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ABSTRACT: Although proline residues are incompatible with an R-helix conformation, they fit well into the
N-terminal end of R-helices. Proline can form either a Cγ-exo ring pucker or a Cγ-endo ring pucker. An
electron-withdrawing substituent on the 4R position of proline favors an exo ring pucker while an endo ring
pucker is preferred if the substituent is on the 4S position due to stereoelectronic effects. The villin headpiece
subdomain (HP36) is a small helical protein composed of three R-helices and contains a proline residue
(Pro62) at the N-terminus of its C-terminal R-helix. Pro62 has a Cγ-exo ring pucker and forms an
aromatic-proline interaction, with Trp64 in the native structure. This work reports the use of 4-substituted
proline derivatives, including (2S,4R)-4-hydroxyproline (Hyp), (2S,4R)-4-fluoroproline (Flp), (2S,4R)-4-
methoxyproline (Mop), (2S,4S)-4-hydroxyproline (hyp), (2S,4S)-4-fluoroproline (flp), and (2S,4S)-4-methoxy-
proline (mop), to replace Pro62 and study how the pucker conformation affects the proline-aromatic
interaction and the stability of HP36. CD and NMR measurements indicate that all of the HP36 variants
incorporated with proline derivatives maintain a structure similar to that of the wild type. Thermal unfolding
and urea-induced denaturation measurements have shown that all of the mutants with the exception of the
one with the flp substitution are less stable than the wild type. Our results reveal that, upon the replacement of
Pro62 to proline derivatives, not only do stereoelectronic effects influence the aromatic-proline interaction
but the steric and hydrophobic effects induced by the substituents also play an important role in modulating
the stability of HP36.

Noncovalent forces play a critical role in protein structures.
These forces include hydrogen bonds, electrostatic interactions,
cation-π interactions, aromatic-proline interactions, and hydro-
phobic interactions. Among these interactions, aromatic-proline
interactions are regarded as being one of the nonconventional forces
involving proline ring C-H groups and aromatic π-electrons
(C-H 3 3 3π) (1). According to the analysis of protein chains in
PDB files, approximately 45% of proline residues in proteins are
involved in aromatic-proline interactions (1). Specifically, such
interactions have been observed to contribute to the structural
stability of a few miniproteins (2-6). One is the villin headpiece
subdomain (HP36),1 andas shown inFigure 1, an aromatic-proline
interaction exists between Pro62 and Trp64. HP36 is the helical
C-terminal domain from the villin headpiece and can fold coope-
ratively in isolation (7-9). It is also one of the smallest known
naturally occurring proteins which folds into a compact native
structure (10) and has been shown to fold on the microsecond

time scale (11, 12). As shown in Figure 1, HP36 consists of three
shortR-heliceswhich pack to forma hydrophobic core composed
of three Phe residues and other residues (8, 9). The importance of
the hydrophobic core has been investigated in previous studies
(13, 14), and a replacement of Phe residues to fluoro-aromatic
acids has also been performed to stabilize the structure (15, 16).
Although it has been demonstrated that the aromatic-proline
interaction betweenTrp64 and Pro62 considerably contributes to
the stability of HP36 (6, 14), this has not been examined in detail.
As shown inFigure 1, the distance between the pyrrolidine ring of
Pro62 and the indole ring of Trp64 is within 3 Å, which should
generate a strong aromatic-proline interaction (1). Installing
substituents on the pyrrolidine ring of the proline would pro-
vide a possibility ofmodulating this interaction and the structural
stability.

Proline often plays a critical role in protein structures due to
the conformational constraints imposed by its five-membered
pyrrolidine ring (17). The ring constraint often restricts the back-
bone torsionφ angles to around-60�, making Pro ideal for a loca-
tion inβ-turns (18, 19) and at theN-terminal endofR-helices (20).
Proline can form either a Cγ-exo ring pucker, in which Cγ is
puckered toward the CR proton, or a Cγ-endo ring pucker, in
whichCγ is puckered toward the carbonyl group. The installation
of an electron-withdrawing substituent on C4 of the pyrrolidine
ring alters the relative energies of the conformers, and this can
lead to the bias of a single conformer due to a gauche effect
(21, 22). As shown in Figure 1, an exo pucker is favored when
an electron-withdrawing group (OH, F, or OMe) is in the 4R
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position while an endo pucker is preferred when the substituent is
in the 4S position. The proline ring pucker constrains the φ, ψ,
and ω main chain torsion angles, and thus, a selective control of
the ring pucker provides the possibility of preorganizing the pro-
tein backbone conformation and modulating the protein stabi-
lity (21). In fact, it has been previously reported that the installa-
tion of proline derivatives with a biased ring pucker can selectively
stabilize or destabilize the proteins or peptides, including colla-
gen (21-24), polyproline helices (25-27), elastin mimics (28),
and the Trp-cage miniprotein (29).

Of the above studied proteins and peptides, Trp-cage is a 20-
residue helical protein in which the proline substituted (Pro12) is
located at the C-terminal end of the R-helix and is not involved in
other interactions (29). In contrast, HP36 has only one proline
residue which is located at the N-terminal end of its C-terminal
R-helix and is involved in an aromatic-proline interaction. In the
native structure, the dihedral angles (φ, ψ) of Pro62 are -58.26�
and 146.67�, which is typical of an exo pucker conformation (21)
although the displacement of the Cγ atom from the ring plane is
not very large. Pro62 is also the last residue of the turn connecting
the second and third R-helices. These unique features of Pro62 in
HP36 imply that it may play a special role in forming a strong
aromatic-proline interaction and in contributing to the structu-
ral stability. In addition, no studies have been reported to examine
how the stereoelectronic effects of a proline residue affect its
adjacent C-terminal R-helix. This is what attracts us to explore
the relationship between stereoelectronic effects, the ring pucker
conformation of Pro62, the aromatic-proline interaction, and
the stability of HP36 and to examine whether the ring puckering
persists as a decisive stabilizing element when the proline residue

participates in additional interactions. To investigate the folding
consequences of incorporating 4-substituted proline derivatives
into HP36, we herein have prepared a series of HP36 variants in
which Pro62 is replaced by (2S,4R)-4-hydroxyproline (Hyp),
(2S,4R)-4-fluoroproline (Flp), (2S,4R)-4-methoxyproline (Mop),
(2S,4S)-4-hydroxyproline (hyp), (2S,4S)-4-fluoroproline (flp), or
(2S,4S)-4-methoxyproline (mop). From CD and NMR spectra,
we find that the incorporation of 4-substituted proline derivatives
does not significantly disturb the structure. Thermal unfolding
and urea denaturationmeasurements indicate that all 4-substituted
proline derivatives with the exception of flp destabilize HP36.
Our results suggest that either an exoor endo ring puckerweakens
the aromatic-proline interaction between Trp64 and Pro62.
Furthermore, upon the introduction of proline derivatives the
hydrophobic and steric effects induced by the substituted group
on C4 would also contribute to stabilizing or destabilizing the
structure. Our findings provide a valuable insight into how
stereoelectronic effects interplay with aromatic-proline interac-
tions and modulate the protein stability, which could be useful
when designing proteins and tuning protein stability.

MATERIALS AND METHODS

General. Reagents were obtained from Aldrich Chemical,
Alfa Aesar, Fluka, Novabiochem, or Sigma and used without
further purification. Amino acids were obtained from Advanced
ChemTech, and Fmoc-(2S,4R)-4-fluoroproline was obtained
from Bachem Bioscience. Fmoc-(2S,4S)-4-fluoroproline, Fmoc-
(2S,4S)-TBDMS-4-hydroxyproline, Fmoc-(2S,4R)-4-methoxy-
proline, and Fmoc-(2S,4S)-4-methoxyproline were synthesized
as described previously (25). ESI-MS spectrawere obtained using

FIGURE 1: (A) Structure of the chicken villin headpiece subdomain, HP36. The ribbon diagram was created using the PyMol program (http://
pymol.sourceforge.net) andPDB file 1VII. TheN-terminus, Pro62, andTrp64 are labeled. (B) Stick diagramof thePLWKsequence. The distance
between the pyrrolidine ring of Pro62 and the indole ring of Trp64 and the distance between Cγ of Pro62 and Cβ of Lys65 are indicated. (C) Ring
conformation of Pro and 4-substitued Pro derivatives. The ring conformational preferences depend on the stereochemistry and electronic effects
of the substitution:Cγ-exo pucker is favored when an electron-withdrawing group is onX (Hyp, Flp,Mop) whileCγ-endo pucker is favored when
an electron-withdrawing group is on Y (hyp, flp, mop).
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a Q-TOF LC/MS/MS (Micromass Inc.) spectrometer at the
National Chiao Tung University Precious Instrument Center.
NMR spectra for monitoring the synthesis of proline derivatives
were recorded with a Varian INOVA-500 spectrometer.
Peptide Synthesis and Purification. All peptides were

prepared on a 0.1 mmol scale by a standard solid-phase method
using Fmoc-protected amino acids, HBTU-mediated coupling,
and standard reaction cycles on an automated PS3 peptide
synthesizer (Protein Technologies Inc.). All β-branched amino
acids and all residues coupling to β-branched amino acids were
double coupled. Use of a Rink amide resin with a MBHA linker
generated an amidated C-terminus following cleavage from the
resin with 92.5% trifluoroacetic acid (TFA)/2.5% triisopropyl-
silane/2.5% H2O/2.5% ethanedithiol. All peptides were purified
by reverse-phase HPLCwith a Thermo Biobasic semipreparative
C18 column. H2O/acetonitrile gradients with 0.1% (v/v) TFA as
the counterion were used for the purification. All peptides were
>90% pure according to HPLC analysis. The identities of all
peptides were confirmed by using ESI-MS. The calculated and
observed molecular masses were as follows: WT-HP36, calculated
4188.17, observed 4188.73; Hyp-HP36 calculated 4202.18, obser-
ved 4202.15; Flp-HP36 calculated 4204.18, observed 4203.99;Mop-
HP36 calculated 4216.74, observed 4215.31; hyp-HP36 calculated
4202.18, observed 4202.72; flp-HP36 calculated 4204.18, observed
4203.99; mop-HP36 calculated 4216.74, observed 4215.20.
Circular Dichroism (CD) Spectroscopy. CD experiments

were performed with an Aviv Model 410 CD spectrometer. Far-
UV CD spectra were obtained at 25 �C in 10 mM sodium acetate
and pH 5.0 buffer using a 1 mm path length quartz cuvette.
Thermal denaturation and urea-induced unfolding experiments
were performed in a 1 cm path length quartz cuvette by moni-
toring the signal at 222 nm. Thermal unfolding experiments were
performed from 2 to 98 �C with a 2 �C interval. The reversibility
of thermal denaturations for HP36 and its variants was more
than 95%. Reversibility was judged by the recovery of the signal
at 25 �C after heating the protein solution at 98 �C for 5 min.
Urea-induced denaturation was conducted at 25 �C, and the urea
concentration in solution was determined by measuring the
refractive index. The protein concentrations were 100 μM for
far-UV CD measurements and 10-50 μM for unfolding experi-
ments. Protein concentrations were determined by absorbance
measurement in 6M guanidine hydrochloride at pH 6.5 using the
extinction coefficient (ε) 5690 M-1 cm-1 at 280 nm.
Fluorescence Spectroscopy. Fluorescence spectra were re-

corded on a HITACHI F-4500 fluorescence spectrophotometer.
All measurements were conducted at room temperature (∼25 �C)
in 10 mM sodium acetate and pH 5.0 buffer using a 1 cm quartz
cuvette. The bandwidth was 2.5 nm for excitation and 5.0 nm for
emission. The protein concentration was 10 μM. The excitation
wavelength was 280 nm, and the emission spectra were recorded
from 290 to 600 nm.
Urea and Thermal Denaturation Curve Fitting. Urea de-

naturation curves were fit using standard methods (30). A two-
statemodel was used to fit data collected fromCDexperiments to
determine protein stability, ΔG�U(H2O), in the absence of urea.
The data were fit to the equation:

θ ¼ ðθN þ θU expð-ΔG�U=RTÞÞ=ð1 þ expð-ΔG�U=RTÞÞ
ð1Þ

where θ is the measured ellipticity from CD, θN is the ellipticity
of the native state, θU is the ellipticity of the denatured state, and

θN and θU are given by

θN ¼ a þ b½urea� ð2aÞ

θU ¼ cþ d½urea� ð2bÞ
where the four parameters, a, b, c, d, are used to define the
ellipticity of the native and denatured state. The free energy of
unfolding is assumed to be a linear function of denaturant
concentration:

ΔG�U ¼ ΔG�UðH2OÞ- m½urea� ð3Þ
where ΔG�U is the apparent free energy for the native to de-
natured transition. Thermal unfolding datawere also fit by assum-
ing that the folded and unfolded baselines are a linear function of
absolute temperature (T). An expression similar to eq 1 was used
but with the denaturant concentration substituted by absolute
temperature. The temperature dependence of ΔG�U is described
by the Gibbs-Helmholtz equation:

ΔG�UðTÞ ¼ ΔH�ðTmÞð1- T=TmÞ - ΔCp�½ðTm - TÞ
þ T lnðT=TmÞ� ð4Þ

where ΔG�U(T) is the free energy of unfolding, Tm is the un-
foldingmidpoint temperature,ΔH�(Tm) is the enthalpy change at
Tm, andΔCp� is the heat capacity change between the native and
denatured states. The ΔCp� of wild-type HP36 used in the pre-
vious study (14), 0.38 kcal mol-1 deg-1, was used to determine
Tm for all proteins.Note that the exact value ofTm is not sensitive
to the choice of ΔCp�.
NuclearMagneticResonance (NMR)Spectroscopy.NMR

experiments were performed on a Varian VNMRS 700MHz or a
Bruker DMX 600 MHz spectrometer at the National Tsing Hua
University Instrumentation Center. All spectra were internally
referenced to sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4 (TSP)
at 0.0 ppm. 1D and 2D spectra were taken at 2 mM protein
concentration at 25 �C in 90% H2O/10% D2O, 10 mM phos-
phate, and 150mMNaCl buffer at pH 5.0. TOCSY andNOESY
spectrawere used for assignments.Amixing time of 75mswas used
in the TOCSY experiments, and 250 ms was used in the NOESY
experiments. The deviation of the chemical shifts of the CR pro-
tons from random coil values was calculated using the random
coil chemical shifts ofW€uthrich (31). Native state chemical shifts
for HP36 are from McKnight et al. (7).

RESULTS

Design ofHP36Variants. In order to investigate how stereo-
electronic effects influence the aromatic-proline interaction and
the folding stability of the villin headpiece subdomain, HP36, we
designed a series of HP36 variants in which the proline residue
(Pro62) was replaced by various 4-substituted proline derivatives.
Since the stereochemistry and inductive effects of the substitution
affect the Cγ ring pucker conformation (21-23), we chose electron-
withdrawing groups, including OH, F, and OMe, as the sub-
stituent on C4 of proline. The Cγ ring pucker preference of Pro62
imposed by these groups on different stereochemical positions was
expected to affect the local interactions. The electron-withdrawing
groups, OH, F, and OMe, on the Cγ of proline can also make the
adjacent CH groups more positive and strengthen the C-H 3 3 3π
interaction between Pro62 and Trp64. Moreover, the distance
between the pyrrolidine ring of Pro62 and the indole ring of Trp64
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is within 3 Å, and thus, the insertion of these groups allows us
to examine whether any significant steric strains are induced in
the structure due to the substituted groups. Three 4R-substitued
proline derivatives, (2S,4R)-hydroxyproline (Hyp), (2S,4R)-
fluoroproline (Flp), and (2S,4R)-methoxyproline (Mop), and
their 4S stereoisomers, (2S,4S)-hydroxyproline (hyp), (2S,4S)-
fluoroproline (flp), and (2S,4S)-methoxyproline (mop), were
used to replace the Pro62 of HP36. The wild-type and mutated
proteins studied in this report are designated as WT-HP36, Hyp-
HP36, Flp-HP36, Mop-HP36, hyp-HP36, flp-HP36, and mop-
HP36, and their amino sequences are shown in Table 1. All pep-
tides are chemically synthesized and have a free N-terminus and
an amidated C-terminus.
All 4-Substituted Proline Derivatives Incorporated in

HP36 Variants Maintain a Structure Similar to That of
theWild Type. The far-UVCD spectra for wild-type HP36 and
its variants were measured at 25 �C. As shown in Figure 2, all
mutants have a far-UV CD spectrum similar to that of wild-type
HP36 and show a highly R-helical structure. We also performed
CD measurements at different protein concentrations for HP36
and its variants. Their CD spectra are concentration independent
(shown in the Supporting Information Figure S1), indicating that
these proteins are monomeric in solution. To further examine
whether or not the mutated proteins have a well-folded struc-
ture, we measured their 1H NMR spectra. Both one- and two-
dimensional NMR spectra were recorded at 25 �C. The one-
dimensional 1HNMR spectra show that all HP36 variants exhibit
well-dispersed resonances and a pattern similar to that of WT-
HP36 (Figure 3). More specifically, as shown in Figure 3, a well-
resolved upfield resonance at -0.11 ppm, which corresponds to
the methyl group of Val50 in the native HP36 structure (12),
appears in each spectrum, indicating that all mutants have a
structure similar to that of wild-type HP36. We further used the
TOCSY and NOESY spectra to assign the backbone proton
chemical shifts of all mutants. Except for Flp-HP36, the back-
bone assignments for 32 of the 36 residues could be made for the
HP36 mutants. As shown in Figures 4 and 5, the observed CR

proton chemical shifts are similar to those of the wild type.
Deviations from the chemical shifts measured in wild-type HP36
are mainly within(0.15 ppm, while the deviations from random
coil values are much larger, ranging up to þ0.4 and -1.1 ppm.
For the Flp-HP36 variant, although less backbone CR proton
chemical shifts could be assigned due to its less resolved NMR

spectra, the chemical shift deviations from the wild type and the
random coil are in a similar pattern to the other fivemutants. The
large negative deviations from the random coil values in three
regions (residues 44-51, 55-59, and 63-72) demonstrate that
the variants form R-helical structure on these sites, consistent with
the native structure of wild-type HP36. The existence of three

Table 1: Amino Sequences of HP36 and Its Variants

aNH3 denotes a free N-terminus, and NH2 denotes an amidated C-terminus. Hyp is (4R,2S)-4-hydroxyproline, hyp is (4S,2S)-4-hydroxyproline, Flp is
(4R,2S)-4-fluoroproline, flp is (4S,2S)-4-fluoroproline, Mop is (4R,2S)-4-methoxyproline, and mop is (4S,2S)-4-methoxyproline. bThe numbering system
corresponds to that used for the full-length villin headpiece.

FIGURE 2: Far-UV CD spectra for HP36 and its variants at 25 �C.
(A) Variants incorporated with 4R-substituted proline derivatives.
(B)Variants incorporatedwith 4S-substitutedproline derivatives.All
measurements were conducted in 10 mM sodium acetate at pH 5.0.
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R-helices confirms that the mutants maintain a secondary struc-
ture similar to that of wild-type HP36.

We could not assign the resonances for all aromatic protons of
Trp64 due to the lack of very high solution spectra, but the NOE
cross-peaks between CγH of Pro derivatives and one aromatic H
of Trp64 for the mutants were observed. These NOE cross-peaks
indicate the close proximity between the side chains of Pro
derivatives and Trp64. The corresponding region of the NOESY
spectrum for each HP36 mutant is shown in the Supporting
Information (Figure S2). Moreover, it can be noted from the
deviations between mop-HP36 and WT-HP36 that the CRH
resonance of Lys65 is largely shifted from the wild type, and the
deviation is about 0.25 ppm. As shown in Figure 1, the distance
between the Cγ and Cδ atoms of Pro62 and the Cβ atom of Lys65
is only about 3.4 Å, and an endo ring pucker of Pro62 may push
Cγ atom toward Lys65. All hyp, flp, and mop favor an endo ring
pucker, which could induce steric strains upon their introduction
into HP36. Besides, compared to F and OH groups, the OMe
group is much larger, and the large shift of Lys65 in mop-HP36
may be due to the fact that the OMe group at the 4S position
causes a significant steric clash with the side chain of Lys65 and
distorts the main chain torsion angles of Lys65. The close
proximity between Pro62 and Lys65 could also be confirmed
by the observation of the NOE cross-peaks between CδH of Pro
derivatives and CβH of Lys65 for four of the six mutants. These
corresponding NOESY spectra are also shown in Supporting
Information (Figure S3). The NMR measurements demonstrate

that all six 4-substituted proline derivatives incorporated inHP36
variants maintain a native-like structure.

Besides CD and NMR spectroscopy, Trp fluorescence
measurements were performed to examine if the side chain
of Trp64 becomes more exposed to solvent upon the replace-
ment of Pro62 to Pro derivatives. A red shift of the emission
maximumwill indicate that the aromatic residues have become
more exposed to solvent. As shown in Table 2, HP36 and its
variants have a similar emissionmaximum ranging from 350 to
356 nm. The emission maxima of the mutants are only slightly
red shifted from that of the wild-type protein, indicating that
the solvent exposure of Trp64 does not significantly increase in
the mutants.
Folding Stability of 4-Substituted Proline Derivatives

Incorporated in HP36 Variants. In order to investigate how
the incorporation of 4-substituted proline derivatives affects the
folding stability of HP36, we conducted thermal unfolding and
urea-induced denaturation experiments on the wild-type protein
and its mutants. These measurements were carried out by
monitoring the CD signals at 222 nm, an index of the changes
inR-helical content. As shown in Figures 6 and 7, all of the HP36
mutants fold cooperatively and have anm-value similar to that of
the wild type. The measured Tm value of WT-HP36 is 61.1 �C at
pH 5.0 and the free energy of unfolding (ΔG�) is 2.37 kcal mol-1

at 25 �C, which are somewhat slightly lower than previously
observed in the chemically synthesized HP36 construct (12).
All mutants with the exception of flp-HP36 are less stable than

FIGURE 3: Stacked plots of the upfield region of the 1D 1HNMR spectra of wild-type HP36 and its mutants. The upfield chemical shifts of V50
methyl groups (below 0 ppm) confirm that all of themutants are folded. All spectra were recorded at 25 �C and pH5.0 in 90%H2O/10%D2O, 10
mM sodium acetate, and 150 mMNaCl.
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wild-type HP36, and their folding stability and parameters are
summarized in Table 3. Hyp, Flp, and Mop favor a Cγ-exo ring
pucker due to the electron-withdrawing group on the 4R position
of Pro andwere expected to have a positive impact onHP36 since
Pro62 adopts a Cγ-exo ring pucker in the native structure. How-
ever, the incorporation of such residues does not stabilize the
structure, indicating that the biased exo ring pucker does not
make the folding ofHP36more favorable. On the other hand, the
aromatic-proline interaction between Trp64 and Pro62 may be
weakened, since an exo ring pucker could make the pyrrolidine
ring of Pro62 move away from the indole ring of Trp64, leading
to lower stability. Among these three 4R-substituted proline
derivatives, Flp has the largest destabilizing effect, while Hyp has
the least effect onHP36, and they destabilize the structure by 0.97
and 0.29 kcal mol-1, respectively. Flp-HP36 has a free energy of
unfolding of about 1.4 kcal/mol,meaning that up to ca. 9%of the

peptide could be unfolded at 25 �C. The population of unfolded
peptides may result in a less dispersed NMR spectrum, and thus
the low stability of Flp-HP36 is consistent with its less resolved
CRH resonances.

FIGURE 4: Chemical shift deviations between CRH of the HP36 vari-
ants incorporated with 4R-substituted proline derivatives and wild-
type HP36 (empty bars) and chemical shift deviations between CRH
of the HP36 variants incorporated with 4R-substituted proline
derivatives and random coils (full bars).

FIGURE 5: Chemical shift deviations between CRH of the HP36 vari-
ants incorporated with 4S-substituted proline derivatives and wild-
type HP36 (empty bars) and chemical shift deviations between CRH
of the HP36 variants incorporated with 4S-substituted proline
derivatives and random coils (full bars).

Table 2: Fluorescence Emission Maximum of HP36 and Its Variantsa

protein

emission maximum

λ (nm) protein

emission maximum

λ (nm)

WT-HP36 350 hyp-HP36 352

Hyp-HP36 352 flp-HP36 355

Flp-HP36 356 mop-HP36 353

Mop-HP36 354

aThe measurements were conducted at pH 5.0 in 20 mM sodium acetate
buffer at room temperature.
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In contrast to 4R-substituted proline derivatives, the proline
derivativeswith an electron-withdrawing group in the 4S position
of Pro favor a Cγ-endo ring pucker, and thus, the replacement of
Pro62 to hyp, flp, and mop was expected to destabilize HP36
since their preferred endo ring pucker is the opposite of the ring
pucker conformation adopted by Pro62 in the native structure.
As expected, hyp-HP36 and mop-HP36 are less stable than the
wild type, and their free energy of unfolding is decreased by 0.64
and 0.73 kcal mol-1, respectively. Strikingly, instead of destabi-
lizing HP36, the incorporation of flp makes the structure slightly
more stable. As shown in both Figures 6 and 7 and Table 3, flp-
HP36 and WT-HP36 have a similar Tm value, and the unfolding
free energy of flp-HP36 is 0.66 kcal mol-1 higher than that of
WT-HP36. It appears that, although the endo ring pucker adop-
ted by flp is not favorable in the native structure, the aromatic-
proline interaction is not significantly perturbed by installing
F at the 4S position of Pro. The results also suggest that the
fluoro group does not induce significant steric effects when it
moves the ring pucker toward the interior of the structure and
that the high hydrophobicity of the C-F group may better fit
the environment. Besides, mop-HP36 is less stable than hyp-
HP36, indicating that the steric effects imposed byOMe aremore

significant than those imposed by OH, leading to a larger de-
stabilizing effect. This is also confirmed by the observation of the
largely perturbed CRH chemical shift of Lys65 inmop-HP36. It is
noted that the trends for Tm values and unfolding free energy
(ΔG�U) do not agree perfectly. Tanford and co-workers have
presented evidence that proteins could form a more random and
disordered structure by chemical denaturations than by thermal
denaturations (32). A few studies also reported that the protein
stability determined by thermal unfolding experiments is not
consistent with that by chemical denaturations (33, 34) due to the
difference between the thermally unfolded state and the chemi-
cally unfolded state. Furthermore, the study of peptide models
has provided evidence that there is significant structure in the
thermally denatured state of HP36 (35). Therefore, the discre-
pancy between the Tm values andΔG�U of HP36 and its mutants
could be attributed to the different unfolded states upon chemical
and thermal denaturations.

DISCUSSION

Different from what was observed to selectively control the
stability of Trp-cage using a preorganized ring pucker conforma-
tion of proline (29), the consequences of introducing proline
derivatives intoHP36 do not completely correlate with the bias of

FIGURE 6: Thermal unfolding curves followed by CDmeasurements
at 222 nm for wild-type HP36 (closed circles) and its mutants: (A)
Hyp-HP36 (open circles), Flp-HP36 (open squares), andMop-HP36
(closed triangles); (B) hyp-HP36 (open circles), flp-HP36 (open
squares), and mop-HP36 (closed triangles). All measurements were
conducted in 10 mM sodium acetate at pH 5.0.

FIGURE 7: Urea-induced denaturation curves followed by CD mea-
surements at 222nmforwild-typeHP36 (closedcircles) and itsmutants:
(A) Hyp-HP36 (open circles), Flp-HP36 (open squares), and Mop-
HP36 (closed triangles); (B) hyp-HP36 (open circles), flp-HP36
(open squares), andmop-HP36 (closed triangles). Allmeasurements
were conducted at 25 �C and pH 5.0 in 10 mM sodium acetate.
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their pucker conformation. This could be due to the fact that the
proline residue substituted in Trp-cage is located at the C-terminus
of its R-helix, whereas the proline residue studied here is on the
N-terminus of the C-terminal R-helix of HP36. Besides, the pro-
line residue studied in Trp-cage is not involved in the aromatic-
proline interactions, while Pro62 does interact with Trp64 via an
aromatic-proline interaction. Therefore, it is obvious that the
stability of HP36 cannot be selectively controlled by installing an
exo- or endo-biased ring pucker at this position. In the native
structure of HP36, the pyrrolidine ring of Pro62 and the indole
ring of Trp64 form an edge-face orientation (Figure 1), which
generates a strong aromatic-proline interaction (1). Although
Pro62 adopts an exo ring pucker in the native structure, the Cγ

atom is only displaced from the ring plane by 0.05 Å to maintain
the edge-face orientation between Pro62 andTrp64. This almost
nonpuckering of Pro62 strongly suggests that such conformation
can make a perfect edge-face arrangement to form a strong
aromatic-proline interaction. The importance of this aromatic-
proline interaction was also revealed by the fact that singly
mutating Trp64 or Pro62 to other amino acids substantially
destabilizes the structure (6, 14). Thus a strongly preorganized
exo ring pucker would push the Cγ atom and the pyrrolidine ring
away from Trp64, weakening the aromatic-proline interaction.
Of the three 4R-substituted Pro derivatives, Flp has the lar-
gest destabilizing effect on HP36. The calculation of the solvent-
accessible surface area by the program GETAREA (http://curie.
utmb.edu/GET.html) shows that the side chain of Pro62 is about
42% exposed to solvent. The substituted group on the 4R
position of Pro62 should point toward the exterior of HP36,
and an exo ring pucker would make the side chain even more
exposed. Since the organic C-F group is highly hydrophobic, it
could induce unfavorable interactions with water in Flp-HP36
when the pyrrolidine ring moves toward the exterior of the pro-
tein. This may be why Flp destabilizes HP36 more significantly
than Hyp and Mop. Moreover, the electron-withdrawing (36)
and hyperconjugative abilities (37) of OH and OMe are similar,
but O-methylation will decrease the hydration of Mop (38).
Therefore, compared with Hyp, the less hydrated OMe would
make Mop less favorable when its ring side chain is exposed to
water, leading to a slightly lower stability of Mop-HP36.

For the proline derivatives with an electron-withdrawing group
on the 4S position, they have a bias to form aCγ-endo ring pucker,
and this could cause unfavorable effects upon their incorporation
intoHP36 since the conformation is opposite to that in the native
structure. Both hyp andmop destabilizeHP36 as expected. Speci-
fically, hyp and mop destabilize the protein more significantly
than their stereoisomers,HypandMop, by0.15 and0.29kcalmol-1.
These results strongly suggest that the bias forming an exo ring

puckermay still contribute to the stability ofHP36 to some extent
although it could simultaneously perturb the aromatic-proline
interaction. The most surprising observation is that flp does not
destabilize HP36 as hyp and mop do but slightly stabilizes the
protein. It can be rationalized from two aspects: (1) the F group is
smaller than the OMe group, causing less steric strain when it
moves toward the interior of the protein and the Lys65 residue;
(2) the C-F group is more hydrophobic than the C-OH group,
making itmore favorable in the interior of the protein. Therefore,
despite the fact that flp has the bias to form an endo pucker which
conflicts with the pucker conformation of Pro62 in the native
structure andmay alsoweaken the aromatic-proline interaction,
its C-F side chain could form strong hydrophobic interactions in
the interior of HP36 and compensate for the loss of stability.

Previous studies using conformationally biased proline deri-
vatives to selectively stabilize or destabilize proteins essentially
chose the proline residues, which were not involved in other
interactions in the structure (22, 24, 28, 29). In those cases, a
preorganized ring pucker matching the native proline conforma-
tion would stabilize the protein; otherwise a destabilizing effect
would be observed. In the case of HP36, such stability tuning via
a simply conformational bias cannot be independently observed
since the proline residue is involved in an aromatic-proline inter-
action. Any change in the conformation of the proline ring pucker
may affect the distance and orientation between aromatic and
pyrrolidine rings, which would also affect the strength of the
aromatic-proline interaction. An electron-withdrawing group
on the pyrrolidine ring should make its adjacent C-H groups
more positively charged and enhance the aromatic-proline inter-
action if the orientation is appropriate. The OH, F, and OMe
groups are all electron-withdrawing and could have such effects
on the side chain of proline. The 4-substituted proline derivatives
used in our current study may provide favorable interactions
between theC-Hgroups of the pyrrolidine ring and the aromatic
ring via inductive effects. However, in the native HP36, Pro62
and Trp64 exhibit a nearly perfect edge-to-face orientation, and
thus, either an exo-favoring or an endo-favoring residue will
deviate from the edge-to-face orientation and destabilize the
aromatic-proline interaction. Our results indicate that disturb-
ing the distance and orientation between Pro62 and Trp64 has a
dominant effect in weakening the aromatic-proline interaction,
which cannot be compensated by the increase in C-H 3 3 3π inter-
actions due to the inductive effects imposed by F, OH, and OMe.

By incorporating 4-substituted proline derivatives into HP36,
we have presented the first example that the biasedCγ ring pucker-
ing of proline due to stereoelectronic effects cannot selec-
tively stabilize or destabilize the structure when the proline
residue is involved in other interactions. Our data suggest that

Table 3: Thermodynamic Parameters Derived from Thermal Unfolding and Urea-Induced Denaturation for Wild-Type HP36 and Its Variantsa

protein Tm (�C) ΔG�U(H2O) (kcal mol-1) ΔΔG�Ub (kcal mol-1) m-valueb (kcal mol-1 M-1) CM (M)

WT-HP36 61.1( 0.1 2.37( 0.20 0.48( 0.04 4.94

Hyp-HP36 59.0( 0.1 2.08( 0.38 -0.29 0.46( 0.07 4.52

Flp-HP36 53.8( 0.8 1.40( 0.36 -0.97 0.42( 0.05 3.35

Mop-HP36 56.8( 0.1 1.93( 0.18 -0.57 0.51( 0.03 3.78

hyp-HP36 54.1( 0.3 1.93( 0.30 -0.64 0.48( 0.05 4.02

flp-HP36 60.8( 0.6 3.03( 0.43 0.66 0.52( 0.08 5.83

mop-HP36 52.2( 0.4 1.64( 0.29 -0.73 0.46( 0.05 3.57

aThe quoted uncertainties in Tm were the standard deviations by averaging repeated measurements. The quoted uncertainties in ΔG�U(H2O) and m-value
represent the standard errors to the fit. CM (the [urea] required to reach the midpoint of the transition) was calculated from ΔG�U=ΔG�U(H2O) - m[urea],
when ΔG�U is 0. bΔΔG�U=ΔG�U(H2O) (mutant) - ΔG�U(H2O) (wt).
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the aromatic-proline interaction is significantly perturbed upon
the change of the ring pucker conformation. Besides the stereo-
electronic effects and the aromatic-proline interaction, the steric
strains and hydrophobic effects induced by the substituted
groups are involved in the consequences. Specifically, the results
from Flp-HP36 and flp-HP36 strongly suggest that the hydro-
phobicity of the C-F group seems to play a more important role
than the stereoelectronic effects of the F group. In conclusion, we
have used 4-substituted proline derivatives to reveal that various
electron-withdrawing groups on the pyrrolidine ring have differ-
ent impacts on the small helical protein HP36, and those are the
result of a combination of stereoelectronic, steric, and hydro-
phobic effects and the aromatic-proline interaction. From the
study of HP36, we have also demonstrated that the ring puck-
ering cannot remain as a significant stabilizing factor in proteins
in which the proline residues take part in additional interactions.
Our findings highlight the complicacy of protein structure and
the need to consider multiple elements in understanding protein
folding stability and, thus, provide a piece of valuable informa-
tion for designing stable proteins or peptides.

SUPPORTING INFORMATION AVAILABLE

Far-UV CD spectra at different concentrations (Figure S1),
excerpts of NOESY spectra (Figures S2 and S3), CD raw data for
thermal and chemical denaturations (Figures S4 andS5), and a table
listing chemical shifts of NOE cross-peaks (Table S1). This material
is available free of charge via the Internet at http://pubs.acs.org.
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