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ABSTRACT: A short C-terminal fragment of immunoglobulin-binding domain of streptococcal protein G

is known to form nativelikgs-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 thhairpin 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 (461). 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 {48L) cooperatively stabilize th&-hairpin
structure of the fragment. These interactions which form a siablairpin 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 NMRind CD (L—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 modellB), the embryos modelld),
the nucleation-condensation moddl5), and the foldon

model (L6). domain of streptococcal protein @) drawn using the program

Ficure 1: Ribbon model showing the conformation of the B1

The immunoglobulin binding domain of protein G7— MolScript (44). The C-terminal segment corresponding to PGB1-
20) reveals a peculiar folding topology as determined in (41-56) is darkened. The side chains of the residues mutated in

this study are represented with bolls and sticks.
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1 Abbreviations: PGB1(340), N-terminal fragment of the B1  elucidated an intermediate state of Protein G and a sequential
domain from streptococcal protein G; PGB1t46), C-terminal three-state mechanism was proposed. To elucidate the folding

fragment of the B1 domain from streptococcal protein G; Fmoc,
9-fluorenylmethoxycarbonylBu, tert-butyl; Trt, triphenylmethyl; Boc,

mechanism of the domain, we have investigated the confor-

tert-butyloxycarbonyl; DCC, 1,3-dicyclohexylcarbodiimide; HOBt, ~mational properties of the variable fragments derived from

N-hydroxybenzotriazole; HBTU, 2-(1H-benzotriazole-1-yl)-1,1,3,3- the protein G B1 domain bjH NMR and we have shown

tetramethyllironium hexafluorophosphate; HMP, 4-hydroxymethyl- ihat a nonrandom coil structure exists in the C-terminal

phenoxy; TFA, trifluoroacetic acid; EDT, ethandithiol; HPLC, high-

performance liquid chromatography; TSP, sodium-3-trimethylsilyipro- fragment £8), termed PGB1(4%56Y in this study. After-

pionateds,; CD, circular dichroism; NMR, nuclear magnetic resonance. ward, Blanco et al. has demonstrated that the fragment forms
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a nativelike S-hairpin structure in aqueous solutio89. thermodynamic stability or folding kinetics of the whole
Recently, the equilibrium and kinetics studies on the domain.

B-hairpin folding using laser temperature jump experiments  The side chains of Trp43, Tyrd5, Phe52, and Val54 are
and statistical mechanical calculations showed that the buried in the hydrophobic core of the native domain, whereas
peptide rapidly and cooperatively forms the secondary Asp46, Asp47, Thr49, and Lys50 are solvent accessible and
structure and that the folding can be depicted as a two-stateplaced in the unique loop structure of the domain (see Figure
folding process30, 31). The previous NMR study2@) and 1). In this study, we have investigated the structural and
theoretical and computational studi@d{33) suggested that  thermodynamic nature of eight PGB1(436) mutants, in

the hydrophobic interactions among the side chains of Trp43, which Trp43, Tyr4d5, Asp46, Asp47, Thr49, Lys50, Phe52,
Tyr45, Phe52, and Val54 mainly contribute to fhairpin and Val54 were substituted by alanine, to know not only
folding; however, no experimental evidence of the side the role of each side chain for stabilizing tAenairpin but
chain’s roles has been reported yet. also whether there is a cooperative contribution among the

The folding and unfolding rates of globular proteins are Polar and nonpolar side chains on tfienairpin folding.
usually slower than the NMR time scale, thus the signals Moreover, the complex formation of the PGB1(436)
derived from native and denatured species in equilibrium mutants with PGB1(340) was also investigated with respect
state are observed as separate signals, and their intensitie® their thermodynamic stabilities. The determined thermo-
correspond to the folded and unfolded fractions, respectively dynamic parameters of the mutants alone and the complexes
(34). If, however, such folding rates were faster than the are compared with wild-type, and the implication of the
NMR time scale, then only one signal would appear, in which £-hairpin formation in the folding process of protein G is
the chemical shifts of the signal would reflect the averaged discussed.
value of folded and unfolded fraction35). The'H chemical
shifts are highly reproducible, and these values are indepen—'\/lm_ER'ALS AND METHODS

dent of _either samp_le concentration or inhomogenieties of Synthesis of Peptideall peptides described in this report
magnetic field provided that the samples are at the same,yere synthesized using a conventional solid-phase method
temperature and pH. This is because the chemical shift is.ompined with a manual synthesis protocol that we have
highly sensitive to changes of the chemical environment established33, 35). All amino acids were protected at the
around the proton of interest. Therefore, for the rapid folding -amino group with Fmoc group. The side chains of Asp,
and unfolding protein, it is possible to determine the folded Glu, Thr, and Tyr were protected witBu-group, Asn, and
and unfolded fractions from the change in chemical shift. g with Trt group, and Lys was protected with Boc group.
Recently, we have developed a new analytical procedure coypling reactions proceeded according to standard Fmoc
using temperature dependence of chemical shifts to evaluategtrategy using DCC-HOBt and HBTU-HOBt methods on an
the thermodynamic stability of a short peptid&) This  HMP resin support. After elongation of the full length of
method of analysis was applied to the study on PGBH(41 the peptide, the resins were treated with 20% piperidine for
56). As a result, we have found that all the nonpolar side 20 min, followed by TFA-HO-EDT (9.5:0.25:0.25) treat-
chain ancb-proton signals of the PGB1(456) showed the  ment for 1 h. The obtained crude peptides were purified by
same temperature dependence. The fact indicates highyreparative reversed-phase HPLC using an Inertsil ODS
cooperativity of the hairpin folding occurring throughoutthe  column (25x 250 mm). The homogeneity of the purified
molecule, and this cooperativity has been further confirmed peptides was confirmed by analytical reversed-phase HPLC
by calorimetric measurements. The chemical shifts of non- ysing a Wakosil 5C18 column (46 250 mm). The amino
polar side-chain signals were found to be more sensitive t0 acid components were analyzed with a Hitachi L-8500 amino
temperature change than thoseooprotons, so that these  acid analyzer, the sequences with a Shimazu PPSQ-10 amino
chemical shifts provide more accurate thermodynamic pa- acid sequencer and the molecular mass with a JEOL JMS-
rameters, which can be used for quantitative examination of Hx110HFE double-focusing mass spectrometer.
the stability of PGB1(4+56) mutants. CD Spectrum Measuremei@D spectra of the PGB1(41

In previous papers, we have shown that the N-terminal 56) mutants were measured from 260 to 195 nm using a
fragment of protein G, PGB1(140), binds noncovalently =~ JASCO J-600 spectropolarimeter calibrated with)-(O-
to the PGB1(4%56), forming a complex with a nativelike  camphorsulfonic acid. Lyophilized powdered peptides for CD
conformation 87, 38). Moreover, our recent study using a spectra were dissolved in 5 mM phosphate buffer at pH 7.0,
PGB1(41-56) mutant with a disulfide connecting its N- and the pH values were adjusted lwit N HCI or NaOH.
and C-terminus39) has suggested that the stabilization of  Sample Preparation for NMR Spectroscopamples for
PGB1(41-56) could accelerate the folding process of the NMR measurements were prepared by dissolving the pep-
whole domain. Such stability of the PGB1(436) gives rise  tides in 99.996% BD. These solutions contained 5 mM
the possibility of an important role gf-hairpin formation,  sodium phosphate buffer and a small amount of TSP as a
which reduces the entropic distribution of the C-terminal reference for zero ppm. The pH of the solutions was adjusted
region in the early folding events of the domain. Therefore, to an accuracy of-0.02 by titration with HCl or NaOH using
the complex formation with PGB1(140) would be expected  a glass microelectrode without correction for the isotope
to be a good paradigm to study how the mutations on the effect. The concentrations of the peptides were determined
PGB1(41-56) region of the domain would affect the using the molar extinction coefficients for tryptophan and

tyrosine in model compound4@).

2The primary sequence of PGB1(4%6) is GEWTYDDATKT- NMR SpectroscopyNMR spectra were acquired with
FTVTE. Bruker AMX500 or AM500 spectrometers. 1BH NMR
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spectra were obtained by accumulating data from 32 to 256 wild-type as a first approximation. All computational cal-
scans and four preceding dummy scans into 8K data pointsculations were carried out using SigmaPlot (SPSS Inc.)
for 1D and zero-filled into 32K data points. software.

The temperature dependence of NMR signals of the PGB1- Thermodynamic Analysis for a Compl&he data of the
(41-56) mutant alone was performed by measuring'tD intensity of NMR signals versus temperature (intensity
NMR spectra increasing in the temperature from 278 to 358K melting curve) were analyzed on the three component theory
at 5K intervals. Eurotherm temperature controlling system (AB == A + B) as described previoushy88). Thermody-
B-CUO05 equipped on the Bruker AMX 500 NMR spectrom- namic parameter&\H,, and T, were determined by solving
eter, which provided a good feasibility (bela#0.01 K) on the following equations numerically:
the temperature control for all experiments. The 1D data
multiplied by a squared cosine-bell weighting function were _ 12
zero-filled into 32K data points for 10 ppm of spectral width. l=I(1—f)= |F(1 — K+ yKT+4CK
Resultant resolution for chemical shift per data points were
0.625 x 1072 ppm/points which were below the smallest
chemical shift change of ®®&-Tyr45 resonance of the mutant G F{ AHm( _ T) AG,

(2)

D4BA, 0.71x 10 % ppm/points between 333 and 338 K. < 2°X

For analyzing the thermodynamic stability of the com- T
Tln(—)” 3)

plexes of PGB1(4156) wild-type and mutants with PGB1- T

(1—40), 1D'H 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(456) and mutants to wherel represents the observed intensity of the proton signal
PGB1(1-40), GH-Phe52 and GHs—Val54 signals were at varied temperatures, while the intensity in the com-
integrated m7anually. pletely folded state of the complek was assumed to be
Thermodynamic Analysis for a Short FragmeFe data ~ constant at any temperaturesand K denote the molar
of the chemical shifts of several side chains versus temper-raction of the unfolded molecule and the equilibrium
ature (chemical shift melting curve) were analyzed on the constant, respectlveI)C_t is the initial concentration of the_
theory of a two-state phase transition as performed in Our1_‘ragments that were mlx_ed at an equwal_ent molecular ratio,
previous study on PGB1(4156) wild-type @6) using a  €» Gt = A = B. AHp is the change in enthalpy upon
combination of the reciprocal temperature plot (RT plot) Unfolding at the transition temperatufg. AC; is the change
analysis and the restricted nonlinear fitting calculations. First, IN heéat capacity upon unfolding, which was assumed to be
a rough estimation of the thermodynamic parameters of constant at any temperatures and fixed at the value of the

PGB1(41-56) mutants was carried out by the RT plot Wild-type complex (2.6 kJ mot K™) established in our
analysis. For a final refinement, it was followed by a Prévious study 39). All computational calculations were

restricted nonlinear fitting calculation using the parameter CaTied out using SigmaPlot (SPSS Inc.) software.
from Fhe RT plot analysis as an initial cc.)nd.|t|on. The RESULTS
following equation was used for the calculation:

m,

Solubility of PGB{41—56) Mutants in Aqueous Solution

Yo+ (Ye— Y0) In aqueous solution, a short peptide with low solubility tends

Y= AH (1) to form aggregates at millimolar concentrations, which would
mfl 1 anifi - .

exn — ——=|l+1 cause a significant line broadening on NMR spectra. It would

RAT T, be most likely to find the aggregation in a mutant that is

substituted on hydrophilic amino acid with more hydrophobic
whereY represents the observed chemical shift value of the one. The mutants W43A, Y45A, T49A, F52A, and V54A
proton signal at the varied temperatures, whijeand Yy were easily dissolved in-550 mM sodium phosphate buffer
are the values in the completely folded and unfolded statesat pH 5-7 and 276-298 K in a concentration range of-3
of the mutants, respectivelAH, is the enthalpy change mM. No changes in their CD spectra (data not shown) were
upon unfolding at the transition temperattig Y, Yy, and observed after storage on 277 K for 1 month. On the other
AH were assumed constant at any temperatures. The heaband, we found a less solubility of the mutants D46A, D47A,
capacity change was excluded in the calculation as theand K50A forming gel or precipitation in the solution at 1
exposed hydrophobic surface area upon unfolding for a shortmM peptide concentration. These mutants showed a negative
peptide is expected to be negligible. Theoretically, the NMR peak at 230 nm in the CD spectra (data not shown),
signals of ideally unfolded proteins would depend on only suggesting a formation of soluble aggregates including
local chemical environment, e.g., the primary sequence, notS-sheet structurest(, 42). In this study, the concentration
on the native tertiary structure. This allows reasonable fixing of these peptides was optimized by observing the line
of Yy values of all protons for each mutant to a corresponding broadening in 10H NMR and the negative peak at 230 in
value of the PGB1(4156) wild-type. The inflection point ~ CD spectra or the precipitation in the solution. After the
obviously appeared in the RT plots of one mutant, revealing optimization, all 1D'H NMR spectra of the mutants (showed
a wide coverage of the melting curves over a half of the in Figure 2) revealed fine line shapes at 298 K, indicative
transition. For this mutant, therefore, any further assumption of no considerable aggregation in those samples.
was not applied for the refinement calculation of thermo-  Aromatic and Aliphatic Signals in PGB1(456) Mutants
dynamic data, thus the value ¥f was set to be variable. in Comparison with Wild-TypeFirst, we observed the
For the other mutant¥ was set to be equal to those of the aromatic and aliphatic NMR signals of eight PGB1{4&b)
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FicurRe 2: Aromatic region of 13H NMR spectra for some PGB1- N T S S I T
(41-56) mutants measured at various temperatures. The peptide “000 240 260 280 300 320 340 360 380
concentration was 0-21.0 mM in 5 mM sodium phosphate buffer
at pH 7.0 in BO. Temperature (K)

Ficure 4: Chemical shift melting curves of the signals fotH=
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.

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/R8). In Figure 4, the
chemical shift values of the&l-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
Mutant fitting calculation was carried out on the chemical shift
Ficure 3: Chemical shift differences of aromatic signals between melting curve of D47A using the eq 1. For this calculation,
2’;32#(3;368);?%'}? r?;é?fgshgtcii% Plgé/ro;\lflﬁv-?l'l;/j&SS?raeslﬂgg::éed Tm value roughly estimated from the RT plot analysis was
bar: GH-Phe52 and a closed baryis-Val54. used as an initial 'vallue,_ ah(# valug was _set tobea varlable'.

In contrast, no distinctive inflection point was observed in
mutants. The mutants W43A, D47A, K50A, and V54A the RT plot of D46A, T49A, and K50A, indicating the
showed large chemical shift changes, while the chemical shift melting data of these mutants covered only a part of the broad
of the mutants Y45A, D46A, and F52A were obviously transition, i.e., the transition temperature might be under the
independent of the temperature range from 278 to 338 K. freezing point of the solvent. To converge the variable
The chemical shift deviations between the wild-type and the parameters in the fitting calculations, for a most reasonable
mutants at 298 K are shown in Figure 3. For example, the approximation,Ys values of these three mutants were set to
mutation of Phe52 largely influenced the temperature de- be constant corresponding to the value of the wild-type. The
pendencies on the signalstGTrp43, CH-Tyr45, and CHs- obtained thermodynamic parameters are listed in Table 1.
Val54, whose residues are away from the substitution site. In comparison of theif, and AAG(298) values, the order
These facts clearly indicate that the influence of the mutations of thermodynamic stability of the mutants is represented as
on Trp43, Tyrd5, Asp46, and Phe52 are not localized on a D47A > wild-type ~ V54A > K50A > T49A > D46A.
certain region close to the mutation site but influences on In the quantitative analysis, the mutants with the substitu-
the whole molecule. tion for the aromatic side chains, W43A, Y45A, and F52A,

Thermodynamic Analysis for PGRIL—56) Mutants In were excluded, because we considered the substitution for
the 1DH NMR spectra of wild-type, D47A and V54A, the the aromatic amino acid residue, i.e., removal of the strong
temperature dependencies of the aromatic and aliphaticring current effect, might cause considerable change in the
signals were remarkable, for exampleHzTyr45, 15.0 Ye values. Nevertheless, it is remarkable that the substitution

0.15
0.10

0.05 |

8mutant - 6wiId-type (ppmy}

I I [ I I | I !
$&b\r & o@v ¥ &
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FicurRe 5: 1D *H NMR spectra for the equimolar mixture (0.5 mM) PGB1d0) + PGB1(41-56) (A), PGB1(1-40) + D46A (B), and
PGB1(1-40)}+D47A (C). The spectra of the mixtures were measured in 100@, Bontaining 5 mM sodium phosphate buffer (pH 7.0)
at varied temperature from 296 to 325 K.

Table 1: Thermodynamic Parameters for Unfoldingsetiairpin the aromatic signals were widely spread in the four com-
Structure of PGB1(4156) Mutants Determined by Chemical Shift plexes at 296 K (data not shown for KS0A and T49A). The

Melting Measurements of Nonpolar Side-Chain Sighals spectral features of the complexes with these mutants were
T, AHn, AS, AAG(298) very similar to that of the complex with the wild-type,
mutant (K) (kJ moly) (I Ktmol™) (kJ mot?) indicating that all complexes can form a nativelike structure
wild-type® 293+ 4.3 53+ 5.1 181+ 18 of the whole domain. In contrast, the spectra of the mixtures
D47A 300+ 1.8 60+3.2 198+10 1.54+1.1 of PGB1(1-40) and aromatic mutant W43A, Y45A or F52A
V54A 289+ 0.4 49425 169+8.8 —0.4+0.9 showed a lot of sharp and crowded signals (data not shown),
.’Figﬁ ggi %; gi gg ﬁii g'g :;gi 1% indicating no interaction between the peptides, i e., no
D46A 252+ 55 35+ 11 139+ 46 —57+3.7 complex formation even at the lowest temperature, 296 K.
W43A medium The most probable explanation for the result is that the
destabilizatiof mutation of the aromatic residue removed a lot of native
YA45A song interactions in the hydrophobic core, resulting in a significant
destabilizatiof G . . .
F52A strong Qestablllzgtlon of the co_mplex. The intensity of the S|gngl§
destabilizatiof in the upfield and downfield regions was decreased signifi-

2 Mean values are calculated from the analysis an-Crp43, CH- Camly_ as inqreasir]g_ temperature, but kept showing the same
Tyrds, CH-Tyrd5, and CH-Phe52. For the mutants of V54A and ~ chemical shift. This indicates that the exchange rate between
D46A, the mean values are calculated from the analysisbRTEp43, folded and unfolded states of the complexes were much
g‘;]H-Sszr45 antti_ Gll-)'p-cyrl45, ?nd ?;-t;rp43, CfPH-Tyr45, and CH— t slower than the NMR time scale under the condition of the

e52, respectively.Values for wild-type are from our previous repor ; ;
(36). cD_evi_ra)ltions be_tween the valugs evaluated frF())m the signals. ?rlilsedr}t r?eIZISLéremthS [for. the CO:nglex_tﬁf Wlld-ty%edr;g_lr,_
d Quantitative analysis for the three mutants W43A, Y45A, and F52A 0 _e uniolded exchange IS coupled wi as_soma ea/dis
were not conducted. The reason is mentioned in the text. sociated exchange8§—38)]. Therefore, the fraction of the

folded complex was straightforwardly evaluated from the

of aromatic residues, especially in Y45A and F52A, dramati- Integrated value of the signals in the spectra. Figure 6 shows
cally reduced the temperature dependence (Figure 4), po_the intensity melting curves of the complexes that were
tentially suggesting the large contribution of the aromatic °bPtained by monitoring the signal ofBs-Val54 highly
groups for theB-hairpin folding of PGB1(4%56). The shifted around-0.3 ppm. According to the fitting procedure
a-proton and aliphatic signals of Y45A and F52A also Pased on the three component equilibrium system tAB

showed less dependence of temperature (data not shown)! B) established in our previous repo8d), the thermody-
Moreover, the sharp and crowded signals of the mutants at@mic parameters characterizing the stability of the com-
298 K definitely feature a typical random coil state of a Plexes were obtained (Table 2). In comparison ofthand
protein. Considering these results, it is concluded that the AAG(298) values, the order of thermodynamic stability of

mutation on the residues Tyr45, Asp46, Thr49, and Phe52the complexes is represented as D4?APGB1(41-56)
is critical on thep-hairpin folding of PGB1(4%56). (wild-type) > T49A > K50A > D46A > WA3A, Y45A,

Thermodynamic Stability of the Complex of PG F52A. Interestingly, this §tabi|ity ordgr of the complexes was
56) Mutants with PGB(1—40). We measured 1EH NMR found to correlate well with the stability order of the mutants
spectra for the mixtures of PGBHH0) and the PGB1(41 alone.

56) mutants, to examine _how the mutation on PGB1(41 DISCUSSIONS

56) will affect the specific interations in the complementary

complex with PGB1(%40). Figure 5 shows the spectra of In this study, we have shown that most of the mutations
equimolar mixtures of PGB1(140) with PGB1(41-56) on the side chains of aromatic residues and hydrophilic
wild-type, D46A or D47A measured at the temperature range residues significantly reduced the thermal stability of the
from 296 to 325 K. The aliphatic aratproton signals were  short C-terminal fragment, PGB1(456). Additionally, the
largely shifted to upfield and downfield, respectively, while influences of the mutations are not localized on a certain
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chain of Val54 contributes less in stabilizing the hydrophobic
A wild-type cluster of PGB1(4156). Interestingly, this agrees with the
A D46A recent simulation study on this peptid&?), in which only
@ D47A the side chain of Val54 was released from the hydrophobic
X T49A . . . .
@ K50A cluster, but the other three aromatic side chains were retained
in the earliest stages of unfolding process of PGB1(#4).
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
WA43A, 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
Temperature (K) B-hairpin structure of PGB1(4156). The influence of the
'(:1'Gli1ROE) GJvithgrését{(?fgig)g curves C[’)f4t7h: C?AgpAleX;rfd OfKISDOGABl- mutation of Trp43 appears moderate compared with the other
respectively. Vertical scale r’epreseﬁts the rélative i,ntensityHEC’ mutants. Thu_s, we CQUId conclude at least that the contribu-
Val54 signal in the complex form. Solid lines indicate the best- tions of the side chain of Trp43 are not more than that of
fitted theoretical curves calculated by eq 2 and 3. Tyrd5 and Phe52. In the Blanco’s repor29], many
interstrand NOEs were found between the side chains of
Table 2: Thermodynamic Parameters for Unfolding of the Complex Tyr45 and Phe52; however, only a few NOEs were observed

Relative Intensity

0.00 = 1 1 | ] |
270 280 200 300 310 320 330 340 350

of PGB1(41-56) Mutants with PGB1(+40) Determined by from the side chains of Trp43 to the other nonpolar side
Intensity Melting Measuremerits chains. More recently, Dinner et al. have investigated free-
AHm AAG(298) energy surface of PGB1(456) by multicanonical Monte
mutant T (K) (kJ mor™) (kJ mor™) Carlo simulation 83). In the study, they have pointed out
‘S’i"g‘}\ype giéi (1)-33 22%)2& gg L2500 that a hydrophobic assembly stabilized by a strong interaction
T49A 3094+ 1.1 1924 7 20409 between thg aromatic side ch§\|n§ of Tyr45 and I?he52 forms
V54A 303 154 —45 in early folding events. These findings in the previous reports
K50A 301+ 0.8 156+ 8 —7.0+£13 are consistent with our results, which suggests that the
\?V‘Z%f& 296+ 2.1 ﬁgﬁrﬁgmx —9.5£07 hydrophobic cluster of PGB1(4356) is composed of the
YABA no complex three side chains of Trp43, Tyr45, and Phe52, and that the
F52A no complex interaction between those of Tyr45 and Phe52 is predomi-
nant.

aMean values are shown from the analysis on the signals’kif C
Phe52 and GH-Val54 except for the mutant V54A, showing only the Role of Polar Residues in the Loop Regi@6—51). In
values from the analysis on the signal ofHzPhe52 " Deviations the three-dimensional structure of protein BL£24), the

between the values calculated from the signa@uantitative analysis . . L
for the mixtures of three mutants WA43A, Y45A, and F52A with SIX residues from Asp46 to Thr51 form a rigid loop structure,

PGB1(1-40) were not conducted because no detectable signal for the Which is similar in conformation as found in crystal or
complex was observed. solution structures. The loop region bends up toward outside

of the protein and is exposed to solvent. A characteristic
region close to the mutation site. These results confirms the hydrogen bond network is found within the loop region, e.g.,
high cooperativity of thes-hairpin folding again, which ~ between the side chain of Asp46 and the main chain of Ala48
would be hardly found in a short linear peptide. and between the side chain of Thr49 and the side chain of
Role of Nonpolar Side Chainall the nonpolar residues ~ Thr51. Our quantitative analysis on the thermodynamic
mutated in this study are located on thetrand in the whole  stability of the mutants showed that most of the mutations
domain structure. The side chains of Trp43 and Val54 are on the loop region largely destabilize the PGBH&86) with
in contact each other in both NMR and crystal structure of the exception of the mutation on Asp47. Interestingly, Frank
whole domain as well as the side chains of Tyr45 and Phe52et al. @3) have demonstrated the existence of residual
(21-24). Furthermore, the clustered side chains, Trp43  structure in thes-hairpin region of urea denatured protein
Val54 are close enough {3t A) to Tyr45-Phe52 to interact G B1 domain. They have emphasized that Asp46, Thr49,
with their side chains. Nevertheless, our results showed thatand Thr51 are conformationally restricted even in the
the influence of mutation of Val54 on the thermal stability denatured state of the protein, which is in agreement with
of PGB1(41-56) was negligible compared with the others. our observations. Consequently, the most likely explanation
Blanco et al. have shown several interstrand NOEs in the for our results is that the side chains of Asp46, Thr49, and
NMR study of PGB1(4%56) as the strong evidence for the Lys50 have an important role in stabilizing the rigid loop
formation of a nativelikg3-hairpin structure, but no inter-  region (46-51) by restricting rotational freedom of the main
strand NOE between the side chain of Val54 and other chains and/or the side chains with the characteristic hydrogen
residues29). Therefore, it could be concluded that the side bond network.
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Role of Residues in PGB1(456) for Complex Forma- 2.
tion. From the results of the intensity-melting experiments
using the complex of PGB1(4156) mutants with PGB1- 3.

(1—40), we found that all the aromatic mutations seriously
destabilize each complex. This observation indicates that
hydrophobic interactions in the cluster@hairpin are crucial 5
for the complex formation. Moreover, most of the mutations
in the loop (46-52) also caused destabilization of the 6.
complex. The loop is significantly exposed to solvent in the
intact domain, which means the residues in the loop might 7.
not interact with the other region of PGB1(4%6) strongly. 8.
Therefore, the destabilization by the mutations on the loop 4
would be inferred as a result of increase in entropic term of
rigid loop rather than by enthalpic one on the substituted 10.
residue. In other words, the difference in entropy from folded
(associated) to unfolded (dissociated) states was reduced by 11.
the local restriction at the loop, which must be favorable for
the stability of the complex. The entropic effect@hairpin
structure upon folding of the domain has been also inves-
tigated in our previous study using the cyclized mutant with
a disulfide bond39). It is interesting to note that the stability 14,
order of the mutant alone is approximately the same as that 15.
of the complex. This indicates that several key residues in
PGB1(41-56) are responsible for not only local interactions ~ 16.
but also the global stability of the whole domain. Further- 17
more, the influence of the mutation on Asp46 is in sharp '
contrast to that on Asp47, suggesting that the conformation- g
ally favored local interactions in the loop region are quite
important in the global stability of the whole domain. 19.
Our mutagenesis study on the PGB1{4b) 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 (451). Cooperative 21.
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 22-
forms the stable structure under physiological conditions. 23
From the present and relating works on the PGB1(44), '
the role of the side chains in the stability and the cooperative
formation of the3-hairpin has been investigated extensively. 24.
Moreover, recent kinetic studies have revealed the very fast
folding behavior of both the peptide alorgdl) and the whole 25.
domain @7). However, it is still difficult to say whether the
B-hairpin structure accumulates as a definitive intermediate 26.
or where it is involved in the folding nucleus of a transition 7
state along the folding pathway of the whole domain.
Nevertheless, our study strongly suggests that key residues 28.
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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