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�-Turns are common conformations that enable proteins to adopt
globular structures, and their formation is often rate limiting for
folding. �-Turn mimics, molecules that replace the i � 1 and i � 2
amino acid residues of a �-turn, are envisioned to act as folding
nucleators by preorganizing the pendant polypeptide chains, thereby
lowering the activation barrier for �-sheet formation. However, the
crucial kinetic experiments to demonstrate that �-turn mimics can act
as strong nucleators in the context of a cooperatively folding protein
have not been reported. We have incorporated 6 �-turn mimics
simulating varied �-turn types in place of 2 residues in an engineered
�-turn 1 or �-bulge turn 1 of the Pin 1 WW domain, a three-stranded
�-sheet protein. We present 2 lines of kinetic evidence that the
inclusion of �-turn mimics alters �-sheet folding rates, enabling us to
classify �-turn mimics into 3 categories: those that are weak nuclea-
tors but permit Pin WW folding, native-like nucleators, and strong
nucleators. Strong nucleators accelerate folding relative to WW do-
mains incorporating all �-amino acid sequences. A solution NMR
structure reveals that the native Pin WW �-sheet structure is retained
upon incorporating a strong E-olefin nucleator. These �-turn mimics
can now be used to interrogate protein folding transition state
structures and the 2 kinetic analyses presented can be used to assess
the nucleation capacity of other �-turn mimics.

beta-sheet nucleator � kinetic assessment of turn mimics �
Pin WW domain � protein folding

Loops and turns enable the formation of compact protein struc-
tures (1, 2). Numerous reports analyzing structural databases,

studying peptide model systems, and perturbing known protein
structures have revealed many examples where �-sheet folding is
nucleated or envisioned to be nucleated by reverse turn formation
(3–10). Specific amino acid sequences have a high propensity for
promoting reverse turn formation; they preorganize the flanking
polypeptide chains in a favorable geometry for �-sheet formation,
thereby lowering the activation barrier for, or nucleating, folding.

The most prevalent turn motif is the four-residue �-turn, in which
the i and i � 3 residues are hydrogen-bonded (5, 11–13). �-Turns
are categorized based on the � and � dihedral angles of the i � 1
and i � 2 amino acid residues, with the most common types being
I, I�, II, and II�. The signs of the � and � angles for type I and type
II turns are opposite to those of type I� and type II�, respectively.
Type I� and type II� �-turns are compatible with the right-handed
twist exhibited by most �-sheets. In the large WW domain family
of proteins, the five-residue type I G1 �-bulge turn is the most
common reverse turn type. The structure of the �-bulge turn
includes an i � 3 Gly exhibiting positive � and � angles and a
hydrogen bond between the i and i � 4 residues (14).

Numerous mimics of �-turn substructures have been prepared
over the past few decades, including those designed to act as folding
nucleators (e.g., see Fig. 1) (15–26). For the purpose of this paper,
�-turn mimics are defined as molecules that replace the i � 1 and
i � 2 amino acid residues of a �-turn. If �-turn mimics are true
folding nucleators, incorporating them in place of the i � 1 and i �

2 residues of a �-turn should accelerate �-sheet folding. One
challenge to validating this hypothesis has been the identification of
a cooperatively-folding host protein amenable to the essential
kinetic measurements. The WW domain from the human Pin1
protein (Pin WW) (Fig. 2A) is well suited (27, 28) to evaluate the
nucleation efficacy of �-turn mimics.

Pin WW is a three-stranded �-sheet protein whose spontaneous
two-state folding is reversible (4, 8, 10, 27–35). Its �-sheet exhibits
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Fig. 1. �-Turn mimics studied.
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a slight right-handed twist, as revealed by crystal and solution
structures (36, 37). Extensive thermodynamic and kinetic analyses
of side-chain and backbone mutants demonstrate that the folding
of Pin WW is rate-limited by the formation of loop 1 (4, 10, 30, 32).
Loop 1 comprises 6 residues (16-SRSSGR-21) stabilized by an
internal type II �-turn (16-SRSS-19, inclusive of an i to i � 3
H-bond) and a Ser-16 to Arg-21 hydrogen bond. Loop 1 of Pin WW
is unusually long relative to the �150 other WW domain family
members, but its length is essential for ligand binding (32).

While shortened loop 1 variants lack ligand binding capability,
several exhibit superior folding energetics relative to WT Pin WW
(32). Remodeling loop 1 to a five-residue type I G1 �-bulge
structure (16-S�ADGR-21, characterized structure, PDB ID code
2f21; 16-S�SSGR-21, putative �-bulge), a motif statistically favored
in the WW family, dramatically accelerates folding and stabilizes
Pin WW (32). Truncation of loop 1 to a four-residue type I� �-turn
(16-S��NGR-21, characterized structure, PDB ID code 1zcn; 16-
S�S�GR-21, putative �-turn structure) or a type II� �-turn (16-S��(D-
P)GR-21, putative structure) also accelerates folding, although to a
lesser extent than the type I G1 �-bulge turn type. Of the �-turn
types assessed, the type II� version affords the fastest folding WW
domain with the type I� �-turn being very close (8, 32, 38).

We report the folding thermodynamics and kinetics of Pin WW
variants incorporating a �-turn mimic in lieu of the i � 1 and i �

2 �-turn 1 residues or �-bulge 1 residues. We also determined the
structure of the Pin WW variant incorporating the best nucleator
among the �-turn mimics evaluated. Temperature jump kinetics
analyzed by 2 approaches verify that inclusion of certain �-turn
mimics can accelerate Pin WW folding.

Results
Design of Loop 1-Modified Pin WW Variants. Six �-turn mimics were
synthesized to explore their capacity to nucleate �-sheet formation
(Fig. 1). �-Turn mimics 1, 4, and 6 were designed to replace the i
� 1 and i � 2 residues of a type II� �-turn and were anticipated to
match the right-handed twist of Pin WW (21, 25). Compound 1 has
reduced conformational freedom relative to 4 and 6. The � and �
dihedral angle equivalents in 4 are restricted by allylic strain (A1,2

and A1,3) relative to 6 (39). Compound 5, designed to replace the
i � 1 and i � 2 residues of a type II �-turn (25), was expected to
introduce a Pin WW twist preference mismatch. Although 1 has
been incorporated into folded proteins (40, 41), its influence on
folding kinetics is unknown. �-Turn mimics 4 and 5 have been
included in place of loop 1 residues in Pin WW as part of a study
to discern the energetic requirements for the transition from
two-state folding to downhill folding (38). However, a detailed
examination of the turn mimic features that influence nucleation
has not been reported nor has a structure of a protein containing
4 or 5 been characterized. Dibenzofuran-based �-turn mimic 2 was
designed to affect �-sheet nucleation by making favorable hydro-
phobic interactions with the side chains of the flanking i and i � 3
�-amino acid residues (18, 19, 24, 34, 42, 43). Compound 2 was
previously incorporated into the six-residue loop 1 of Pin WW, but
folding kinetics were not explored (43). Heterochiral dinipecotic
acid, 3 (17), which does not mimic a specific turn type, was found
to stabilize RNase A in a turn context, although kinetic experiments
were not performed (44).

Because the five-residue �-bulge and four-residue �-turn se-
quences are less flexible than the native six-residue loop 1, we
reasoned that these structures would offer the best context to
evaluate the nucleation capacity of conformationally restricted
�-turn mimics 1–6. All protein variants containing 1–6 were
compared to known, structurally characterized Pin WW domain
variants A, B, and C (Table 1) (32, 38). Variant A comprises the WT
Pin WW six-residue loop 1 sequence and harbors a conservative
W34F point mutation that obviates a reversible self-association
observed in some rapid kinetic traces (32); all of the variants studied
herein have this mutation. Variant B features a structurally verified
five-residue �-bulge reverse turn 1, leading to the fastest folding Pin
WW variant studied to date (32, 38). Compounds 1–5 were inserted
into the �-bulge turn in place of the i � 1 and i � 2 residues (variants
B-1–B-5, respectively). Variant C adopts a structurally verified
four-residue type-I� �-turn 1 conformation (32, 38). Dipeptide
replacements 1-6 were introduced in place of the i � 1 and i � 2
residues of the �-turn in C (variants C-1–C-6, respectively). Variants
D-3–D-5, in which all of the loop 1 residues of Pin WW were
replaced, were also assessed.

Structural Evaluation of the Pin WW Variants. All variants were
evaluated by far-UV circular dichroism (CD) spectroscopy and
exhibited the spectral maximum at 227 nm diagnostic of folded Pin
WW (SI Appendix, Fig. S1), although the intensity of this maximum
cannot be used to quantitatively compare the extent of folding of
non-identical Pin WW sequences (32). The observation of charac-
teristic resonances and well dispersed peaks in the 1H NMR spectra
of the B and C series of variants provides even stronger evidence
that incorporation of 1–6 into the Pin WW backbone does not
disrupt the global fold of this domain (SI Appendix, Fig. S2) (36).

Solution Structure of Pin WW Variant C-4. The structure of C-4
determined by 1H NMR spectroscopy confirmed that inclusion of
4, a ‘‘strong’’ nucleator (vide infra), in place of the i � 1 and i � 2

Fig. 2. Comparison of the solution structures of the Pin1 WW domain. (A)
Superposition of 12 structures of the WT protein (36; PDB ID code 2kcf) (B)
Superpositionof15structuresofvariantC-4 (PDBIDcode2kbu). (C)Superposition
of a low-energy structure from each of the ensembles in (A) and (B). The inset
shows the structure of dipeptide replacement 4 in loop 1.
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residues of the type I� �-turn in C does not disrupt the native Pin
WW fold (Fig. 2B; SI Appendix, Table S1). The highly dispersed 1H
NMR resonances of C-4 at natural abundance enabled assignment
of all protons by examining COSY, TOCSY, and NOESY spectra.
The assignments agree well with those obtained from a previous
solution structure of Pin WW (36) with the exception of the loop
1 residues, as expected. Assignments of the protons in �-turn mimic
4 in the context of C-4 were made by examining the connectivities
outlined in SI Appendix, Fig. S3. The �-sheet structure of C-4
superimposes with that of Pin WW (Fig. 2C). Notably, the �-turn
region of C-4 is less structurally diverse than the corresponding loop
1 region of Pin WW, indicating that the structure of 4 enables
formation of the correct protein topology (Fig. 2). The conforma-
tion adopted by 4 is closest to a type II� �-turn structure, with � �
66° � 8° and � � �113° � 6° for the equivalent of the i � 1 position
and � � �79° � 5° and � � �2° � 5° for the equivalent of the i
� 2 position (� indicates standard deviation for 15 structures,
compare to angles of 60°, �120°, �80°, and 0°, respectively, for the
canonical type II� �-turn).

Stability of the Pin WW Variants. The thermodynamic stability of
each Pin WW variant was evaluated by thermal and guanidine
hydrochloride (GdnHCl) denaturation studies and compared to
variants A, B, and C (SI Appendix, Fig. S4) (32). Two different
thermodynamic fitting methods yielded consistent midpoints of the
thermal transition (TM) and consistent folding equilibrium con-
stants (K) (vide infra, SI Appendix, Table S2). The free energy of
folding (�Gf) was obtained from fitting the GdnHCl denaturation
curves to a two-state model (Table 2), applicable under these
conditions (2 °C, 20 mM sodium phosphate buffer, pH 7.0). Chao-
trope denaturation curves obtained by monitoring changes in either
far-UV CD or fluorescence spectra were the same within error.
Higher TM values correlated with more negative chaotrope-derived
�Gf values (SI Appendix, Fig. S5a).

Variants B-1–B-5 differ in stability from variant A by less than
�0.6 kcal/mol (Table 2, ��Gf column). Notably, the all �-amino
acid sequence of B exhibits greater stability than any of the �-turn
mimic variants (Table 2, �Gf column). In contrast, replacement of
all 6 loop 1 residues in Pin WW with 3, 4, or 5 (variants D-3–D-5)

Table 1. Nomenclature and aligned sequences of the WT Pin WW domain and the variants
studied here

Variant Turn mimic Length of loop 1

Sequence

6 16–loop1–21 39

wt – 6 residues KLPPGWEKRM SRSSGR VYYFNHITNASQWERPSG

A – 6 residues KLPPGWEKRM SRSSGR VYYFNHITNASQFERPSG

B – 5 residues KLPPGWEKRM S-ADGR VYYFNHITNASQFERPSG

B-#* 1–5 4 residues† KLPPGWEKRM S-XXGR VYYFNHITNASQFERPSG

C – 4 residues KLPPGWEKRM S--NGR VYYFNHITNASQFERPSG

C-#* 1–6 3 residues† KLPPGWEKRM S--XXR VYYFNHITNASQFERPSG

D-#* 3–5 1 residue† KLPPGWEKRM --XX-- VYYFNHITNASQFERPSG

*�#� represents the compound number (Fig. 1) of the turn mimic used in variants B-#, C-#, and D-# and �XX�
represents the position of the specified turn mimic in the amino acid sequence.

†Counting the �-turn mimic as 1 residue.

Table 2. Summary of thermodynamic and kinetic parameters of loop 1-modified Pin WW domains

Variant TM (°C) Tmax* �f (TM),† �s �f (Tmax),‡ �s �G‡
f,§ kT0 �Gf,¶ kcal/mol ��Gf,� kcal/mol

A** 56 43 121 67 3.5 �2.2 � 0.10 –
B** 75 72 13 11†† 2.2 �3.8 � 0.11 �1.6
B-1 58 55 58 55 3.6 �2.7 � 0.12 �0.5
B-2 56 41 158 112 4.0 �1.6 � 0.11 �0.6
B-3 47 32 150 125 3.8 �2.0 � 0.07 �0.2
B-4** 53 50 122 105 4.2 �2.3 � 0.16 �0.1
B-5** 54 40 157 113†† 4.0 �1.9 � 0.09 �0.3
C** 66 52 22 16 2.2 �3.4 � 0.08 �1.2
C-1 68 61 18 16 2.4 �2.8 � 0.31 �0.6
C-2 61 51 78 61 3.6 �2.1 � 0.41 �0.1
C-3 56 63 59 51 3.8 �2.1 � 0.04 �0.1
C-4** 71 71 15 14 2.5 �3.7 � 0.57 �1.5
C-5** 51 36 192 160†† 4.2 �2.2 � 0.18 0.0
C-6 69 56 26 22 2.6 �3.6 � 0.15 �1.4
D-3 36 22 219 180 3.8 n.d n.d
D-4** 21 13 290 221†† 3.7 n.d. n.d
D-5** 37 28 385 212 4.2 n.d. n.d

*Tmax is the temperature of the maximum folding rate.
†�f (TM) is the activated folding time at TM. �f (TM) � kf (TM)�1.
‡‡�f (Tmax) is the activated folding time at Tmax. �f (Tmax) � kf (Tmax)�1.
§�G‡

f are minimum activated free energies for folding, calculated with the �f (Tmax) assuming a prefactor of 2 �s at 59 °C with an inverse bulk
solvent viscosity dependence. The reference temperature T0 � 293 K. The uncertainty of �G‡

f is estimated to be less than 0.2 kT0.
¶Values at 2 °C as extracted from chaotrope denaturation curves, n.d. is not determined.
���Gf � �Gf (variant i where i 	 A) � �Gf (variant A).
**TM and kinetic parameters from ref. 38.
††The highest measured activated folding time is tabulated when the folding rate does not have the maximum value within the measured

temperature range.
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substantially destabilizes the protein relative to A (Table 2, compare
TM values).

Replacement of the i � 1 and i � 2 residues of the type I� �-turn
in C affords a better context to compare the influences of 1–6 on
Pin WW stability (32). Three variants, C-1, C-4, and C-6, are more
stable than A, and C-4 and C-6 are comparable in stability to C
(Table 2, �Gf column). As 1, 4, and 6 emulate the type II� i � 1 and
i � 2 dihedral angles, their inclusion likely introduces a favorable
structural match to the right-handed �-sheet twist in Pin WW,
consistent with the solution structure of C-4 (Fig. 2B). Despite the
additional conformational freedom of 6 relative to 4, the stabilities
of C-6 and C-4 are within error. Inclusion of 5, a type II �-turn
mimic, does not stabilize the protein relative to A, consistent with
the expected twist mismatch.

Folding Kinetics of the Pin WW Variants. The activated folding and
unfolding rates of all Pin WW variants were measured using the
ns-resolution laser T-jump relaxation method (32, 38) and are
plotted as a function of temperature (Fig. 3A and SI Appendix Fig.
S5c). Briefly, the relaxation of each variant after a 5–12 °C tem-
perature jump was recorded over a range of temperatures (SI
Appendix, Fig. S5c). The relaxation at each temperature was nor-
malized and then fitted by least squares to the model

S
t� � 
1 � Am�e�kat 	 Ame�
kmt��

where km � ka. This model accounts for all important scenarios:
(i) for apparent two-state folding, where Am � 0, and ka(T) �
kf(T) K(T)/(1�K(T)) relates the observed activated rate coeffi-
cient to the folding rate coefficient and equilibrium constant; (ii)
for incipient downhill folding, where Am 	 0, � 
 1, and ka(T)
approaches the two-state folding rate when T � TM (see ref. 45);
(iii) for rapid three-state folding with an intermediate, where Am
	 0, � � 1. Whenever 2 exponential phases were observed, we
conservatively used the slow rate coefficient ka(T) to extract a
folding rate kf(T), using the two-state assumption. As long as the
resulting folding rates are extracted at T�TM, this procedure
guarantees for all 3 scenarios that we do not overestimate the
folding rate, preventing categorization of a nucleator as ‘‘strong’’
when it is not.

The equilibrium constant (K) at Tmax (where Tmax is the tem-
perature of maximum folding rate extracted from curve fitting the
Arrhenius plot of kf) was determined by fitting the thermal dena-
turation data using 2 models. The first model incorporates a
temperature dependence based on the folding heat capacity change
�Cp: �Gf � �Hm(1�T/TM) � �Cp((T�TM)�Tln(T/TM)). The
second model was a simple linear model: �Gf � �G1(T�TM),
wherein �Cp was excluded as an explicit variable, providing an
estimate for the upper limit of the error in K. The TM values
determined by the 2 approaches differ by less than 4 °C (SI
Appendix, Table S2). The resulting equilibrium constants at Tmax lie
in a small region near unity (0.5–10.5), and no large errors in K are
expected based on the 2 analyses (more than a factor of 2, or 0.35
kcal/mole in free energy). Therefore, we estimate the error in �f �
1/kf to be less than 30%.

The minimum activated folding times, �f(Tmax) � 1/kf (Tmax), are
of greatest interest because they relate directly to the minimum
nucleation barrier. The small error in K discussed above does not
have a strong effect on the determination of the folding time
�f(Tmax) because Tmax is never further than 15 °C from TM. For the
3 variants that do not reach Tmax in the temperature range covered
(Fig. 3A), we conservatively report the largest observed kf, not an
extrapolated kf. Values for �f(Tmax) combined with 1/�(Tmax) sol-
vent viscosity scaling of the prefactor were used to calculate the
folding activation free energies (�G‡

f, Table 2). Overall, the �f of
variants at both TM and at Tmax correlates with their thermodynamic
stability (TM) (Table 2, SI Appendix, Figs. S6 a and b, respectively);

more stable proteins fold faster, also observed in all �-amino acid
remodeled loop 1 Pin WW domains (8, 32, 38).

Two distinct kinetic criteria were applied to classify the nucle-
ation capabilities of 1–6 in each of the Pin WW loop 1 lengths as
weak, native-like, or strong. Importantly, both analyses classified
nucleators 1–6 identically. In the first approach, the �G‡

f of each
loop 1-modified variant was compared to the �G‡

f of A, which
comprises the native loop 1. Although it could be argued that
folding kinetics of �-turn mimic containing variants should instead
be compared to the nucleation barriers for B or C, the best
nucleators exhibit a �G‡

f within 0.5 kT0 of the �G‡
f values of B and

C (Fig. 3B), diminishing the significance of such a debate. When
inserted in place of the i � 1 and i � 2 residues within the �-bulge
turn, mimics 2, 4, and 5 exhibit a �G‡

f at least 0.5 kT0 greater than
that of variant A (Fig. 3B); i.e., they are weak nucleators. In the
�-bulge context, turn mimics 1 and 3 are native-like nucleators,
since the �G‡

f values for variants B-1 and B-3 are within 0.5 kT0 of
the �G‡

f of variant A. The all �-amino acid �-bulge sequence in B
is the only sequence that meets the criteria for a strong nucleator;
its inclusion reduces the �G‡

f by more than 0.5 kT0 relative to A
(Fig. 3B).

When 1–6 are incorporated in place of the i � 1 and i � 2 residues
of the type I� �-turn in C, �-turn mimics 1, 4, and 6 are classified
as strong nucleators; i.e., variants C-1, C-4, and C-6 exhibit �G‡

f
values at least 0.5 kT0 less than the �G‡

f of variant A (Fig. 3B).
Notably, these values are within 0.5 kT0 of the �G‡

f of variants B
and C, 2 of the fastest-folding Pin WW variants comprising all
�-amino acid sequences. �-Turn mimics 2 and 3 meet the kinetic
criteria for native-like nucleators. Only 5, a mimic of a type II
�-turn, is a weak nucleator, as expected from its twist mismatch.
Although the error in kf could be as much as 30% (vide supra), the
differences used to categorize the nucleators are much greater than
this error.

When all loop 1 residues are replaced with 3, 4, or 5 (variants
D-3–D-5), 3 and 4 are native-like nucleators, while 5 is a weak
nucleator (SI Appendix, Fig. S6c). The unfolding rates, ku, of
D-3–D-5 are markedly faster than the unfolding rates of the longer
loop 1 variants (SI Appendix, Fig. S5b), implying that the native
states of D-3–D-5 are destabilized with respect to the transition
states, probably owing to structural distortion of the connected
�-strands.

The second kinetic analysis to categorize nucleators more ex-
plicitly accounts for the temperature effects on folding rates. A plot
of ln kf(Tmax) versus 1,000/Tmax for all of the variants enables weak,
native-like, and strong nucleators to be grouped (Fig. 3C). We
analyzed each protein at its fastest fitted folding rate (Fig. 3A),
rather than at a fixed temperature, as done in a � value analysis,
which is an alternative method to analyze the data presented herein
(9). The Pin WW variants exhibit a wide range of stabilities,
however, making kinetic comparisons at a single temperature for all
of the mutants challenging. As discussed above, the temperature of
fastest folding generally lies below the melting temperature, allow-
ing us to extract a conservative upper limit on the folding rate, so
weak nucleators are not miscategorized as strong.

Native-like nucleators (as defined by the first analysis) afford a
straight line (Fig. 3C, solid black line, R � �0.984). The slope of
this line yields an activation barrier of 6.22 kcal/mol. This experi-
mental value is very close to the estimated value of 6.17 kcal/mol
reported previously for a WT WW domain (46). The effective
diffusion coefficient used in ref. 46 has an activation barrier with 2
contributions. One arises from solvent viscosity (the prefactor
assumption used in our first analysis above, dashed orange line in
Fig. 3C), and only accounts for an activation barrier of 3.59
kcal/mol. The other arises from protein internal friction (an addi-
tional 2.61 kcal/mol). The sum of these 2 contributions yields the
dotted blue line, which is satisfyingly close to the direct linear least
squares fit of the data (solid black line). Irrespective of whether a
viscosity only or a viscosity plus internal friction model is used, the
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variants harboring strong nucleators (Fig. 3C, green data points) are
well above any of the lines afforded by the models or the least
squares fit to the data, whereas WW domains comprising weak
nucleators (Fig. 3C, red data points) are well below the lines, so our
analysis is robust.

Discussion
More than 2 decades after the first �-turn mimic was described
in the literature (21), we have carried out the kinetic experiments
necessary to evaluate its nucleation capacity and that of 5 other
�-turn mimics in the context of a cooperatively folding host
protein (16–19, 24, 25, 38). The re-engineered Pin WW domain
C, comprising a type I� �-turn 1, is an optimal host sequence to
evaluate �-turn mimics as nucleators (32). Three �-turn mimics
are categorized as strong nucleators by 2 kinetic approaches.

Our data demonstrate that merely incorporating a conforma-
tionally restricted �-turn mimic into a reverse turn to preorganize
the pendant strands is not sufficient to accelerate WW domain
folding relative to A. The excellent nucleating efficacies of 1, 4, and
6 and the poor nucleating capacity of 5 in the context of C-1, C-4,
C-5, and C-6 suggest that matching the preferred � and � dihedral
angles of the i � 1 and i � 2 residues of a type II� �-turn as well as
the right-handed twist common to most �-sheets is important.
While inclusion of 1–6 in the B and C contexts affords stable, folded
proteins, it is notable that the �-turn mimics influence folding rates
more dramatically in the context of a type I�/II� �-turn than in the
context of a �-bulge turn, consistent with their design.

We hypothesize that the inclusion of nucleators 1, 4, and 6 in
place of the i � 1 and i � 2 residues of a type I� �-turn of Pin WW
variant C (Table 1) destabilizes the unfolded ensemble by virtue of
reduced conformational entropy. We also expect that they con-
comitantly stabilize the transition state by promoting native con-
tacts and twist matching; both of these factors enable accelerated
folding. That C-1 is a fast folder but is less stable than C, C-4, or C-6
is consistent with the strain introduced by the conformationally
restricted �-turn mimic 1 in the folded state.

This study reveals that E-alkene dipeptide isosteres 4 and 6 (25)
and the bicyclic turn dipeptide mimic 1 (21) are the best nucleators
in the Pin WW variant C context, followed by the dibenzofuran-
based nucleator (2) (43) and the heterochiral dinipecotic acid (3)
(16, 17). The solution structure of C-4 reveals a well-defined type
II� �-turn 1 structure, demonstrating that the nucleator matches the
native �-sheet twist.

This study and related future studies should expand the utility of
�-turn mimics as tools to probe protein folding transition state
structures. Mimics 1, 4, and 6 can now be incorporated into type I�
or II� �-turns when their formation is thought to be rate limiting for
protein folding without compromising folding rates, whereas in-
corporation of 5 should slow folding. In addition, these compounds
may find other applications, including use in backbone-modified
therapeutic proteins.

Materials and Methods
Synthesis of Dipeptide Replacements and Pin WW Domain Variants. Dipeptide
replacements 1–6 were synthesized with protecting groups compatible for solid
phase peptide synthesis. Compounds 1 and 2 were prepared as the N-Fmoc
derivatives according to previously described procedures (43, 47). Each enantio-
mer of commercially available nipecotic acid was protected as the N-Fmoc deriv-

activation for folding (see text). (C) Plot of the natural logarithm of the folding
rate constant at the temperature at which it is a maximum (Tmax) vs. 1000/Tmax

for the WW domain variants. The data points are color coded according to the
classification of the turn nucleator: red for weak, yellow for native-like, or
green for strong. The solid black line represents the linear least squares fit to
the data points corresponding to native-like nucleators in the first analysis,
with the line slope representing the activation barrier. Strong nucleators
exhibit lower activation barriers and are above the line (see text for meaning
of orange and blue lines).

Fig. 3. (A) Plot of the folding rate constant (log scale) vs. 1000/T for Pin WW
domain variants in Table 2. The curves are fits to the data of a Kramers’ model for
the folding rate with a temperature-dependent energy of activation, as we have
reported previously (4). (B) Kinetic classification of nucleators 1–6 as weak,
native-like, or strong in the context of the five-residue �-bulge (B series) or the
four-residue type I� �-turn (C series) structures based on their free energies of
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ative using standard methods to access 3. Preparative methods and characteriza-
tion information for 4, 5, and 6 and their synthetic precursors are described in the
SI Appendix.

Proteinvariantswerepreparedbysolidphasepeptidesynthesis,anddipeptide
replacements were included into protein backbones as described elsewhere (32,
43, 48). Variants were purified as previously described, and their identities were
confirmed by mass spectrometry. See SI Appendix for additional details.

NMR Analysis of Pin WW Variants. NMR spectra of Pin WW domain variants were
obtained on Bruker Avance 500 MHz and Bruker DRX 600 MHz instruments with
TXI cryoprobes and z axis gradients at 288 K as solutions in 20 mM sodium
phosphate buffer, pH 7.0, 90% H2O/10% D2O. For variant C-4, 2D 1H TOCSY,
NOESY, and COSY spectra were acquired in 100% D2O as well as 90% H2O/10%
D2O for backbone and side chain assignment. Solution structures of C-4 were
calculatedandrefinedinAMBERusingNOEdistancerestraintsobtainedfromthe
1H NOESY spectrum (49). See SI Appendix for detailed NMR methods and SI
Appendix, Table S1 for refinement statistics.

Equilibrium Unfolding of Pin WW Variants. Thermal stability of the proteins was
assessed by monitoring the CD signal at 227 nm of a 40 �M protein solution in 20
mM sodium phosphate buffer, pH 7.0 in 2 °C intervals from 2 – 98 °C. At each
temperature, the sample was equilibrated for 2 min, and data were averaged for
30s.Toassessproteinstability inchaotrope,a5–10�Mproteinsolution inGdnHCl
was titrated into a buffered solution of equal protein concentration. The CD
maximum at 227 nm and the fluorescence intensity at 341 nm were monitored as
a function of [GdnHCl]. Values for TM and �Gf were extracted from thermal and

chaotrope denaturation curves, respectively, assuming a two-state model as
previously described (50). See SI Appendix for additional details.

Relaxation Kinetics of the Pin WW Variants. Relaxation kinetics of Pin WW
variants were measured with a laser temperature jump apparatus using jumps
between 5 and 12 °C. Protein concentrations were 40–100 �M in 10 mM
sodium phosphate buffer, 80% H2O/20% D2O, pH 7.0 (without isotope effect
corrections). Trp-11 was excited by a 280 nm laser pulse every 14 ns, and
fluorescence emission decays were digitized at 500 ps intervals for 500 �s
of data per measurement. The relaxation kinetics were obtained from the
time evolution of the tryptophan fluorescence decays using our previously
reported �-analysis sensitive to tryptophan fluorescence lifetime changes
(51). The normalized curve of relaxation kinetics was fitted to a single
exponential decay or to a stretched plus single exponential decay when
necessary.
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