain further structural detail on all
states on the folding pathway. This figure is adapted from reference (51).

faster in less than 20 ps (53, 54). At the time, this was the fastest folding protein
known. The results of these studies also showed that intrinsic helical stabilities
play an important role in the folding of this type of structure and that the
position of the transition state on the folding reaction coordinate is sensitive to
mutation (53, 54). A diffusion-collision model of folding was used along with
estimates of intrinsic a-helical propensity to develop a model for the folding of
the monomeric form of the 4 repressor, which accurately predicted not only
folding rates but also the nature of the transition state ensemble (55). The
model predicted that whereas the pseudo wild-type protein folds more slowly
through a small number of pathways, the double Gly—Ala mutant folds faster
through a large number of different pathways, as observed (55). Subsequent
protein engineering studies on the folding pathway of monomeric 4 repressor
have shown that a buried hydrogen bond is not formed in the transition state
(56), and that a-helix N- and C-capping motifs can have different effects on



PROTEIN ENGINEERING AND PROTEIN FOLDING PATHWAYS 71

folding kinetics depending upon their position (57). The Oas group have also
used a similar approach on another ultra-fast folding small, all-helical protein—
the B-domain from protein A (BdpA). Despite the fact that the wild-type
58-residue, three-helical bundle protein folded with super-fast kinetics, a
stabilized Gly—Ala mutant was found to fold even faster on a time scale of
about 3 ps (58). Thus, even for this super-fast folding protein, the folding rate
has not been optimized by evolution.

3. ACBP

Acyl coenzyme A binding protein (ACBP) is a four-helical bundle protein
which has been studied extensively by the Poulsen group. A comparison of
ACBPs shows that there are 26 highly conserved positions in the 81-residue
protein. These residues have all been mutated in bovine ACBP and the effect
on folding kinetics measured (59). Mutants at 8 out of the 24 positions showed
large effects on their folding rates indicating that these residues are critical for
fast folding. The residues are all located in the hydrophobic core in the
interface between the N- and C-terminal o-helices (59). In a more recent
study, a set of mutations was made in yeast ACBP and @ values calculated
(60). Out of the set of 16 equivalent mutations in yeast and bovine ACBP, only 5
showed consistently high ® values in both proteins. In yeast ACBP, there were
a further three mutants with high ® values indicating that additional interac-
tions between o-helix 2 and 4 play a role in stabilizing the transition state, whilst
in bovine ACBP, there were a different three mutants which showed high ®
values which indicated that there were more substantial interactions between
o-helix 1 and 4 in this case (60).

4. IMMUNITY PROTEINS

The Radford group have studied the folding of a different class of four-helix
proteins which do not form a bundle structure, the immunity (Im) proteins, in
some detail, extensively applying a range of protein engineering techniques.
Three different Im proteins which have a reasonable degree of sequence
similarity—Im2, Im7, and Im9 have been examined. In early work, the folding
kinetics of Im2 and Im9 and a series of chimeric variants in which regions of
secondary structure were combined from the two parent proteins were char-
acterized (61). Some chimeras showed behavior similar to the parent whilst
others did not. From this study, it was concluded that, whereas topology does
play an important role in folding, specific interactions can also modulate the
energy landscape (61). Whilst wild-type Im2 and Im9 both fold with two-state
kinetics, Im7 was found to fold with three-state kinetics and populate an
intermediate state during folding (62). A comprehensive ®-value analysis of
the intermediate state of Im7 using 29 point mutations established that three
out of the four helices have native-like structure and these are packed around a
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hydrophobic core (62). Unusually, there was also evidence of significant non-
native interactions in the intermediate state, consistent with a misfolded spe-
cies in which the nonnative interactions have to be broken before the protein
can pass over the rate-limiting transition state barrier (62).

A ®-value analysis of the transition state of folding for Im9 showed very
similar results to Im7 (63). The pattern of ® values indicated that three out of
the four helices have native-like structure in the transition state and these were
docked around a hydrophobic core. However, the magnitude of the ® values
measured for Im9 were all significantly lower than those found for Im7. The
results suggested that the transition state for Im7 is conformationally restricted
compared to Im9 and that the population of an intermediate state prior to the
rate-limiting transition state can have an effect on the breadth of the transition
state ensemble (63).

Using the knowledge obtained on the structure of the intermediate state of
Im7, variants of the protein were designed to trap it in the intermediate state by
removing interactions between o-helix 3 and the rest of the protein. Character-
ization of these variants showed that they had a substantial amount of helical
structure and a well formed hydrophobic core (64). However, in contrast to the
native state of Im7, the intermediate state was observed to be flexible enough to
undergo some structural rearrangement in response to mutation (64). Addi-
tional NMR and small-angle X-ray scattering (SAXS) measurements on engi-
neered variants of Im7 which were trapped in the intermediate state even
under equilibrium conditions showed that the intermediate is much more
conformationally dynamic than the native state (65). Chemical shift data indi-
cated that a-helices 1 and 4 are formed, o-helix 2 is partially formed but there is
little structure in a-helix 3, consistent with earlier protein engineering studies.
Backbone dynamic measurements established that the hydrophobic core in the
intermediate state is not uniquely structured and, despite the presence of
extensive secondary structure, the hydrophobic core is relatively fluid (65).

In a similar study, Im9 was engineered with a set of rationally designed
mutations to stabilize the intermediate state such that its kinetics changed from
two-state to three-state (66). A ®-value analysis on the intermediate state
showed that it had structure very similar to that observed for Im7. The three-
state variant of Im9 folded 20 times faster than the two-state wild-type Im9
showing that the formation of an intermediate state can speed up the folding of
even small proteins and that nonnative interactions can play an important role
in stabilizing intermediate states (66).

Further protein engineering studies on Im9 investigated the role of helical
propensity and hydrophobicity on the folding pathway (67). Whereas increas-
ing the helical propensity of residues in solvent-exposed positions in a-helices
1, 2, or 4, resulted in a switch from two- to three-state kinetics, increasing the
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hydrophobicity in helices 1 and 4 had no effect. In contrast, increasing the
hydrophobicity of residues in o-helix 2 resulted in a stabilization of both the
intermediate and transition state, again confirming the role of nonnative inter-
actions in the folding of this class of protein (67). Further protein engineering
and molecular dynamic simulations probed the role of nonnative interactions
on the energy landscape of Im9 and showed that the rate-limiting step involves
reorganization of the nonnative interactions as the transition state is traversed
(68). This study demonstrated that the immunity protein family folds along
closely-related micropathways, the exact pathway depending upon the relative
strength of native and nonnative interactions (68).

The Radford and Imperiali groups have also used semisynthetic methods
on Im7 to produce a novel glycoprotein variant (69). Native chemical ligation
was used to produce an N-linked chitobiose glycoprotein using an engineered
cysteine mutant of Im7. The folding of the glycoprotein was found to be similar
to the parent protein (69).

5. ALL-¢-SPECTRIN DOMAINS

The all-helical R16 and R17 domains from spectrin are somewhat different
in nature to the other all-helical proteins already discussed in that they form
more rod-like structures rather than globular structures with three long
a-helices. The folding of R16 has been investigated and showed curvature in
the unfolding limb of the chevron plot indicative of a sequential mechanism
with a high energy intermediate (70). A ®-value analysis showed that, for most
mutants, ® values increased between the early and the late folding transition
state consistent with a hierarchical mechanism and consolidation of structure
during folding (71). One or two residues, however, did have ® values which
were lower in the late transition state, possibly arising because of the need to
relax some of the o-helical structure formed early on the final packing of the
core (71). A similar analysis of the folding pathway of the R17 domain from
spectrin showed some similarities and some differences between the two (72).
For the early transition state, R16 has considerable helical structure in helix-A
but rather little structure in the other two helices, in comparison R17 also has
structure in helix-A but also shows structure in helix-C and some packing of
helix-A with helix-C. Neither R16 nor R17 were found to have significant
structure in helix-B in the first transition state. In the late transition state,
there has been a consolidation of structure in both proteins; both R16 and R17
have increased interactions between helix-A and helix-C. In R17, helix-B is still
largely unstructured, however, in R16 there are some interactions between
helix-C and the N-terminus of helix-B (72).
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C. All-B-Proteins

The folding pathways of many all--sheet proteins have now been char-
acterized using protein engineering techniques. This includes studies on pro-
teins with very different topologies: from the smallest possible of stable
f-structures of the WW domains which have just three antiparallel ff-strands,
through the small f-barrel type structures adopted by cold shock proteins and
SH3 domains, to the larger and more complex structures of the f-sandwich
proteins with Greek key motifs.

1. SH3 DoMaINs

SH3 domains are small, ubiquitous domains associated with a large number
of proteins including many kinases which form a superfamily in the SCOP
database (28). They are all-f proteins where the f-strands form an open
p-barrel structure. As small, fast folding proteins, they have been model
systems for studying folding pathways and in particular for using protein
engineering and ®-value analysis based approaches for the determination of
structure in the transition state. Three groups have studied SH3 domains from
different proteins—the Baker group have studied the SH3 domain from src,
the Serrano group have studied the SH3 domain from a-spectrin in addition to
studying the structural homologue Sso 7d, and the Davidson group studied the
SH3 domain from fyn.

Early protein engineering studies on src SH3 domain established that
structure in the transition state ensemble is highly polarized for this small
protein with the hydrogen bonding network associated with two f-turns and
an adjacent hydrophobic cluster formed, the rest of the protein being largely
unstructured (73). The characterization of an additional set of mutants showed
that the folding nucleus formed in the transition state was even more polarized
than had originally been proposed (74). A double mutant analysis confirmed
that the distal f-hairpin and the diverging turn are formed in the transition
state and that all conformations in the transition state ensemble have the
central three-stranded f-sheet formed (75).

Protein engineering studies on the SH3 domain from o-spectrin, published
shortly after the first src SH3 study, showed a very similar pattern of ® values
with high ® values observed in the distal loop f-hairpin and 3;¢-helix (76). This
study was conducted at various pHs where the protein had very different
thermodynamic stabilities, however, the pattern of ® values remained the
same suggesting that there is little conformational variability in the transition
state ensemble of the a-spectrin SH3 domain (76). The similarity in results
between src and a-spectrin SH3 domains suggests that folding pathways of
proteins may be evolutionarily conserved, and that topology may play an
important role in determining the folding pathway of this structure, as had
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been proposed by the Baker group (73). The Serrano group followed up their
initial study with extended protein engineering studies to probe the folding
pathway in further detail—a set of Tyr—Phe substitutions were made which
established that hydrophobic residues outside of the folding nucleus could
contribute to the stabilization of the transition state, suggesting a role for
nonnative interactions (77). In addition, a series of core Val—Thr mutations
were used to investigate the role of desolvation during folding. In this case, the
folding kinetics of the mutants were found to vary with position of the mutated
residue indicating that there are different degrees of desolvation in the transi-
tion state in the core of the protein (78). A protein engineering study of Sso 7d,
a protein with a similar topology to the SH3 domain but which is not a member
of the SH3 family, showed that it had very different structure in the transition
state compared with either the src or a-spectrin SH3 proteins demonstrating
that sequence features underlying topology can also play an important role in
folding (79).

Forty substitutions of both large and small amino acids were made to
residues in the hydrophobic core of fyn SH3 in order to investigate how tightly
packed the hydrophobic core of this protein is in the transition state ensemble
(80). In this case, mutations at three positions, which were designated as the
folding nucleus, showed the largest decreases in folding rate and high ® values
consistent with this region being critical in stabilizing the transition state.
However, mutation of residues further away from the nucleus to larger hydro-
phobic residues, which were thought to be in a more loosely packed region in
the transition state, generally accelerated the folding rate despite destabilizing
the native state of the protein leading to nonclassical ® values (80). This study
was followed up with another protein engineering analysis taking protein
folding kinetics beyond the classical ®-value approach. The effects of multiple
amino acid substitutions at two positions in the structure on the rate of folding
was assessed (81). The results supported earlier studies on src and a-spectrin
SH3 that the diverging turn and the distal loop region play an important role in
directing the folding of SH3 domains (81). In addition, they showed that the
transition state ensemble is generally tolerant to amino-acid substitutions. The
highly conserved Gly48 in fyn SH3 was investigated with another series of
multiple amino-acid substitutions at this single position. Similar to the original
study on hydrophobic core mutants, some of the mutants generated acceler-
ated folding whilst destabilizing the native state (82). A strong correlation
between folding rate and f-sheet propensity was observed indicating a possible
nonnative f-strand conformation at position 48 in the transition state, in
contrast to the conformation this residue adopts in the native structure (82).

For the fyn SH3 domain, the extensive protein engineering and folding
studies by the Davidson group has lead to the creation of mutants with ideal
properties for novel NMR experiments, which have expanded the experimental
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techniques available for characterizing protein folding pathways. In this study,
a lowly populated intermediate of a double mutant of fyn SH3 was character-
ized by relaxation—dispersion NMR methods (83). Subsequently, the technique
has been used to establish that there are nonnative long-range interactions in a
collapsed intermediate state of fyn SH3 (84) and even a ®-value analysis of the
three-state folding pathway of fyn SH3 has been undertaken using these NMR
methods (85).

2. CoLD SHOCK PROTEIN

Cold shock protein B (CspB) is another small, rapidly folding protein for
which a ®-value analysis of the transition state for folding has been carried out
(86). The structure of CspB consists of a three-stranded (f-1-f-3) and two-
stranded (-4 and f-5) mini f-sheet which pack together to form a closed
B-barrel structure, and the transition state was found to be strongly polarized
with only a few residues, particularly those in f-strand 1 and the subsequent
turn, having high ® values (86). Despite a high value for f-Tanford (which is a
measure of the compactness of the transition state relative to the denatured and
native states), most of the ® values measured were low. Together, the results
showed that there is some kind of energetic linkage between f-strands 1 and 4
in the transition state; thus, interactions between the two ff-sheets have begun
to form (86). Two of the residues which were shown to have high ® values were
partially exposed lysines located in ff-strand 1. An additional study focused on
these two residues and used double-mutant cycles with ionic strength depen-
dence of folding rates to elucidate the role of electrostatic interactions on the
folding pathway (87). For CspB, the Schmid group showed that long-range
Coulombic interactions were important for organizing and stablhzmg native-
like structure early on the folding pathway (87).

3. WW DoMAINS

WW domains are one of the smallest and fastest folding systems studied by
protein engineering techniques. These three-stranded, antiparallel f-sheet
structures range in size typically between 28 and 44 residues in length and
have been studied extensively by the Fersht and Kelly groups. Early work on
the folding of a wild-type and mutant WW domain established that the position
of the transition state on the reaction coordinate was variable and temperature
dependent (88). A ®-value analysis of the single mutant investigated (W39F, a
probe of the hydrophobic interface between -2 and f-3) showed that the
transition state moved from an early to a late position with a change in tem-
perature (88). This tuning of the folding energy surface was also observed in a
study of a different WW domain from Formin-binding protein 28 (FBP) (89).
Two- or three-state kinetics were observed under different conditions induced
by temperature, a C-terminal truncation of the protein, or by mutation (89).
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A full @-value analysis was performed on the WW domain from Pin and
16 mutants characterized (90). ® values were found to vary smoothly with
sequence suggesting that local interactions dominated in the transition state,
and loop 1 was found to be structured in the transition state. As with the other
studies, a temperature dependence study on the effect of destabilizing muta-
tions in loop 2 or in the hydrophobic cluster showed they could cause a switch
from an early to a late transition state (90). The role of loop 1 in stabilizing the
transition state and influencing the folding of WW domains was investigated in
further detail by an additional study in which this six-residue loop was replaced
with a shorter sequence that had a high propensity for forming a type-1 f-turn
(91). Interestingly, the engineered variant folded faster and was more stable
than the wild type demonstrating that the protein was not at its speed limit,
however, the mutant was not functional (91). This result supported the idea
that for many proteins there is a trade-off between fast folding/stability and
function (92).

Protein engineering usually involves the substitution of one amino acid for
another at a single, or sometimes multiple, positions within a protein. This is an
incredibly powerful technique; however, it is limited to side chains—the back-
bone remaining unchanged in all of the mutants. The Kelly group, in collabo-
ration with the Dawson and Gruebele groups, has used a completely different
approach to study the effect of changes to the backbone of a protein on folding
(93). WW domains are sufficiently small to enable chemical synthesis techni-
ques to be used to make the polypeptide chain. For the Pin WW domain, a
series of amide to ester substitutions were made at different positions along the
backbone. This substitution eliminates a hydrogen bond as an NH group is
replaced by an O; in addition, the hydrogen bond acceptor is weakened by
replacing an amide carbonyl with an ester carbonyl. Characterization of 19
amides to ester mutants of the WW domain showed that native-like secondary
structure forms in one loop in the transition state, but the rest of the backbone
is less ordered (93). Highly complementary to the information that can be
obtained from traditional protein engineering methods, these studies provided
a detailed picture of how these small, fast folding domains fold.

Another chemical synthesis strategy for producing unusual variants of a
WW domain was employed by the Fersht group (94). In this case, a thioether
linkage was incorporated into the WW domain from yes kinase-associated
protein (YAP65). The highly flexible thio-ether linkage alters the hydrogen
bonding and dynamics of the loop and thereby acts as a probe of folding.
Studies of the variants produced showed that the first f-turn has extensive
structure in the transition state whilst the second turn/loop is unstructured
(94). Despite the marginal stability of WW domains, a ®-value analysis of the
folding pathway of the FBP28 WW domain has been undertaken (95). The ®
values determined were highly polarized with many values being zero or one.
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As with the other WW domains, f-turn 1 in the FBP28 structure has native-like
structure in the transition state whilst the rest of the protein is relatively
unstructured (95). Together with the results on the WW domains from Pin
and YAP63, these results suggest that the folding pathways of this type of
structure are highly conserved.

4. GREEK KEY—f-SANDWICH PROTEINS

p-sandwich proteins that have a Greek key topology are formed by the
packing of two antiparallel f-sheets to form a hydrophobic core. The core is
always formed by the packing of the four central strands—B, C, E, and F, the
number and position of the edge strands being quite variable. This type of
structure is very common and found in a large number of proteins with
different sequences and functions. The Clarke group have used this superfam-
ily of proteins and developed a “fold” approach to study protein folding path-
ways. The strategy uses protein engineering techniques to characterize the
folding pathways of different proteins within this superfamily, which are evolu-
tionarily unrelated with little sequence similarity, but which have the same
structure. The first f-sandwich protein to be characterized in detail using
®-value analysis was TNfn3, the third fibronectin domain from human tenascin
(96). 48 mutants which probed structure in the transition state at 32 different
positions within the structure were characterized. High @ values were found in
the four central strands—B, C, E, and F, with residues with close contacts
which formed the folding nucleus. High ® values were also observed in C’
region and the EF loop, but residues further away from the critical core had
decreasing @ values (96). The results were consistent with a nucleation—
condensation mechanism in which the folding nucleus was formed by a com-
mon core or ring of residues in the four central strands.

This study was quickly followed by that on another protein, the tenth
fibronectin type III domain from human fibronectin, FNfnl0 (97). Again, a
large number of mutant proteins were studied in order to get a detailed picture
of the folding pathway and structure of the transition state. In this case,
® values of all the residues probed were fractional, with many residues in the
central strands of the structure forming a large core of interactions in the
transition state. However, local interactions in the turns and loops in FNin10
are much less important. FNfn10 also folds by a nucleation-condensation
mechanism but in contrast to TNfn3, FNfnl0 has a more extended folding
nucleus.

Extending the study to other members of the superfamily, the
immunoglobulin-like domain 127 of human cardiac titin was also subjected to
®-value analysis (98). In this case, the @ values were generally found to be high,
and few residues had ® values of zero, indicating a very native-like transition
state. Analysis of the mutational data was somewhat more complex than for
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TNn3 or FNfn10 as many mutations caused the transition state to become less
native-like, that is, showed anti-Hammond behavior. However, residues
involved in nucleating the folding of 127 were found to be structurally equiva-
lent to those that formed the nucleus in TNfn3 or FNinl0 suggesting a
common folding mechanism for all proteins which adopt this structure (98).

The role of loop length in the folding of an Ig domain, 127, was investigated
by creation of a pseudo wild-type protein which had a five glycine insert
engineered into the B-C loop (99). A ®-value analysis on the pseudo wild-
type 127 showed that the folding pathway was unchanged by altering the
intersheet loop length. Thus, loop length is not critical in the formation of a
folding nucleus made from long-range interactions (99).

Studies on the TNfn3, FNinl0, and 127 Greek key topology f-sandwich
structures showed that within the Ig-like superfamily of proteins residues
involved in forming the folding nucleus are highly conserved. These residues
are slightly less conserved in the fnIIl superfamily but four hydrophobic
residues play a critical role. However, some members of the family, including
CA2, lack one of these four critical residues (100). A ®-value analysis of the
folding pathway of CAfm2 showed that whereas the folding mechanism was
very similar to that observed for the other f-sandwich proteins, the position of
the folding nucleus within the hydrophobic core has moved (100).

Additional studies on hybrid proteins created by core and surface swapping
between TNfn3 and FNfnlO have also revealed important aspects of the
stability and folding of these types of structures (101). The hybrid proteins
show structures very similar to the parent molecules, however, unexpected
cross-talk between the surface and the core residues was observed (101).

CD2.d1 is another f-sandwich protein whose folding pathway has been
characterized using different protein engineering strategies. CD2.d1 folds with
three-state kinetics and populates an intermediate state during folding. First, a
set of chemically conservative mutations was made within the core of the
protein and the effect of these mutations on the energies of the intermediate,
transition and native state were determined (102). Whilst the mutations all
destabilized the native state, as expected as they all removed buried hydropho-
bic surface area from the core, many were observed to stabilize the partially
structured intermediate state. A correlation between increased stability of the
intermediate state and the intrinsic propensity of the amino acid to form
f-structure was observed. It was concluded that although the side-chain inter-
actions are weak in the intermediate state, the ff-strand backbone is formed.
In addition, the rate-limiting transition state is formed by a tightly localized
nucleus of hydrophobic residues (102). A subsequent full thermodynamic
analysis of these mutations on intermediate, transition, and native states
reported that the mutations affect both the enthalpy and entropy of the
different states, but that there are entropic compensations which lead to overall



80 MALLAM AND JACKSON

small changes in the free energy of the system (103). The effects on the
enthalpy and entropy were all lower in the intermediate and transition state
compared to the native state (103). Hydrophobic groups have also been engi-
neered at surface sites in CD2.d1 and their effect on folding measured.
Interestingly, many of the mutations, which have little effect on the native
state, are found to stabilize both the intermediate state and the rate-limiting
transition state. Thus proving that nonnative interactions can play a role in
the folding of small proteins (104). The fact that mutations that stabilize the
intermediate state also stabilize the transition state and lead to faster folding
suggested that, for CD2.d1, the intermediate state is on- and not off-pathway
(104).

IV. W-Value Analysis

In practice, many ® values are fractional and these can arise from partial
structure formation at the site of mutation in the transition state ensemble.
However, they may also result from multiple folding pathways in which the site
of mutation is structured in the transition state of some of the pathways but
unstructured in others (105, 106). Using a series of mutations at a single site
and either a Bronsted or Leffler analysis, these two situations can be distin-
guished (105, 106). For example, a Leffler plot of data obtained from a large
number of mutations at position Glu24 in the fyn SH3 domain, which have a
wide range of stabilities, is linear. Such behavior is indicative of a partially
structured site in the transition state rather than a fully formed structure within
just a subpopulation of the transition state ensemble (8I). However, in some
cases, it may be difficult or impossible to perform such an analysis.

An alternative protein engineering approach to the characterization of
folding transition states which overcomes some of these problems has been
developed by the Sosnick group (107). In this method, pairs of closely spaced
histidine residues are engineered into solvent exposed sites in the protein
structure such that they can bind divalent metal ions such as Co>". The
metal ion binding stabilizes the native state of the protein and is equivalent
to the energetic perturbation of the system by mutation used in ®-value
analysis. The thermodynamics and kinetics of folding of the engineered bihis-
tidine mutants in the absence and presence of varying concentrations of metal
ion are measured and the relative effects of metal-ion binding on the stability of
the transition and native states calculated through use of a ¥ value. The ¥
values are similar to the ® values described above. The advantages of this
approach is that by measuring the effects over a wide range of metal-ion
concentrations rather than a single concentration (which is effectively what is
done for a single site-specific mutation in ®-value analysis), the analysis is able
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to evaluate the shift in the transition state ensemble resulting from the stabili-
zation and thus able to distinguish between multiple folding pathways and a
broad transition state ensemble (107).

W-value analysis has been applied to much fewer proteins than ®-value
analysis and is, therefore, in some respects less well tested. It has been used on
the GCN4 coiled coil (108) and ubiquitin (109, 110). For the dimeric version of
GCN4, there was already evidence from protein engineering studies and
®-value analysis that fractional ® values were likely due to multiple pathways
(111). A W-value analysis, in conjunction with Ala to Gly mutations, provided
further evidence for heterogeneity in folding pathways and the transition state
ensemble (108). In contrast, a W-value analysis of an effectively monomeric,
cross-linked version of GCN4 showed that the folding pathway was much more
homogeneous and that nucleation occurred at whichever end of the protein
was cross-linked. A W-value study on the folding of ubiquitin used 14 bihisti-
dine pairs to characterize the transition state ensemble and found that much of
the native-state topology was present in the transition state with four out of the
five f-strands and the a-helix having some structure (109). However, six bi-His
sites gave rise to fractional ¥ values suggesting these were in regions which
only had partial structure in the transition state. These results implied that
there was more extensive structure in the transition state ensemble than had
been characterized using ®-value analysis, where the C-terminal f-strands
were not observed to have any extensive structure (26). Some criticism of the
analysis methods used in this paper were made (112), however, these were later
addressed (110). For ubiquitin, the original ®-value analysis was consistent
with many previous studies on peptides from the sequence which showed that
the C-terminal region of the protein did not have any tendency to form
structure in the absence of the rest of the protein in contrast to peptides
corresponding to the N-terminal region of the protein which were shown to
be structured under a variety of different conditions (25).

Although the two different protein engineering methods produced slightly
different sets of results for ubiquitin, they can easily be rationalized—it appears
that within the transition state ensemble, the N-terminal region of ubiquitin
has robust structure which is present in all the species present, whilst the
C-terminal structure is much less stable and easily destabilized and abolished
by mutation.

Both @- and W-value methods provide valuable information on the nature
of folding transition states, and the information obtained is somewhat comple-
mentary in nature. ®-Value analysis has been used extensively to probe the
formation of the hydrophobic core in folding transition states, something which
Y-value analysis can not do. Both techniques can probe the formation of
secondary structure—both o-helix and f-sheet—through the use of carefully
designed and positioned mutations. Although it is somewhat more
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straightforward with W-value analysis to establish heterogeneity in pathways
and the transition state ensemble, this is also possible with ®-value using
multiple mutations and Bronsted/Leffler plots. As with any strategy which
introduces mutations into a protein which perturb not only the energy of the
system but also potentially the structure, care must be taken both in the design
of mutants and interpretation of results. In addition, it has become clear that
with any protein engineering method only when a large number of mutations
are used is a detailed and reliable picture of the transition state obtained.

V. Proline Isomerization

It has long been recognized that proline isomerization can result in slow
phases in refolding reactions due to the cis-trans isomerization of proline
residues in the denatured states of proteins (113-115). For proteins that
contain many proline residues, such as collagen (116), or which have a proline
peptide bond in a cis configuration in the native state (117, 118), then proline
isomerization can dominate the folding kinetics. Protein engineering methods
have played an important role in characterizing the slow, proline isomerization
processes associated with protein folding, enabling the assignment of slow,
proline-isomerization events to specific proline residues within a structure,
thereby addressing many questions on the nature of the isomerization event
and the degree to which it is coupled with folding. In the simplest case,
substitution of a single proline within a structure to any other amino acid
should result in the disappearance of a slow phase in the refolding reaction
which is, therefore, assigned to the isomerization of that particular proline. For
some proteins, this has been observed—for example, ribonuclease A has two
cis prolines (Pro93 and Pro114), the double mutant P93A, P114G showed only
single exponential refolding kinetics and no evidence of proline isomerization
limited processes (119), and mutation of the cis proline at position 110 in CheY
resulted in the disappearance of the major slow refolding phase (120).

In other cases, however, replacement of a proline with another amino acid
does not simply remove an apparent proline-isomerization folding event. In
CRABP-I substitution of Pro85 with an alanine resulted in the disappearance
of a slow folding phase, however, substitution with valine had little effect on the
refolding kinetics suggesting that the loss of a refolding phase upon mutation of
a proline is not always diagnostic of a proline-isomerization limited phase (121,
122). For pectate lyase C, which contains many proline residues including
Pro220, which is in a cis conformation in the native state, mutation of Pro220
to alanine resulted in the loss of one of the slow folding phases, but mutation of
the other 11 proline phases all showed slow phases indicating that a single
proline residue is not responsible for the second slow refolding phase (123).
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Other studies have shown dramatically different effects of mutating different
proline residues illustrating that the effect of prolines is highly context depen-
dent (124).

Prolines can also sometimes be found in both cis and trans conformations
even in the native states of proteins leading to heterogeneity and complex
unfolding behavior. Again, protein engineering of these prolines has, in some
cases, lead to a simplification of the unfolding kinetics. This has been shown for
staphylococcal nuclease (125) and suc 1 (126).

VI. Repeat Proteins

Complementing studies on the folding of globular proteins or domains,
various protein engineering techniques have been used to investigate the
folding mechanisms of topologically simple repeat proteins. These typically
consist of 2040 residue tandem repeat motifs that stack together in an approx-
imately linear fashion to form nonglobular, elongated, and super-helical struc-
tures, as shown in Fig. 4 (127, 128). Repeat proteins are ubiquitous, with 20%
of proteins coded for in the human genome likely to contain multiple repeats
(129), and they are frequently involved in a large variety of protein—protein
interactions, mediating molecular recognition in numerous biological processes.
They can be subdivided into classes according to the repeating structural
unit, for example, ankyrin (ANK) repeats contain tandem pairs of antiparallel
a-helices, tetratricopeptide (TPR) repeats have a a-helix-turn-a-helix motif, and
the leucine-rich repeat (LRR) forms a ff-strand-loop-helix structure, as shown in
Fig. 4 (127, 128).

Due to their unique structural properties, repeat proteins represent an
interesting folding problem. Unlike the numerous long-range contacts found in
globular-protein topologies, they contain mostly regular, short-range interac-
tions, and lack an obvious hydrophobic core as well as the stabilizing tertiary
contacts between residues that are distant in sequence. The interactions that
define the functional protein can, therefore, be divided into two main types: the
packing within each repeat motif and the stacking interactions between adja-
cent repeat motifs. This allows them to be effectively “dissected,” it being
relatively straightforward to separate out the local energetic contributions of
a particular residue (129). Repeat proteins can also be extended in size by the
addition of a neighboring domain, permitting the effect of the number of
repeats on folding and stability to be examined. Knowledge about the folding
of single repeats is useful for designing stable and highly active scaffolds.
Additionally, a number of repeat proteins have been associated with disease
states (130, 131), the cause of which could be related to their folding
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Fic. 4. Examples of common repeat protein motifs: (A) The tumor suppressor protein p16
containing four ANK repeats, (B) The leucine-rich repeats and a-helical capping domain of InIB,
(C) A designed repeat protein containing 3.5 consensus TPR motifs, (D) D34, a 426-residue
domain consisting of the last 12 ANK repeats of Ankyrin R and the largest repeat motif to have
its folding properties characterized to date. Proteins are colored blue to red from amino to carboxy
terminus. Ribbon representations were generated using PyMOL (www.pymol.org).

properties. To probe or alter the folding mechanisms of repeat proteins, a
variety of protein engineering strategies from single-site mutations to the
addition or deletion of whole repeats have been undertaken.

Proteins containing naturally occurring ANK motifs have been the most
extensively studied in terms of their folding properties. This repeat is one of the
most common structural motifs found in proteins and, like other repeats, forms
the scaffold for specific, high-affinity molecular interactions (132). Each ANK
repeat comprises 33 amino acid residues encompassing a pair of antiparallel
helices that are connected to the preceding ANK domain by a ff-loop. Usually,
only four to seven repeats stack to form an elongated structure, but up to 29
repeats have been found in a single protein (132). The first ankyrin-repeat-
containing protein to be characterized in detail was the tumor suppressor p16,
which consists of four ANK repeats and is involved in the growth control
pathway in eukaryotic cells (Fig. 4) (131). p16 is both thermodynamically and
kinetically unstable, and therefore particularly susceptible to inactivation by
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the single-point mutations associated with cancer (131). Itzhaki and colleagues
analyzed the folding pathway of p16 using ®-value analysis and found that,
unlike many globular proteins, the folding mechanism is highly polarized with
the repeats folding sequentially. The two C-terminal repeats, thought to be
important for maintaining the structural scaffold, are fully formed in the rate-
determining transition state, whereas the N-terminal repeats remained largely
unstructured (131). Simulation studies performed later gave results consistent
with this observation (133). The related five ANK repeat protein p19 has been
shown to fold via a similar folding mechanism, elucidated using truncated
variants of the protein, and an on-pathway intermediate in which only the
last three C-terminal repeats are structured is populated during folding
(130). Interestingly, p19 is more stable than p16; the extra stability is thought
to arise from the additional fifth repeat (130). Lowe and Itzhaki using ®-value
analysis have mapped the folding pathway of the four-ankyrin repeat protein
myotropin in detail (134). Like p16 and p19, the folding of wild-type myotropin
is initiated at the C-terminal repeats. However, the folding kinetics of
some mutants revealed a parallel folding mechanism, indicating that the wild-
type folding pathway can be easily perturbed by single-site mutations.
An alternative folding mechanism in which the transition state structure is
polarized at the other end of the molecule was determined; the authors con-
cluded that destabilizing mutations in the C-terminal repeats reduce the flux
through the wild-type pathway and consequently folding is initiated at the
N-terminal repeats (134). Therefore, in contrast to globular proteins that
tend to have a well-defined path between native and denatured states, the
symmetrical structure of myotropin leads to more potential for folding to be
initiated at multiple sites. Lowe and Itzhaki describe this as “folding on a
fulerum”; specifically, when one end of the molecule is destabilized, folding is
shifted to a different nucleation site (134). More recently the folding of the
leucine-rich repeat domain of Internalin B (InIB), which is composed of seven
LLR units and an N-terminal capping motif, has been studied by examining the
effects of individual point mutations on the folding pathway (135, 136). This
®-value analysis showed that the folding of InIB nucleates in the N-terminal
helical-capping domain and propagates towards the C-terminus, thus providing
evidence to suggest the cap serves as a nucleus onto which the folding of nearby
p-sheet LRR motifs can propagate.

ANK proteins have been manipulated at the genetic level to examine the
effect of deleting terminal repeats (137-139). Studies on peptide fragments of
p16 indicate that a polypeptide consisting of the two C-terminal ANK repeats,
the same part of the protein that is formed in the folding transition state (131),
is cooperatively folded (138); this appears to be the minimum independent
folding unit, as fragments of a size less than this remain unfolded. Polypeptides
that contain different numbers of repeats from the D. melanogaster Notch
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ankyrin repeat region, a 268-residue domain containing seven ankyrin repeats,
have also been characterized thermodynamically (139). The inclusion of the
C-terminal seventh repeat leads to a significant increase in stability, suggesting
that this repeat might act as a “capping” motif to interact favorably with the
sixth repeat and solvent. In an extension of this study, the stability of a series of
engineered Notch proteins with one or more of the seven ANK repeats deleted
was examined (137). Barrick and co-workers determined from the stabilities of
each construct that cooperative folding of the protein arises as each repeat is
intrinsically unstable but strongly stabilized by repeat-repeat interactions. The
effect of duplicating and deleting internal Notch ANK repeats has also been
examined by the construction of a series of variants where the repeat number is
altered by the duplication or removal of internal repeats (140). Unlike the wild-
type construct which folds in a cooperative manner, multistate folding was
observed for proteins with more than one duplicated internal ANK repeat.
Deletions of internal repeats caused a large destabilization, more than that
resulting from deletion of an end repeat. The authors suggested that this was
due to unfavorable interactions between non-native interfaces, and therefore
highlighted the importance of repeat-repeat interactions in the folding mecha-
nism (140).

The origin of cooperativity in repeat proteins has been investigated. Barrick
and co-workers have made use of the nonglobular, modular structure of Notch
to examine its folding energy landscape by measuring the distribution of
stability throughout the repeats (141). Destabilizing mutations were intro-
duced to cause an uneven folding energy landscape; they found that when
the distribution of stability over the protein is not uniform, cooperative folding
no longer occurs. Simulation experiments performed on natural ankyrin repeat
domains suggest that as the number of ANK repeats increases, folding is no
longer cooperative but decoupled due to the ever-increasing entropic advan-
tage of a broken repeat-repeat interface (142). Results from studies on D34, a
426-residue domain consisting of the last 12 ANK repeats of Ankyrin R and the
largest repeat protein to have its folding properties examined to date, are
consistent with this theory (143). Unlike most smaller ANK repeat proteins
that unfold in a two-state manner when under thermodynamic control, the
equilibrium unfolding of D34 involves an intermediate. Werbeck and Itzhaki
engineered a set of mutants involving single-site mutations throughout the
protein and found that, depending on the position of the perturbation,
the number of repeats that are unfolded in the intermediate was altered.
Thus, the folding energy landscape for domains containing a large number of
repeats appears very rough, and, unlike globular proteins, small destabiliza-
tions in one part of the protein can cause a different folding intermediate to be
populated (143).
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The simple modular nature of repeat proteins makes them useful models
for protein design, a more ambitious protein-engineering project compared to
the single point mutations used in a ®-value analysis. Ideal “consensus” repeats
have been designed to investigate the role of the amino acid sequence in
specifying the topology, stability and folding of repeat proteins (144). The
high abundance of repeat motifs has allowed a statistical analysis of many
sequences to design a consensus repeat, permitting the key residues that
code for either fold or function within each repeated module to be identified.
Consensus sequences for ANK, TPR, LRR, and HEAT motifs have all been
successfully designed (145-151). In several studies, it was found that a critical
number of repeats was required in order to obtain a folded repeat protein
(147, 148). N- and C-capping repeats or helices have been incorporated in
some designs to increase the solubility of the designed proteins by avoiding
solvent exposure of hydrophobic residues at the end of the repeat (145, 147).
In general, designed repeats are more thermodynamically stable than their
natural equivalents (150, 152). They can also be added to naturally occurring
repeat domains to increase their stability (as has been shown with Notch (153)),
or, in the case of myotrophin and the ankyrin domain from IxBa, residues in a
natural repeat motif can be mutated to those of the consensus (134, 154).
Interestingly, the consensus repeats of the all-helical TPR proteins designed
by Main and co-workers all fold rapidly with rate constants that agree with
those predicted from their contact order, in contrast to what is often observed
with natural repeats (155).

VII. Circular Permutants

The use of protein engineering to manufacture a library of nondisruptive,
single point mutations strategically placed throughout a protein to analyze its
folding provides important information about the interactions of the side chains
of individual residues in the transition state (I8). A more extreme protein
modification involves rearranging the order of secondary structure elements
using the technique of circular permutation. This requires joining the natural
N- and C- termini with a new covalent bond while cleaving the original
polypeptide chain at an appropriate position to create new termini (Fig. 5)
(156, 157). Tt follows that this adjustment is suited to proteins with natural
termini that are in close proximity. Circularly permuted mutants can yield
information about protein-folding mechanisms complementary to that
obtained from ®-value analysis; permutants can probe the role of the natural
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Fic. 5. Crystal structures of circular permutants (A) wild-type a-spectrin SH3 domain and two
circular permutants, (B) $19-P20s, and (C) N47-D48s, PDB codes 1SHG, 1TUC and 1TUD,
respectively. Wild-type SH3 is colored from blue to red from N- to C-terminus, and equivalent
structural regions in each circular permutant are colored to match. Ribbon representations were
generated using PyMOL (www.pymol.org).

N- and C-terminal regions, can be used to examine the role of topology in
protein folding reactions, and how the order of secondary structure elements
and local interactions affects the folding process.

The first reported circular permutant was of bovine pancreatic trypsin
inhibitor; this was created post-translationally using chemical condensation to
join the original termini, followed by trypsin cleavage to generate new termini
between residues Lys15 and Alal6 (156). Luger and co-workers later devel-
oped a more adaptable method by circularly permuting the corresponding
gene at the genetic level, successfully utilizing this approach to create active
permuted forms of phosphoribosyl anthranilate isomerase (157). Using this
method, the effect of altering the connectivity of secondary structural elements
in a systematic manner by generating a series of circular permutants of the
same protein was examined (157).

Circular permutation has been used to examine the folding mechanisms of
several proteins in detail including the Src-homology domain (SH3) from
a-spectrin, chymotrypsin inhibitor 2 (CI2), DHFR, and the ribosomal protein
S6. Folding studies on circularly permuted forms of a-spectrin SH3, a small,
62-residue single domain protein consisting of an orthogonal f-sandwich with
three f-hairpins were the first to exploit this type of protein modification
(Fig. 5A) (158). Viguera and co-workers disrupted the connectivity of all of
the f-hairpins in the SH3 structure by constructing permutants with new N-
and C- termini in f-turns or loops. This effectively converted some local
interactions present in the native structure of the wild-type protein to long-
range interactions in the permutants, and, therefore, probed the importance of
local interactions between any of the f-hairpin strands in guiding the SH3
folding process. That all the SH3 permutants were able to fold to a native
conformation similar to the wild-type protein indicated that neither the order
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of secondary-structure elements, nor local interactions caused by the presence
of any of the f-hairpins, were necessary for the protein to fold (158). Changes
in the folding rates of the permutants, however, suggested that they were
folding with a different mechanism to the wild type. Evidence to support this
hypothesis came from a further study that examined the effect of single point
mutations made at equivalent positions throughout two of the SH3 circular
permutants, S19-P20s, with new termini in a long, irregular loop between
residues 19 and 20, and N47-D48s, which has a cut in the regular distal hairpin
between residues 47 and 48 (Fig. 5A) (159). Analysis of the kinetics of these
mutants suggested that, unlike the native structures, the transition states of
wild-type, S19-20s and N47-D48s SH3 are notably different. The consequence
of differing loop lengths to join the original termini of the same two SHS3
permutants was also investigated (160). Elongated forms of the original per-
muted proteins $19-P20s and N47-D48s were constructed with one, three, and
five extra glycine residues added to the loop joining the natural SH3 termini.
This extension resulted in a small destabilization that the authors attributed to
an entropic effect. In agreement with previous work, Eyring plot analysis of the
permutants suggested that the thermodynamic nature of their transition state
structures was different to the wild-type SH3 domain (159, 160).

The studies described above performed on circular permutants of an SH3
domain indicate that the transition state structure of the protein is dependent
on the connectivity of the secondary-structure elements. This, together with a
protein engineering analysis that determined the transition state structure of
the o-spectrin SH3 domain under different stability conditions and compared it
to that of the evolutionary related Src SH3 domain, led to the proposal that the
folding transition state of SH3 domains is evolutionary conserved (75, 76).
Martinez and co-workers suggested that this is likely due to the topological
constraints of the SH3 fold, and the apparent importance of chain connectivity
in determining the folding mechanism of SH3 domains (76).

To test the hypothesis that adjusting the connectivity of secondary structural
elements in a protein can alter its transition-state structure, a study character-
izing the folding pathway of a permuted version of the 64-residue protein CI2
was undertaken by Otzen and Fersht (161). CI2 was permuted post-
translationally by disulfide bond formation of engineered cysteine residues at
positions 3 and 63, followed by cleavage of the scissile bond between Met40
and Glu4l. Analysis of the kinetics of eleven mutants tactically placed in the
CI2 circular permutant showed that, despite altering the connectivity of the
protein, the folding nucleus was retained. The authors suggested that the
different response of CI2 and SH3 to permutation arises from the fact that
the SH3 permutants were cleaved in a position within the protein folding
nucleus whilst the loop containing Met40-Glu41 in CI2 is not structured in
the transition state; it is interesting to note that CI2 permutants that involve
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breaking bonds other than Met40-Glu41 did not fold. Therefore, the effect of
permutation on the folding nucleus is likely to be protein specific, and depend
on its amenability to permutation (161).

In an alternative approach, Iwakura and co-workers performed a systematic
circular permutation analysis on DHFR, a monomeric, two-domain protein, to
identify regions of the sequence that are essential for the protein to fold (162).
They sequentially broke every pair of residues in the protein to create a library
of permutants. Cleavage at certain positions resulted in the inability of DHFR
to fold; and when this occurred, the authors concluded that their connectivity is
essential for the folding process. They called these areas “folding elements”—
polypeptide segments crucial for the protein to fold. Ten such folding elements
were found in DHFR, and it was proposed that these have an important role in
the early stages of folding (162, 163). A similar systematic circular permutation
analysis was performed on the 189-residue, monomeric disulfide oxidoreduc-
tase DsbA to identify regions of the protein essential for successful folding and
stability (164).

More recently, investigations on circular permuted forms of the small
101-residue f—o—p ribosomal protein S6 from Thermus thermophilus
(Fig. 5D) have revealed some important features of its folding mechanism.
Both the transition state of S6 and the relationship between the folding rate and
the average sequence separation between contacting residues (contact order)
can be altered by circular mutation (165-167). Oliveberg and co-workers
examined the effect of permutation on the transition state structure of S6 in
some detail (165). Wild-type S6 has strong interactions in the transition state
between residues that are distant in sequence; this entropic driving force
causes all parts of the protein to fold together with a diffuse transition-state
structure. In contrast, the transition state of a circular permutant cleaved
between residues 13 and 14, designed to have strong contacts between residues
that are close in sequence, is locally condensed and polarized towards the
linker between the original wild-type N- and C-termini. The authors concluded
from these data that the diffuse transition state structure of wild-type S6 may
have been selected for a biological advantage as it is not a requirement for
successful folding (165).

In a more extensive study involving a transition-state analysis of four
topological variants of S6 from T. thermophilus, Lindberg and co-workers
showed that the folding pathway of the protein can be altered systematically
by circular permutation; changes in the @ values of the transition-state struc-
ture can be directly related to the change in sequence separation between the
interacting residues (168). Intriguingly, the folding nuclei of all the S6 permu-
tants studied retained a common structural motif of one helix docking against
two f-strands (168). This nucleation motif is also seen in the transition state
structure of the evolutionary divergent S6 protein from Aquifex aeolicus (169).
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These results have led to the concept of “foldons”-independent, cooperative
structural units involved in folding that, unlike the folding elements proposed
by Iwakura and co-workers from their studies on DHFR (170), need not
necessarily be contiguous in sequence. In the case of S6, the foldon is a two-
strand-helix motif (168). Lindberg and Oliveberg have proposed that a protein
can be composed of competing foldons, and the mechanism by which it folds
will depend on the number of these within its structure and the amount of
overlap between them (171).

VIIIl. Multidomain Proteins

Protein domains can be described as modular units with distinct structural,
functional, or evolutionary properties (172). They may exist as small, single-
domain, monomeric proteins, but more often are found as part of larger
proteins composed of numerous domains. Indeed, analysis of sequenced gen-
omes suggests that at least two thirds of eukaryotic proteins contain more than
one domain (173). A multidomain protein can fold from a single polypeptide
chain, or exist as an oligomeric protein composed of domains from different
chains that associate. In comparison to single domain proteins, multidomain
proteins additionally contain one or more interdomain interface, the effect of
which is important when considering their folding properties.

Presently, the majority of protein-folding studies have focused on easily
manipulated, single-domain monomeric proteins as they represent simple
folding systems (174). Such studies have led to the development of many
models for the different mechanisms by which small proteins fold (175-177).
It is often assumed that these models will also be applicable to the folding of
multidomain proteins, however, the effect of a neighboring domain on a
protein’s folding properties may be significant. It is, therefore, of importance
to establish the degree to which folding mechanisms generated for small,
single-domain proteins can be applied to the folding of larger, multidomain
proteins (172).

Studying the folding of single-chain, multidomain proteins allows additional
questions about folding mechanisms that cannot be answered by examining
single domains alone to be probed (172). Some issues that have been addressed
are the effect of a domain on the stability, folding rate and pathway of a
neighbor domain, and the possible biological implications of this. To investigate
the effects of a neighboring domain, a single domain must be characterized
thermodynamically and kinetically in isolation as well as in the context of the
multidomain protein (172). Manipulation at the genetic level using protein
engineering allows a protein domain to be expressed in any number of different
arrays, either on its own or as part of a natural or artificial multidomain
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construct (Fig. 6) (178). The biophysical characterization of multidomain
proteins can be challenging, however, as their kinetics and thermodynamics
are often complicated (172, 179, 180). Furthermore, when considering a
domain in isolation, it can be difficult to define where it ends and another
begins; it has been shown that unnatural shortening of domains can lead to a
decrease in stability or different folding properties (181). Finally, separate
domains are often insoluble when expressed individually due to exposure of
hydrophobic domain-domain interfaces (172).

To date, there are limited examples of monomeric multidomain proteins
that have been studied comprehensively. In general, systems that have been
characterized kinetically and thermodynamically in single and multidomain
forms fall into two categories: those where interdomain interactions have an
effect on folding and those whose domains fold independently (172). The
folding of chicken brain a-spectin is one of the most extensively characterized
by the Clarke group. Spectrin repeats are composed of a 106-residue, three-
helix bundle with domains connected by an uninterrupted helix causing the
C-terminal helix of one domain to be contiguous with the N-terminal helix of
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Fic. 6. Structures of multidomain proteins. (A) The two-domain spectrin fragment R1516
(PDB ID 1U5P). The domains are connected by an uninterrupted o-helix, (B) A titin domain (PDB
ID 1TIT). There is no structure of the multidomain protein, but NMR and SAXS experiments
suggest that domains have no significant interface and are connected by a flexible linker (253),
(C) An artificial multidomain protein of the dimeric knotted protein YibK-ThiS, engineered to
investigate the effect of an additional domain on its folding properties. The structure was deter-
mined using SAXS measurements (254). Proteins are colored blue to red from N- to C-terminus.
Ribbon representations were generated using PyMOL (www.pymol.org).
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the next (Fig. 6A). Interdomain interactions appear to affect both the stability
and folding kinetics of the individual spectrin domains, specifically they stabi-
lize the native state and slow down the rate of unfolding (179, 182, 183).
Examples of other multidomain proteins where this has been observed include
yeast phosphoglycerate kinase (184), protein S (185), and the scFv fragment
(186). Interestingly, all these proteins exhibit densely packed domain interfaces
(172).

The folding of pairs of a-spectrin domains have been investigated by Clarke
and co-workers, specifically, they have compared the folding of the 15th and
16th repeats (R1516) and the 16th and 17th repeats (R1617) to that of the
individual domains R15, R16, and R17. Equilibrium studies have demon-
strated that spectrin domains are stabilized by their neighbors (179, 182).
For example, in R1617, the R17 domain is stabilized by some 3 kcal mol ! by
a folded R16 domain and likewise the R16 domain is more stable in the
presence of a neighboring folded or unfolded R17 domain (182). The folding
kinetics of R1617 are complex, and studies show that domain-domain interac-
tions have significant effects on the kinetic behavior of the individual domains
(183). In particular, the presence of a folded N-terminal R16 domain notably
speeds up the folding rate of the following R17 domain. Similarly, the presence
of a folded R15 domain speeds up the folding of an R16 domain six-fold (179).
The authors suggest that this may be to promote more efficient cotranslational
folding, and prevent misfolding in the cell (183). In a study to compare the
folding properties of R1516 and R1617, Batey and Clarke demonstrate that to
accurately predict the effect of one domain on its neighbor both equilibrium
and kinetic data are required; the relative rates at which the constituent
domains fold dictates their behavior and apparent cooperativity under thermo-
dynamic control (179). Interestingly, when the transition-state structure of the
individual R16 domain was examined in isolation and when part of the R1516
spectrin-repeat pair using ®-value analysis, the folding pathway appeared the
same (187). This result suggests that although interdomain interactions affect
the folding rates and the cooperativity of folding of spectrin domains, they do
not affect the folding mechanism. Thus, folding principles gained from the
study of single domains may be applicable to multidomain systems (187).

In contrast to spectrin, there are some examples of single-chain, multi-
domain proteins whose component domains appear to fold independently, and
the kinetic and thermodynamic properties of a particular domain are not
altered by the presence of its neighbor. All -sheet immunoglobulin domains
in the giant muscle protein titin (Fig. 6B) behave in this manner, and the
protein is said to behave as “the sum of its parts” (188). This is thought to
contribute favorably towards the elastic properties of the protein, which require
it to unfold to fulfill its function, as the unfolding and potential aggregation of
adjacent domains would be less likely. Other independently folding domains
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have been observed in fibronectin type III (189) and SH3-spectrin protein
(190). As noted by Han and co-workers, these are all examples of structural
proteins with small interdomain interfaces (172).

The above studies highlight how the use of protein engineering techniques
to analyze the effect of neighboring domains in multidomain proteins has
yielded some important results. The relevance of single domain studies to
understanding the general principles that control the mechanisms of protein
folding depends on whether the stability or folding pathway change when a
domain is attached to its neighbors. Experiments on spectrin demonstrate that
not all multidomain proteins are a simple “sum of their parts” as the fully folded
spectrin protein is more stable thermodynamically and kinetically than the
isolated domains (179, 182, 183). The ability of domains in multidomain
proteins to fold independently appears to be dictated by the size of the inter-
domain interface; domains of multidomain proteins fold independently when
the interaction between the domains is limited, which in turn is likely to be
related to their functional role (172).

Protein engineering can be used to determine folding mechanisms of
multidomain proteins that are oligomeric in nature consisting of two or more
domains from separate polypeptide chains. A number of studies have focused
on the folding of oligomeric protein systems, the simplest of which are dimeric
proteins that require both folding and association to occur. Proteins that exist as
dimers have been shown to fold with a variety of different mechanisms (191).
One of the first oligomeric proteins to have its folding pathway characterized
was the 53-residue P22 Arc Repressor dimer; it folds with a cooperative, two-
state mechanism (192, 193). The simple folding kinetics of the protein allowed
Milla and Sauer to generate a library of mutant proteins to probe the transition
state structure, similar to a ®-value analysis performed on a monomeric protein
(192). However, it is often the situation that the folding kinetics of dimeric
proteins are complex, mainly due to separate, non-cooperative, folding and
association events. For example, SecA from Escherichia coli (194) and the
knotted protein YibK from Haemophilus influenzae (195) are both dimers
whose complex folding kinetics demonstrate that there are at least three
intermediates on the folding pathway. It is often useful to make rational
mutations aimed at disrupting the association of a protein—protein interface
and produce a monomeric variant of the dimeric protein. The folding kinetics
of the monomer is often simplified, and thus any association steps in the folding
mechanism can be identified by their absence in the monomer kinetics.
Examples of the successful application of this methodology include the con-
struction of monomeric forms of YibK (196) and tryptophan repressor (197).

Lastly, it is possible to construct unnatural multidomain proteins to probe
the folding of a natural protein domain (Fig. 6C). An additional domain can be
fused to the N- or C-terminus of the protein of interest. The effect of this
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additional domain on the natural protein’s stability and folding kinetics can
then be monitored. This technique was used by Mallam and Jackson to
examine how protein knot formation occurs during the folding of the knotted
proteins YibK and YbeA, both of which contain a deep trefoil knot formed by
the threading of the polypeptide backbone. The small protein ThiS was fused
onto both termini of the knotted proteins and the effect on the folding kinetics
monitored to show that knotting of the polypeptide chain is not rate limiting
during folding (198). Additionally, Randles and co-workers constructed
spectrin-titin pairs to show that nonnatural neighboring domains can cause a
spectrin domain to be stabilized and alter its kinetic properties (199). In both
cases, the additional domains ThiS and titin were chosen due to their resistance
to urea denaturation such that they remain folded under the conditions re-
quired to unfold the domain of interest, thus allowing its folding to be moni-
tored exclusively.

IX. Engineering Probes of Folding into Proteins

A number of studies have engineered tryptophan residues into a protein
structure in order to probe the folding of the protein in that region or simply to
act as a probe of the global folding/unfolding of the protein—tryptophan
fluorescence usually being considerably stronger than tyrosine fluorescence
and a sensitive probe of the state of the protein. One of the first examples was
ubiquitin, the F45W mutant produced being comprehensively characterized
(200) and subsequently extensively used as a pseudo wild-type for many folding
studies, see Sections III and IV. Very recent studies that have engineered
tryptophan into other sites in the structure of ubiquitin have generated
intriguing results (201). Whilst the F45W mutant shows simple two-state
kinetics under most conditions (202, 255), some of the other tryptophan
mutants, particularly double tryptophan mutants, show much more complex
folding behavior indicative of the presence of intermediate states (201). In this
case, it is not known whether this could be a general method of detecting
transient, lowly populated intermediate states or whether the introduction of
large tryptophan residues in a small protein distorts the folding energy
landscape.

A tryptophan has been engineered into the monomeric form of the 1
repressor to act as a fluorescent reporter of folding. Kinetic experiments on
this variant confirmed previous results from NMR line shape analysis that
established that this small o-helical protein folds very fast with two-state
kinetics (203). The Oas group have also used this approach with another
ultra-fast folding protein, the B-domain from protein A (BdpA) (58, 204).
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Wild-type L-lactate dehydrogenase (LDH) has three tryptophan residues
and all these were first mutated to tyrosine before reintroducing single trypto-
phans at specific positions throughout the structure of the protein to incorpo-
rate different structural probes of folding. The unfolding of nine single Trp
mutants of LDH was used to identify four intermediate states (205). In a
separate study, phosphoglycerate kinase (PGK) was also engineered with two
tryptophan groups to report on folding (206).

A similar approach has been taken for the cellular retinoic acid binding
protein I (CRABPI) where the wild-type protein contains three tryptophan
residues. Mutants of CRABPI have been made which contain only one of the
three tryptophans, and these mutants have been used to investigate the folding
of different regions of this predominantly f-sheet protein (207, 208). In this
case, a folding mechanism in which there is an initial rapid hydrophobic
collapse, followed by the formation of specific interactions which restrict the
arrangement of the chain topology, in particular between the N- and the
C-termini and which result in burial of Trp7, was proposed. The development
of native interactions occurs only late during folding (207, 208). The same
approach has been used for other proteins that adopt this f-clam structure—
rat intestinal fatty acid binding protein (IFABP) and rat ileal lipid binding
protein (ILBP) (209-211). A similar folding mechanism to CRABPI has been
proposed—an initial collapse of the polypeptide chain around a hydrophobic
core, formation of part of the ff-sheet structure by propagation of this core, and
finally formation of the rest of the f-sheet structure (211). Certainly results on
IFABP show that structure around Trp82 forms very early, prior to formation of
any native-like structure in the periphery of the protein (209). Other studies in
which residues in the hydrophobic core were replaced with hydrophilic resi-
dues have shown that hydrophobic interactions are critical in the intermediates
formed during the folding of IFABP and ILBP (210).

The engineering of cysteine residues into proteins for the subsequent
labeling of the thiol moiety with fluorescent dyes has become widely used
and applied in many protein folding studies. For example, the f-clam protein
IFABP contains no cysteine residues in the wild-type sequence. Two cysteine
mutants were engineered and then labeled with fluorescein for fluorescence
correlation spectroscopy (FCS) experiments which monitored unfolding at low
pH (212).

Engineering disulfide bonds in or out of proteins: two different strategies
have been employed whereby the manipulation of disulfide bonds in proteins
has been used to either (i) investigate the oxidative refolding of proteins which
naturally contain disulfide bonds, and (ii) investigate the folding pathways of
proteins which do not normally contain disulfide bridges. Protein engineering
has not been as extensively used in the characterization of the oxidative

refolding of disulfide-bonded proteins compared to non-disulfide linked
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proteins, however, some important studies have used this approach (213-216).
In other cases, disulfide bonds have been engineered into proteins and two of
the best characterized systems are barnase and CD2.d1. CD2.d1 has a
f-sandwich structure and populates an intermediate state during folding.
Single disulfide cross-links have been engineered at different sites on the
surface of the protein to link different f-strands (217). Results showed that
the linking of f-strands that were distant in sequence stabilized the intermedi-
ate state, whereas cross-linking local f-hairpins mainly affected the rate-
limiting late transition state (217). A follow-up study in which disulfide cross-
links were introduced into many of the f-hairpin structures, demonstrated that
the effect of the cross-link was very dependent upon the position of the f5-
hairpin (218). Interestingly, a double disulfide bridged mutant folded through a
very different pathway from the wild-type and single cross-linked mutants
illustrating that large perturbations of proteins can result in deformation of
the folding energy landscape (218). The results also proved that the intermedi-
ate and transition state could be stabilized by nonnative interactions.

X. Single-Molecule Studies of Protein Folding Pathways

Two distinct types of single-molecule techniques have been developed to
study protein unfolding and/or folding at the single-molecule level: first
mechanical techniques such as atomic force microscopy (AFM) or optical
tweezers, where the force is used to unfold single proteins and second, unfold-
ing of individual molecules using chemical denaturants and fluorescence spec-
troscopy, {requently fluorescence resonance energy transfer (FRET). In both
cases, the proteins require engineering for the single-molecule experiments.

For the AFM experiments, a multidomain construct of the protein or
proteins under investigation has to be created using molecular biology techni-
ques, as shown in Fig. 7. A versatile cloning system for the production of the
multidomain constructs has been described (178), and these and alternative
methods (219) have been used to study the mechanical unfolding of a wide
range of proteins. A detailed discussion of all of these studies is beyond the
scope of this review, interested readers are directed towards more specific
reviews in this area (220-224).

A protein engineering approach has been used by the Clarke group to
investigate the mechanical stability and unfolding of proteins. The 127 domain
from titin is known to show high resistance to force, and a ®-value analysis was
used to investigate the mechanical unfolding transition state (225). This
showed extensive structure, and that mechanical strength was associated with
the interactions formed between f-strands A’ and G. Significant differences
between the unfolding transition state with no force applied (by extrapolation
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of experiments in chemical denaturants) and that under force were observed.
Despite this, the region of the protein responsible for kinetic stability was
found to be the same under both conditions (225). In a similar study on the
mechanical unfolding of TNfn3 from human tenascin, the hydrogen bonds and
hydrophobic interactions between f-strands A’ and G were also found to be
critical for mechanical stability (226). However, there were additional effects
particularly rearrangements throughout the core of TNfn3 which also
contributed.

Fluorescence-based single-molecule studies using either FRET techniques
or two-color coincidence spectroscopy (TCCD) have also been applied to the
study of protein folding reactions. In these experiments, a protein is typically
labeled with two different dyes—an acceptor and donor pair which can under-
go FRET. FRET is used as a measure of the distance between the two
fluorophores and allows detection of native, denatured, and potentially inter-
mediate states. For most proteins, the dyes are covalently attached to the
protein using thiol chemistry and engineered cysteine residues (227), however,
other methods have also been developed (228, 229). Protein engineering
techniques are used to incorporate cysteines at specific sites in the protein
thereby creating probes of different elements of structure. So far, this powerful
technique has mainly be applied to studying the folding/unfolding of proteins
under equilibrium conditions, on proteins such as CI2 (230), CspTm (231),
RNase H (232-234), Im9(235), adenylate kinase (236), and protein A (237).

Despite the rapidly increasing number of single molecule protein unfold-
ing studies, there have been relatively few kinetic studies of protein unfolding/
folding under nonequilibrium conditions. Recently, a number of such studies
have been published: the Eaton group have developed a microfluidic mixing
device with which they have studied the folding of CspTm using dual-labeled
protein and FRET techniques (238, 239). Other groups have also designed
novel techniques for studying folding processes at the single molecule level
including using coaxial mixing devices and capillary flow cells (240, 241).
An alternative approach was taken by Chirico, Baldini and co-workers who

Fic. 7. The use of AFM to study protein unfolding. (A) Schematic diagram of the AFM
apparatus showing how the multidomain protein construct is attached at one end to a gold surface
using engineered cysteine residues and thiol chemistry, and at the other end to a microfabricated
silicon nitride cantilever by nonspecific adsorption, (B) Typical force extension curves of a poly-
protein containing multiple copies of a single protein domain, (C) Typical multidomain protein
construct used in the AFM experiments, the polyprotein is synthesized as a single chain in bacteria
with multiple copies of a gene encoding a single domain repeated head-to-tail. The figures show the
127 domain from the giant muscle protein titin. Figure adapted from reference (221).
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found evidence for several folded substates and unfolding pathways for green
fluorescent protein (GFP) by studying the denaturant induced unfolding of the
protein in wet nano-porous gels (242, 243). Single-molecule FRET and TCCD
techniques have also been used in conjunction with chemical denaturation and
a nano-pipette developed by the Klenerman group to study the unfolding of
GFP (244). In this case, and in contrast to the single-molecule studies on other
proteins, an intermediate state on the unfolding pathway was directly observed
and the protein found to unfold along two parallel pathways (244).

Single-molecule fluorescence techniques and their application to studying
protein folding pathways are reviewed in a number of recent publications (239,
945-247).

Xl. Summary

Over the past 25 years, protein engineering techniques have been used
extensively in the study of folding pathways and enabled the determination of
folding mechanisms at high resolution. The experimental data obtained from
these studies has also had a significant impact in computational studies of
folding, either acting as critical benchmarks with which to test simulations
(248-251), or more recently as restraints in simulations which generate ever
more detailed pictures of the energy landscape for folding (252). Protein
engineering techniques have advanced over the last two decades and new
developments such as the use of larger and more diverse protein libraries
and selection methods, and the incorporation of novel amino acids into pro-
teins using engineered and expanded genetic codes or the combination of
semisynthetic methods and protein engineering techniques, increases the
experimental possibilities for studying folding pathways. Together with many
advances in instrumentation, particularly for the study of fast folding reactions,
means that we now have a formidable array of techniques available to us.
One of the next big challenges for both the experimental and computational
folding communities is to gain the same level of understanding of how large
proteins with complex structures fold as we currently have on small “model”
systems. Protein engineering-techniques will undoubtedly continue to play an
essential role in these studies.
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