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Abstract

Reverse turns are a major class of protein secondary structure; they represent sites of chain reversal
and thus sites where the globular character of a protein is created. It has been speculated for many
years that turns may nucleate the formation of structure in protein folding, as their propensity to occur
will favor the approximation of their flanking regions and their general tendency to be hydrophilic
will favor their disposition at the solvent-accessible surface. Reverse turns are local features, and it
is therefore not surprising that their structural properties have been extensively studied using peptide
models. In this article, we review research on peptide models of turns to test the hypothesis that the
propensities of turns to form in short peptides will relate to the roles of corresponding sequences in
protein folding. Turns with significant stability as isolated entities should actively promote the folding
of a protein, and by contrast, turn sequences that merely allow the chain to adopt conformations
required for chain reversal are predicted to be passive in the folding mechanism. We discuss results
of protein engineering studies of the roles of turn residues in folding mechanisms. Factors that
correlate with the importance of turns in folding indeed include their intrinsic stability, as well as
their topological context and their participation in hydrophobic networks within the protein’s
structure.
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INTRODUCTION

Reverse turns constitute one of the most common structural features in globular proteins.!
Despite their prevalence, they have always been more challenging to categorize than a-helices
or S-sheets because of their nonperiodic nature and the heterogeneity of their structures. They
are broadly defined as those regions of the polypeptide where a change of chain direction
occurs.2 Because chain reversals allow a protein to fold onto itself, forming a compact globular
state, they may play a key role in protein folding. The focus of this article is to explore this
proposed role of reverse turns. The local nature of turns has led to many studies of their
structural features and sequence preferences using peptide models. These have been
complemented by protein engineering experiments in which turn residues were mutated to
examine the impact on global thermodynamic stabilities and folding mechanisms. Our goal is
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to concisely review the available studies of turns based on peptide models and how they shed
light on factors that govern intrinsic turn stabilities, and then to discuss the resulting findings
in light of research in our own and other labs on the roles of turns in protein folding. Our
motivation is to examine the extent to which the roles and behaviors of turns in protein folding
reflect their stabilities and features in model peptides.

NOMENCLATURE AND DEFINITIONS

Reverse turns comprise the widely distributed g-turns, as well as the less prevalent y-turns and
a-turns, and may include well-defined loops, such as Q-loops. A stringent definition of turn
types was originally proposed based on a computational search for the different conformations
of a polypeptide chain that can be sampled by short (three to four) amino acid segments and
stabilized by an intra-turn backbone hydrogen bond.3 In current practice, the classification of
aturn is based on the preferred ¢,y angles of the chain backbone, the position of the stabilizing
hydrogen bond, and the length of the chain where the turn occurs. The most common type of
turn is the g-turn where the hydrogen bond occurs between the i and i + 3 residues.
Venkatachalam’s analysis proposed two major classes of the four-residue g-turn, Types | and
I1, and this classification has been in use up to the present. The difference between Types | and
Il is mainly the relative orientation of the peptide bond between the i + 1 and i + 2 residues
(so-called “corner residues”), which consequently affects the positions of their side chains.
Another turn type is the G1 g-bulge turn, which is a Type | turn with an additional residue at
position i + 3 that samples «, -space, causing the i and i + 4 positions to be hydrogen bonded.
56 The term “open turn” refers to cases where no hydrogen bond is present and the ¢, angles
are within 30° of the standard turn types.2 Different g-turn conformations observed in proteins
have been systematically classified by Thornton and coworkers.”:8 A f-turn flanked by two
S-strands makes up a f-hairpin, the basic building block of a g-sheet.6

The number of residues required to change the overall direction of the polypeptide chain varies
for turns and loops: three for y-turns, four for S-turns (or five, if a f-bulge is present), and more
than five for loops. One or more reverse turns may be present in a loop to facilitate the change
in chain direction, but this does not imply that turns are just smaller versions of loops.? Unlike
loops, turns have backbone groups that are in close proximity, consequently constraining the
side-chains to protrude outwards and allowing hydrogen bonding of the backbone. In contrast,
hydrogen bonding in a loop’s backbone is not regular, and the longer loops have more relaxed
limitations on side-chain orientations, allowing the side-chains freedom to pack inside the
loop’s core. An idealized loop backbone conformation is exemplified by an Q-loop, where the
distance between the termini is less than any a—a carbon separation in the loop, creating a
structural feature that resembles the Greek letter omega () in which the termini “neck-in”.2
The classification of turns and loops is not straightforward since both lack the regular backbone
dihedral angles and repetitive hydrogen bonding patterns so easily recognizable in a-helices
and p-strands. However, careful observation reveals regular conformations as well as sequence
and positional preferences.

FROM PEPTIDE MODELS TO PROTEINS

The short, self-contained nature of reverse turns has led to their extensive study using peptide
models. In an approach pioneered by the Blout laboratory, cyclic peptides have served as
constrained models for reverse turns.1® Numerous crystal structures from the Karle lab,11714
and others, > as well as NMR studies of cyclic peptides in solution from the Blout,16-19 Kopple,
20-25 Tonelli,26:27 and Ivanov and Ovchinnikov2® groups, confirmed the original
characterization of g-turn types and provided illustrations of y-turns and a-turns. The similarity
of these local structures in cyclic peptides to those observed in proteins gave early credence to
the importance of local energetic contributions to turn conformations. Because of the
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conformationally constrained nature of cyclic peptides, they have also been useful in defining
spectroscopic signatures of turns,15,16,29-31

These crystallographic and spectroscopic parameters in turn helped in the next logical step in
characterizing turn formation: extension to small linear peptide models, which have
considerably greater conformational latitude. Crystal structures (many from the labs of Aubry
and Marraud32) revealed that -turn conformations were among the most stable states for N-
o.and carboxy-protected linear dipeptides (which mimic tetrapeptides) of favorable sequence.
Landmark work by Dyson, Wright, and Lerner showed that certain sequences within turns
yielded strong conformational propensities as well in solution, such that turn conformations
were highly populated in short peptides in water.32 This and follow-up work established an
early set of “rules” for turn likelihood in otherwise flexible peptides and paved the way for a
wealth of research on short linear peptides.3# Looking back, this work foreshadowed the current
view that unfolded states of proteins are not randomly sampling all areas of ¢,y space but
instead are best described as populating an interconverting set of native-like local
conformations, with occasional long-range native-like contacts or hydrophobic clusters.3®
Also, this work and related studies in other labs supported an early proposal that g-turns may
nucleate protein folding.36—39

Over the past two decades, considerable research has been focused on the next stage in a
hierarchical build-up of structure from a g-turn: S-hairpins. These structural features are
stabilized by virtue of turn propensities of amino acid residues as well cross-strand interactions
between the sequences flanking the turns. Favorable energetic contributions to g-hairpin
stability have been demonstrated to include cross-strand aromatic-aromatic, aromatic-polar,
hydrogen-bonding, hydrophobic, and salt-bridge interactions,*0=45 in combination with loop
conformational propensity and entropy terms dependent on loop length.43:46

RESIDUE PREFERENCES IN TURNS AND PROTEIN STABILITY

Because they occur between regions of regular secondary structure, turns are frequently located
at the surfaces of globular proteins. As a consequence, turns are primarily composed of
hydrophilic residues.4’ This characteristic, plus the higher than random proportion of glycine,
proline, asparagine, and other small polar amino acids arising from the requirement to sample
a ¢, regions, has led to significant success in the prediction of turn propensity from amino
acid sequence. Current g-turn prediction programs incorporate evolutionary information,
secondary structure propensities, hydrophobicity scales, and statistical and neural network
analysis in order to classify -turn types.4’—23 Gratifyingly, the turn propensities of amino acids
at different positions of various protein g-turn types obtained through statistical analysis by
directed evolution and phage-display correlate well with work on model peptides in showing

glycine, proline, asparagine, and aspartic acid to be the most common g-turn-forming residues.
8,54,55

Turns can influence the stability of a protein’s native state both by their intrinsic preference to
sample favorable ¢, space and by their side-chain packing interactions and local environment.
56 Since S-turns are mostly surface-exposed, they are well-suited to participate in ligand
binding, molecular recognition, protein—protein or protein—nucleic acid interactions, thus
modulating protein functions and intermolecular interactions; additionally, they are frequently
sites of post-translational modifications such as phosphorylation and glycosylation, which are
used to tune interactions.2 However, there is a fine balance between turn interactions that
optimize activity and those that influence the stability of proteins. Indeed, there must be some
evolutionary pressure to select for turn sequences that confer thermodynamic stability.5” For
example, when a central turn in plastocyanin was mutated in a combinatorial fashion, creating
a library of 98 mutants, most substitutions led to stably expressed products (i.e., compact and
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resistant to degradation) that had lost the ability to bind their metal cofactor,?® implying that
this turn is important in defining both the function and the fold of the protein. In one recent
study, the conformational stability of microbial ribonuclease Sa was increased by substituting
certain nonproline and nonglycine turn residues with proline and glycine respectively,
suggesting that protein stability can be modulated by introducing mutations based on positional
turn propensities with the stipulation that other electrostatic, hydrophobic, and active site
interactions are not compromised.>® When backbone flexibility, loop length, and amino acid
turn potential within certain turns are altered, these are usually accompanied by changes in
equilibrium free energy.60:61

There are cases when stabilizing turn interactions have deleterious effects on binding activity,
such as the Pin1 WW domain, where ligand binding was greatly reduced when loop 1 was
shortened and engineered to have higher turn propensity and increased thermodynamic
stability.2 Similarly, mutations in a-lytic protease that lead to increased kinetic stability of the
protein by improving the packing interactions of the g-hairpin cause a decrease in proteolytic
activity.53

Turn propensities not only affect the stability of native states but are also implicated in the
folding process itself. Many of the mutations that cause temperature-sensitive phenotypes in
the bacteriophage P22 tailspike protein, a -helical protein, are located at reverse turns.84 When
grown at non-permissive conditions, the mutant proteins aggregate suggesting that the
perturbation of these turns cause temperature sensitive folding (tsf) defects where the protein
becomes vulnerable to aggregation. Further examination of peptides corresponding to a tsf turn
showed that the aggregation-prone mutants have sequences with reduced turn propensities
relative to the wild-type P22 tailspike protein, supporting the idea that the conformational
stability imparted by turns is influential in populating productive folding intermediates.5>

TURNS AND FOLDING

Turns have been proposed to be important in folding because they are capable of initiating
productive structure formation without a large loss in chain entropy since the interactions
involved in turn formation are largely local.36—39:66 This view is consistent with a hierarchical
folding model in which certain turns containing residues with high turn propensities (such as
glycine and aspartic acid) serve as active nucleation sites for structure formation, originating
from the corner residues and propagating toward the flanking g-strands. The turn as the site
for chain reversal becomes a nucleation point that facilitates cooperative formation of
neighboring interactions (Figure 1). A contrasting view would emphasize the formation of
sequence-encoded long-range hydrophobic contacts and a consequent global hydrophobic
collapse. Turns in this case might be required to act passively in folding, serving only as flexible
structural connectors. In this case, other folding events such as chain collapse or stable tertiary
interactions promote structure formation, and turns form only as a consequence of structure
consolidation from other regions of the protein.57

Thus, turns can play two different roles in the folding reaction of a protein: They can be either
folding-active and serve as initiation sites, or folding-passive elements that form only after
other regions develop. These differing roles are likely to arise from the relative importance of
various interactions in forming the native states of different proteins. Proteins containing
regions with high secondary structure propensities may have increased tendency to fold in a
hierarchical manner consistent with the framework model of folding where the native structure
propagates from a stable secondary structural element. In these cases, a structure-nucleating
S-turn can play an active role in folding. In contrast, when secondary structures have low
propensity to form, their formation relies on cooperative tertiary interactions. Certain features
of the hydrophobic collapse model are consistent with this, since folding is viewed to begin
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with the very early collapse, accompanied by long-range interactions and followed by
secondary structure formation. Here the s-turn likely acts as a passive folding element where
turn formation is a consequence of the association of other nonlocal interactions in the flanking
strands. Delineating the factors that control whether a turn is folding-active or passive will
provide insight into the underlying principles that govern protein folding and may also be
applied to protein design and engineering. Evidence for the two potential roles of turns in
folding has been obtained in different proteins and protein domains. We discuss some specific
examples in the following sections (and see Table I).

The contribution of turns in folding has been explored in two major ways: through
conformational analysis of excised peptide fragments and through site-directed mutagenesis
of different proteins and protein domains containing one or more S-hairpins. The former
approach necessarily focuses on the extent to which a turn is independently stable with its
stability governed by intra-turn contributions. The independent stability of a turn should
provide insight into the likelihood that the turn plays an active role in folding and is potentially
a feature of the unfolded state or early folding intermediates. Protein engineering analysis®8
enables the exploration of the contribution of a turn sequence in the context of the entire protein.
6971 Briefly, the extent to which engineered mutations alter the stability of the protein or its
energy landscape of folding reveals the role of the substituted residue in the native state,
intermediates, or transition states. The contribution of a mutated residue to the transition state
can be measured by comparing the folding kinetics and stabilities of the mutant and the wild-
type protein. In a two-state process, the g-value is conventionally used to represent the ratio
of the change in the activation free energy for folding with the change in equilibrium free
energy caused by a mutation.%8 When the mutation causes a change in equilibrium stability
but the transition states of the mutant and the wild-type protein are energetically equivalent,
then interactions involving the mutated residue develop late in folding, i.e., only after the
transition state. In cases where the transition state is perturbed as much as the native state,
interactions involving the mutated residue must be present in the transition state ensemble.
Most p-value analysis experiments are based on fluorescence and CD spectroscopies, typically
employing stopped-flow and temperature-jump kinetics experiments. More recently, a
relaxation-dispersion NMR-based method has also been developed to look at ¢-values
involving intermediate states, which could be used not only to measure energetic contributions
at the transition state but potentially provide structural information of the different states.’2

Proteins L and G: Interchangeable Turns as Folding Nucleation Sites

Peptide fragment studies and protein engineering analysis on the B1 immunoglobulin domains
of proteins L and G show that the intrinsic turn propensity as well as the protein topology are
important in defining the role of a given turn in folding. The immunoglobulin B1 domain of
protein G contains an a-helix and four S-strands connected by two g-turns (Figure 2a). The
NMR and CD spectra of the isolated s-hairpins showed that the second hairpin fragment, but
not the first, populates native-like conformations.’”3 The contribution of the turns to folding
was revealed by introducing mutations throughout the protein.”! p-value analysis indicated
that the noncovalent interactions of the second j-turn were already intact at the transition state.
Similar fragment and mutagenesis studies were performed on the protein G homolog, protein
L, which is structurally similar to protein G (Figure 2b) but has only 15% sequence identity.
66,71,74 |n contrast to protein G, fragments of protein L do not significantly populate stable
secondary structures.’# A more detailed energetic analysis using the protein engineering
approach showed that the first turn of protein L is largely formed at the transition state along
with the putative hydrophobic core of the protein.6® This is contrary to the case of protein G
where it is the second turn that appears to promote formation of the transition state, and the
first turn contributes only at the later stages of folding. Moreover, using combinatorial
mutagenesis by phage-display, it was found that the second turn in protein L can tolerate more
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sequence variation than the first turn, suggesting that the first turn is likely to have a conserved,
sequence-dependent role in the protein.”® This bias to mutations also extends to the folding
rate where mutations in the first turn have larger effects on the folding rate of the intact protein
L compared to those in the second turn. The dissimilarity in the folding mechanism in relation
to the hairpins of these two proteins can be caused by: (1) different intrinsic propensities of the
sequence to form hairpins; (2) different hydrogen bonds and side-chains pattern of assembly
and; (3) different packing interactions with the helix.”8

The mechanism of folding for this family of proteins depends on the formation of the g-hairpin
with the lower free energy at the transition state, making it possible to inter-convert the folding
pathway of proteins G and L by switching the intrinsic turn propensities of the two hairpins.
7T A redesigned protein G mutant was constructed by stabilizing the first turn with an optimized
backbone conformation and amino acid sequence; and by destabilizing the second turn with a
mutation that removes a hydrogen bond. Folding kinetics of the intact, redesigned protein G
showed that the first turn now forms at the transition state while the second turn remains
unstructured, effectively making protein G fold like protein L. This study shows that the
intrinsic stability of turns can modulate the mechanisms of protein folding; in particular, stable
turns that bring together favorable contacts can act as initiation points for folding.

Ubiquitin: A Folding-Active Turn Involved in Both Native and NonNative Interactions

Turns also affect protein folding through the presence of specific structural features like the
p-bulge, as observed in another protein ubiquitin. The structure of ubiquitin is in fact very
similar to the B1 domain of protein G and L except that the second hairpins of the Ig domains
are replaced by a longer loop in ubiquitin (Figure 2c). NMR and CD studies of synthetic peptide
fragments corresponding to the different parts of ubiquitin showed that the protein’s N-terminal
hairpin can populate native-like structures in 40-60% aqueous methanol.”® Further
characterization of the excised N-terminal turn peptide showed that it also retains a glycine j-
bulge to prevent stable non-native interactions.”® The importance of this s-bulge is also
supported by the finding that glycine deletion decreases the observed residual structure of the
peptide denatured state as well as the folding and unfolding rates of the intact protein.80 These
results point to a model where turn formation occurs very early in folding, perhaps even
contributing to the stability and structure of the denatured state. Changing the N-terminal Type
| 5-bulge into a Type | turn also destabilizes ubiquitin. Although this change introduces a non-
native g-strand conformation in the isolated hairpin fragment, it was not sufficient to induce
non-native interactions in the full-length protein.8 The g-bulge in this turn favors sampling of
stable S-hairpin conformations and prevents formation of non-native hydrophobic interactions
in ubiquitin. This implies that the local structure of S-turns affects the stability of the intact
protein, and that the contribution of tertiary interactions is important in S-sheet formation as
well. More recently, the terminal hairpin residues (away from the corner residues), specifically
those that can form hydrophobic clusters, were shown to contribute to the stability of the N-
terminal hairpin fragment.82 It was further suggested that this hydrophobic “cap” not only
stabilizes the hairpin but also plays a crucial role in formation of tertiary interactions during
folding, since these residues also are in contact with other regions in the intact protein that
define the native topology. The information obtained using this fragment of ubiquitin is
consistent with ¢-value analysis on the full-length protein, where the N-terminal hairpin was
found to be partially formed and accompanied by an intact helix in the transition-state
ensemble.83 When an autonomously forming -turn sequence was inserted into the N-terminal
hairpin, the stability of ubiquitin increased.84 However, this stabilization was accompanied by
the formation of an additional collapsed folding intermediate not present in the wild-type
protein. It appears that over-stabilization of the local hairpin interactions promotes formation
of either an off-pathway or an obligate misfolded intermediate, which then requires another
rearrangement step prior to folding. This is similar to the case where a premature collapse is
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seen as a stabilizing hairpin is added to the more conformationally flexible C-terminal hairpin
region.8 These studies show that turns can change the folding landscape based on their ability
to promote stabilization of native or non-native interactions.

Titin I-band Domain 27: Topology-Driven Folding

Not all protein domains show turn-dependent folding: One example in which turns are present
but not active in folding is the 27th domain of the titin I-band protein (T1 127), a structure
composed of two anti-parallel -sheets made of 4 -strands (Figure 2d).88 From p-value
analysis, a cluster of residues that form both inter- and intra-strand interactions and not
associated with any turns was shown to be present in the transition state ensemble.8” This
nucleation region is stabilized by nonlocal interactions, which facilitate the formation of a
transition state that resembles an expanded version of the native state. In this case, the turns in
the T1 127 domain do not play a significant role in the transition state; they appear to act as
folding-passive elements since the rate-limiting step appears to be the formation of long-range
contact between strands. In this protein fold, the requirements of the native architecture seem
to predominate in the folding mechanism over locally encoded structures. However, under
nonphysiological conditions, such as high denaturant concentrations, the diffuse transition state
can be altered into one in which most of the transition state interactions are clustered in one
region.88 This alternative transition state is characterized by more localized interactions within
one of the central strands of TI 127, suggesting a more polarized transition state ensemble.

WW Domains: Nucleation Through Turn Hydrogen Bonding

The importance of hydrogen bonding, dynamics and turn formation was studied using the all
S-sheet WW domains. The WW domain, which is comprised of three anti-parallel s-strands
(Figure 2e), binds proline-rich sequences. From extensive folding kinetics and
thermodynamics studies done on the Pinl WW domain, it appears that the first turn is
significantly populated at the transition state of folding.8° The contribution of backbone
hydrogen bonds to the transition state was also measured by amide to ester or amide to olefin
mutations.?%:°1 When combined with the traditional protein engineering approach which
probes the contributions of side-chains, these studies gave a detailed view of the earliest
structure formed at the transition state and indicated that the hydrogen bond of the first turn
forms before the consolidation of stabilizing interactions of the side-chains.1:92 Similar results
were obtained for the FBP28 WW domain where a combination of MD and ¢-value analysis
showed that the region of the first 8-turn is formed at the transition state of folding.93 A recent
study looked at the dynamics of hydrogen bond formation in turns using NMR and showed
that turn | of the FBP28 WW domain is both dynamic and solvent-exposed.®* The authors
proposed that even though this turn was previously thought to be a nucleation site, it is dynamic
and can possibly sample two types of conformations: one that allows productive folding, and
the other that leads to a more aggregation-prone conformation. It was suggested that although
this turn has been considered to be a nucleation site for folding, it may play a passive role where
it simply allows structure formation, in contrast to an active role in which the turn initiates and
promotes folding.

SH3 Domains: Polarized Transition State

The relationship of protein topology and secondary structure in the context of folding has been
investigated in detail using the SH3 domain. Like the WW domain, the SH3 domain binds
proline-rich regions and is part of a large and ubiquitous family of proteins that typically have
five or six S-strands forming two orthogonal anti-parallel S-sheets connected by the RT loop,
the n-src loop, the distal loop and a short 3¢ helix (Figure 2f).%5 From conformational studies
done on peptide fragments spanning the a-spectrin SH3 domain, peptides that contain the distal
loop showed some weak native-like interactions.% Inserting an autonomous turn folding
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sequence (BH19) at the distal hairpin stabilized the protein as well as increased the refolding
rate.9” However, introducing BH19 in place of the distal hairpin of SH3 contributed some
conformational frustration during folding, as evidenced by the presence of a roll-over in the
chevron plot at low urea concentration that was presumed to arise from an additional collapsed
folding intermediate.®”

From g-value analysis of both a-spectrin and src-SH3 (36% sequence similarity), the distal
hairpin was found to be considerably formed at the folding transition state.”%:98 |t was proposed
that this could be due to the conformational restriction or “stiffness” of the distal and n-src
loops compared to the RT loop; the stiffer regions are likely to act as nucleating regions and
limit the conformational heterogeneity of the transition state ensemble.?9 Here, loop stiffness
is related to the bending energy and the number of interstrand contacts of the different SH3
hairpins. The rigidity of this loop was also said to be important in limiting the conformational

space sampled by the hydrophobic core of the protein thus promoting more efficient folding.
100

In addition to the distal loop, a conserved 7-residue diverging S-turn was also shown to sample
native-like conformations in isolation.191:102 |t js interesting to note that this turn is stable as
an isolated peptide, even though it does not form a tight hairpin in the full-length src-SH3
domain. Instead, it serves as the transition point from the front to the back sheet.191 This argues
that perhaps the local transient interactions of the diverging s-turn enables it to establish the
correct protein topology, which is critical in folding.%9 Interestingly, this turn is at the base of
the RT loop responsible for ligand binding. Perhaps this turn also allows the protein to present
the correct binding site.

In terms of the effects of local and nonlocal interactions, when strong non-native helical
mutations in the a-spectrin SH3 were introduced in the flexible region flanking the RT-loop,
a region known to participate only at the later stages of folding, the protein still folded into the
correct native structure but was compromised with respect to the stability and the folding rates.
103 This suggests that in the case of a-spectrin SH3, local secondary contacts in the RT region
can be compensated in part by tertiary interactions.

The SH3 domain shows a transition state biased towards formation of the diverging turn and
distal hairpin. This polarized transition state is characterized by an uneven distribution of ¢-
values throughout the protein, showing that different clusters of interactions contribute to
varying extents at different stages in folding. It is also possible that the polarized transition
state has partial structure when most native interactions are not yet fully realized.

INTRACELLULAR LIPID-BINDING PROTEINS

Members of the intracellular lipid-binding protein (iLBP) family have been used as model
systems to study folding of multi-phasic g-sheet proteins.194=115 The iLBP fold is a g-barrel
formed by two anti-parallel, five-stranded S-sheets (Figure 2g). -turns link all strands except
for Strand 1 and 2, which are connected by a helix-turn-helix motif (containing a conserved
Schellman motif!16), and Strands 7 and 8, which are connected by a variable Q-loop (6 in
Figure 2g). Our laboratory has extensively investigated the details of the folding mechanism
of one member of this family, cellular retinoic acid-binding protein | (CRABP 1).1177122 T¢
further understand how local interactions influence the conformational stability of a protein,
peptide fragments corresponding to the seven g-turns of CRABP | were studied.123:124 Both
NMR and CD analysis showed that peptide fragments comprising Turns 111 (85 FKVGEG'0)
and IV ("* ETVDGRK?0) from CRABP | populate native-like conformations in aqueous
solution, with the isolated Turn IV fragment adopting the most stable native-like turn. None
of the other turn peptides from CRABP | folded into native-like structures to any significant
extent. The combined 24-residue hairpin that contains both Turns 111 and 1V also diplayed
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native-like conformational propensity, even in the presence of 7 M urea, suggesting that this
region of the protein may be structured in the unfolded state and may therefore be important
in narrowing the conformational space at the earliest stages in folding.12> This result is
consistent with studies done on another member of the iLBP family, intestinal fatty acid-
binding protein (IFABP), where residual structure was found in regions spatially close to Turn
11 (in Strands 3-7) and Turn IV (Schellman motif and Strands 9 and 10).105,126,127

To further explore the role that turns play in folding of an iLBP S-sheet protein, we have carried
out an alanine-scanning mutagenesis study on Turns 11l and IV of CRABP I. (A. M. C.
Marcelino, O. Bilsel and L. M. Gierasch, manuscript in preparation.) The rationale for the
alanine substitutions is to eliminate side-chain interactions without substantially perturbing
conformational flexibility of the polypeptide backbone. Results show that the two turns affect
two different folding phases: Evidence suggests that Turn IV interactions influence early steps
in folding and that the turn is formed in the rate-determining transition state ensemble. By
contrast, Turn 111 forms late and is not present at the rate-determining transition state. The
proposed folding pathway for this protein as established in our laboratory is illustrated in Figure
3, showing that refolding occurs via two intermediates. The refolding rates of Turn Il mutants
are similar to those of the wild-type protein, indicating that interactions involving Turn Il are
formed after the last energy barrier. Therefore, Turn 111 can be considered to play a passive
role in folding, stabilizing the protein at the later stages. The late contribution of Turn Il to
folding was also suggested in IFABP: The side-chain of Leu 64 in IFABP (which corresponds
to Val 67 in CRABP 1) is specifically thought to stabilize the native state through its favorable
packing interactions with the hydrophobic cluster in that region.128 This cluster of hydrophobic
residues near Turn Il is conserved throughout the iLBP family and is shown to include residues
in the different strands both in the front and back sheets.129:130

In contrast to Turn 111, mutations in Turn 1V generally perturb the refolding properties of
CRABP I (A. M. C. Marcelino, O. Bilsel and L. M. Gierasch, manuscript in preparation). A
glycine to alanine mutation in Turn IV (position 78) slows the 100 ms kinetic phase in which
native topology forms (I1 to I,), suggesting that this turn makes an energetic contribution during
this early phase, either due to the conformational flexibility conferred by the glycine or due to
its steric roles enabling sampling of turn-required ¢,y space, both of which can affect favorable
formation of turn conformations. In addition, the CRABP | variant harboring a Val to Ala
mutation at position 76 in Turn IV showed an increase in the burst phase amplitude, which
implies that the interactions involving Val 76 are present in the early folding phase. Moreover,
Val 76 is also part of a small evolutionarily coupled network of hydrophobic interactions, 30
which supports the idea that early turn formation coupled with productive organization of long
range interactions is used to establish the correct protein topology (see Figure 3).

Since both turns in CRABP | are conserved, have propensities to sample native-like
conformations as isolated fragments, and are associated with networks of hydrophobic
interactions, what then is the basis for their disparate functions in protein folding? This
difference may be due to the stability of the isolated fragments as a consequence of the type
of conformation that these turns sample. Turn Il is a diverging turn (irregular Type 1), a
conserved feature in the iLBP family which serves to connect two strands that are not hydrogen
bonded except at the turn itself. On the contrary, Turn IV is a tighter turn (Type | with a glycine
bulge) as evidenced by the number of sequential NOE signals among the turn residues. This
greater number of contacts in the backbone of Turn IV may provide a more conducive
environment in which the g-turn can propagate to form a stable $-hairpin and eventually
promote productive longer-range interactions. Since these two turns share a common g-strand,
it is possible that the region between Turn 111 and IV can act as a folding microdomain, 125
wherein structure is nucleated at Turn 1V, this initial structure promotes interactions between
its flanking strands, and eventually the resulting partial hairpin acts as a staging area for the
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formation of the conserved hydrophobic core near the region of Turn I11. Turn IV also connects
the front and back sheets of CRABP I. The importance of establishing native-like interactions
and topology early in this region may act as a negative-design feature!3! that would prevent
misfolding or possible aggregation of the protein.

CONCLUSIONS

Turns are implicated in protein folding in two quite contrasting ways: In the first, turns are
active agents in folding due to the restrictions they impose on the conformational entropy of
the polypeptide chain. Here, turns act as nucleation sites for folding. Hence, the formation of
the turn promotes formation of adjacent secondary or super-secondary structure, such as a -
hairpin. Long-range or noncontiguous interactions are fundamental in g-sheet structure, and
formation of S-turns between strands is crucial since they can actively facilitate cooperative
formation of the g-strand. Although turns can play such active roles in structure formation,
they can also have more passive roles in folding. This situation arises when extra-turn, generally
longer range interactions are driving forces for folding, and the turn region is an “enabler,”
allowing the polypeptide chain to reverse its path and take up the kinked conformation required
for the longer range interactions to form. The relative importance of these distinct roles reveals
inherent features of the folding mechanism of particular protein families, since the balance is
dependent on topology and secondary structure propensity, as well as other factors like
negative-design elements and functionality.

The likelihood that a turn would act as nucleation site for folding should be related to its intrinsic
turn propensity and sequence conservation. Turns for the examples discussed in this review
are listed in Table I and are assigned based on their 3D structure accompanied by secondary
structure prediction programs like DSSP32 and Stride.133 The intrinsic turn propensity was
calculated using the COUDES program,*® which gives weighted turn propensity scores for
tetrapeptide sequences in coiled regions. Conservation scores for each position were obtained
using ConSurf,134 and the overall conservation score of the turn secondary structure was
calculated from the sum of the scores of each turn position divided by the number of turn
residues. The turns that appear to be formed at the transition state determined from protein
engineering analysis are in bold italics.

The folding-active turns in the B1 domain of proteins G and L, and the Pin1 WW domain are
those that have a high predicted turn propensity and are highly conserved. In ubiquitin, the
SH3 domain and CRABP I, the most conserved turns are also the folding-active turns
suggesting considerable effects of evolutionary constraints. Moreover, in all of these cases,
peptide fragments corresponding to these conserved, predicted turns indeed adopt native-like
conformations. It is gratifying that the correlation of intrinsic properties and roles in folding is
high in these examples. However, this does not apply to all cases, for example the 36
LKGQ?3? turn in the T1 27th domain has high conservation and turn propensity scores but it
does not appear to nucleate folding. Other networks of interactions like those in helices or in
collapsed states may be the initiation points for folding.

There are most certainly other factors that distinguish active from passive turn roles, such as
proximity to other conserved or functional regions. Turns spatially associated with regions that
can define the native topology may have a greater likelihood to act as a nucleation site for
folding, since they can both limit conformational space and establish the correct native contacts
early on.

The combination of peptide fragments and protein engineering studies have allowed us to look
at turn folding functions—their contributions to thermodynamic, kinetic, and conformational
stability during folding. Our perceptions of turns have come a long way from simply viewing
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them as a stable set of conformations sampled by short segment of sequence. We have seen
that turns are crucial for protein stability and folding, acting either as regions that promote
structure formation or as passive elements that allow folding to proceed. The emerging concepts
from these studies include the intimate relationship between local and long-range interactions
during p-sheet folding. Proteins need to perform a balancing act with respect to these
interactions; on the one hand over-stabilization of local contacts can cause frustration in a
folding pathway, while substantial destabilization of locally encoded features can lead to
misfolding. We also see evidence that turns can be used as initiation points for folding as well
as mere structural connectors, reflecting their active and passive roles in folding. It is therefore
important to consider the context of a turn with respect to folding mechanisms: the nature of
its flanking interactions, its proximity to functional groups, and how it fits into the overall
protein topology.

Most of the studies done on turns have focused on two-state folders or small proteins and
protein domains that have simple topologies. More extensive study is needed of the roles in
larger, multi-state $-sheet folders like the iLBPs. It appears that there are turns that form early
and turns that form late. Is this general? Are there features that determine which turns will be
folding-active or folding-passive? Are there stable turn conformations in unfolded states? What
about the contributions of turns to the stabilities and topologies of intermediate states? In a
large S-sheet protein where aggregation competes with folding, can a turn-facilitated early
chain collapse prevent edge strand interactions that expose regions prone to self-association?
These and other questions will be answered by increasingly detailed mechanistic study of a
growing set of larger proteins with more complex topologies using ever more powerful
methods.
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FIGURE 1.

Schematic showing that g-hairpin formation can be initiated at the turn corner residues (red
box). Turn formation can promote cooperative favorable interactions in the flanking regions
of sequence (green circles). Alternatively, the presence of the favorable interactions on the
flanking strands can drive turn formation provided the sequence in the turn allows the chain
to adopt the required ¢, y angles.
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FIGURE 2.

Proteins in which the role of turns in folding has been investigated: a, protein G B1 domain;
b, Protein L B1 domain; c, ubiquitin; d, 27th domain of titin 1-band; e, WW domains (the Pinl
WW domain is shown as an example); f, SH3 domains (the src-SH3 domain is shown as an
example); and g, cellular retinoic acid-binding acid protein I (CRABP 1). The turns for each
protein/protein domain are numbered and are classified based on their structure. The PDB IDs
for the proteins shown are listed in Table I. The turns colored red are those that play an active
role in folding based on peptide models and protein engineering. All other predicted turns are
colored dark blue. The third turn in CRABP I (labeled 3, and referred to as “Turn 111" in the
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text and in the literature) is colored green. This turn has a high propensity to take up a native-
like conformation as a peptide but is proposed to play a passive role in folding (see text).
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FIGURE 3.

The proposed folding pathway for CRABP | proceeds through an early hydrophobically
collapsed intermediate, 11 (z= ~250 us); followed by formation of an intermediate, I, which
has native topology and a functional ligand-binding cavity (z= ~100 ms); and then by
establishment of a hydrogen-bonding network and specific tertiary interactions to form the
native state, N (== ~1 s). The proposed hydrophobic collapse involves interactions among a
network of residues (schematically indicated by the gray oval). Productive folding is facilitated
locally by turns when their formation brings together essential long-range interactions. Note
that Turn IV is at the hub of several topology determining long-range interactions (represented
by red circles), and its early formation may be key to folding (folding-active). Turn Il is also
involved in key long-range interactions (colored green), but these are part of the native
hydrophobic packing network and by contrast may drive the formation of this turn instead of
the reverse. The sequence of Turn Il is thus evolutionarily conserved to allow the native
structure to form (folding-passive).
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