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ABSTRACT. The cysteine-free pyrrolidone carboxyl peptidase (PCP-0OSH) from a hyperthermophile,
Pyrococcus furiosysan be trapped in the denatured state under nondenaturing conditions, corresponding
to the denatured structure that exists in equilibrium with the native state under physiological conditions.
The denatured state is the initial state, @ate) in the refolding process but differs from the completely
denatured state (Itate) in the concentrated denaturant. Also, it has been found that stet®corresponds

to the heat-denatured state. To elucidate the structural basis ofits&at®, H/D exchange experiments

with PCP-0SH were performed at pD 3.4 and@. The results indicated that amide protons in the
C-terminala6-helix region hardly exchanged in the Btate with deuterium even after 7 days, suggesting

that thea6-helix (from Ser188 to Glu205) of PCP-0SH was stably formed in thestBte. In order to
examine the role of the6-helix in folding and stability, H/D exchange experiments with a mutant, A199P,

at position 199 in thet6-helix region were performed. Thes-helix region of A199P in the Dstate was
partially unprotected, while some hydrophobic residues were protected against the H/D exchange, although
these hydrophobic residues were unprotected in the wild-type protein. These results suggest that the structure
of A199P in the D state formed a temporary stable denatured structure with a non-native hydrophobic
cluster and the unstructured-helix. Both the stability and the refolding rate decreased by the substitution

of Pro for Ala199. We can conclude that the native-like halig-helix) of PCP-0OSH is already constructed

in the Dy state and is necessary for efficient refolding into the native structure and stabilization of PCP-
OSH.

Small globular proteins are known to fold into the native it is important to elucidate the structure of such a denatured
state from the unfolded states in a simple two-state transition.state in equilibrium with the native state. Generally, these
However, in larger proteins, native structures are often denatured states are transiently formed during the course of
formed via compact intermediate statés-{). These com-  refolding from the fully extended denatured state in the
pact intermediate states are rapidly formed and contain concentrated denaturant, and their population in an equilib-
extensive secondary structures but lack the side chain packingium state is very low under physiological conditions.

which is formed in the native tertiary structure with a Therefore, it is very difficult to elucidate their structural
biological function. This intermediate state seems to cor- details.

respond to the denatured states in equilibrium with the native
state under physiological conditions. In order to understand
the mechanism of the protein stability and protein folding,

Fortunately, the refolding reaction of pyrrolidone carboxyl
peptidase (PCP) from a hyperthermophiRrococcus fu-
riosus is unusually slow at acidic pH and can be controlled
by regulating the incubation temperature; it takes about 20
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oy i oy e vty o Eaueaion, e, Spon, Saaee. refolding reaction signiicanty stops at pH 2.3 anca(@).
and Technology of Japan. The slow refolding kinetics is of great advantage in observing

*The assigned chemical shifts for PCP-0SH and its mutant, A199P, the denatured state transiently appearing during the refolding
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bonds. PCP-0SH exists as a tetramer in the region aboveEXPERIMENTAL PROCEDURES

pH 4.5, a dimer around pH 3.0, and a monomer below pH

2.7 (9) The ref0|ding process Of PCP-0SH from the fu"y PrOtein EXpI’eSSion and Pur|f|Cat|orPCP'OSH and ItS
denatured state in the concentrated denaturant has beefutant Alal99Pro (A199P) from. furiosuswere expressed
studied by following théH—15N HSQC spectra in real time.  in the Escherichia colistrain JM109. Thé*N,**C-double-
During the refolding process of PCP-0SH, a stable interme- labeled PCP-0SH was made by incorporating'thelabeled
diate (D state) is immediately formed from the completely NH:Cl as the sole nitrogen source and tf@-labeled glucose
denatured state @pin the concentrated denaturant and then as the sole carbon source in the M9 growth medium of 90%
refolds into the native state in a cooperative transition through D20. Selective PNJArg-, [**N]ile-, [**N]Leu-, [*N]Lys-,

an extremely slow reactiorL() as follows: [**N]Met-, [*N]Tyr-, or [**N]Val-labeled proteins were
prepared by incorporating®N]Arg, [**N]ile, [**N]Leu, [**N]-
D,<>D,< N Lys, [**N]Met, [**N]Tyr, or [**N]Val, respectively, in a

growth medium containing a mixture of the other unlabeled
That is, the refolding of PCP-0SH from the; Btate to the amino acids. Labeled and nonlabeled proteins were purified

: o : : : : Iready described @ 14). All of the purified proteins
native state is highly cooperative without any intermediates 25 2 . .
between them, although the refolding rate is quite slow. This shqwed a single ba_nd on S.BSAGE' The protein concen-
D, state corresponds to the denatured state in equilibriumtratlon was determmed using the absorpnpn coefficient of
with the native state under physiological conditioh§)( In 0.66 at 278.5 nm in a quartz cell of 1 cm light path Iengj[h
order to understand the cooperative transition fropcdN, for 1 mg/mL (14). Guanidine hydrochloride from Nakalai

it is important to elucidate the structural details of PCP-0SH Tesque (Kyoto, Japan) was of specially p'rt'epalred reagent
in the D state. grade and was used without further purification. Other

. . chemical reagents were of special grade.
Hydrogen/deuterium (H/D) exchange experiments can . .
provide information about the protein structure, structure CP Measurementsihe CD spectra were obtained using

change, dynamics, and folding%). The H/D exchanges of & Jasco J-600 spectropol_arim_eter. The far- and near-UVv CD
amide hydrogens with deuterium atoms from deuterium oxide SPectra were scanned nine times at a scan rate of 20 nm/
are catalyzed by hydroxide ions, water molecules, or hy- Min using a time constant of 2 s. The denaturation and
droxonium ions depending on the pH conditick?), The ref_olc_img were also monitored b_y chan_ges in the m.olar
reaction proceeds via formation of a transient complex glllpthlty at_222_ and 280 nm after incubation for the desired
between the amide hydrogen and these catalysts through“me- The kinetic data were {;malyzed by the nonllnear_ least-
hydrogen bonding. In order to elucidate the structural details SAuares method to determine the rate constant using the
of PCP-0SH in the Bstate, the amide proton H/D exchange €duation
reactions of PCP-0SH were examined for individual residues.
In general, the rates of the H/D exchange reaction of an Y(t) =Y, + ZAie_'qt Q)
amide proton are retarded by its hydrogen bonding to other
proton acceptor atoms or by burying it in the interior of the whereY(t) is the signal value at the given tim®, (Y, is the
protein (L3). Therefore, the H/D exchange experiments with signal value when no further change is obsenlgds the
amide hydrogens provide information about the secondary apparent rate constant, aAdis the total amplitude of the
structure formation of a specific residue. The NMR and CD th kinetic phase. A nonlinear least-squares calculation was
studies of PCP-0SH in the;Btate have suggested that the carried out using Origin software (OriginLab).
D, state is an ensemble of nonrandom structures with high NMR ExperimentsAll NMR measurements were carried
helical contents, although the structqral detalllg are unknown o . o0 o pH below 3.0, at which PCP-0SH exists in the
(10). Therefore, an NMR study using #—"N HSQC ;1\, meric or dimeric forms. The 3D HNCACB, HN(CO)-
spectrum combined with H/D exchange experiments is a8 cACB. HNCO HN(CA)CO, HSQC-NOESY-HSQC, and
powerful method of observing the structure of PCP-0SH in 2D 1H,—15N HéQC spectra'1(5—19) for the NMR péak
the D, state at the level of individual amino acid residues. assignment were obtained using a Bruker DRX 800 spec-
In this paper, we first assigned the NMR signals 8Ha-  trometer with*N,**C-labeled PCP-OSH in a 20 mM Gly
N HSQC spectrum in the native state of PCP-OSH. pyffer of pH 2.5 at 30°C. Selective PN]JArg-, [1*N]lle-,
Furthermore, a Pro mutant, A199P, was prepared to examingisN]Leu-, [N]Lys-, [*N]Met-, [SN]Tyr-, or [*N]Val-
the role of the C-terminal helix in the protein. Thereafter, in |apeled proteins were also used to determine the kinds of
order to elucidate the structural details of PCP-0SH and gmino acid residues of any peaks ona—5N HSQC
A199P in the [3 state, amide proton H/D exchange reactions spectrum. Peak picking and editing were carried out using
were examined for the individual residues. The mechanism gparky software0). The assigned chemical shifts for PCP-
of folding and stability of PCP-OSH will be discussed on gsH and its mutant, A199P, have been deposited in the
the basis of the structure of PCP-0SH in thedate, that ~ BMRB database with the accession number of 10052.

'j'négf p;jheyns?ct)lljc:(ga?c:It?:tgng}tii%il“bnum with the native state The NMR ;pectra for the H/D exchange experiments were
) recorded using a Bruker Avance DRX 600 spectrometer

equipped with a Bruker/SGI workstation. The apparent pH

! Abbreviations: DSC, differential scanning calorimetry; H/D, value, pH*, in the DO solution of the glass electrode was

hydrogen/deuterium; PCP-0OSH, cysteine-free pyrrolidone carboxyl ; i *
peptidase (Cys142/188Ser) froRyrococcus furiosysA199P, Pro corrected by the relationship pB pH* + 0.4 @1). The

mutant at position 199 of PCP-0SH (Ala199Pro); HSQC, heteronuclear tWo-dimensionafH—*"N HSQC spectra with 256« 1024
single-quantum coherence; GUHCI, guanidine hydrochloride. points in thet; andt, directions were collected.
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. | state at pH 2.5 and 3TC. The chemical shift dispersion of
’ 0 this spectrum is typical of a folded protein. Due to the
rouch exrca| |ezorc characteristics of thei-helical residues which show a low
0. 9 o 0 o0 spectral dispersion in the spectrum, resonance peaks were
o v o [viosce| |vicecs vaszce [vanzcs concentrated in the central part of the spectrum. This made
30 %—%_ —@ o it difficult to perform the sequential assignment. Therefore,
o] | we used protein derivatives in which a specific amino acid
¢ was selectively labeled b{N. They were the PN]Arg-,
. 6 12008 | 200cp [**N]ile-, [**N]Leu-, [*>N]Lys-, [**N]Met-, [**N]Tyr-, and
0 Q O l1@o|| ¢b [5N]Val-labeled proteins. TheifH—15N HSQC spectra
401 ql enabled us to assign many cross-peaks to a specific amino
_ acid and to confirm the sequential assignment. As a result,
§ ® 00 0 the amide protons of 157 residues out of 192 theoretically
o o¢ ! assignable residues (16 Pro residues without an amide proton
. are included in 208 residues of PCP-0SH) could be assigned
sol to specific amino acid residues. The assigned cross-peaks
9 0 are labeled with the residue number on thie->*N HSQC
1§ t95Ca ' [ spectrum (Figure 2).
M m—-o 0 $ H/D Exchange Experiments for PCP-0SH in theSate.
m&a (s 1 s S In order to characterize the structure of PCP-0OSH in the D
0 Qo state, which is the initial state in the refolding reaction, H/D
601 ¢ N ‘D’ o B exchange experiments were carried out under nondenaturing
A:si atoac q |rcoscr conditions. Using the experimental conditions at low tem-
A1220R) |Mesch | [Vamcs 10 200Ca | peratures (below 4C) at which the refolding reaction of
Qv D —g&, g-ﬂ &Z V2020l PCP-0SH substantially stop8)( we performed H/D ex-
A195 V196 K197 V188 A199 1200 E201 V202 A203 change experiments with PCP-0SH in thedbate. First, the

FiIGURE 1: Sequential assignment of C-termira-helix region PCP-0SH was completely denatured for 30 min in 6 M
of PCP-0SH at pH 2.5 and 3€. Sequential connectivity dfC® GuHCl at pH 2.0 and 60C. The PCP-0SH was then rapidly
and 13C between neighboring residues is shown as a strip plot g|yted into a DO solution at pD 3.4 and 4C through a
derived from a 3D HNCACB spectrum. PD-10 gel filtration column to remove the denaturant. By
RESULTS this treatment, PCP-OSH was transformed from the com-
pletely denatured state ,[to the D state, and the H/D
NMR Peak Assignment of PCP-0SHo examine the  exchange reaction in the Bstate was initiated. After the
characteristic of PCP-0SH in the; Btate, H/D exchange H/D exchange reaction proceeded for the desired time, the
experiments were carried out with measurements oftthe temperature of the solution increased t0°80 at which the
15N HSQC spectra. In general, tAE—°N HSQC spectra  protein was completely refolded with a time constant of 6.0
of proteins in the partially folded state, like a molten globule min. After adjusting the pD to 2.9, thei—N HSQC spectra
state, show a low spectral dispersion of broad cross-peaksof the deuterated PCP-OSH were obtained in the native state
and provide only little information. In fact, th&éH—N at 30°C to detect the protected amide protons in thestate.
HSQC spectra of PCP-0SH in thg Btate have shown peak Figure 3 shows théH—'N HSQC spectra of PCP-0SH,
broadening 10). Consequently, the H/D exchange reaction which was partially deuterated for various periods by the
could not be directly followed by the change in peak volume H/D exchange reaction in the;Btate. The cross-peaks that
observed in théH—1°N HSQC spectrum of PCP-0SH in the disappeared from these spectra corresponded to amide
D, state. Therefore, after the H/D exchange reaction pro- protons involved in the region exposed to the solvent in the

ceeded in the BD solution for PCP-0SH in the Dstate, D, state, because such amide protons are exchanged with
PCP-0SH was refolded into the native state, and!the deuterium. As shown in Figure 3d, several peaks did not
15N HSQC spectra were then obtained to detect the amidedisappear even after the H/D exchange time of 24 h. The
protons remaining undeuterated. remaining amide protons are summarized in Figure 4.

First, the peak assignment of tHe—15N HSQC spectrum  Strongly protected residues remaining after 12 h were Val145
of PCP-0SH in the native state was necessary and performedind Leul93 to Glu205 involved in the C-termired-helix
as follows. The!'*N,**C-double-labeled PCP-0SH was pre- region. Most residues in the C-termir@b-helix composed
pared, and the standard arrays of amitte-'°N edited of Ser188 to Glu205 were well protected against the H/D
through-bond connectivity experiments were obtained in exchange reaction in the;Btate. After 3 days, peaks in the
order to attempt a sequential backbone assignment. The 3D'H—'N HSQC spectrum completely disappeared except for
HNCACB, HN(CO)CACB, HNCO, and HN(CA)CO experi-  those of thea6-helix. This means that only the6-helix
ments could successfully provide sequential connectivity region stably forms a native-like structure in the Sate.
between the amidéH—°N and 3C®, 3CF, carbonyl3C. CD Spectra and Stability of A199Fh order to examine
Figure 1 shows a part of the sequential assignments as ahe role of thea6-helix formation in the B state in the
strip plot for Ala195 to Ala203 involved in the C-terminal folding and stability, Ala at position 199 in the6-helix
o6-helix. For theC®, 13C#, and carbonyl*C resonances, region was substituted by Pro that would be expected to
85% of the expected resonances was assigned. Figure affect theo6-helix stability, because proline scanning experi-
shows théH—1N HSQC spectrum of PCP-0SH in the native ments have suggested that the mutation at position 199 in
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Ficure 2: 1H—1N HSQC spectrum of PCP-0SH in the native state. The spectrum was obtained at pH 2.5°@hd=a@h label beside
the resonance peaks on the spectrum shows the assigned amino acid residues.

thea6-helix region mostly affects the content of inéhelical at pH 4 and 60°C. The refolding rate constants of PCP-
structure of PCP-0SH in the ;Dstate (Takeuchi and Mi-  0SH and A199P in the presence of 1.2 M GuHCI were 8.1
zuguchi, personal communication). In the native state at pH x 1072 and 4.8x 10~ s, respectively. The unfolding rate
2.4 and 25°C, both PCP-0SH and A199P showed almost constants of PCP-0SH and A199P in the presence of 6.8 M
identical CD spectra in both the near- and far-UV regions GUHCI were 1.4x 102 and 2.1x 102 s™%, respectively.
(data not shown), suggesting that the native state structureThe refolding and unfolding rates for the mutant A199P
is hardly affected by the mutation. To characterize the decreased and increased, respectively, by about 1 order
structure of the mutant of PCP-0SH, A199P, in theskate, relative to the wild-type protein PCP-0SH for the various
the far- and near-UV CD spectra were obtained at pH 2.4 GuHCI concentrations examined, indicating that A199P is
and 4°C (see Supporting Information, Figure S1). A199P less stable than PCP-0SH in an equilibrium state.
in the D, state substantially decreased in ellipticity around  NMR Peak Assignment of A199Resonance peak assign-
220 nm by the mutation, suggesting a decrease in thements of A199P were carried out on the basis of the results
a-helical content compared to that of PCP-0SH. for PCP-0SH. Because the chemical shifts of the many
To examine the stability of A199P, the pH dependence of resonance peaks of A199P did not significantly change
the ellipticity at 280 nm was examined. CD measurements relative to those of PCP-0SH, many of the cross-peaks in
were carried out after various incubation periods in the pH the *H—5N HSQC spectrum of A199P could be assigned
region from pH 7.0 to 1.5 at 30C to examine when the  only by comparison with those of PCP-OSH. However,
acid-unfolding reactions reach equilibrium. In the acid pH several resonance peaks of A199P were significantly shifted
region, although the ellipticity at 280 nm after 6 days was from those of PCP-OSH. These peaks mostly originated from
different from that after 30 days, the latter was identical to the regions close to position 199 in the tertiary structure.
that after 60 days. Figure 5 shows the equilibrated acid They were in the N-terminal half of thel-helix, 54 and
denaturation curves of PCP-0SH and A199P after a 30-day5-strands,a3-helix, 38-strand, ang39-strand in addition
incubation, indicating that A199P was less stable than the to thea6-helix region itself as shown in Figure 6. This seems
wild-type protein in the acidic pH region. The decrease in to arise from the distortion of the6-helix region due to the
pH stability of A199P was also confirmed by differential substitution of Pro for Ala, because thé-helix is in contact
scanning calorimetry (in preparation). Especially, the desta- with these regions in the native structure. Assignment of these
bilization was remarkable below pH 2.5 where PCP-0SH resonance peaks of A199P was performed using the 3D
exists in the monomer form. HSQC-NOESY—HSQC spectrum which provides the se-
To elucidate the role ofu6-helix during folding, the guential connectivity between the neighboring amide nitro-
refolding and unfolding kinetics of PCP-0SH and A199P gens. In order to further confirm the sequential assignment,
were measured at pH 4 and 3D by monitoring the changes  the ['*N]lle-, [**N]Leu-, [**N]Lys-, [**N]Met-, [**N]Tyr-, or
in the ellipticity at 222 nm (see Supporting Information, [**N]Val-labeled A199P was also used as a protein sample
Figure S2). The unfolding reaction was initiated by manual effective for the peak assignment of a specific amino acid.
mixing of the concentrated denaturant (GuHCI) into the The amide protons of 139 residues out of the theoretically
solution of the native proteins. The refolding reaction was assignable 191 residues could be assigned to specific amino
initiated by dilution of the GuHCI concentration after the acid residues in theH—N HSQC spectrum of A199P at
proteins were completely denatured foh in 6 M GuHCI pH 3 and 25°C (see Supporting Information, Figure S3).
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Ficure 3: H—1N HSQC spectra of PCP-0SH refolded after the 20 4 60 % 10 120 140 160 180 200

exposure to deuterium for 0 (a), 1 (b), 12 (c), and 24 h (d) in the residue number

D, state. These spectra were measured at pD 2.9 an8iC30 Ficure 6: Chemical shift differences in th®N resonances of
Observable peaks indicate the undeuterated amide protons fromA199P from that of PCP-OSH at pH 3 and 25 are shown.
residues of PCP-0SH in the;Btate for each incubation time.

experiments for A199P in the jDstate were carried out.
H/D Exchange Experiments for A199P in the State. Because an irreversible reaction occurred when A199P was
To examine how the6-helix region was affected in the;D  incubated for over 60 min under the same conditions as for
state by the substitution of Pro for Ala199, the H/D exchange PCP-0SH (pD 3.4 and 4C), the H/D exchange reaction for
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Ficure 7: Summary of H/D exchange for amide protons in the
amino acid sequence of PCP-0SH and A199P in thsetéte at pD
4.5 and 4°C is shown. Each plot indicates residual amide protons
after the H/D exchange reaction for each incubation time.

A199P was performed at pD 4.5 and’@. After this was
accomplished for the desired time, A199P was rapidly
refolded at 30°C. TheH—1N HSQC spectra for A199P in
the native state were then measured at pD 3.0 antiC25
(see Supporting Information, Figure S4). The amide protons
of A199P remaining after the H/D exchange reaction for 30
min in the D state were those in llel16, lle29, Leu41, Val43,
Val44, lle59, 1le129, Tyrl47, Leul4d8, Glul92, and Val202
to Leu204 included in the C-terminab-helix region. Figure

7 shows the results of the H/D exchange experiments for
A199P compared to those for PCP-OSH. In the case of

A199P, then6-helix region was partially unprotected in the ) ) )
g b y unp Ficure 8: Ribbon diagrams of protected regions of PCP-0SH and

Dy state, md.lcatmg that thex6-helix became . partially A199P in the D state. (a) and (b) represent protected regions in
unstructured in the Dstate due to the substitution of Pro /b exchange experiments in the Btate at pD 4.5 and 4C,

for Ala. On the other hand, some hydrophobic residues shown in red on the tertiary structure for PCP-0SH and A199P,
(Ilel6, lle29, Leudl, Val43, Vald4, lle59, lle129, Tyrl47, resgectigely_. hTfFl% \f/iggres(were produced )uEing (;/Mﬂﬁ)ﬁanf(l
and Leu148) still remained protected in the Sate after ~ 'endered with POV-Ray (www.povray.org) based on the X-ray
the H/D exchange for 30 min in spite of the fact that these crystaliographic structure of PCP-0SH (PDB code 11QB)(

residues in PCP-0SH completely disappeared after the H/D B G5 @ 5h B Dot B e Bt ot
exchange for 15 min. They might form a hydrophobic cluster  =c:evng —_— -

weakly associated in the;Btate of A199P, although such t
a cluster was not found in the;Btate of PCP-0SH. After a
longer incubation at pD 4.5 and°€, A199P began to leave
the D, state for the native state. Therefore, it was difficult
to determine the H/D exchange rates for these residues.
Hydrophobic residues protected in the Btate of A199P

are distributed over different secondary structural elements
in the native state as shown in Figure 8. These residues might
temporarily form a hydrophobic cluster different from the -1
native conformation.

chemical shift index
o

20 40 60 80 100 120 140 160 180 200

DISCUSSION residue number

. . . . Ficure 9: Chemical shift indices for the amino acid sequence of
Structure of PCP-OSH in the Nag State in Solutiorilhe PCP-0SH using thé3C* chemical shift values defined by the

NMR peak assignment of PCP-0SH was performed under resonance peak assignments at pH 2.5 artC3The local densities
an acidic pH condition in which PCP-OSH exists in a of nonzero chemical shift indices reflect the possibility of a

monomeric form ). The secondary structure of a protein secondary structure formation in the regions. Sequential connectivity
can be speculated by tH&C* resonance chemical shifts (i — 1)~*N(i) obtained from the 3D HN(CO)CA spectrum is

. A : . . _, also shown in the filled squares above the chemical shift indices.
assigned to individual residues. In Figure 9, the chemical
shift indices of PCP-0OSH are plotted versus the residue that a series of marks+1" and “1” can assign the region to
number according to Wishart’s rulg3). (1) If the chemical a f-strand and a helix, respectively. As shown in Figure 9,
shift is greater than the range of the random coil chemical almost all of the secondary structure regions indicated by
shift value for that residue, it is marked “1”. (Il) If the the chemical shift indices are consistent with those found in
chemical shift is less than the range of the random coil the X-ray crystalline structure in a tetrameric forra3)
chemical shift value for that residue, it is marked®”. The except for then5-helical region. Although resonance peaks
local “density” of the nonzero chemical shift indices reflects from the a5-helix region are assigned to only half of the
the possibility of a secondary structure region, suggesting residues, all of their chemical shift indices did not indicate
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the possibility of ano-helix conformation. These results W T 7T T T T T T T T
suggest that the5-helix region might be at least partly P L R
unstructured in a monomeric form, although it seems to be 1
stabilized due to an intersubunit hydrophobic interaction in
a tetrameric form. The results of Figure 9 also confirm that
the present peak assignment is reasonable.

D, State Structure of PCP-OSHH/D exchange experi-
ments of an amide proton provide information on its
hydrogen bonding or its burial into a protein interior. The
o-helix andj-sheet are stabilized by hydrogen bonding of
an amide proton to a carbonyl oxygen, which retards the
H/D exchange rate of the amide protatB). PCP-0SH in ]
the native state consists of gixhelices and ning-strands. I S e e e A N
The H/D exchange experiments with PCP-0SH in thatte 0 20 4% 6 “r:si dL?nur‘:ser 140 160 180 200
showed that only the6-helix region was strongly protected ] . .
a5 shown in Figures 3 and 4. Protections against the HID S 10 el propensiy of PCP 0t and Atggr, The
eXChange reactions were eVaIUated from the Intrinsic ex- propensity value for each amino ac'QBI_ The window size was
change time constant of each amino acid derived from aset at 5 (residues), and an averaged value was calculated as the
model peptide study2d). Some peaks, such as those of value for the middle residue in every five residues. The continuous
GIn35 and Val5, still remained in théH—1N HSQC and dotted I|ne§ indicate the-helix propensity of PCP-0SH and

Lo ) A199P, respectively.
spectrum aftea 1 hexchange reaction in a,D solution
and disappeared after 12 h (Figure 3b,c). They were not
strongly protected from the solvent because their intrinsic
time constants of the exchange changed from 81 (for GIn35)
to 579 (for Val5) minutes under the conditions of pD 3.4 ) i . i
and 4°C. One hour was not long enough for the amide .Effgct of Proline Mutation on Stgblllty and Refoldmg
protons of these residues to completely exchange. AlthoughKinetics.Itis proposed that the stability of a protein can be
Vall45 was also protected for over 1440 min (24 h), it is mcreased by Pro substitution that decreases the conforma-
only weakly protected from solvents because the intrinsic 1onal entropy of the unfolded stat8d). H/D exchange
time of exchange is 409 min. On the other hand, residues in €XPeriments with PCP-0SH and A199P in the Siate
the central part of thet6-helix were strongly protected for

a-helix propensity

helical structure remaining in the6-helix region in the B
state is the origin for the intrinsic property of the short peptide
that has a highu-helix propensity.

indicated that thex6-helix is constructed in the [state of
over 10000 min (7 days). Their intrinsic time constants of PCP-0SH although it is partly destroyed in that of A199P.

exchange ranged from 111 (for Ala199) to 439 (for 11e200) CD kinetic studies indicated a decrease in the refolding rate

min. Their protection factors are roughly estimated to be 23 @nd an increase in the unfolding rate due to the mutation,
(for 11e200) to 90 (for Ala199). H/D exchange studies for Suggesting that the stability of PCP-OSH is decreased by the
proteins in a molten globule state or kinetic intermediate Pr0 mutation at Ala199. This agrees with the acid denatur-

states have indicated similar protection factor values (about2tion results (Figure 5). This lower stability of AL99P might
10-200) @5-29). be explained by the increase in entropy due to the difference

The substitution of Pro for Ala in the6-helix region in structures in the Pstate, which is opposite the expectation.

(A199P) affected the protection pattern against the H/D  For the slower refolding of A199P, the ;Dstate is
exchange reaction as shown in Figure 7. A hydrophobic considered to be stabilized if the transition state was
cluster was found in the Dstate of A199P. For residues Unchanged. However, the, Btate of AL99P appeared to be
involved in the hydrophobic cluster, it was difficult to destabilized because it is not reasonable that A199P, which
estimate the time constants of the H/D exchange reaction,was regulated by its configuration of Pro199, is folded into
because the Dstate did not persist |Ong at pD 4.5 due to the more stable denatured state than PCP-0SH with Ala199
the initiation of refolding. The H/D exchange time of 60 min under the same conditions. Therefore, the slower refolding

was not long enough compared to their intrinsic time and the faster unfolding of A199P seem to originate from
constants of exchange ranging from 34 (for lle59) to 136 the further destabilization of both the transition and native

(for Val43) min under the conditions of pD 4.5 and’@. states by the Pro mutation relative to the destabilization of
Under more acidic conditions, i.e., pD 3.4, A199P gradually the Di state.
changed from the Dstate to an irreversible state where it Implications for Structural Characterization in the De-
could not be refolded into the native state, although the wild- natured State under Physiological ConditioriEhere are
type protein stably remained in the, Btate for at least 7 several reports of the structural characterization of a protein
days under the same conditions. This suggests that Ala199n the denatured state under nondenaturing conditidis (
plays an important role in avoiding the irreversible change 33), although only in a few cases was the denatured protein
in the D, state and in maintaining the initial state of refolding sufficiently populated to permit direct structural characteriza-
into the native state. tion. The denatured states of the drkN SH3 domain in
The propensity for secondary structure formation of equilibrium with the native state under nondenaturing buffer
proteins was predicted from their amino acid seque8p (  conditions have been reported to have specific interactions
The amino acid sequence in thes-helix region has a leading to compact structures elucidated by the first strong
significantly higho-helix propensity relative to the other five NOE-based evidence&2). Under nondenaturing condition
helix regions as shown in Figure 10. It is likely that the at neutral pH, the villin headpiece (HP67) has been observed
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to exchange between the native state and a partially foldedSUPPORTING INFORMATION AVAILABLE

intermediate, in which thg N—termlnal domain is unfolded CD spectra of PCP-0SH and A199P in thesTate (Figure
and the C-terminal domain is folde81). . . . s
. L S1), typical refolding and unfolding curves of PCP-0SH and
In the case of PCP-0SH in the, Btate, a native-like6- A199P (Fi 52 f NMR K : f
helix was found under nondenaturing conditions at acidic (Figure S2), summary o peak assignments o
H, but a non-native hydrophobic cluster was observed for PCP-OSH and A199P (Figure S3), and—*N HSQC
P, ydrop spectra of A199P after the H/D exchange reaction (Figure

A199P in the Q) state. The non-native cluster of A199P . . . )
; . . . S4). This material is available free of charge via the Internet
might be only temporarily observed in the refolding process .
at http://pubs.acs.org.
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