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ABSTRACT: To elucidate early stages in protein folding, we have adopted a fragment reconstitution method
for small proteins. This approach is expected to provide nuclei for protein folding and to allow us to
investigate folding mechanisms. In previous work [Kobayashi, N., et al. (1BEBS Lett. 36699—

103.] we demonstrated the association of two complementary fragments, derived from the immuno-
globulin G-binding domain B1 of streptococcal Protein G, and showed the structural similarity be-
tween the reconstituted domain and the uncleaved wild-type domain. In this work we have further
characterized the reconstituted domain as well as the uncleaved domain thermodynamically by means
of differential scanning calorimetry (DSC) and circular dichroism (CD) measurements. Although com-
posed of short peptide fragments not linked by covalent bonds, the reconstituted domain showed a
typical folding/unfolding curve in both DSC and CD melting measurements and behaved like a glob-
ular protein. The domain was not very stable, and the small value of the Gibbs free energy cor-
responded to the class of the weakest protgirotein binding systems. The denaturation temperature of
0.78 mM solution was 313 K at pH 5.9 as measured by DSC, which was more than 40 degrees lower
than the uncleaved domain. This apparent instability was primarily caused by entropic disadvantage
attributed to a bimolecular reaction. The temperature dependence of the enthalpy change from the folded
to the unfolded state was almost identical for the reconstituted domain and the uncleaved one. This in-
dicates that most of the noncovalent intramolecular interactions stabilizing the native structure, such
as hydrogen bonding and hydrophobic interactions, are regenerated in the reconstituted domain. By
comparing the equilibrium constants of the reconstituted and uncleaved domains, we determined the
effective concentration to be approximat@ M at 298 K. Structure-based estimation of the thermody-
namic properties from the values of accessible surface areas showed that approximately 35% of the
total heat capacity change and approximately 25% of the total enthalpy change can be attributed to the
interchain interaction at 298 K. Furthermore, the folding/unfolding equilibriuri-b&irpin structure of

the fragment 4156 alone was also characterized. These analyses allow us to envision the microdomain
folding mechanism of the Protein G B1 domain, in which segment58Lfirst forms a stablg-hair-

pin structure and then collides with segment4D, followed by spontaneous folding of the whole
molecule.

As often phrased in terms of the Levinthal paradax (  mechanism of protein folding is so complicated. Since the
there is a mystery in that the process of protein folding relatively slow processes in protein folding, corresponding
proceeds too quickly to reduce an astronomical number of to disulfide bond formation, proline isomerization, or mul-
conformational degrees of freedom, present in the unfoldedtidomain formation, have been extensively examinée (
state, to a limited number in the folded state. It is generally 8), many investigations have focused on the fast processes
accepted that proteins must fold through a particular path- that occur in the early stages of protein folding. To study
way or set of pathway<2J, or via some slope on a funnel- the fast processes in the early stages, it is essential to choose
like energy landscape3{5). However, it is not easy to  simple proteins that lack disulfide bonds and prolines,
predict the pathway of an individual protein because the because such proteins are free of the complications caused

by above slow processes.

T This work was supported by a grant from the Agency of Industrial lmmunc’glObU"n G-binding doma'n B;I' (?f streptococ;cal
Science and Technology, MITI, Japan. protein G (PGB1B)is a small protein consisting of 56 amino

_*To whom correspondence should be addressed. E-mail: honda@ acid residues. It is composed of a stable single domain and
”'QhNgo:lp- Fax: +81-298-54-6194. has neither cysteins nor prolines. In addition, the physico-
ational Institute of Bioscience and Human Technology. . - . .
s University of Tsukuba. chemical properties of PGB1 have been well investigated.
I'RIKEN. Its tertiary structure was determined by NMR spectroscopy
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(9) and X-ray crystallographylQ, 11). The thermodynamic  and PGB1(4156)] were synthesized by Fmoc strategy and
properties were analyzed by calorimetric methatd énd purified by reverse-phase HPLC. The sequences of the
hydrogen-deuterium exchangd8, 19. The kinetic folding synthesized proteins were confirmed by amino acid analysis,
behavior was measured by the stopped-flow pH jump method amino acid sequencing, and mass spectroscopy, as previously
(15), the quenched flow plus deuteriurhydrogen exchange  described in detail23).

technique 16), and the stopped-flow fluorescence method cp Spectrum and CD Melting Measuremenslyoph-

(17). Fragment conformations in aqueous or aqueous/tri- jlized sample of PGB1 or its fragment was dissolved in either

fluoroethanol solutions were characterized by NMR spec- 50 mM phosphate buffer or 100 mgl3'-dimethylglutaric

troscopy and circular dichroism (CD)&-21). Thus, PGBl a¢id (DMG) buffer solution. DMG buffer was selected in

can be considered to be an ideal sample for elucidating thegrder to cancel out the heat of ionization of carboxylate

early stages in protein folding. groups during unfolding. The concentrations of the samples
Generally, a small protein folds very rapidly. Therefore, \yere determined by their theoretical absorbances at 280

many difficulties arise in real-time observations of the folding nm [e280 = 2560, 6970, and 9530 for PGBL0), PGB1-

of a small protein. In fact, the folding of PGB1 at neutral (40-56), and PGB1(256), respectively], calculated from

pH takes less than 2 m$5, 1-0 To avoid such difficulties the standard values of Trp and T)sz Fragment recon-

we adopted a “fragment reconstitution” approach in which  stjtution of PGB1(%40) with PGB1(46-56) was carried out

we first cleaved a protein and made several pairs of peptideyith vortex mixing of the two fragments in an equimolar

fragments. Then we determined their structural properties ratio. Before measurements, the sample solutions were

at equilibrium. This produced a “microdomair3), which  dialyzed against a hundred-time volume buffer for at least 8
was stabilized by a local interaction among neighboring n at 277 K.

residues and was thus a candidate for being a nucleus or an
intermediate in the folding process. Next we examined the la
specific association of a pair of fragments. This revealed a
nonlocal interaction between microdomains. Using the above
approach we were able to visualize protein folding as if time
had stopped. In a previous pap@3) we investigated the
structure of the reconstituted PGB1 domain, composed of

the two complementary fragments [i.e., PGB14D) and Model KP (Tok
yo, Japan), and handmade softw2i@. By
PGB1(41-56)], by NMR spectroscopy and CD measure- using this system, we collected values of both molecular

ments. The results demonstrated that the domain has 3e||ipticity and temperature of the sample simultaneously

P"’Ilgv?”f[ﬁ secondtaryi' struc;turt?[ and tf;at tﬁ)]art of lthe doclJm%n every second as digital data. The heating and cooling rates
olds to the same tertiary structure as for tn€ uncleaved wild- o .o fiveq at 0.5 K/min in all measurements.

type domain. However, the quantitative degree of reconstitu- i
DSC MeasurementSample solutions for DSC measure-

tion was not investigated. ‘
ments were prepared in the same manner as for the CD

In this work we have carried out the thermodynamic X
analysis of the reconstituted domain composed of the two measurements described above. DSC measurements were

fragments [PGB1(240) and PGB1(4156)], as well as the perform_ed ona M_icroCaI MCS (l_\Iorthampton, MA), whic_h
uncleaved wild-type domain. Initially, we have checked &S calibrated using pure paraffin hydrocarbons sealed in a

whether the reconstituted domain shows thermal denaturatior>t€€! capillary tube with an internal heater for calibration
like globular proteins. After confirming the detectable PUlS€. Both sample and reference cells were cleaned with
transition, we have performed DSC and CD melting mea- 100 mL gf weak alkaline solution (20 mM Tris, 10 mM
surements of the reconstituted domain and then analyzeoE_DTA' 5% SDs, pH 8.5) and ””??d with ethanol an_d
them using equations that we developed to determined'sm_led water. Measuremen_t condlt_lons were 0.5 K/min
thermodynamic properties of the domain. The properties were 1€ating or cooling rate, 20 s filter period, and 300 s prescan
compared with that of ordinary proteiprotein binding wait period. To obtaln maximum accuracy, we m|n|m|;ed
systems to understand the stability of the reconstituted the effects that arise from thermal history by overnight
domain. Finally, on the basis of the thermodynamic com- dummy scans before e.ach measurement. o

parison with the uncleaved domain, we have evaluated the Basic thermodynamic parameters characteristic of the
folding energetics of PGB1 and discussed its folding mech- melting transition were obtained as outlined by Priva®s) (

CD spectra were measured by a Jasco J-600 spectropo-
rimeter (Tokyo, Japan) and represented as the units of the
molecular ellipticity per mole of protein. Measurement
conditions were as described previous$,(26. CD melting
measurements were carried out with our original system
which consisted of a Jasco J-600 spectropolarimeter, Haake
circulator F3 (Germany), Chino digital program controller

anism. Heat capacities were further analyzed by the double decon-
volution procedureZ9) and nonlinear least-squares fitting
MATERIALS AND METHODS method 80) using the program of SALS3() or SigmaPlot
Proteins.Immunoglobulin G-binding domain B1 of strep- (Jandel Scientific Software, San Rafael, CA).
tococcal Protein G (PGB1) and its fragments [PGB140) Theoretical Basis for Unimolecular and Bimolecular

— : : — : Reactions.To accomplish thermodynamic analyses of the
* Abbreviations: PGB1, immunoglobulin G-binding domain B1 of  yeconstituted and uncleaved domains, several fundamental

streptococcal Protein G; DSC, differential scanning calorimetry; CD, . . .
circular dichroism; Fmoc, fluorenylmethoxycarbonyl; DM@,f'- equations for a general unimolecular reaction<AB) and

dimethylglutaric acid; Ty, transition temperatureAHy, change in a bimolecular reactionofs == o + f5) were introduced.
enthalpy at transition temperaturédGn, change in Gibbs free  Allowing K andf to be the equilibrium constant and the

energy at transition temperatur&C,, change in heat capacity from ; ; ; _
folded to unfolded state; NOESY, two-dimensional nuclear Over- fraction of unfolded and/or dissociated molecules, the rela

hauser enhancement and exchange spectroscopy; ASA, accessibiONs between them are shown by eq 1 for the unimolecular
surface area. reaction and by eq 2 for the bimolecular reaction:
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[B] [B] Similarly, the molecular ellipticitiesd] of both reactions
uni = W uni — m are introduced from eq 9 and fully described as a function
¢ of T with the parameterAC,, AH,, and T, by substituting
0K, = (1 ~luni ) (1) eq 4 for eq 10, or eq 5 for eq 11:
un|
[0] = [0]¢ + ([6]y — [0]pf )
N 11 P () N () Y FK
bi v Thio = =~ i
[a/] [efl + 1o G (Ol = 100+ (01, ~ 01D 55 (10)
P 5] _ 81 uni
P ol + Bl Cip —Ky, + Ky 2+ 4CKy,
| I |
foiofoi g i cfoi g (0] = [6] + ([0]y — [6]F) >
DKbi:;Ctﬁ:;qa (2) t (11)
-1y 7 @—fyp -

where C;, and Cig indicate total concentrations of each where plr and Py are the molecular ellipticities of the

component in the bimolecular reaction. Provided that the two component in the folded and unfolded states, respectively.

components were dissolved at equimolar concentra@og ( l'b'ljherm??gnzmlc M?.?e: fgrDthe IZ'%I'cimg/tLrJ]nfc&Idtlng I.quf"
= Cy4), eq 2 can be simplified to ibrium of the Reconstituted DomaiSince the C-termina

short fragment of PGB1(4156) has been investigated to

;2 fold spontaneously into a nativelike-hairpin structure at
—_ " ¢ A3) low temperatureX8, 19, there should be four components
bi a—f) at least in the equilibrium of thermal unfolding of the

reconstituted domain. Thus, we need to develop more
The equilibrium constants for the unimolecular and bimo- complicated _equations than those used for a normal bimo-
lecular reactions are also expressed by the van't Hoff lecular reaction.

equation, respectively: The folding/unfolding equilibrium of the reconstituted
domain can be represented by the following reactions:
oo 5]
=exp— —==—(1—=—|— K
o RT\" T, NC==N+C,
A ( T
P
—(T—-T,—T In(—))] (4) K
RT T C. ‘éCu
C AH,, T
2 RT T where N, G, Cy, and NC indicate PGB1(40), PGB1-
AC, (41-56) in B-hairpin structure, unfolded PGB1(456),
S T—Tn—Tln (5) and the associated complex PGB44D)/PGB1(4156).
RT T, L ;
m Ki1 andK; are equilibrium constants for each reaction, de-
whereAH,, andAC, are the changes in enthalpy and in heat fined by:
capacity, respectively, from the folded to the unfolded state IN][C ] 5
at a transition temperaturg. L= F_ 1 f C,
Since heat capacityC, is defined as differentials of INC] (K, +1)(1-1)
enthalpy, the excess molar heat capacitigs of both
reactions are obtained as follows: K = [C.]
_dH dHe  dAH df ¢
b= T dT(H + AHf) = ﬁ+ﬁf+ AHd—T (6) then.
Couni= Copt AC S + IN]
(AH, + AC|(T = T,))? f="c" G=INC]+[N] =[NC] +[Cd +[Cy]
RT2 'um(l uni) (7) t
C,i=C, ¢+ AC,, From these equations the dissociation constant for the

reconstituted domaiK. is also defined by:

AH, + AC(T—T))* [1—
( R;;( ) 'bl(z ) 8

whereC, ris the molar heat capacity of components in folded

state. ThereforeC, can be fully described as the function Therefore, the excess molar heat capady and the
of T with the parameterAC,, AHy,, andTy, by substituting molecular ellipticity p] for the equilibrium of the reconsti-
egs 1 and 4 for eq 7, or eqs 3 and 5 for eq 8. tuted domain are as follows:

_[INJIC] _ INI(CH +[CyD) _
rec [NC] [NC]

KiK,+1) (12)
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_dH_d K
Co=ar =t (HNC+ (AH1+ T 1AH2)f)
dHne d K,
K, df
(AHl + Kz——i-lAHz)d_T

KZ
=Conct (ACpll AT 1ACp’2)f +

1 Kz 21—
L K=

1 ( 2 A )2f (13)
KRT\K + 17 2

[6] = [0]ne + ([Q]N + KZLH [6]c. +

K2
K2 1 [Q]CU - [Q]Nc)f (14)

where

KK )+ VKK, + 17 + ACK, (K, + 1)
B 2C,

K:Lex _AHm’ll_l_
bO2(K,+1) RT T
AC
P+ _ _ T
Sofr—m- il )}
AH
K,= ex;{ - R?Z(l - le) -
m,

ARC$,2(T T T |n(le))} 1n

m,
AH; = AH,,; + AC, (T =Ty 1) (18)
AH, = AH, , + AC, (T =Ty, ) (29)

(15)
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Ficure 1: Association of the complementary fragments PGB1-
(1—40) and PGB1(4156) evaluated by molecular ellipticity at 222
nm. Equimolar concentrations of the fragments were dissolved in
50 mM phosphate buffer (pH 5.5) at 298 K. The closed circles and
solid line show observed data and best fitted curve using eq 11,
respectively.

RESULTS

Reconstitution from the Complementary FragmeAts.
equimolar mixing of the fragments PGB1{40) and PGB1-
(41-56) in aqueous buffer solution led to spontaneous as-
sociation between the two fragments followed by a signifi-
cant conformational change, including afhelix formation
located at the mid-region of the molecul23]. Then, we
estimated the degree of association by monitoxnlgelix
formation. Figure 1 shows the molecular ellipticity at 222
nm for solutions of equimolar fragments at 298 K, depending
on the initial peptide concentration. By fitting eq 11 to the
observed data with nonlinear least-squares methods, we deter-
mined the apparent dissociation constant of the reconstituted
domain at this temperatur&{,, = 9 x 10°¢ M).

Reversible Transition in the Thermal Denaturation of the
Reconstituted DomainThe secondary structure of the
reconstituted domain monitored by CD at 222 nm was
disrupted by a continuous heating at a fixed rate of 0.5 K/min
(opened circles in Figure 2). Although this transition was
quite broad (from 280 to 340 K), the sigmoid-shaped curve

Structure-Based Estimation of Thermodynamic Properties. IS typical of the thermal denaturation of ordinary globular
Structure-based estimations of thermodynamic propertiesProteins. This result indicates that the interaction between
were performed from the values of the accessible surfacethe two fragments is strong enough to generate a cooperative
area (ASA) of the domains and the empirical parameters of Structure.

Makhatadze and Privalov3d®). ASA was calculated by

The disrupted structure was returned to its original

ProStat/Access_Surf option of Insight97 (Molecular Simula- conformation on cooling. Molecular ellipticity at 222 nm
tions Inc, Waltham, MA) using a probe with a radius of 1.4 (closed circles in Figure 2) obtained from a continuous

A and employing the algorithm of Shrake and Rupl8g)(
and van der Waals radii of Chothi@4). The coordinate of

cooling measurement of the denatured sample at a fixed rate
of 0.5 K/min was superimposable with that from the heating

the folded structure of the uncleaved domain was taken from measurement. The results indicate that the thermal transition

the entry code of 1pgdl() of the Brookhaven Protein Data

of the reconstituted domain is reversible and can be handled

Bank 35). ASA in the unfolded state was calculated by the as a.quasi-stati_c process under the condition of a 0.5 K/min
same manner from the coordinate of the extended conforma-heating or cooling rate.

tion (¢p = —75°, ¢ = 180 for Pro andgp = 18C°, ¢ = 18C°

Folding/Unfolding Equilibrium of C-Terminal Short Frag-

for other 19 residues), which was generated by sequencement.The C-terminal short fragment PGB1(4%6) has been
builder of Quanta97 (Molecular Simulations Inc, Waltham, shown to fold spontaneously into a nativeliléehairpin
MA). Hydrogen atoms were neglected in all ASA calcula- structure at low temperaturgg, 19, whereas the N-terminal

tions.

fragment PGB1(140) has a complete disordered structure
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‘ ' ' equilibrium thermodynamic model introduced in this study
is reasonable for characterizing the folding energetics of the
reconstituted domain. DSC curves of the uncleaved domain
d were also measured and fitted in the same manner, assuming
a simple two-state model using eq 7 (Figure 4, right). All
3tk S - parameters obtained in this study are summarized in Table
& 1. The DSC data for the Met replacement mutant, fijAet
PGB1(1-56), obtained by Alexander et all?) using a
conductive type calorimeter are also listed. Although there
are some methodological differences between Alexander’'s
work and ours, especially for molecular coefficients for
determining sample concentratioe,dp = 8180 vs 9530)
5L g i and the analytical procedures for determinik@, (indirect
method vs direct observation), the parameters in Table 1 are
ED reasonable. Compared to the uncleaved domain, the recon-
stituted domain showed a broad peak shifted to lower
-6 : ‘ : : temperature (by>40°). Because the curve was broad, the
260 280 300 320 340 360 : . .
value of AC,: was not determined precisely in each
Temperature (K) experiment (ranging from 2.1 to 3.2 kJ-Kmol-2), but the
FiIGURe 2: Temperature dependence of molecular ellipticity at 222 mean value of this parameter was comparable with the value
nm of the reconstituted domain, PGBH40) + PGB1(4156), of the uncleaved wild-type domain. This agreement suggests

in continuous heating (open circles) and in continuous cooling . :
(closed circles) measurements. The sample was dissolved at 1.5 hat the reconstituted domain exposes almost the same

mM in 50 mM phosphate buffer (pH 5.4), and the heating/cooling Nydrophobic area as wild-type upon thermal unfolding and
rate was fixed at 0.5 K/min. that the solvent accessibilities of the reconstituted domain
in the folded and unfolded states are similar to those of the
under agueous conditions. Therefore, prior to the analysisuncleaved domain, respectively.
of the reconstituted domain, the thermodynamic properties  cp Melting Measurements of the Reconstituted Domain.
of PGB1(41-56) were determined first. Figure 3a s_hows the 1o compare with the DSC results, several CD melting
CD spectra of PGB1(4156) at 275 and 343 K. Since the  measurements of the reconstituted domain were also per-
characteristic positive peak around 230 nm at 275 K indicatesfgrmed. The experimental data was analyzed by the same
f-turn (36), which is a parf3-hairpin structure, CD melting  procedures using eq 14. The parameters shown in Table 1
measurement at 230 nm was carried out to obtain the gre in reasonable agreement with the DSC measurements,
parameters for the thermal unfolding of PGB1{46). The  jndicating that the disruption of a singtehelix located in

p-hairpin structure of PGB1(4156) was stabilized with  pGB1(1-40) occurs synchronously with the unfolding of
minimal noncovalent interactions so that the curve obtained the whole complex.

(thick line in Figure 3b) was very broad and did not cover
the whole transition range. The fitted results, however, basedp|SCUSSION
on a typical two-state model using eq 10, were in reasonable

[6,,]x10° (deg cm’ dmol™)

agreement with the fluorescence study of [dansylated?-ys Our results for the reconstituted domain showed a thermal
PGB1(4+56) (37). Thermodynamic parameters for the denaturation curve typical of ordinary globular proteins
unfolding of PGB1(4156) were determined to b&H, = (Figures 2 and 4), noteworthy because the cleavage of a small
20.4 kJ mot?, T, = 301.5 K,AS, = 67.7 J K mol™%, and single-domain protein is generally thought to lead to serious
AC, = 0.0 kJ K'* mol™™. destabilization. In fact only a limited number of proteins that

DSC Measurements of the Reconstituted and the Un-have been reconstituted from cleaved fragments have been
cleaved DomainsFigure 4 shows the original output from reported. A classical example is the S-peptide/S-protein pair,
calorimetry in the heating measurement of the reconstituted corresponding to the residues-20 and 21124 of ribonu-
domain. The endothermic peak of the reconstituted domain clease S, respectivel3§—40). The pairs of staphylococcal
was not large enough to neglect the instrumental error of nuclease (648)/(49-149), (1-126)/(49-149), (1-126)/
intrinsic baseline repeatability (2&cal/K). Then, we mea-  (111-149), barnase (1102)/(88-110), (1-36)/(37-110),
sured several buffer scans before and after each sample scaddenylate kinase (176)/(77-214), trp repressor (871)
and subtracted them from the sample data, respectively./(72—108), cytochromec (1—38)/(87-104), chymotrypsin
Subtracted data were analyzed individually, and the differ- inhibitor-2 (20-59)/(60-83) and thioredoxin (£73)/(74-
ences between the results were represented as the experit08) have also been shown to have specific interactiébs (
mental error. 48). However, most pairs are greater than 10 kD and some

The theoretical curve (eq 13) was fitted to the experimental of them consist of multiple domains. Furthermore, the mixing
data of the reconstituted domain by nonlinear least-squares
programs with varying anUStable paramet@rg, AHms, 2To determine the concentration, Alexander and co-workers used
and AC, 1. In the calculation, the parametefs, o, AHm2, the value of 1.32 as the UV absorbance at 280 nmafd mg/mL
andAC,, were fixed to the values which have been already sample 12). The molecular weight of [MEPGBL1 is calculated to be

; ; 138 6196.8 so that Alexander’s coefficient corresponds to 818@fb M
determined by CD meltlng measurements of PGB ) sample. By contrast, we used the value of 9530 for PGBL1 in this work,

as described above. The fitted curve (Figure 5, left) is nearly yhich has been calculated from the standard values of aromatic amino
superimposable on the experimental data, indicating that theacid residues (see text).
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Ficure 3: Folding/unfolding equilibrium of3-hairpin structure PGB1(4156): (a) CD spectra of PGB1(456) in 50 mM phosphate

buffer (pH 7.0) at 275 K (solid line) and 343 K (dashed line); (b) folded fractigbt-b&irpin structure of PGB1(4156) (thin line) calculated

by nonlinear least-squares method. A typical two-state model (eq 10) was used to fit the result of the CD melting experiment (thick line)
monitored at 230 nm at a constant heating rate 0.5 K/min from 275 to 363 K.
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Ficure 4: Typical data of DSC measurements. Thick and thin lines
represent a sample scan of the reconstituted domain and buffer scans . ‘ . . .
before and after the measurement, respectively. i 280 300 350 340 360 380

of these pairs often results in only partial regeneration of Temperature (K}

the original activity or spectrum. Therefore, to our knowl- FiGURE 5: Thermal transition of the reconstituted (left) and the

edge, PGB1(340) and PGB1(4156) are the smallest uncleaved (right) domains. Closed circles indicate DSC experi-
' . . mental data at a heating rate of 0.5 K/min. Sample concentrations
fragment pair to have been successfully reconstituted. were 1.42 and 0.82 mM, respectively, in 100 mM DMG buffer

Stability of the Reconstituted Domaifo characterize the  gqjution (pH 4.9 and 6.0) for the reconstituted and the uncleaved
thermodynamics of the association of the fragments, we first domains. Solid lines show theoretical curves best fitted by a
determined the values of the heat capacity, enthalpy, entropy nhonlinear least-squares method (see text in detail).
and Gibbs free energy changes from the folded state (NC)
to the fully unfolded state (N+ Cy) at standard state equal to that of subtilisin inhibitor-chymotrypsin system (30
conditions (298 K, 1 M). The values calculated from the kJ mol™) or cytochromet peroxidase-cytochromesystem
parameters of CD melting measurement at pH 4.9 (Table 1) (29 kJ mot™), one of weakest complexes of 43 protefro-
were AC, = 2.9 kJ K’ mol™%, AH =119 kJ mot?!, AS= tein binding systems summarized by StitdS)( SmallAG
307 J K1mol?, andAG = 28.1 kJ mot?. Positive values s reflected in the fractions of free (unbound) fragments. We
of AH and AS obviously indicate that the association was calculated the temperature dependence of the concentrations
driven by enthalpy and entropically unfavorable. Compared of the four components at equilibrium on the supposition
to other protein-protein binding systemgi9), AC,, AH, and that PGB1(+40) and PGB1(4156) were initially dissolved
AS of the reconstituted domain are larger than average at 1.0 mM each (Figure 6). The figure shows that the frac-
(ACpavg= 1.4+ 0.86 kJ Kt mol™1, AHaq = 36 £+ 57 kJ tions of the free fragments occupy 15% of total concentration
mol™%, andAS, g = —26 + 183 J K'* mol™1), while AG is at 298 K, and even at 273 K the fractions are not negli-
smaller AGayg = 44 + 10 kJ mof?). The reason for the  gible. This explains the gradual increases of heat capacity
large values oAC, and AH is discussed in a later section. and molar ellipticity at a low-temperature range observed in
The small value oAG of the reconstituted domain is almost DSC and CD melting measurements (Figures 2 and 4).
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Table 1: Thermodynamic Parameters for the Reconstituted Domain Consisting of P@B}(@nd PGB1(4156) and That for the Uncleaved
Wild Domain PGB1(1-56)

conc Tm,l AHmyl ACp,l vaz AHm,z ACp,z
proteins method pH (mM) (K) (kJ/mol) (kJ K™mol™?) (K) (kd/mol) (kI K~*mol™)
reconstituted domain DSC 4.9 1.42 319.8 114+ 5 3.2+ 0.3 301 20.4 0
PGB1(1-40) 5.9 0.78 313 0.9 131+ 5 2.1+ 0.4 301 20.4 0
+ CD melting 4.9 1.42 319 161 2.9 301 20.4 0
PGB1(41-56) 5.9 0.82 315 150 2.8 301 20.4 0
7.0 0.97 314 119 2.6 301 20.4 0
uncleaved domain
PGB1(1-56) DSC 6.0 0.82 354 0.1 270+ 0.5 2.7+ 0.3
[Mety]PGB1(1-56) DSC 5.4 361 253 2.9

aData for Met replacement mutant were taken from Alexandéy. (
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Ficure 6: Concentrations of each component in the folding/ . :
unfolding equilibrium of the reconstituted domain. The values were FiGURe 7: Temperature dependence of the change in enthalpy from

calculated by egs 1519 and the parameters in Table 1 on the g:)ensfglgteedd tgotrzgi#n\;%?:% :Itzitgtifpb The thin lines, the re-
assumption that PGB1{#40) and PGB1(4156) were initially ’ y
dissolved at 1.0 mM each. See text for the abbreviation of the AH(T) = AH, + AH,=AH,, + AC, (T~ Ty +

components. AHm12+ ACp,z(T _ Tmyz)

Folding Enthalpy of the Reconstituted and Uncled using the parameters in Table 1. The thick line, the uncleaved
Domains. For further evaluation of stability we should domain, was by
compare the reconstituted domain to the uncleaved domain AH(T) = AH,, + AC(T—T,)
using reasonable procedures. In many cases, stabilizing/ciosed and opened circles indicatélr, of the reconstituted and
destabilizing effects caused by mutations are representecthe uncleaved domains, respectively.
quantitatively as a value &AG. In this case, however, the
value of AG is inadequate to compare the stability because structure as that of the wild-type domain. It also indicates
the folding/unfolding equilibrium of the reconstituted domain that the various intramolecular noncovalent bonds that
is fundamentally a bimolecular reaction, whereas the un- stabilize the native structure, such as hydrophobic interactions
cleaved one is unimolecular. It is known that the value of and hydrogen bonds, are regenerated to the same extent in
AG in bimolecular reactions was not constant but variable, the reconstituted domain.
depending on definition of standard state (e.g., 1 mM instead In our previous paper2@), we investigated the resem-
of 1 M). Therefore we compared the valuesAdfl, which blance of the secondary structures between the reconstituted
is independent of the fragment concentration in both reac- and the uncleaved domains, deduced from the comparable
tions, to evaluate the stability of the reconstituted domain. CD spectra in far-UV region and the similar chemical shifts
In Figure 7 the thin and thick lines show the temperature of a protons in 1D-NMR. Additionally, we investigated the
dependence of the enthalpy changksl(T), of the recon- similarity of parts of the tertiary structures, deduced from
stituted and uncleaved domains, respectively. Most of the similar 2D-NMR spectra in the region from Titto Lys®.
thin lines of the reconstituted domain, calculated from the However, we did not determine the complete complex
set of parameters in Table 1, were almost superimposablestructure at atomic resolution, leaving the quantitative degree
to the thick line for the uncleaved domain. The averaged of reconstitution unclear. In other words, the previous results
values ofAH(T) for the reconstituted domain were close to could be interpreted with various explanations for the
that of the uncleaved domain, differing by less than 10 kJ physicochemical properties of the reconstituted domain. For
mol~! at any given temperature. This result indicates that example, a loosely condensed and partially folded complex
the two fragments in the reconstituted domain, PGBL1(1 or an entirely folded complex by induced-fit associations is
40) and PGB1(4%56), associate each other with sufficient a possible hypothesis. The former hypothesis is sometimes
interactions to assume that the domain folds into the sameused to explain globular proteins in a molten globule (MG)
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domain: (a) temperature dependence of the equilibrium constants

(b) temperature dependence of the effective concentration.

state b60), which is generally considered to be a kinetic
intermediate of the protein folding procedsl). The latter
explanation is often observed in ordinary proteprotein

Honda et al.

indicate that the interactions between segmentgi() and
(41-56) of the uncleaved domain can be considered equiv-
alent to the interactions of the corresponding fragments in
the reconstituted domain should concentrations be in the
1~10 M range. Although knowledge of the effective
concentration of “noncovalent” interactions is important for
understanding the contribution of entropic cooperativity to
protein stability 62), other than the “covalent” formation

of several cyclic compounds, little research has been done.
Whereas the effective concentration of cyclization of small
organic compounds was in the range of 10 1 M (53,

54), the values of disulfide bond formation of unfolded
proteins were £70 mM (55, 56. Our C* values of the
uncleaved domain indicate that the flexibility at the hinge
region 40-41 is much larger than the linking part of the
small organic compounds but smaller than that of the random
polypeptide.

Structure-Based Estimation of Thermodynamic Properties
of the Reconstituted DomaiBince Kauzmanrg(?) proposed
that the “hydrophobic effect” should provide a large driving
force for the folding process of proteins, many investigations

.of the relationship between the stability and the structure of

proteins have been carried out. Consequently, that there is a
close correlation between the thermodynamic properties and
the exposed solvent accessible surface areas during unfolding
(AASA) is generally acceptecb8—61). We recently have
been able to estimate the thermodynamic properties from

binding systems, such as a pair of antibody-hapten or recep-AASA with a considerable accuracyd, 62-64). Therefore,
tor-peptide hormones. Thermodynamic analysis has shownby estimating the thermodynamic properties from the values
that the degree of reconstitution is almost perfect and that of AASA we can gain insights into the folding energetics of

the physicochemical property of the reconstituted domain
should be considered comparable to ordinary pretpiotein
binding systems rather than globular proteins in MG state.
Evaluation of the Entropic Effect Contributing to the
Stability of the Reconstituted DomalRespective values of
AH(T) also indicate that the apparent instability of the
reconstituted domain >40° lower in Ty) is primarily

attributed to entropic disadvantage of a bimolecular reaction.

the reconstituted domain.

The values of the polar, aliphatic, and aromatic surfaces
of AASA of the uncleaved domain were determined to be
1638, 2133, and 534%Arespectively. From these values we
then calculated the heat capacity, enthalpy, and free energy
changes at 298 K using the empirical parameters of Ma-
khatadze and Privalo8R): AC, = 3.0 kJ K'* mol™%, AH
= 89 4 49 kJ mot?, andAG = 18 + 68 kJ mot™. These

In other words, the intramolecular free energy between the estimated values were in reasonable agreement with our

segment (+40) and (4%56) in the uncleaved domain is
promoted by the covalent connection401 as much as the
magnitude of the entropic effect from the level of the
intermolecular free energy between PGB14D) and (41

56) in the reconstituted domain. Since the folding/unfolding
equilibrium of the reconstituted domain is fundamentally a
bimolecular reaction;T, should differ depending on the
concentration of solutes so that the apparent instability is

measured data of the uncleaved domain, indicating the
reliability of such a structure-based estimation. We also
calculated the respective thermodynamic parameters of the
reconstituted domain while assuming that the fragments fold
to the same structure of corresponding segments as per the
wild-type domain. The polar, aliphatic, and aromati@SAs

of PGB1(1-40) were 987, 1244, and 184?Awhile those

of PGB1(41-56) were 303, 321, and 103?Arespectively.

also represented as a function of concentration. To compareFrom these values we obtainé&®C, = 1.5 kJ K'* mol™4,

the concentration-dependent stability of the reconstituted
domain to the independent stability of the uncleaved domain,
we used “effective concentration”. Effective concentration,
Ce", is defined as the ratio of equilibrium constants and is
often used to evaluate the entropic cooperativity of intramo-
lecular interactionsH?2). Cff for the uncleaved domain was

calculated by substituting egs 4, 12, 16, and 17 for eq 20.

K
K

K
K

inter __

Ceff —

(20)

intra wild

As shown in Figure 8Kyig andKecincreased from 10 to
1% with increasing temperature while t@s" decreased from
10 to 1 M (approximatel 6 M at 298 K).TheseC® values

AH = 50+ 30 kJ mol?, andAG = —111 4 54 kJ moi?

for PGB1(%+-40) andAC, = 0.4 kJ KT mol™, AH = 16 +

9 kJ mol?, andAG = —97 + 25 kJ mol* for PGB1(41-

56) at 298 K. The negative free energy of each fragment is
consistent with the observation that the individual fragment
has difficulty maintaining the same rigid structure as it exists
in the wild-type domain. Subtracting the sum of the frag-
ments’ AASAs from the AASA of the uncleaved domain,
the interface area between two fragments in the reconstituted
domain can be calculated and divided to the polar, aliphatic,
and aromatic areas: 349, 569, and 248%ince these areas
are buried within the interior of the domain, when two
fragments begin an association, the dehydration from the
areas surrounding the interface and the contacts between the
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FiGURE 9: Schematic drawings of PGB1 from front and side views. In the surface model (top), the molecular Siffaafeségments
(1—40) and (41-56) were respectively calculated with a probe radius of 1.4 A and colored blue and red. In the ribbon model (bottom), the

main chains of the segment(40) and (41-56) are shown as green and yellow, respectively. Their molecular surfaces are also represented
by dots. All drawings were produced by the program Insight97 (Molecular Simulations Inc, Waltham, MA) using the coordinate data from

PDB 1pga 11).

areas are essentially responsible for the intermolecular(68). Although there were some differences among the
interaction between the fragments. The energy of the models, the essential concept is common: a protein is
dehydration and the contact can be also estimated in the sameomposed of several kinetic components and folds hierarchi-
manner: AC, = 1.1 kJ K mol"t and AH = 23 &+ 10 kJ cally through the dynamic association between the compo-
mol~! at 298 K. These values are smaller than the observednents. In the diffusiorcollision model, the component called
data of the reconstituted domain, since the latter include microdomain 22), a fluctuating quasi-particle, folds quasi-
internal interactions within each fragment. That is to say, independently. The microdomain moves diffusively while
the total (or observed) heat capacity and enthalpy changeghe collisions between them take place. Collisions can lead
are represented by two terms, as follows: to coalescence into multi-microdomain intermediates, which
may give rise to the entire folding process.
AC, ops= AC jnter T AC (21)

p.obs ™ Analyzing the association of complementary fragments of
AHgps= AHipier 7 AHjnia (22) a small protein is a powerful and important approag$) (
to verify the models and investigate the folding mechanism
where the suffixesnter andintra represent the interchain  experimentally. Unfortunately, the thermodynamics of the
and intrachain interactions, respectively. Structure-basedassociation of complementary fragments have hampered
estimation indicates that approximately 35% of the total heat research, due to the low stability of the complex. Thus, our
capacity change and approximately 25% of the total enthalpyresults for the reconstituted domain composed of two
change can be attributed to interchain interaction betweencomplementary fragments are noteworthy. The almost com-
the fragments at 298 K. The average values of the 43 plete regeneration of the intramolecular noncovalent bonds
protein—protein binding systems described in the first section in the reconstituted domain prove that the fragments possess
of the discussion are closer in value to the estimated the same potential to fold as the native domain, although
interchain heat capacity and enthalpy changes than to thethe N-terminal fragment PGB1¢340) is not able to fold
total values obtained in our experiment. individually into a stable and rigid structure. The apparent
Implications to the Folding Mechanism of the Wild-Type instability of the reconstituted domain compared to the
Domain.In 1976, Karplus and Weaver discussed the dynam- uncleaved domain is primarily attributed to entropic disad-
ics of protein folding and proposed the diffusiecollision vantage in a bimolecular reaction. These findings strongly
model as a possible mechanis@?), Since then, several indicate that the segments{40) and (4156) act as a
different models have been proposed, such as the frameworknicrodomain in the native folding. The values of the heat
model @5), the clusters or embryos modebg), the capacity and enthalpy changes of the intermolecular interac-
nucleation-condensation mode6¢), and the foldon model  tion between the two fragments estimated from AASA

p,intra
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12. Alexander, P., Fahnestock, S., Lee, T., Orban, J., and Bryan,
P. (1992)Biochemistry 313597-3603.

of the interface area were similar to the averaged values of
ordinary proteir-protein systems. The results imply that the ) )
associating driving force for organizing microdomains is not 13'%b5a7“623_'*5¢'1%xa“der' P., and Bryan, P. (198itchemistry
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cleavage along the sequence of PGB1 and found that only 15. Alexander, P., Orban, J., and Bryan, P. (19B@chemistry
one pair, that is, PGB1{40) and (4156), showed a 31, 7243-7248.

specific interaction between the fragments. This supports the 16- Kuszewski, J., Clore, G. M., and Gronenborn, A. M. (1994)
contention that only this pair of fragments, not other pairs, 17 g:rtlf'gsﬁ" gﬁ’;l‘r’_}ggfzénd Roder, H. (19Fpchemistry
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folding. The effective concentration analysis suggests that 18. Kobayashi, N., Endo, S., and Munekata, E. (1983)t. Chem.
the collision between the microdomains, that is, segments 1992 278-280.

(1—40) and (41-56), would take place at certain frequencies 19. Blanco, F. J., Rivas, G., and Serrano, L. (1984}. Struct.
which are theoretically calculated from the virtual solution Biol. 1, 584-590.

of approximatg) 6 M fragments at 298 K.

In the structure-based estimation, the C-terminal short 21

[EEY

20. Blanco, F. J., Jimenez, M. A., Pineda, A., Rico, M., Santoro,
J., and Nieto, J. L. (1998iochemistry 336004-6014.
. Blanco, F. J., and Serrano, L. (199)r. J. Biochem. 230

fragment PGB1(4156) is somewhat more stable than 634—649.
PGB1(1-40), suggesting the possibility that segment{41 22-L|1<616rplus, M., and Weaver, D. L. (197&)ature 260 404~

56) folds prior to segment (340), thus acting as a nucleus : . :
in the folding process of the whole domain. This hypothesis 23 mﬁg{gts; I’E!\l(.’lggg;g?éssl_.’et: %Sergggﬂ'l’og_ edaira, H., and

is also supported by the discovery that a considerable amount 24_Gill, S. C., and von Hippel, P. H. (1988hal. Biochem. 182

of PGB1(41-56) folds into nativelikg3-hairpin structure at 319-326.

low temperaturesi@, 19. By drawing the structure of the 25. Honda, S., Ohashi, S., Morii, H., and Uedaira, H. (1991)
two segments separately (Figure 9), one notices that the side __ Biopolymers 31869-876.

surface of the columnar-shaped segment-{388) is sur-
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the main chain of the segment (4%6) is grasped by the
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