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ABSTRACT: Using the N-terminal 17-residueâ-hairpin of ubiquitin as a “host” for mutational studies, we
have investigated the influence of theâ-turn sequence on protein stability and folding kinetics by replacing
the native G-bulged turn (TLTGK) with more flexible analogues (TG3K and TG5K) and a series of four-
residue type I′ â-turn sequences, commonly found inâ-hairpins. Although a statistical analysis of type I′
turns demonstrates residue preferences at specific sites, the frequency of occurrence appears to only broadly
correlate with experimentally determined protein stabilities. The subsequent engineering of context-
dependent non-native tertiary contacts involving turn residues is shown to produce large changes in stability.
Relatively few point mutations have been described that probe secondary structure formation in ubiquitin
in a manner that is independent of tertiary contacts. To this end, we have used the more rigorous rate-
equilibrium free energy relationship (Leffler analysis), rather than the two-pointφ value analysis, to show
for a family of engineeredâ-turn mutants that stability (range of∼20 kJ/mol) and folding kinetics (190-
fold variation in refolding rate) are linearly correlated (Rf ) 0.74( 0.08). The data are consistent with
a transition state that is robust with regard to a wide range of statistically favored and disfavoredâ-turn
mutations and implicate a loosely assembledâ-hairpin as a key template in transition state stabilization
with the â-turn playing a central role.

Altering the folding kinetics of a protein, or even the
sequence or timing of events by which the polypeptide chain
assembles, has been shown to be a realistic possibility by
changing the intrinsic stability of the various substructural
elements. Both theoretical and experimental approaches
concur that favorable nativelike local interactions dominate
the initial conformational search while minimizing the loss
of configurational entropy (1-4). As a consequence, folding
rates of small two-state proteins correlate with the topology
of the native state when described by a simple contact
parameter which reflects the average separation between
interacting residues in the sequence (5-8). Folding pathways
which contain a large proportion of local interactions formed
at small entropic cost should lead to the most favored
trajectories down a smooth folding funnel while avoiding
any possible barriers that could arise from non-native
interactions.

Local interactions between residues in turns or loops
constitute an important element of protein secondary struc-
ture. Although proteins permit considerable variability in the
size and composition of turns, they can have a large effect
on protein stability and folding kinetics (9-12), with
conformational rigidity suggested as an important factor in
restricting the structural heterogeneity of the transition state

ensemble. The occurrence of non-Gly residues located in the
energetically unfavorable left-handedR-helical region (L-
R) of protein structures has attracted attention because of
the potential for conformational strain and the scope for
further optimization of stability and folding kinetics through
mutation (13-15). In model peptide systems, it is clear that
intrinsic residue conformational preferences forâ-turn-
compatibleφ and ψ backbone dihedral angles can dictate
stability, â-strand residue pairing, and hydrogen bonding
register (16-18). Although tertiary packing interactions,
rather than intrinsic secondary structure propensities, ulti-
mately determineR-helix and â-sheet stability in native
proteins (19-21), in the context of small model systems
devoid of tertiary contacts, local interactions strongly influ-
ence the observable population of marginally stable elements
of secondary structure that may be important folding
nucleation sites (16-18).

Theâ-hairpin represents the simplest model for studying
local interactions that nucleate antiparallelâ-sheet formation.
â-Hairpin peptides have been used extensively as vehicles
for quantitative studies of weak interactions and intrinsic
residue preferences because the population of the folded state
of these marginally stable systems is sensitive to small
changes in stability (16-18). Two-residue type I′ and type
II ′ â-turns are particularly abundant inâ-hairpin peptides
(22), since the turn geometry is highly complementary to
the right-handed twist of the antiparallelâ-hairpin. We have
investigated the influence of the statistically abundant type
I′ â-turn sequence in nucleating protein folding using the
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N-terminal 17-residueâ-hairpin of ubiquitin as a “host” for
mutational studies (23-25). In the native ubiquitin sequence,
the natural turn is a 3:5 type I G-bulged turn which is also
commonly found in proteinâ-hairpins (26). The isolated
peptide fragment corresponding to the native N-terminal
hairpin sequence shows only a weak propensity to fold in
solution (24). We have engineered a series of type I′ turns
into the native sequence to quantify the effects of intrinsic
residue propensities on stability (Figure 1). The effects of
both stabilizing and destabilizing mutations on the refolding
and unfolding kinetics have now been examined in detail.

The nature of the transition state for folding of ubiquitin
has been the subject of recent theoretical and experimental
investigation in identifying interactions in the TS ensemble
(27-31). Φ value analysis has identified a large number of
fractional values (φ in the range of 0.1-0.5) (27-29), which
are open to different possible interpretations (27, 32, 33).
On one hand, these intermediateφ values may arise from
partial or weakly stabilized nativelike structural interactions
in the TS ensemble. On the other hand, they may originate
from the presence of multiple alternative TSs with the
observedφ value representing a population-weighted average
in which a particular residue may participate to very different
extents in different pathways (34). In the case of ubiquitin,
relatively few point mutations have been described that probe
secondary structure formation in a manner that is independent
of tertiary contacts (29, 35). To investigate further the origin
of these intermediateφ values, and the robustness of the
transition state to mutations, we have used the more rigorous
rate-equilibrium free energy relationship (REFER) (Leffler
analysis) (32, 33, 36) to examine the role of the N-terminal
â-hairpin in the folding of ubiquitin by engineering a family
of type I′ â-turns into the hairpin sequence, guided by
statistical analyses of residue propensities.

MATERIALS AND METHODS

Cloning and Expression.Details of the cloning and
overexpression protocols have been described elsewhere (20,
30, 35, 37). All mutations using the WT* background were
introduced using the QuikChange site-directed mutagenesis
protocol (Stratagene, La Jolla, CA) and confirmed by DNA
sequence analysis and by NMR.

Statistical Analysis of Protein Structures.To analyze the
frequency of occurrence of residues inâ-turns in protein
â-hairpins, we used the recently reported Nh3D data set (38)
of 655 high-resolution nonhomologous protein structures
derived from the Protein Data Bank (39). The secondary
structure assignment program STRIDE was used to identify
positions-B1, L1, L2, and+B1 in all possible two-residue
turns (40), and those sequences with at least oneâ-sheet
residue immediately preceding and following these four
residues were selected for further analysis. We identified a
total of 609 two-residue turns within this high-resolution data
set with the following distribution among turn types: I)
183, I′ ) 153, II ) 67, II′ ) 85, VI ) 1, VIII ) 29, and
undefined) 91 (angles not defined by the other turn types).
The distribution of residues within type I′ turns was examined
in more detail in Figure 2. Theâ-turns are classified as 2:2
or 3:5 turn sequences according to the nomenclature de-
scribed by Sibanda et al. (22).

NMR Structural Analysis.All NMR experiments were
performed on a Bruker Avance600 spectrometer. Total
correlation spectroscopy (TOCSY)1 and nuclear Overhauser
effect spectroscopy (NOESY) experiments were used as
previously described on∼1 mM protein samples at pH 5.0
(20, 30, 35, 37). Spectra were internally referenced to

1 Abbreviations: NOESY, nuclear Overhauser effect spectroscopy;
TOCSY, total correlation spectroscopy; GdmCl, guanidinium chloride;
TS, transition state.

FIGURE 1: (a) X-ray structure of ubiquitin showing the solvent-exposed TLTGK type I G-bulged turn sequence within the N-terminal
â-hairpin sequence, together with the position and orientation of the Leu69 side chain on the C-terminalâ-strand. (b) Schematic representation
of the hydrogen bonding pattern within the replacement type I′ turn (X7X8G10K11). The residue numbering follows that in the WT* sequence
(residue 9 has been deleted in the mutants). (c) N-terminalâ-hairpin sequences (residues 1-17) showing substitutions and the positions of
residues-B1, L1, L2, and+B1 [according to the nomenclature of Sibanda et al. (22)] which define the type I′ turn. (d) List of mutants
showing nomenclature and turn sequence.
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trimethylsilyl propionate (TSP). Data were processed and
assigned using Bruker XWINNMR and ANSIG software
(41). Structural models were visualized using MOLMOL
(42). The structure of the FNG mutant has been modeled as
previously described (37). Structural models of other mutants,
including G3, G5, and TVV, were generated from the FNG
structure or from the X-ray coordinates of ubiquitin (43) and
subjected to several rounds of steepest descent and conjugate
gradient minimization. Unrestrained molecular dynamics
simulations were performed using the AMBER6 suite of
programs (//http:amber.scripps.edu/doc6/install.html) and
equilibrated with counterions and TIP3P water molecules to
a distance of 8 Å and dynamics run for 1000 ps. The
ensemble of structures was sampled over the final 500 ps to
examine the conformation and dynamics of the N-terminal
hairpin and loop for comparisons with experimental NOE
data.

Stability and Kinetic Measurements.Protein stabilities
were determined using equilibrium fluorescence measure-
ments as previously described (35, 37, 44). Kinetic unfolding
and refolding measurements were performed using an
Applied Photophysics Pi-star 180 spectrophotometer. The
temperature was regulated using a Neslab RTE-300 circulat-

ing programmable water bath. All kinetics experiments were
performed in 25 mM acetate buffer at pH 5.0 and 298 K.
Refolding experiments were performed by 1:10 dilution of
unfolded protein (15µM in 7 M GdmCl) into buffered
solutions with different GdmCl concentrations, yielding a
final protein concentration of 1.36µM. For unfolding
experiments, a buffered solution of native protein was
unfolded by a 1:10 dilution to yield final concentrations of
GdmCl near or above the midpoint of the equilibrium
unfolding transition (concentrations of GdmCl in the range
of 2.0-7.3 M). Kinetic measurements for both unfolding and
refolding reactions were averaged four to six times at each
GdmCl concentration (30, 35). In all cases, the GdmCl
concentration was determined using a refractometer (44). In
no cases do we see deviations of the kinetic data from a
linear chevron plot. However, to check for the possible
complications of transient aggregation on refolding kinetics
at low denaturant concentrations, experiments were repeated
at protein concentrations in the range of 0.1-1.5 µM. All
of the kinetic data were superimposable and independent of
the protein concentration.

Analysis of Kinetic Data.Fluorescence-detected kinetic
traces were deconvoluted using a multiexponential fitting
procedure involving two or three components for refolding
and one to two components for unfolding. In the main, the
unfolding data fit to a single-exponential process; however,
a minor slow second unfolding phase is evident at high
denaturant concentrations that accounts for only∼1% of the
signal amplitude. This is difficult to characterize but could
be associated with a slow isomerization event in the unfolded
state. The major refolding phase, which accounts for∼85%
of the fluorescence amplitude, was analyzed using a linear
chevron plot (lnkobs vs [D]) and equations appropriate for
an apparent two-state model (45-47). The observed rate
constant,kobs, is the sum of the folding and unfolding rates;
kobs ) kUN + kNU, wherekobs is dependent on [D] according
to the expression

The linear dependence of lnkobs on [D] gives extrapolated
values forkNU and kUN in water alone, together with the
slopes of the unfolding and refolding components,mNU and
mUN, respectively. From the kinetic parameters derived from
eq 1, the stability∆Gkin can be determined from the rate
constantskUN andkNU from eq 2:

and from the refolding and unfoldingmvalues,mUN andmNU,
respectively, and midpoint denaturant concentration [D]50%

derived from the chevron plot (eq 3):

Although the former approach (eq 2) can lead to uncertainties
in ∆Gkin from potentially large extrapolation errors when
calculating unfolding rates in water, we obtain consistent
results using both approaches.

RESULTS

Statistical Analysis of Type I′ â-Turns in Proteins.Two-
residue type I′ â-turns are common in proteinâ-hairpins (22),

FIGURE 2: Statistical analysis of residues in type I′ â-turns in protein
â-hairpins. The percentage frequency of occurrence (of 153 turns
identified) is shown at each of the-B1, L1, L2, and+B1 positions.
Analysis was derived from the Nh3D database of nonhomologous
structures (38). ln kobs) ln[kUN exp(-mUN[D]/RT) +

kNU exp(mNU[D]/RT)] (1)

∆Gkin ) -RT ln(kUN/kNU) (2)

∆Gkin ) -(mUN + mNU)[D]50% (3)
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because of the complementarity between the turn geometry
and the right-handed twist of theâ-sheet. The turn is
described by the (-B1)-(L1)-(L2)-(+B1) sequence (22),
where L1 and L2 are the turn residues and-B1 and+B1
are theâ-strand residues preceding and following the turn,
respectively. The backboneφ and ψ angles of L1 and L2
both lie in the left-handedR-helical (L-R) region of the
Ramachandran plot. We have extended earlier analyses of
the frequency of residue occurrence at the key turn positions
(48, 49) using the recently reported Nh3D database of high-
resolution nonhomologous protein structures (38). We have
specifically identified 153 type I′ turns in the context of
â-hairpin motifs (Figure 2). The analysis confirms that Gly
is by far the most abundant residue at position L2 since the
required backbone angles (φ ∼ 90° and ψ ∼ 0°) are
disallowed for all residues other than Gly (49). At position
L1, the dihedral angles (φ ∼ 60° andψ ∼ 30°) are accessible
to other non-â-branched residues, with Asn, Asp, and Gly
appearing in∼60% of the cases, Asn being marginally
preferred. In contrast,â-branched residues such as Val and
Ile do not occur at this position in this data set which
correlates with their strong preference for an extendedâ-sheet
conformation. For these reasons, the Asn-Gly (L1-L2) type
I′ turn has been widely used in model hairpin peptide systems
for stability and folding studies and has proven to be highly
effective at inducing folded structure (16-18). In other cases,
the use ofDPro at position L1 to induce the correct backbone
geometry has also proven to be highly successful (16-18).

Design and Stability ofâ-Turn Mutants of Ubiquitin.All
of the mutations described have been constructed against a
background F45W substitution (denoted WT*) which gives
a sensitive fluorescence probe for stability and folding studies
(29, 30, 50-53). Estimates of the change in stability were
derived from kinetic measurements based on refolding and
unfolding rate constants and from kineticm values and
transition midpoints (see Materials and Methods). Turn
mutations were engineered into the N-terminalâ-hairpin of
ubiquitin which spans residues 1-17. The X-ray structure
of ubiquitin reveals a 3:5 type I G-bulged turn sequence
(TLTGK), as shown in Figure 1a (43). The first and last of
the five residues results in closure of the turn through cross-
strand hydrogen bonding. A number of contacts within the
TLTGK turn sequence suggest stabilizing interactions, for
example, between theâ-OH group of Thr7 and the backbone
NH group of Thr9, as well as a tertiary interaction between
the side chain of Leu8 and Val70, the latter in the C-terminal
parallel strand, and a salt bridge between Lys11 and Glu34,
the latter in the mainR-helix (43).

Initially, the native TLTGK G-bulged turn was mutated
to the more flexible TGGGK turn (G3 mutant) to eliminate
interactions within the turn while maintaining the same loop
size. Surprisingly, these mutations had essentially no effect
on the stability of the protein (∆∆G ∼ 0.1 kJ/mol). To further
examine the effects of loop flexibility, we extended the turn
by a further two Gly residues (TGGGGGK, G5 mutant),
which destabilized WT* by 5.9 kJ/mol.

The native G-bulged loop was subsequently replaced by
with a series of 2:2 type I′ turn sequences (Figure 1d), and
we proceeded to examine the relationship between the
frequency of occurrence of residues at key positions within
the turn sequence and their effects on stability. The residue
at position+B1 following the Gly residue is frequently found

to be Lys (Figure 2d), and since Lys is found at this position
in the native turn and is involved in a Lys11-Glu34 salt
bridge (43), we preserved this residue in all of the mutants
and examined the effects at positions-B1, L1, and L2. To
test the effects of intrinsic conformational preferences on
hairpin stability, the LT residues of the native G-bulged type
I turn sequence TLTGK were mutated to residue X to yield
the TXGK turn sequence, with T, X, G, and K representing
-B1, L1, L2, and+B1, respectively (see Figure 1). Initially,
we concentrated on residues-B1 and L1, since Gly is found
to be by far the most common residue at position L2 (Figure
2c). The most favored Asn-Gly and least favored Val-Gly
sequences were incorporated within the TNGK and TVGK
turns (TNG and TVG mutants, respectively). In the first
instance, TNG produces a slight decrease in stability of 1.2
kJ/mol, suggesting that TLTGK and TNGK are equally good
turns in this context, whereas TVG resulted in a further
reduction in stability of 2.3 kJ/mol versus WT*, reflecting a
relatively small free energy difference between the most
favored and least favored residue at position L1. A detailed
NMR analysis of the TVGK and TNGK mutants at the level
of a full backbone assignment has enabled us to confirm
that both of these sequences are accommodated with similar
local backbone geometries typical of type I′ turns, with minor
chemical shift perturbations confined to residues adjacent
to the mutated residue (37).

Subsequently, we investigated the effects of substitutions
at the -B1 position (XNGK) on protein stability. As a
reference point, we calculated stability changes with respect
to the TNGK sequence (X) T). The statistically preferred
X ) V (VNG) substitution, which reflects the preference
for â-sheetφ andψ backbone angles at the-B1 position,
produces a substantial increase in stability of-6.3 kJ/mol.
However, the X) A substitution (ANGK, ANG), a residue
with a highR-helical propensity, destabilizes the hairpin by
1.3 kJ/mol, while the X) E substitution (ENGK, ENG)
produces little effect on stability (0.3 kJ/mol). Thus, at the
two extremes with regard toâ-sheet forming propensities
(Val vs Ala), the nature of the residue at position-B1
modulates stability by∼8 kJ/mol.

Modeling studies suggested that the introduction of Phe
and Trp (FNG and WNG mutants) within the XNGK turn
sequence could lead not only to favorable hydrophobic
interactions with residues within the hairpin sequence but
might also allow us to engineer new stabilizing tertiary
contacts with L69 and L71 on the adjacent C-terminal
â-strand. These mutations produce significant further in-
creases in stability with respect to a TNGK sequence of
-11.5 kJ/mol (FNGK) and-14.5 kJ/mol (WNGK) (see
Table 1). NMR analysis of the FNG and WNG mutants
reveals substantial upfield shifts for the methyl resonances
of L69 and L71 of between 0.4 and 0.9 ppm that confirm
tertiary interactions between the aromatic side chain of Phe
or Trp and residues on the adjacent C-terminal strand (37).
Further, a significant enhancement of the change in fluores-
cence intensity between folded and unfolded states for WNG
is consistent with the indole ring becoming at least partially
excluded from solvent by the formation of tertiary contacts.
We subsequently introduced the L69A mutation into WT*
and FNG (WT*A and FNGA) and observed a significant
destabilization (12-14 kJ/mol). A thermodynamic cycle
constructed from the stability data for WT* and FNG with
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and without the L69A mutation suggested that the L69-F7
interaction contributes only∼2 kJ/mol to the enhanced
stability of FNG, suggesting that the major contribution
involves the side chain of L71.

Finally, we also considered mutations at the L2 position
to investigate the tolerance to residues other than the
statistically highly preferred Gly residue (Figure 2). From
the database, both Ala and Val have a very low frequency
of occurrence at this position, representing residues with a
strong preference forφ andψ angles characteristic ofR-helix
and â-sheet, respectively, rather than the requiredR-L
backbone geometry. Substitution at position L2 (X) in the
already destabilizing TVXK turn sequence (X) A, TVA
mutant, and X) V, TVV mutant, respectively) surprisingly
resulted in only small further decreases in stability in both
cases (<2 kJ/mol; see Table 1), despite the poor representa-
tion of these residues at the L2 position in the statistical data.
We carried out a detailed NMR analysis of the TVV mutant
to establish whether inserting sterically bulky Val residues
in adjacent positions led to significant structural changes
(such as an expansion of the loop size) that may help to
partially offset the energetic cost of turn formation. We
compared HR chemical shift perturbations from random coil
values for residues within theâ-hairpin sequence (residues
1-16) of the TNGK, TVAK, and TVVK turn mutants
(Figure 3), representing the statistically most abundant and
one of the least abundant substitutions at positions L1 and
L2. Modest differences in HR shift perturbations (∆δHR e
0.2 ppm) for TNGK versus TVAK and TVVK are confined
to the residues immediately adjacent to the turn sequence in
positions -B1 and +B1, suggesting that conformational
changes are not propagated significantly beyond the turn
residues. The pattern of NOEs within the turn and between
residues in cross-strand positions (T7NH-T12HR and T7NH-
K11NH), together with the magnitude of3JNH-HR values
estimated from TOCSY cross-peak intensities, confirms the
strand alignment and loop size are those of a 2:2â-turn in
all three cases, consistent with earlier studies using model
peptides (54, 55). Thus, the NMR data suggest that the
TVAK and TVVK sequences are accommodated with a
backbone geometry similar to that of TNGK.

Kinetic Analysis of Ubiquitin Folding.The role of the
â-hairpin motif in nucleating the folding of ubiquitin has

been examined in kinetic detail from fluorescence-detected
stopped-flow experiments at 298 K on the family ofâ-turn
mutants described herein. The refolding data at low denatur-
ant concentrations (0-3 M GdmCl) show clear evidence for
multiphase kinetics and are resolved into three folding
processes (30, 35). The fastest phase accounts for∼85% of
the change in fluorescence amplitude when extrapolated to
0 M denaturant, with the minor phases previously attributed
to slower isomerization-limited events (27, 29, 50-53),
although these remain to be characterized in detail. The
observation that the variation in the rate of folding of the
major phase as a function of denaturant concentration fits
to a linear chevron plot (lnkobs vs [D]) without deviations
from linearity at low denaturant concentrations suggests that
the majority of molecules fold along this apparent two-state
pathway. For the purpose of this analysis, we have focused
on this dominant fast phase whose transition state we now
analyze (Figure 4) (30, 35, 52, 53).

Initially, we examined the consequences of the Gly
substitutions on folding kinetics. Chevron plot analysis of
the kinetic data of WT* and G3 (Figure 4a) showed that the
small difference in apparent stability is manifested in
similarly small effects (<2-fold) on both the refolding and

Table 1: Kinetic Data forâ-Turn Mutants of Yeast Ubiquitin

mutanta kNU (s-1) mNU (J mol-1 M-1) kUN (s-1) mUN (J mol-1 M-1) ∆Gkin (kJ mol)b âT
c

WT* 0.0084( 0.0007 2905( 44 263( 9 5684( 55 -25.6 0.66
G3 0.0067( 0.0005 2860( 38 200( 7 5670( 61 -25.5 0.66
G5 0.014( 0.0013 2628( 50 41( 3 6154( 141 -19.7 0.70
TNG 0.0060( 0.00082 2836( 68 115( 6 5039( 82 -24.4 0.64
VNG 0.0044( 0.003 3082( 279 1049( 172 4769( 226 -30.7 0.61
ENG 0.010( 0.002 2811( 116 168( 18 5939( 206 -24.1 0.68
ANG 0.014( 0.002 2787( 61 165( 11 5413( 113 -23.1 0.66
FNG 0.00059( 0.00024 3370( 186 1148( 51 4891( 57 -35.9 0.59
WNG 0.00012( 0.00006 3348( 207 800( 58 4947( 89 -38.9 0.60
TVG 0.0043( 0.0004 2915( 50 54( 3 5662( 95 -23.3 0.66
TVA 0.0037( 0.0003 2929( 33 35( 2 5824( 99 -22.6 0.67
TVV 0.0037( 0.0003 2913( 43 23( 1 5774( 104 -21.8 0.66
NPDG 0.030( 0.002 2482( 27 9( 0.5 5135( 134 -14.1 0.67
WT*A 0.98( 0.08 1901( 45 175( 31 6546( 455 -12.9 0.77
FNGA 0.078( 0.02 2470( 132 505( 77 5898( 289 -21.8 0.70

a Substitution inserted against the background F45W mutation; a superscript A represents the L69A mutation. All kinetic data were collected at
a protein concentration of∼1.4 µM at 298 K in 25 mM acetate buffer (pH 5.0).b Calculated assuming two-state folding and∆Gkin ) -RT ln(kUN/
kNU); errors in stabilities lie in the range of(0.3-0.6 kJ/mol.c From âT ) mUN/(mUN + mNU).

FIGURE 3: Perturbations to HR chemical shifts (measured values
vs random coil values,∆δHR, parts per million) of residues 1-17
in the N-terminalâ-hairpin. NMR data were collected at 600 MHz,
298 K, and pH 5.0.∆δHR values are compared for the TNG, TVA,
and TVV mutants, with TNG and TVV representing the most
favored (Asn-Gly) and one of the least favored (Val-Val) type I′
turns.
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unfolding rates. However, the data for G5, with the desta-
bilizing flexible loop sequence, show a significant (∼6-fold)
deceleration of the refolding rate compared to that of WT*
but a relatively small effect (<2-fold) on the unfolding
kinetics. The observation of only small changes in the
denaturant dependence of the refolding and infolding rates
(mUN andmNU, respectively) indicate that expanding the loop
size is not significantly affecting the structure or solvent
accessibility of the transition state as manifested in Tanford
âT values (see Table 1).

Turning to the data on the type I′ turn mutants, where the
effects on stability are small (TNG, ENG, and ANG mutants
vs WT*), we observe equally small perturbations to both
the refolding and unfolding kinetics (Figure 4b,c). However,
where more pronounced stability changes are apparent we
see specific effects on the kinetics that lead to a much clearer
interpretation in terms of the effects on the folding pathway
of ubiquitin. In Figure 4d, the data for WT* are compared
with those for the type I′ TVGK turn substitution. This turn
is less stable than the native G-bulged type I turn. The
difference in stability is clearly manifested in substantial
reductions in the refolding rate (∼5-fold) of ubiquitin, with
relatively small perturbations to the unfolding kinetics (∼2-
fold). The stabilizing effect of the VNGK turn (Figure 4c),
which represents the statistically preferred type I′ turn
sequence, is manifested largely in accelerated refolding
kinetics (Table 1). Importantly, we see only relatively small
variations inmUN andmNU values, which suggest that in these
cases we are not substantially affecting the hydrophobic
surface burial in the transition state for folding.

We also examined the L2 type I′ turn mutants in which
the preferred Gly residue was replaced with Ala and Val,

which occur with a low frequency at this position. The effects
on stability of the X) Gly to X ) Ala/Val substitutions (in
the context of TVXG) are surprisingly small, and subse-
quently, we see only small effects on refolding and unfolding
kinetics (Figure 4d). However, most of the effect is clearly
manifested in the refolding rate. In Figure 4c, we have also
included previously published data on the NPDG mutant in
which the native TLTGK bulged turn sequence was replaced
by the highly destabilizing NPDG type I turn (20). Although
the latter is a common type I turn in proteins, it is
significantly less common inâ-hairpins because of the
apparent incompatibility of the geometry of the type I turn
sequence with the right-handed twist of the antiparallel
â-strands (25). The substantial destabilization of the hairpin
that this turn substitution introduces (11.5 kJ/mol) is
manifested in a large (∼30-fold) deceleration of the refolding
kinetics (Figure 4c).

Engineering Stabilizing Tertiary Interactions Decelerates
Unfolding. Substitution with a bulky aromatic residue at
position-B1 (FNG and WNG mutants) uniquely produces
a large change in the unfolding kinetics (Figure 5a). While
we observe an∼3-4-fold acceleration of the extrapolated
refolding rate compared to that of WT*, the largest contribu-
tion from the stabilizing effects of these substitutions is
apparent in the substantial deceleration of the unfolding rate
(∼14-fold for FNG and∼70-fold for WNG). Thus, while
hydrophobic contacts involving the aromatic side chains of
F7 and W7 appear to play some role in stabilizing the hairpin
conformation in the transition state, with a subsequent
acceleration of the refolding rate, the larger part of the
observed increase in stability is manifested not in transition
state stabilization but in the stabilization of the native state,

FIGURE 4: Chevron plots (a-d) showing refolding and unfolding kinetic data as a function of denaturant concentration for WT* ubiquitin
and the full set of turn mutants highlighted in Figure 1 (all data collected at pH 5.0 in 25 mM sodium acetate buffer at 298 K). Data were
fitted to a two-state model according to eq 2, and all kinetic paramaters are listed in Table 1.
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implying that tertiary contacts, in this case within the
C-terminal â-strand, are consolidated at a late stage after
the main barrier crossing event has taken place. While the
NMR analysis of the FNG mutant confirms the interactions
between F7 and L69/L71 in the C-terminalâ-strand, the
kinetic data provide the details of the timings of these events.

To dissect the kinetic data for FNG into the relative
contributions from local interactions within the hairpin, and
those from tertiary contacts with the C-terminalâ-strand,
we introduced the L69A mutation into WT* and FNG (WT*A

and FNGA, respectively). In both cases, the L69A mutation
decreases the stability (12-14 kJ/mol) reflecting extensive
hydrophobic interactions involving L69. We examined the
FNGA mutant by NMR and found that perturbations to the
HR chemical shifts were confined to residues close in space
to the mutation site. In contrast to the large perturbations
observed for FNG and to the chemical shifts of the L69
methyl resonances from F7, the methyl of A69 is relatively
unperturbed (∆δHR ) 0.20 ppm), suggesting a much weaker
interaction of this truncated side chain with F7. The
perturbations to the methyl signals of L71 were unaffected
by the L69A substitution. In the case of FNGA, the stability
changes associated with the L69A mutation are manifested
in substantial changes to the unfolding rate (∼130-fold) rather
than refolding rate (∼2-fold) (Figure 5b), in good agreement
with earlier data from Went and Jackson on the L69A
mutation in WT* (29).

Tolerance of the Folding Transition State toâ-Turn
Substitutions.Rate-equilibrium free energy relationships,
describing effects of structural modification on equilibria and
reaction rates, are the classical method of analysis of
chemical reaction transition states (56, 57). This multipoint
analytical approach has been successfully extended in
examining noncovalent interactions present in protein folding
transition states using protein engineering methods and has
advantages over the traditional two-pointφ value analysis
because the former monitors smooth changes in kinetics over
a wide range of stabilities (32, 33, 36, 58, 59). In the current
context, we have analyzed local interactions within the
solvent-exposedâ-turn sequence using the same approach
based upon empirical Leffler (or Brønsted) relationships:

where∆∆G represents the effect of the mutation on protein
stability,kUN° andkNU° are the refolding and unfolding rates
of WT*, respectively,kUN andkNU are the rate constants of
the mutant, andRf is a proportionality constant describing
the sensitivity of the TS relative to the ground state to
structural perturbations. Thus,Rf measures the position of
the transition state along the reaction coordinate so that an
Rf of ∼1 indicates a highly structured TS and anRf of ∼0
indicates a TS that is largely unstructured. If the data for
FNG and WNG are excluded, a linear correlation (R) 0.94)
is apparent for the plot of lnkUN versus∆∆G/RT over a
∼20 kJ/mol stability range and a∼190-fold range of the
refolding rate constant (Figure 6a). From the linear Leffler
plots, we calculated anRf value of 0.74( 0.08. We have
also included in this analysis data from our earlier investiga-
tion of a family of mutants in which the N-terminal hairpin
has been elongated by expanding the loop sequence with an
autonomously foldingâ-hairpin peptide sequence (35). The
stability and kinetic data for this mutant (Uâ4), and several
analogues substituted with Ala in the solvent-exposed hairpin
extension, further substantiate the analysis. The observation
of a linear correlation suggests that all of the mutations are
probing the same homogeneous region of structure in the
transition state, the position of which is not changing
significantly with respect to the folded and unfolded states.
This is also evident from the observation that the denaturant
dependence of the refolding and unfolding rate constants (m
values) are also relatively invariant with stability. When the
data for FNG and WNG are included in this plot, they deviate
from the linear fit (Figure 6a) which reflects the fact that in
these two cases the analysis is more complex because new
interactions have been generated that are affecting other
substructural elements, as already demonstrated. When we
apply the Leffler analysis to residues at various positions
within the C-terminal strand of ubiquitin using the L69A
mutations, additional data generated in previous studies
involving mutations to solvent accessible residues T66 and
H68 that are also found on thisâ-strand (35), and the data
for FNG and WNG, linear correlations are also observed
for refolding and unfolding. A slopeRf of 0.21 ( 0.06
(Figure 6b) confirms that interactions between the C-terminal
â-strand and the N-terminalâ-strand of the hairpin are at
best only weakly formed in the folding transition state and
are consolidated at a late stage in the folding process.

FIGURE 5: Chevron plots showing the logarithm of refolding and
unfolding rate constants as a function of denaturant concentration
for (a) WT* ubiquitin and the FNG and WNG mutants. In panel b,
the effects on the folding and unfolding kinetics of the L69A
mutation are shown in the context of WT* and FNG (assigned
superscript A). All data were collected at pH 5.0 in 25 mM sodium
acetate buffer at 298 K. Data were fitted to a two-state model
according to eq 2, and all kinetic paramaters are listed in Table 1.

ln kUN ) ln kUN° - Rf∆∆G/RT (4)

ln kNU ) ln kNU° + (1 - Rf)∆∆G/RT (5)
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The observation of high correlation coefficients in the
Leffler plots for both data sets confirms that the mutated
side chains within each family of mutants are structured to
a similar extent in the transition state. Significant scatter, or
deviation of the data from linearity (biphasic behavior), has
been suggested as an indication of competing parallel
pathways with multiple transition states (32). In principle, a
large number of mutations in a small region of the protein
analyzed by two-pointφ value analysis and by Leffler

analysis should enable us to draw similar conclusions. There
are important differences betweenφ andR values, whereφ
can depend on very specific interactions that are present in
a folding transition state, so mutations must be selected
carefully for nondisruptive side chain deletions (33). Thus,
φ values are capable of delivering atomic level information
about the structure of folding transition states, whereas the
multipoint Leffler plot can be used to analyze a region of
structure such as a helix and, in this context, lends itself well
to a solvent-exposedâ-turn. However, as discussed in several
recent papers, the two-point analysis can lead to large
uncertainties inφ values when dealing with mutations that
result in only small differences in stability (58, 59). In the
data presented here, we see the same variability inφ values,
where those that correlate well withRf values from Leffler
plots have correspondingly large stability changes, while
stability changes ofe3 kJ/mol produce, in some cases,φ

values of>1 or <0 (59). Rather than focusing on a few
data points that result in unusualφ values that are not well-
determined by the small stability changes, we find the same
data sets result in smooth linear free energy relationships
using the multipoint Leffler analysis of the same homoge-
neous region of structure.

DISCUSSION

Correlating Turn Sequence with Stability and Folding
Kinetics. Using the N-terminal 17-residueâ-hairpin of
ubiquitin as a “host” for mutational studies, we have
investigated the influence of theâ-turn sequence on protein
stability and folding kinetics. Interestingly, replacing the
native TLTGK G-bulged turn with the equivalent Gly-rich
TGGGK sequence appears to have no effect on stability or
folding kinetics. We can speculate that the removal of
backbone steric strain through Gly substitution may com-
pensate for the loss of any side chain specific stabilizing
contacts in the native sequence. However, expanding the turn
to a TG5K loop results in a 6 kJ/mol reduction in stability
and slower refolding kinetics that may reflect a substantial
increase in the entropic cost of folding the hairpin template.
Subsequently, we replaced the native G-bulged turn (TLT-
GK) with a four-residue sequence corresponding to a type
I′ â-turn that is found to be abundant in proteinâ-hairpins
(22). Statistical analysis shows that certain residues are
preferred at specific sites and that the frequency of occurrence
appears to broadly correlate with turn stability (49, 60). It is
evident that turn sequence selection, involving the substitu-
tion of a relatively small number of residues, can lead to
quite significant effects on protein stability (∼25 kJ/mol in
the current context) between turn-destabilized mutants and
those with engineered tertiary contacts. This stability range
is in general agreement with earlier studies of the B1 domain
of protein G in which stabilizing two-, three-, and four-
residue loop sequences were identified through in vitro
selection (60). However, the data suggest that additional
evolutionary factors other than intrinsic backbone confor-
mational preferences may contribute to the frequency of
occurrence, including the importance of side chain polarity
in â-turns in encoding surface accessibility and avoidance
of non-native contacts. We analyzed the frequency of
occurrence of polar residues in 609 two-residueâ-turns of
all types and found that a subset of polar residues (Arg, Asn,
Asp, Glu, Lys and Ser) or the flexible Gly (data not shown)

FIGURE 6: Leffler plots showing the logarithm of the observed rate
(refolding or unfolding) vs the change in stability (∆∆G/RT) for
the family of ubiquitin mutants. In panel a, the effects of mutations
in theâ-turn fit a linear correlation (R ) 0.94) giving a slope (Rf)
of 0.74( 0.08, suggesting that theâ-turn is significantly structured
in the transition state for folding. Included in this plot are data for
the ubiquitin Uâ4 protein and several Ala mutants that contain an
extension of the N-terminal hairpin with an autonomously folding
14-residueâ-hairpin motif (35) (0 for refolding data andO for
unfolding data). In addition, the two outlying points marked with
circles correspond to data for the FNG and WNG mutants (not
included in the fit), where effects on stability and folding kinetics
also contain a component corresponding to new tertiary interactions
between the turn residues and the C-terminalâ-strand (Leu69). In
panel b, the data for FNG and WNG are shown along with data
for the L69A mutants (WT*A and FNGA) and the T66A/H68A and
T66E/H68E mutants that represent the substitution of residues
within the C-terminalâ-strand or involving tertiary contacts with
this strand. A linear correlation is observed (R) 0.83) with a Leffler
Rf value of 0.21( 0.06, showing that the contacts with the
C-terminal â-strand are at best only very weakly formed in the
folding transition state. Thus, adjacentâ-strands within the N-
terminal and C-terminal parts of the sequence show distinctly
different levels of participation in stabilizing interactions in the
folding transition state which is highly polarized toward structural
elements within the N-terminal half of the sequence (28, 29).
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could account for>70% of residues at positions L1 and L2.
Thus, the low frequency of occurrence of hydrophobic
residues in these positions could be ascribed partly to
unfavorable intrinsicφ and ψ preferences and also to
eliminate the possibility of non-native hydrophobic interac-
tions that could decelerate folding. However, in some
contexts, it has been suggested these may be beneficial to
productive folding by sequestering at an early stage hydro-
phobic residues that might otherwise make the protein prone
to misfolding and aggregation (61, 62). In small fast folding
proteins, compact non-native states are likely to be coun-
terproductive in the initial conformational search for nucleat-
ing elements of structure (35, 63-67). In other studies, the
role of â-turns in nucleating folding has been shown to be
strongly context-dependent and that the choice between
topologically similar folding mechanisms must be defined
by local interactions. Mutations within the two symmetrically
disposedâ-turns of the B1 domain of protein L show that
they have quite different effects on folding kinetics with the
transition state polarized toward a structured first turn but
disrupted second turn, as evident from contrasting effects
of residue substitutions on refolding and unfolding kinetics
(68). However, re-engineering stability at the level of local
interactions within the two symmetrically disposedâ-hairpins
has shown that it is possible to alter the folding mechanism
or nucleation point, reflecting differences in free energy
between the isolatedâ-hairpins in the unfolded state (11).

It is interesting to compare these studies with recent
investigations of the folding and dynamics of isolated
â-hairpin peptides that are amenable to T-jump fast-kinetic
methods. Folding rates appear to be substantially accelerated
by reducing the distance of the turn sequence from the
stabilizing hydrophobic cluster of interstrand interactions,
with the entropic penalty associated with turn formation being
an important determinant of the free energy barrier for
â-hairpin folding (69-72). A more recentφ value analysis
of â-hairpin folding using the trpzip4 template has shown
that a strong turn-promoting sequence increases the stability
of a â-hairpin primarily by increasing the folding rate;
however, a strong stabilizing hydrophobic cluster between
strand residues increases the stability of the hairpin primarily
by decreasing the unfolding rate (73). The implication here
is that cross-strand interactions are instrumental in preventing
unfolding, forming mainly after the rate-limiting barrier
crossing event has occurred, and that the turn is a key
nucleating element in directing folding. Although there
appear to be differences in the nature of the unfolded state
of peptideâ-hairpins induced thermally or with chemical
denaturants, in both cases the “denatured” state appears to
retain a high degree of compactness as evident from FRET
studies (73), and as described previously in NMR studies
(74).

Linear Rate-Equilibrium Free Energy Relationships and
Folding Transition States.The observation of fractionalφ
values in protein engineering studies of folding pathways
has led to speculation regarding their interpretation in terms
of a heterogeneous population-weighted folding landscape
with canonicalφ values at the two extremes, or a single TSE
where there is weak partial formation of structure (3, 27,
28, 32, 33). In recent studies, fewφ values were determined
that directly probed secondary structure formation in the
N-terminal hairpin sequence that were independent of tertiary

contacts (29). Using the more rigorous linear rate-equilib-
rium free energy relationship approach to study a family of
mutants spanning a significant range of stabilities (∼20 kJ/
mol), we have focused on structure formation in the solvent-
exposed turn sequence. There are many examples of well-
characterized systems in which the nature of the folding
transition state varies considerably from the diffuse structures
found for nucleation-condensation mechanisms to more
compact structures approaching the framework folding model
(33, 34). In the current context, theâ-hairpin of ubiquitin is
folded in the TSE, but as demonstrated from peptide fragment
stability studies (23, 24), this structure is not compact but
stabilized by a loose network of a few hydrophobic side
chains that is probably only consolidated at a late stage in
the folding reaction (75). Indeed, little NH protection against
solvent exchange occurs early in the folding of ubiquitin;
rather, secondary structure appears to be significantly
stabilized late in a major cooperative folding event (76, 77).
The protein engineering approach described here, coupled
with statistics on type I′ â-turn propensities, NMR structural
analysis, and the more rigorous approach of using rate-
equilibrium free energy relationships to probe structure in
the folding transition state, shows the latter to be robust with
regard to mutations and that theâ-turn sequence in the
N-terminalâ-hairpin peptide is substantially structured (Rf

) 0.74( 0.08), playing a central role in mediating protein
stability and in templating the folding of ubiquitin.
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