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Current models for protein folding point to a hierarchical
process of assembly in which local interactions within the
polypeptide chain play an important role in restricting the
conformational search for the native state.[1] Peptide model
systems seem to support this hypothesis since relatively short
peptide sequences (< 20 residues) have been
shown to fold autonomously into a helices and
b sheets in aqueous solution.[2, 3] A b hairpin
(two antiparallel b strands linked by a reverse
b turn) is the smallest increment of b sheet
accessible as a model system for investigating
the interplay of noncovalent, weak interactions
that drive the folding process.[3] The biological
significance and potential applications of
b sheet motifs are more wide ranging. They
play important roles in protein–DNA recogni-
tion, in pathological disease processes involving
protein aggregation and amyloidosis, and have
been used in creating novel peptide ligands
aimed at protein targets, or as new peptide-
based drugs with pre-organized structures car-
rying bioactive motifs for specific recognition.[4]

An evaluation of sequence-specific effects
that stabilize these small increments of b sheet,
and subsequent quantitative analysis of the
effects of mutations on hairpin stability, is
emerging to place the process of rational
design on a firm thermodynamic footing.[5]

However, quantitative evaluation of hairpin stability relies
on reference states to define spectroscopic parameters with
which to estimate folded populations.[3] To date, several
approaches have emerged: cosolvents have been used to
enhance secondary-structure stability by promoting amide–
amide hydrogen-bond formation; alternatively, disulfide or
backbone cyclization has been successful in providing the
fully folded reference state from which Ha chemical shift
values can be determined.[5,6] Herein, we report that we have

inserted a structurally independent b hairpin “finger” into
native ubiquitin to examine the incremental contribution of
the hairpin to protein stability, and as a reference state for
assessing the stability of an autonomously folding 16-residue
b hairpin peptide sequence. To achieve this, the N-terminal
b hairpin sequence of ubiquitin was extended into solution by
replacing the solvent-exposed native LTG type I G-bulged b-
turn with a 14-residue sequence corresponding to the greater
portion of a short de novo designed 16-residue hairpin
sequence (b4 : KKYTVEINGKKITVEI; Figure 1).[7] To
maintain the correct hydrogen-bonding register the b-finger
was truncated by one residue at the N- and C-termini
(Figure 1a). In subsequent studies, we plan to examine the
role of this independently stable hairpin motif in nucleating
protein folding.[8]

The 14-residue extension was introduced into wild-type
yeast ubiquitin containing the background F45W mutation
(WT*).[9] The partial burial of the indole side chain in a
surface hydrophobic cleft results in a fourfold quenching of
fluorescence on folding providing a useful probe for bio-
physical studies of protein stability. The F45W mutation has
only a minor effect on local structure and protein stability
(DDG ~ 1 kJmol�1).[10] 2D homonuclear NMR spectroscopy
experiments have enabled a complete backbone assignment
for Ub4 to be obtained allowing numerous (> 80) medium
and long-range cross-strand NOEs to be identified within the
b-finger extension (Figure 1b). We observe all predicted
cross-strand Ha–Ha NOEs (Figure 2), and the majority of
NH–NH and NH–Ha NOEs that establish that the two
strands are aligned with the b-finger adopting the desired
folded conformation as an extension of the existing N-
terminal hairpin of ubiquitin. On the basis of this data a
structural model was generated (Figure 2).[11] Native-like
NOEs between K6NH–H68Ha and T7Ha–L69NH show that
the alignment between b-strands 1 and 5 of ubiquitin are not
significantly perturbed by the hairpin extension. Ha chemical

Figure 1. a) Sequence of the N-terminal hairpin of ubiquitin showing the b4 hairpin insertio-
n (Ub4), and also the wild-type sequence (WT) and with the sequence of the isolated b4 peptide
(N-acetylated, free C-terminus); b) b-strand alignment of b4 in the context of the extension of
the N-terminal hairpin of ubiquitin, side chains have been removed for clarity. Residues within
the hairpin are labeled bK2 through to bE15, with the flanking sequence following the native ubiq-
uitin numbering. Arrows indicate main-chain (NH and Ha) NOEs observed between strands of
Ub4.
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shift deviations from random coil values (Figure 3) are
consistent with contiguous well-ordered b-sheet secondary
structure along the full length of the 28 residue hairpin
sequence with no evidence to suggest nonregular secondary
structure or significant backbone flexibility at the junction
point. Although NH chemical shift data are more difficult to
interpret because of their greater sensitivity to solvation
effects and pH value, alternating large and small shift
perturbations along the b-strands reflect differences between
residues in hydrogen-bonded versus solvent exposed sites
(Figure 3). Many hydrophobic contacts within the hairpin
extension are evident from side chain NOEs (for example,
bY3 to bI12 and bV14), but no NOEs are detected from residue
side chains within the b-finger extension to any other part of
the structure, ruling out the possibility of new non-native
tertiary contacts being introduced by the mutations. A global
analysis of Ha chemical shift perturbations (DdHa=

dWT*�dUb4) confirms that the largest effects (DdHa<

0.15 ppm) are confined to regions of the structure close to
where the b-finger has been introduced. Thus, the 14-residue
b-finger represents an autonomously folding motif that does
not require tertiary contacts to define its conformation
making it a structurally independent extension of the rest of
the protein.

The equilibrium stabilities of WT* and Ub4 were
determined from guanidinium chloride (GdmCl) denatura-
tion experiments by monitoring the change in fluorescence at
358 nm as a function of denaturant concentration
(Figure 2).[12] The mid-point of the transition shifts from
2.67m GdmCl (WT*) to 3.21m for Ub4 corresponding to an
increase in stability of �5.6 kJmol�1.[13] Thus, an estimate of
the incremental free-energy contribution of the b-finger to
protein stability suggests a value of approximately 6 kJmol�1

when this motif is fully constrained as part of the global
cooperative folding event. The cooperative nature of the
folding transition implies that any increase in stability should
reflect the stability of the whole system and not just
interactions within the hairpin extension. Global perturba-

Figure 2. a) Portion of the 300 ms NOESY spectrum of Ub4 at 308 K showing well-resolved Ha–Ha NOE cross-peaks within the b hairpin exten-
sion, those in the b finger are shown in boxes; b) ribbon structure of Ub4 showing the protrusion of the b finger extension (displayed with
MOLMOL[17]); c) guanidinium chloride (GdmCl) denaturation curves for WT* (*) and Ub4 (&) at 298 K showing fraction unfolded versus [GdmCl]
in 25 mm acetate buffer at pH 5.5.

Figure 3. a) Ha chemical shift deviations from random-coil values at
pH 5.5, 298 K for Ub4 (black bars) and b4 peptide (white bars); b) esti-
mated folded populations (percentage, fF C 100) for individual residues
using the Ub4 reference state; c) comparison of NH chemical shift
deviations for Ub4 and b4 as in (a).
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tions to Ha shifts of < 0.05 ppm are apparent and are
suggestive of only very small long-range structural effects
propagated from the hairpin extension. Thus, as an approx-
imation, we could attribute all of the observed 6 kJmol�1

free-energy increase to the interactions within the hairpin
extension of Ub4, with this representing an upper limit to the
stability increase. Consequently, if this free-energy change
were realized for the same set of interactions in the isolated
hairpin peptide this would translate to an equilibrium
constant for folding of the isolated hairpin peptide b4 of
approximately 10 and a maximum attainable folded popula-
tion of around 90%.

The isolated 16-residue peptide b4 shows all of the
characteristics of a highly folded b hairpin in terms of long
range NOEs, perturbations to Ha chemical shifts, and back-
bone torsion-angle preferences evident from 3JNH-Ha values.[7]

A detailed structural characterization of b4 confirms the
formation of a compact fold, although the N- and C-terminal
residues are more dynamic. We see a similar pattern of
hydrophobic contacts to those described for Ub4, particularly
involving bY3. The structural ensemble shows the character-
istic twisted relationship between b strands although the
effect is less pronounced than in protein b sheets. Subse-
quently, we have used the Ha chemical shift data for Ub4 as a
reference state for the fully folded state of the isolated hairpin
peptide b4 (Figure 3a). It is evident that residues close to the
N- and C-termini of the hairpin sequence experience different
environments to those residues in Ub4 because of end-effects
associated with fusion to the ubiquitin template. This situation
is apparent for bK2 and bE15 whose shifts are much smaller in
the isolated peptide reflecting disorder in the N- and C-
termini, as evident from the structural modeling.[7] Residues
bY3 and bV14 also show less pronounced Ha shifts in the
context of the isolated hairpin b4 which could, in part, arise
from dynamic end-effects or from differences in ring current
effects from the aromatic side chain. The following pair of
residues bT4 and bT13, in contrast, has greater downfield shifts
in the b4 peptide than in Ub4. This difference becomes
significantly more pronounced when peptide b4 is examined
in 50% (v/v) methanol, which suggests that the bT4–bT13 pair
is more “folded” in the isolated hairpin. This observation may
have its origins in structural differences relating to the twisted
conformation of the b-strands in the two contexts. When
inserted as an extension of the N-terminal hairpin of
ubiquitin, the twist of the b-finger is strongly dictated by the
geometry of the b-sheet template, whereas flexibility in the
isolated hairpin may allow the bT4–bT13 pair to minimize side-
chain steric interactions. The more exposed residues of the b-
finger (bV5!bI12) are likely to have more geometrical
flexibility, and indeed, a more uniform relationship between
b4 Ha shifts in the two contexts is evident. Thus, we have
focused our quantitative analysis on this group of residues.

We have analyzed the Ha shifts for the isolated b4 in
terms of a two-state model, supported by temperature-jump
IR kinetic data on a mutant of b4,[5a] which has a single
activation barrier separating the folded and unfolded states.[14]

Thus, the folded population of b4 (fF) in aqueous solution can
be estimated on an individual residue basis from the Ha shifts
(dobs) of bV5!bI12 using fF= (dobs�dU)/(dF�dU), where dF is

the Ha shift in the fully folded state (derived from Ub4) and
dU is the random coil Ha shift for the unfolded state.[15] In
Figure 3b, fF values are indicated for each residue, showing
good agreement between sites, consistent with a two-state
model. A mean value for fF of 0.78 and a standard error of
� 0.02, equates to a free energy of folding DGF=�RTln[fF/
(1�fF)]=�3.1(� 0.3) kJmol�1. A similar estimate of the
folded population from NH chemical shift data (Figure 3c),
though generally considered less reliable in population
estimates, seems to be in good agreement, it gives a mean
fF of 0.72 (� 0.08). Thus, the designed hairpin b4 appears to
be significantly folded in aqueous solution, and attains a large
proportion of the maximum stability estimated from Ub4.
This result may, in part, reflect the effects of entropy–enthalpy
compensations where the entropic advantages of the con-
formational flexibility of peptide b4 offset any reduction in
enthalpic benefits from poorer side-chain packing or weaker
hydrogen bonds.

The approach described provides an alternative to disul-
fide or backbone cyclization of hairpin peptides to estimate
reference chemical shift data for the fully folded state. The
alternative approach to derive dF values has been the
cosolvent induction method to enhance b hairpin stability
(typically using methanol (MeOH) or 2,2,2-trifluroethanol
(TFE)). However, cosolvent addition has been reported in a
number of cases to lead to a plateau at around 40–50% (v/v)
cosolvent, after which further additions result in no further
increase in apparent stability.[16] Thus, dobs values derived at
this plateau point, and subsequently used as an estimate of
reference shifts, may fall short of those for the 100% folded
population. To examine this possibility, we have compared the
dF values derived from Ub4 in aqueous solution with those
from the b4 peptide in 50% (v/v) methanol at 298 K, pH 5.5.
Cosolvent induces a uniform increase in magnitude of DdHa

values reflecting a solvent-induced increase in hairpin stabil-
ity. The effects are modest with increases of typically 25%
reflecting the fact that b4 is already highly folded. We have
demonstrated that Ha shifts are independent of peptide
concentration in the range 0.01–1 mm eliminating the possi-
bility that aggregation effects may be influencing peptide
chemical shifts.[7] The two data sets show that in many cases
the shifts are quite similar. Within the bN8–bG9 b-turn, shifts
are larger in the cosolvent stabilized hairpin, while at other
sites the shifts of Ub4 are slightly larger. Calculating the
folded populations (fF) for bV5!bI12, as described above, we
derive a mean value and standard error of fF= 0.94(� 0.08)
for b4 in 50% (v/v) MeOH. Within the errors of the
calculation, b4 is close to fully folded under these conditions.
Using the shifts for b4 in 50% (v/v) MeOH at 298 K as the
limiting values for the fully folded state enables us to calculate
the stability of b4 in aqueous solution as DGF=�3.9
(� 0.5) kJmol�1. Again, within the limits of this approach,
the two different reference states produce comparable
stabilities.

In conclusion, we have demonstrated that the 16-residue
hairpin peptide b4 is highly folded in aqueous solution (fF=

0.78). The effects of cosolvent are sufficiently stabilizing to
push the folded/unfolded equilibrium for an already highly
folded hairpin close to the fully folded limit (fF!1). There-
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fore, the use of cosolvents to derive reference values, in this
case, seems justified. However, in cases where the peptide
sequence is very weakly folded (DGF> 0; fF!0), the effects
of cosolvents on hairpin stability reach a plateau, which, as
others have suggested,[6b,15] may result in chemical shift values
that do not represent the fully folded state and overestimate
b hairpin populations. We have shown that introducing a b-
finger motif into native ubiquitin, by extending the N-
terminal b hairpin, has enabled us to estimate the contribu-
tion to protein stability of an independent structural motif,
providing both an upper limit on stability for autonomously
folding b hairpins of approximately 16-residues, and a spec-
troscopic reference state for estimating the stability of related
autonomously folding peptides in solution.
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