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ABSTRACT: A short C-terminal fragment of immunoglobulin-binding domain of streptococcal protein G
is known to form nativelikeâ-hairpin at physiological conditions. To understand the cooperative folding
of the short peptide, eight Ala-substituted mutants of the fragment were investigated with respect to their
structural stabilities by analyzing temperature dependence of NMR signals. On comparison of the obtained
thermodynamic parameters, we found that the nonpolar residues Tyr45 and Phe52 and the polar residues
Asp46 and Thr49 are crucial for theâ-hairpin folding. The results suggest a strong interaction between
the nonpolar side chains that participates in a putative hydrophobic cluster and that the polar side chains
form a fairly rigid conformation around the loop (46-51). We also investigated the complex formation
of the mutants with N-terminal fragment at the variety of temperature to get their thermal unfolding
profiles and found that the mutations on the residues Asp46 and Thr49 largely destabilized the complexes,
while substitution of Asp47 slightly stabilized the complex. From these results, we deduced that both the
hydrophobic cluster formation and the rigidity of the loop (46-51) cooperatively stabilize theâ-hairpin
structure of the fragment. These interactions which form a stableâ-hairpin may be the initial structural
scaffold which is important in the early folding events of the whole domain.

Protein fragments are generally considered to be an ideal
model for characterizing the denatured state of a protein in
a physiological condition and allows one to focus on the
native interactions in specific region of the protein. To
understand the early events of protein folding, fragments of
proteins have been analyzed by many spectroscopic ap-
proaches such as NMR1 and CD (1-12). In these studies,
some residual structures have been found in the fragments,
which is clearly distinct from the peptide in a completely
random-coiled state. Concerning these facts, there is much
debate on various proposed models of protein folding, such
as the framework model (13), the embryos model (14),
the nucleation-condensation model (15), and the foldon
model (16).

The immunoglobulin binding domain of protein G (17-
20) reveals a peculiar folding topology as determined in

solution (21, 22) (Figure 1) and crystal (23, 24). The
thermodynamic and kinetic studies of the domain have been
studied (25, 26), and it was concluded that the domain folds/
unfolds as a two-state transition without accumulating any
equilibrium or kinetic intermediates. However, a recent study
by ultrarapid mixing experiments (27) has successfully
elucidated an intermediate state of Protein G and a sequential
three-state mechanism was proposed. To elucidate the folding
mechanism of the domain, we have investigated the confor-
mational properties of the variable fragments derived from
the protein G B1 domain by1H NMR and we have shown
that a nonrandom coil structure exists in the C-terminal
fragment (28), termed PGB1(41-56)2 in this study. After-
ward, Blanco et al. has demonstrated that the fragment forms
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FIGURE 1: Ribbon model showing the conformation of the B1
domain of streptococcal protein G (21) drawn using the program
MolScript (44). The C-terminal segment corresponding to PGB1-
(41-56) is darkened. The side chains of the residues mutated in
this study are represented with bolls and sticks.
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a nativelikeâ-hairpin structure in aqueous solution (29).
Recently, the equilibrium and kinetics studies on the
â-hairpin folding using laser temperature jump experiments
and statistical mechanical calculations showed that the
peptide rapidly and cooperatively forms the secondary
structure and that the folding can be depicted as a two-state
folding process (30, 31). The previous NMR study (29) and
theoretical and computational studies (31-33) suggested that
the hydrophobic interactions among the side chains of Trp43,
Tyr45, Phe52, and Val54 mainly contribute to theâ-hairpin
folding; however, no experimental evidence of the side
chain’s roles has been reported yet.

The folding and unfolding rates of globular proteins are
usually slower than the NMR time scale, thus the signals
derived from native and denatured species in equilibrium
state are observed as separate signals, and their intensities
correspond to the folded and unfolded fractions, respectively
(34). If, however, such folding rates were faster than the
NMR time scale, then only one signal would appear, in which
the chemical shifts of the signal would reflect the averaged
value of folded and unfolded fractions (35). The1H chemical
shifts are highly reproducible, and these values are indepen-
dent of either sample concentration or inhomogenieties of
magnetic field provided that the samples are at the same
temperature and pH. This is because the chemical shift is
highly sensitive to changes of the chemical environment
around the proton of interest. Therefore, for the rapid folding
and unfolding protein, it is possible to determine the folded
and unfolded fractions from the change in chemical shift.
Recently, we have developed a new analytical procedure
using temperature dependence of chemical shifts to evaluate
the thermodynamic stability of a short peptide (36). This
method of analysis was applied to the study on PGB1(41-
56). As a result, we have found that all the nonpolar side
chain andR-proton signals of the PGB1(41-56) showed the
same temperature dependence. The fact indicates high
cooperativity of the hairpin folding occurring throughout the
molecule, and this cooperativity has been further confirmed
by calorimetric measurements. The chemical shifts of non-
polar side-chain signals were found to be more sensitive to
temperature change than those ofR-protons, so that these
chemical shifts provide more accurate thermodynamic pa-
rameters, which can be used for quantitative examination of
the stability of PGB1(41-56) mutants.

In previous papers, we have shown that the N-terminal
fragment of protein G, PGB1(1-40), binds noncovalently
to the PGB1(41-56), forming a complex with a nativelike
conformation (37, 38). Moreover, our recent study using a
PGB1(41-56) mutant with a disulfide connecting its N-
and C-terminus (39) has suggested that the stabilization of
PGB1(41-56) could accelerate the folding process of the
whole domain. Such stability of the PGB1(41-56) gives rise
the possibility of an important role ofâ-hairpin formation,
which reduces the entropic distribution of the C-terminal
region in the early folding events of the domain. Therefore,
the complex formation with PGB1(1-40) would be expected
to be a good paradigm to study how the mutations on the
PGB1(41-56) region of the domain would affect the

thermodynamic stability or folding kinetics of the whole
domain.

The side chains of Trp43, Tyr45, Phe52, and Val54 are
buried in the hydrophobic core of the native domain, whereas
Asp46, Asp47, Thr49, and Lys50 are solvent accessible and
placed in the unique loop structure of the domain (see Figure
1). In this study, we have investigated the structural and
thermodynamic nature of eight PGB1(41-56) mutants, in
which Trp43, Tyr45, Asp46, Asp47, Thr49, Lys50, Phe52,
and Val54 were substituted by alanine, to know not only
the role of each side chain for stabilizing theâ-hairpin but
also whether there is a cooperative contribution among the
polar and nonpolar side chains on theâ-hairpin folding.
Moreover, the complex formation of the PGB1(41-56)
mutants with PGB1(1-40) was also investigated with respect
to their thermodynamic stabilities. The determined thermo-
dynamic parameters of the mutants alone and the complexes
are compared with wild-type, and the implication of the
â-hairpin formation in the folding process of protein G is
discussed.

MATERIALS AND METHODS

Synthesis of Peptides. All peptides described in this report
were synthesized using a conventional solid-phase method
combined with a manual synthesis protocol that we have
established (33, 35). All amino acids were protected at the
R-amino group with Fmoc group. The side chains of Asp,
Glu, Thr, and Tyr were protected withtBu-group, Asn, and
Gln with Trt group, and Lys was protected with Boc group.
Coupling reactions proceeded according to standard Fmoc
strategy using DCC-HOBt and HBTU-HOBt methods on an
HMP resin support. After elongation of the full length of
the peptide, the resins were treated with 20% piperidine for
20 min, followed by TFA-H2O-EDT (9.5:0.25:0.25) treat-
ment for 1 h. The obtained crude peptides were purified by
preparative reversed-phase HPLC using an Inertsil ODS
column (25× 250 mm). The homogeneity of the purified
peptides was confirmed by analytical reversed-phase HPLC
using a Wakosil 5C18 column (4.6× 250 mm). The amino
acid components were analyzed with a Hitachi L-8500 amino
acid analyzer, the sequences with a Shimazu PPSQ-10 amino
acid sequencer and the molecular mass with a JEOL JMS-
HX110HF double-focusing mass spectrometer.

CD Spectrum Measurement. CD spectra of the PGB1(41-
56) mutants were measured from 260 to 195 nm using a
JASCO J-600 spectropolarimeter calibrated with (+)-10-
camphorsulfonic acid. Lyophilized powdered peptides for CD
spectra were dissolved in 5 mM phosphate buffer at pH 7.0,
and the pH values were adjusted with 1 N HCl or NaOH.

Sample Preparation for NMR Spectroscopy. Samples for
NMR measurements were prepared by dissolving the pep-
tides in 99.996% D2O. These solutions contained 5 mM
sodium phosphate buffer and a small amount of TSP as a
reference for zero ppm. The pH of the solutions was adjusted
to an accuracy of(0.02 by titration with HCl or NaOH using
a glass microelectrode without correction for the isotope
effect. The concentrations of the peptides were determined
using the molar extinction coefficients for tryptophan and
tyrosine in model compounds (40).

NMR Spectroscopy. NMR spectra were acquired with
Bruker AMX500 or AM500 spectrometers. 1D1H NMR

2 The primary sequence of PGB1(41-56) is GEWTYDDATKT-
FTVTE.
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spectra were obtained by accumulating data from 32 to 256
scans and four preceding dummy scans into 8K data points
for 1D and zero-filled into 32K data points.

The temperature dependence of NMR signals of the PGB1-
(41-56) mutant alone was performed by measuring 1D1H
NMR spectra increasing in the temperature from 278 to 358K
at 5K intervals. Eurotherm temperature controlling system
B-CU05 equipped on the Bruker AMX 500 NMR spectrom-
eter, which provided a good feasibility (below(0.01 K) on
the temperature control for all experiments. The 1D data
multiplied by a squared cosine-bell weighting function were
zero-filled into 32K data points for 10 ppm of spectral width.
Resultant resolution for chemical shift per data points were
0.625 × 10-3 ppm/points which were below the smallest
chemical shift change of CδH-Tyr45 resonance of the mutant
D46A, 0.71× 10-3 ppm/points between 333 and 338 K.

For analyzing the thermodynamic stability of the com-
plexes of PGB1(41-56) wild-type and mutants with PGB1-
(1-40), 1D1H NMR of the equimolar mixture (0.5 mM) of
the peptides were measured from 276 to 333 K. To evaluate
the fraction of bound state of PGB1(41-56) and mutants to
PGB1(1-40), CúΗ-Phe52 and CγH3-Val54 signals were
integrated manually.

Thermodynamic Analysis for a Short Fragment. The data
of the chemical shifts of several side chains versus temper-
ature (chemical shift melting curve) were analyzed on the
theory of a two-state phase transition as performed in our
previous study on PGB1(41-56) wild-type (36) using a
combination of the reciprocal temperature plot (RT plot)
analysis and the restricted nonlinear fitting calculations. First,
a rough estimation of the thermodynamic parameters of
PGB1(41-56) mutants was carried out by the RT plot
analysis. For a final refinement, it was followed by a
restricted nonlinear fitting calculation using the parameter
from the RT plot analysis as an initial condition. The
following equation was used for the calculation:

whereY represents the observed chemical shift value of the
proton signal at the varied temperatures, whileYF and YU

are the values in the completely folded and unfolded states
of the mutants, respectively.∆Hm is the enthalpy change
upon unfolding at the transition temperatureTm. YF, YU, and
∆H were assumed constant at any temperatures. The heat
capacity change was excluded in the calculation as the
exposed hydrophobic surface area upon unfolding for a short
peptide is expected to be negligible. Theoretically, the NMR
signals of ideally unfolded proteins would depend on only
local chemical environment, e.g., the primary sequence, not
on the native tertiary structure. This allows reasonable fixing
of YU values of all protons for each mutant to a corresponding
value of the PGB1(41-56) wild-type. The inflection point
obviously appeared in the RT plots of one mutant, revealing
a wide coverage of the melting curves over a half of the
transition. For this mutant, therefore, any further assumption
was not applied for the refinement calculation of thermo-
dynamic data, thus the value ofYF was set to be variable.
For the other mutants,YF was set to be equal to those of the

wild-type as a first approximation. All computational cal-
culations were carried out using SigmaPlot (SPSS Inc.)
software.

Thermodynamic Analysis for a Complex. The data of the
intensity of NMR signals versus temperature (intensity
melting curve) were analyzed on the three component theory
(AB h A + B) as described previously (38). Thermody-
namic parameters,∆Hm andTm, were determined by solving
the following equations numerically:

whereI represents the observed intensity of the proton signal
at varied temperatures, whileIF the intensity in the com-
pletely folded state of the complex.IF was assumed to be
constant at any temperatures.f and K denote the molar
fraction of the unfolded molecule and the equilibrium
constant, respectively.Ct is the initial concentration of the
fragments that were mixed at an equivalent molecular ratio,
i.e., Ct ) A ) B. ∆Hm is the change in enthalpy upon
unfolding at the transition temperatureTm. ∆Cp is the change
in heat capacity upon unfolding, which was assumed to be
constant at any temperatures and fixed at the value of the
wild-type complex (2.6 kJ mol-1 K-1) established in our
previous study (39). All computational calculations were
carried out using SigmaPlot (SPSS Inc.) software.

RESULTS

Solubility of PGB1(41-56) Mutants in Aqueous Solution.
In aqueous solution, a short peptide with low solubility tends
to form aggregates at millimolar concentrations, which would
cause a significant line broadening on NMR spectra. It would
be most likely to find the aggregation in a mutant that is
substituted on hydrophilic amino acid with more hydrophobic
one. The mutants W43A, Y45A, T49A, F52A, and V54A
were easily dissolved in 5-50 mM sodium phosphate buffer
at pH 5-7 and 276-298 K in a concentration range of 2-3
mM. No changes in their CD spectra (data not shown) were
observed after storage on 277 K for 1 month. On the other
hand, we found a less solubility of the mutants D46A, D47A,
and K50A forming gel or precipitation in the solution at 1
mM peptide concentration. These mutants showed a negative
peak at 230 nm in the CD spectra (data not shown),
suggesting a formation of soluble aggregates including
â-sheet structures (41, 42). In this study, the concentration
of these peptides was optimized by observing the line
broadening in 1D1H NMR and the negative peak at 230 in
CD spectra or the precipitation in the solution. After the
optimization, all 1D1H NMR spectra of the mutants (showed
in Figure 2) revealed fine line shapes at 298 K, indicative
of no considerable aggregation in those samples.

Aromatic and Aliphatic Signals in PGB1(41-56) Mutants
in Comparison with Wild-Type.First, we observed the
aromatic and aliphatic NMR signals of eight PGB1(41-56)

Y )
YU + (YF - YU)

(exp[-∆Hm

R (1T - 1
Tm

)] + 1)
(1)

I ) IF(1 - f) ) IF(1 -
-K + xK2 + 4CtK

2Ct
) (2)

K )
Ct

2
exp{-

∆Hm

RT (1 - T
Tm

) -
∆Cp

RT[T - Tm -

T ln( T
Tm

)]} (3)
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mutants. The mutants W43A, D47A, K50A, and V54A
showed large chemical shift changes, while the chemical shift
of the mutants Y45A, D46A, and F52A were obviously
independent of the temperature range from 278 to 338 K.
The chemical shift deviations between the wild-type and the
mutants at 298 K are shown in Figure 3. For example, the
mutation of Phe52 largely influenced the temperature de-
pendencies on the signals CεH-Trp43, CδH-Tyr45, and CγH3-
Val54, whose residues are away from the substitution site.
These facts clearly indicate that the influence of the mutations
on Trp43, Tyr45, Asp46, and Phe52 are not localized on a
certain region close to the mutation site but influences on
the whole molecule.

Thermodynamic Analysis for PGB1(41-56) Mutants. In
the 1D1H NMR spectra of wild-type, D47A and V54A, the
temperature dependencies of the aromatic and aliphatic
signals were remarkable, for example, CδH-Tyr45, 15.0

ppb/K at 278-283 K. This chemical shift change is much
larger than that of a random-coil peptide. In the case of
several N-terminal fragments derived from the protein G B1
domain, it was less than 0.8 ppb/K (28). In Figure 4, the
chemical shift values of the CδH-Tyr45 signals of the PGB1-
(41-56) mutants were plotted against temperature, where
five of them, W43A, D47A, K50A, T49A, and V54A,
showed large dependencies on temperature, while D46A and
F52A were nearly independent. Similar to our recent work
(36), the melting curves were studied by RT plot analysis
and only one mutant D47A represented an obvious inflection
point in their thermal transition. Then, the restricted nonlinear
fitting calculation was carried out on the chemical shift
melting curve of D47A using the eq 1. For this calculation,
Tm value roughly estimated from the RT plot analysis was
used as an initial value, andYF value was set to be a variable.
In contrast, no distinctive inflection point was observed in
the RT plot of D46A, T49A, and K50A, indicating the
melting data of these mutants covered only a part of the broad
transition, i.e., the transition temperature might be under the
freezing point of the solvent. To converge the variable
parameters in the fitting calculations, for a most reasonable
approximation,YF values of these three mutants were set to
be constant corresponding to the value of the wild-type. The
obtained thermodynamic parameters are listed in Table 1.
In comparison of theirTm and∆∆G(298) values, the order
of thermodynamic stability of the mutants is represented as
D47A > wild-type ≈ V54A > K50A > T49A > D46A.

In the quantitative analysis, the mutants with the substitu-
tion for the aromatic side chains, W43A, Y45A, and F52A,
were excluded, because we considered the substitution for
the aromatic amino acid residue, i.e., removal of the strong
ring current effect, might cause considerable change in the
YF values. Nevertheless, it is remarkable that the substitution

FIGURE 2: Aromatic region of 1D1H NMR spectra for some PGB1-
(41-56) mutants measured at various temperatures. The peptide
concentration was 0.2-1.0 mM in 5 mM sodium phosphate buffer
at pH 7.0 in D2O.

FIGURE 3: Chemical shift differences of aromatic signals between
PGB1(41-56) and its mutants at 298 K. All values are indicated
as an open bar; CεΗ-Trp43, a hatched bar; CεH-Tyr45, a shaded
bar; CúΗ-Phe52 and a closed bar; CγΗ3-Val54.

FIGURE 4: Chemical shift melting curves of the signals for CεH-
Tyr45 protons of seven mutants plotted against temperature from
278 to 338 K. Solid lines indicate the best-fitted theoretical curves
calculated by eq 1.
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of aromatic residues, especially in Y45A and F52A, dramati-
cally reduced the temperature dependence (Figure 4), po-
tentially suggesting the large contribution of the aromatic
groups for theâ-hairpin folding of PGB1(41-56). The
R-proton and aliphatic signals of Y45A and F52A also
showed less dependence of temperature (data not shown).
Moreover, the sharp and crowded signals of the mutants at
298 K definitely feature a typical random coil state of a
protein. Considering these results, it is concluded that the
mutation on the residues Tyr45, Asp46, Thr49, and Phe52
is critical on theâ-hairpin folding of PGB1(41-56).

Thermodynamic Stability of the Complex of PGB1(41-
56) Mutants with PGB1(1-40). We measured 1D1H NMR
spectra for the mixtures of PGB1(1-40) and the PGB1(41-
56) mutants, to examine how the mutation on PGB1(41-
56) will affect the specific interations in the complementary
complex with PGB1(1-40). Figure 5 shows the spectra of
equimolar mixtures of PGB1(1-40) with PGB1(41-56)
wild-type, D46A or D47A measured at the temperature range
from 296 to 325 K. The aliphatic andR-proton signals were
largely shifted to upfield and downfield, respectively, while

the aromatic signals were widely spread in the four com-
plexes at 296 K (data not shown for K50A and T49A). The
spectral features of the complexes with these mutants were
very similar to that of the complex with the wild-type,
indicating that all complexes can form a nativelike structure
of the whole domain. In contrast, the spectra of the mixtures
of PGB1(1-40) and aromatic mutant W43A, Y45A or F52A
showed a lot of sharp and crowded signals (data not shown),
indicating no interaction between the peptides, i e., no
complex formation even at the lowest temperature, 296 K.
The most probable explanation for the result is that the
mutation of the aromatic residue removed a lot of native
interactions in the hydrophobic core, resulting in a significant
destabilization of the complex. The intensity of the signals
in the upfield and downfield regions was decreased signifi-
cantly as increasing temperature, but kept showing the same
chemical shift. This indicates that the exchange rate between
folded and unfolded states of the complexes were much
slower than the NMR time scale under the condition of the
present measurements [for the complex of wild-type pair,
folded/unfolded exchange is coupled with associated/dis-
sociated exchange (36-38)]. Therefore, the fraction of the
folded complex was straightforwardly evaluated from the
integrated value of the signals in the spectra. Figure 6 shows
the intensity melting curves of the complexes that were
obtained by monitoring the signal of CγH3-Val54 highly
shifted around-0.3 ppm. According to the fitting procedure
based on the three component equilibrium system (ABh A
+ B) established in our previous report (38), the thermody-
namic parameters characterizing the stability of the com-
plexes were obtained (Table 2). In comparison of theTm and
∆∆G(298) values, the order of thermodynamic stability of
the complexes is represented as D47A> PGB1(41-56)
(wild-type) > T49A > K50A > D46A . W43A, Y45A,
F52A. Interestingly, this stability order of the complexes was
found to correlate well with the stability order of the mutants
alone.

DISCUSSIONS

In this study, we have shown that most of the mutations
on the side chains of aromatic residues and hydrophilic
residues significantly reduced the thermal stability of the
short C-terminal fragment, PGB1(41-56). Additionally, the
influences of the mutations are not localized on a certain

FIGURE 5: 1D 1H NMR spectra for the equimolar mixture (0.5 mM) PGB1(1-40) + PGB1(41-56) (A), PGB1(1-40) + D46A (B), and
PGB1(1-40)+D47A (C). The spectra of the mixtures were measured in 100% D2O, containing 5 mM sodium phosphate buffer (pH 7.0)
at varied temperature from 296 to 325 K.

Table 1: Thermodynamic Parameters for Unfolding ofâ-hairpin
Structure of PGB1(41-56) Mutants Determined by Chemical Shift
Melting Measurements of Nonpolar Side-Chain Signalsa

mutant
Tm

(K)
∆Hm

(kJ mol-1)
∆Sm

(J K-1 mol-1)
∆∆G(298)
(kJ mol-1)

wild-typeb 293( 4.3c 53 ( 5.1 181( 18
D47A 300( 1.8 60( 3.2 198( 10 1.5( 1.1
V54A 289( 0.4 49( 2.5 169( 8.8 -0.4( 0.9
K50A 277( 2.7 38( 2.3 138( 7.7 -1.9( 1.1
T49A 257( 7.7 29( 2.0 111( 6.0 -3.6( 1.5
D46A 252( 5.5 35( 11 139( 46 -5.7( 3.7
W43A medium

destabilizationd

Y45A strong
destabilizationd

F52A strong
destabilizationd

a Mean values are calculated from the analysis on CεH-Trp43, CδH-
Tyr45, CεH-Tyr45, and CúH-Phe52. For the mutants of V54A and
D46A, the mean values are calculated from the analysis on CεH-Trp43,
CδH-Tyr45 and CεH-Tyr45, and CεH-Trp43, CδH-Tyr45, and CúH-
Phe52, respectively.b Values for wild-type are from our previous report
(36). c Deviations between the values evaluated from the signals.
d Quantitative analysis for the three mutants W43A, Y45A, and F52A
were not conducted. The reason is mentioned in the text.
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region close to the mutation site. These results confirms the
high cooperativity of theâ-hairpin folding again, which
would be hardly found in a short linear peptide.

Role of Nonpolar Side Chains. All the nonpolar residues
mutated in this study are located on theâ-strand in the whole
domain structure. The side chains of Trp43 and Val54 are
in contact each other in both NMR and crystal structure of
whole domain as well as the side chains of Tyr45 and Phe52
(21-24). Furthermore, the clustered side chains, Trp43-
Val54 are close enough (3-4 Å) to Tyr45-Phe52 to interact
with their side chains. Nevertheless, our results showed that
the influence of mutation of Val54 on the thermal stability
of PGB1(41-56) was negligible compared with the others.
Blanco et al. have shown several interstrand NOEs in the
NMR study of PGB1(41-56) as the strong evidence for the
formation of a nativelikeâ-hairpin structure, but no inter-
strand NOE between the side chain of Val54 and other
residues (29). Therefore, it could be concluded that the side

chain of Val54 contributes less in stabilizing the hydrophobic
cluster of PGB1(41-56). Interestingly, this agrees with the
recent simulation study on this peptide (32), in which only
the side chain of Val54 was released from the hydrophobic
cluster, but the other three aromatic side chains were retained
in the earliest stages of unfolding process of PGB1(41-56).
The chemical shift melting curves of the three aromatic
mutants were not analyzed quantitatively, because we
considered that the removal of the aromatic ring would affect
the ring current distribution of the hydrophobic cluster, which
could mislead chemical shift values of the mutants in the
completely folded state. Although we did not quantitatively
compare thermodynamic parameters for the three mutants
W43A, Y45A, and F52A, the spectra of the latter two were
nearly independent of temperature that is a typical feature
of ideally unfolded proteins. These dramatic changes by the
mutations of Tyr45 and Phe52 allow us to conclude that these
two side chains contribute substantially in stabilizing the
â-hairpin structure of PGB1(41-56). The influence of the
mutation of Trp43 appears moderate compared with the other
mutants. Thus, we could conclude at least that the contribu-
tions of the side chain of Trp43 are not more than that of
Tyr45 and Phe52. In the Blanco’s report (29), many
interstrand NOEs were found between the side chains of
Tyr45 and Phe52; however, only a few NOEs were observed
from the side chains of Trp43 to the other nonpolar side
chains. More recently, Dinner et al. have investigated free-
energy surface of PGB1(41-56) by multicanonical Monte
Carlo simulation (33). In the study, they have pointed out
that a hydrophobic assembly stabilized by a strong interaction
between the aromatic side chains of Tyr45 and Phe52 forms
in early folding events. These findings in the previous reports
are consistent with our results, which suggests that the
hydrophobic cluster of PGB1(41-56) is composed of the
three side chains of Trp43, Tyr45, and Phe52, and that the
interaction between those of Tyr45 and Phe52 is predomi-
nant.

Role of Polar Residues in the Loop Region(46-51). In
the three-dimensional structure of protein G (21-24), the
six residues from Asp46 to Thr51 form a rigid loop structure,
which is similar in conformation as found in crystal or
solution structures. The loop region bends up toward outside
of the protein and is exposed to solvent. A characteristic
hydrogen bond network is found within the loop region, e.g.,
between the side chain of Asp46 and the main chain of Ala48
and between the side chain of Thr49 and the side chain of
Thr51. Our quantitative analysis on the thermodynamic
stability of the mutants showed that most of the mutations
on the loop region largely destabilize the PGB1(41-56) with
the exception of the mutation on Asp47. Interestingly, Frank
et al. (43) have demonstrated the existence of residual
structure in theâ-hairpin region of urea denatured protein
G B1 domain. They have emphasized that Asp46, Thr49,
and Thr51 are conformationally restricted even in the
denatured state of the protein, which is in agreement with
our observations. Consequently, the most likely explanation
for our results is that the side chains of Asp46, Thr49, and
Lys50 have an important role in stabilizing the rigid loop
region (46-51) by restricting rotational freedom of the main
chains and/or the side chains with the characteristic hydrogen
bond network.

FIGURE 6: Intensity melting curves of the complexes of PGB1-
(1-40) with PGB1(41-56), D46A, D47A, T49A, and K50A,
respectively. Vertical scale represents the relative intensity of CγΗ3-
Val54 signal in the complex form. Solid lines indicate the best-
fitted theoretical curves calculated by eq 2 and 3.

Table 2: Thermodynamic Parameters for Unfolding of the Complex
of PGB1(41-56) Mutants with PGB1(1-40) Determined by
Intensity Melting Measurementsa

mutant Tm (K)
∆Hm

(kJ mol-1)
∆∆G(298)
(kJ mol-1)

wild-type 312( 1.0b 212( 26
D47A 315( 0.8 201( 29 1.2( 0.2
T49A 309( 1.1 192( 7 -2.0( 0.9
V54A 303 154 -4.5
K50A 301( 0.8 156( 8 -7.0( 1.3
D46A 296( 2.1 154( 24 -9.5( 0.7
W43A no complexc

Y45A no complexc

F52A no complexc

a Mean values are shown from the analysis on the signals of CúH-
Phe52 and CγH-Val54 except for the mutant V54A, showing only the
values from the analysis on the signal of CúH-Phe52.b Deviations
between the values calculated from the signals.c Quantitative analysis
for the mixtures of three mutants W43A, Y45A, and F52A with
PGB1(1-40) were not conducted because no detectable signal for the
complex was observed.
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Role of Residues in PGB1(41-56) for Complex Forma-
tion. From the results of the intensity-melting experiments
using the complex of PGB1(41-56) mutants with PGB1-
(1-40), we found that all the aromatic mutations seriously
destabilize each complex. This observation indicates that
hydrophobic interactions in the cluster ofâ-hairpin are crucial
for the complex formation. Moreover, most of the mutations
in the loop (46-52) also caused destabilization of the
complex. The loop is significantly exposed to solvent in the
intact domain, which means the residues in the loop might
not interact with the other region of PGB1(41-56) strongly.
Therefore, the destabilization by the mutations on the loop
would be inferred as a result of increase in entropic term of
rigid loop rather than by enthalpic one on the substituted
residue. In other words, the difference in entropy from folded
(associated) to unfolded (dissociated) states was reduced by
the local restriction at the loop, which must be favorable for
the stability of the complex. The entropic effect ofâ-hairpin
structure upon folding of the domain has been also inves-
tigated in our previous study using the cyclized mutant with
a disulfide bond (39). It is interesting to note that the stability
order of the mutant alone is approximately the same as that
of the complex. This indicates that several key residues in
PGB1(41-56) are responsible for not only local interactions
but also the global stability of the whole domain. Further-
more, the influence of the mutation on Asp46 is in sharp
contrast to that on Asp47, suggesting that the conformation-
ally favored local interactions in the loop region are quite
important in the global stability of the whole domain.

Our mutagenesis study on the PGB1(41-56) suggests that
the two factors are coexisting in the folding of PGB1(41-
56): (i) the strong hydrophobic interactions between the side
chains of the aromatic residues Tyr45 and Phe52 and (ii)
the a rigid structure at the loop region (46-51). Cooperative
work of these two factors bends this peptide itself and
promote the hydrogen bonds between the two antiparallel
strands. This would be the reason such a short linear peptide
forms the stable structure under physiological conditions.
From the present and relating works on the PGB1(41-56),
the role of the side chains in the stability and the cooperative
formation of theâ-hairpin has been investigated extensively.
Moreover, recent kinetic studies have revealed the very fast
folding behavior of both the peptide alone (31) and the whole
domain (27). However, it is still difficult to say whether the
â-hairpin structure accumulates as a definitive intermediate
or where it is involved in the folding nucleus of a transition
state along the folding pathway of the whole domain.
Nevertheless, our study strongly suggests that key residues
in the hydrophobic cluster and the loop studied here play
significant roles in stabilizing either an intermediate or a
transition state in the folding process of protein G.
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