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ABSTRACT. The intermediate in the equilibrium unfolding of canine milk lysozyme induced by a denaturant

is known to be very stable with characteristics of the molten globule state. Furthermore, there are at least
two kinetic intermediates during refolding of this protein: a burst-phase (first) intermediate formed within
the dead time of stopped-flow measurements and a second intermediate that accumulates with a rate
constant of 22 8. To clarify the relationships of these intermediates with the equilibrium intermediate,
and also to characterize the structural changes of the protein during refolding, here we studied the kinetic
refolding reactions using stopped-flow circular dichroism at 10 different wavelengths and obtained the
circular dichroism spectra of the intermediates. Comparison of the circular dichroism spectra of the
intermediates, as well as the absence of observed kinetics in the refolding from the fully unfolded state
to the equilibrium intermediate, has demonstrated that the burst-phase intermediate is equivalent to the
equilibrium intermediate. The difference circular dichroism spectrum that represented changes from the
kinetic intermediate to the native state had characteristics of an exciton coupling band, indicating that
specific packing of tryptophan residues in this protein occurred in this phase. From these findings, we
propose a schematic model of the refolding of canine milk lysozyme that is consistent with the hierarchical
mechanism of protein folding.

Protein folding is the process by which one-dimensional called the “molten globule” state. It has also been shown
genetic information encoded as an amino acid sequence ighat the molten globule state accumulates at an early stage
translated into a specific, native tertiary structure that has of refolding, often within the dead time of a stopped-flow
biological activity in vivo. Protein folding is a fundamental apparatus (a few milliseconds), and that the protein subse-
process of biological phenomena, and hence, elucidation ofquently refolds to the native stat@)( It is suggested that
the mechanism of folding is an important issue of molecular the molten globule state is a general intermediate of protein
biology (1). folding (3—5). For this reason, precise characterization of

Since the 1970s, the folding pathways of proteins have the molten globule and its relationship with the folding
been studied extensively. Observation of an equilibrium intermediate is a fundamental strategy of experimental studies
unfolding intermediate and its possible relationship to the of protein folding.
intermediate of folding have been reported for many globular  canine milk lysozyme is a G&-binding c-type lysozyme
proteins. The equilibrium intermediate has common char- that contains 129 amino acid residues and has a molecular
acteristics among different globular proteins: (1) It has \ejght of 14 600, and a crystallographic study has shown
nativelike secondary structure. (2) The size of the molecule {4t the structure of this protein is very similar to those of
is compact with a radius 1B0% larger than that in the  gther lysozymes and-lactalbumin 6); hence, it is composed
native state. (3) The tight packing of side chains in the .o domains, am-domain and #-domain. Thex-domain
molecule is lost, but the tertiary fold of the main chain is mainly consists of foue-helices, and thé-domain is formed

partly retaineo!. The equilibrium intermediate may be a by a series of loops and three antiparafiestrands (see
common physical state of globular proteins, and is often Figure 6).
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the GdnHCl-induced unfolded state, there were at least two Expression and Purification of Canine Milk Lysozyrfike
kinetic intermediates observed; a burst-phase (first) inter- expression and purification of recombinant canine milk
mediate accumulated within 4 ms, that is, the dead time of lysozyme were performed as described previouS8ly In
the measurement, and a second intermediate was observedddition to these previously described protocols, we used
during the kinetics with a rate constant of-180 s! after the following protocols to purify and refold the protein. The
the burst phaseg}. The second intermediate has so far been inclusion bodies expressed Escherichia colicells were
observed only in canine milk lysozyme, and the other suspendecdii6 M GdnHCI containing 50 mM Tris-HCI (pH
lysozymes andi-lactalbumin are known to accumulate only  8.0), 1 mM ethylenediaminetetraacetic acid (EDTA), and 0.1
the burst-phase intermediate during kinetic refolding. The M dithiothreitol (DTT), and kept at room temperature
molten globule state in these other proteins observed in theovernight. The unsolubilized debris was removed by cen-
equilibrium GdnHCIl-induced unfolding is known to be trifugation, and the solubilized protein was partially purified
identical with the burst-phase intermediat@s9g). Thus, it by gel filtration on a column of Sephacryl S-106 60 mm
is interesting to investigate which intermediate, the burst- x 870 mm) equilibrated with an equilibration buffer [50 mM
phase or second intermediate, corresponds to the equilibriumTris-HCI, 1 mM EDTA, 7 M urea, 3.5 M LiC}, and 1 mM
intermediate, and what structural changes are observed inDTT (pH 8.0)]. The fractions containing lysozyme were
every phase in the refolding of canine lysozyme from the pooled and used for refolding.
fully unfolded to the native state. Because the characteristics The refolding of the canine lysozyme that had been
of the intermediates observed in canine milk lysozyme are partially purified by gel filtration was carried out using gel
distinctive among those in the lysozyme amdactaloumin  filtration chromatography. The protein was first dialyzed
family, the characterization of the folding reaction of canine against 0.1 M acetic acid and precipitated. The precipitate
milk lysozyme may provide a key to understanding possible was collected by centrifugation, and resolubilized in 6 M
general folding mechanisms of the proteins in this family. GdnHCI, 0.1 M acetic acid, and 1 mM DTT. The solubilized
In this study, we have investigated the kinetic refolding protein was refolded by applying the solution to a column
of recombinant canine milk lysozyme by means of circular of Sephacryl S-1004 50 mmx 870 mm) equilibrated with
dichroism (CD) at 10 different wavelengths with a stopped- the refolding buffer [3 mM reduced glutathione, 0.3 mM
flow technique, and obtained the CD spectra of the burst- oxidized glutathione, 50 mM Tris-HCI, and 1 mM CacCl
phase and second kinetic intermediates observed during th€pH 8.0)]. The fractions containing bacteriolytic activity were
refolding process. From a comparison of the spectrum of collected and dialyzed against 20 mM 4-(2-hydroxyethyl)-
the pure equilibrium intermediate with those of the two 1-piperazineethanesulfonic acid (HEPES) buffer with 1 mM
kinetic intermediates, and also from the rapidity of the CD CaClb at pH 7.0.
change from the unfolded state to the equilibrium intermedi-  The refolded protein was further purified with an SP-
ate, it is found that the burst-phase intermediate is equivalentSepharose FF columi,(26.4 mmx 460 mm) equilibrated
to the equilibrium unfolding intermediate. The kinetic with 20 mM HEPES buffer (pH 7.0) that contained 1 mM
difference CD spectra between the second intermediate andCaCb. The protein was eluted from the column with a linear
the final native state indicated an exciton contribution of gradient of NaCl from 0 to 0.3 M (4 column volumes). The
adjacent tryptophan residues in the peptide CD region, fractions containing the protein were collected and applied
suggesting that the specific tight packing of the tryptophan to a reverse-phase high-performance liquid chromatography

residues may take place at the final stage of refolding of the (HPLC) Octadecyl 4-PW columnp( 55 mm x 200 mm)

protein.

MATERIALS AND METHODS

ReagentsGdnHCI was of specially prepared reagent grade

and was obtained from Nacalai Tesque, Inc. (Kyoto, Japan).

All other chemicals were of guaranteed reagent grade. The N )
1 of Each StateEquilibrium CD spectra were measured using

concentration of GdnHCI was determined by an Atago 3
refractometer using the following equatioh0j:

[GAnHCI] = 57.147AN) + 38.68(AN)? — 91.60AN)?

whereAN and [GdnHCI] are the refractive index increment
at 25°C and the concentration of GAnHCI, respectively. The
concentration of canine milk lysozyme was determined
spectrophotometrically at 280 nm with an extinction coef-

ficient of Ej" = 23.2 (L1).

1 Abbreviations: CD, circular dichroism; DHFR, dihydrofolate
reductase; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid;
GdnHCI, guanidine hydrochloride; HEPES, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; HPLC, high-performance liquid chro-
matography; |, equilibrium unfolding intermediate;.d, burst-phase
intermediate; &cona SECONd Kinetic intermediate; N, native state; NMR,
nuclear magnetic resonance; TFA, trifluoroacetic acid; U, unfolded state

(Tosoh Co., Tokyo, Japan) at room temperature with a
gradient of acetonitrile from 32 to 37% in 125 min using

0.1% trifluoroacetic acid (TFA) in distilled water and 0.07%

TFA in acetonitrile. The fractions that contained the purified

protein were collected and lyophilized.

Equilibrium Experiments and Calculation of the Fraction

a Jasco J-720 spectropolarimeter. Samples were prepared in
50 mM sodium cacodylate buffer (pH 7.0) that contained
50 mM NaCl, 1 mM CaCl, and the indicated concentrations

of GdnHCI. The path lengths of optical cuvettes were 2.0
and 10.0 mm for the far- and near-ultraviolet (UV) CD
measurements, respectively. The temperature of the cuvette
was controlled at 28C by circulating water. The concentra-
tion of lysozyme was 5:55.6 uM.

The fractions of three stat§she native statefj(c)], the
intermediate statefi[c)], and the unfolded statdfc)]} of
canine milk lysozyme, equine milk lysozyme, and bovine
o-lactalbumin were calculated by the following formula:

fy(c) =
1
. 14 exp[-(AG® — myO)/RT] + exp[—(AGY: — my,c)/RT]
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fi(c) = (a)
exp[—(AGH;° — my0)/RT]
1+ exp[-(AGR® — myO)/RT] + exp[—(AGZY — my,)/RT]

fulc) =

exp[—(AGY — my,0)/RT]
1+ exp[-(AGK° — my0)/RT] + exp[-(AGR — my,c)/RT]
1)

where AG® and AG®°® are the free energy changes
between the native (N) and the intermediate () state and
between N and the unfolded (U) state @ M GdnHCI,
respectively, andny, and myy represent the cooperativity
indices of the transitions. For the calculations, we used the
values of the free energy changes and the cooperativity
indices reported previoush8(9, 12). ®) 1
Kinetic ExperimentsKinetic far-UV CD measurements
were carried out using a stopped-flow apparatus (specially
designed and constructed by Unisoku Co., Ltd., Osaka, 0.8
Japan) installed in the cell compartment of the Jasco J-720
spectropolarimeter2j. All kinetics were measured in the

fraction

presence of 50 mM sodium cacodylate, 50 mM NaCl, and 1 g %1 ]
mM CaCl, at pH 7.0. The temperature was controlled at 25 3
°C by circulating water. The reactions were initiated by S oal ]

mixing the protein solution with buffers at various concentra-
tions of GAnHCI. The mixing ratio of the protein solution
to the buffer was 1:10.4. The path lengths of the optical cell 02|
were 3.8 and 1.0 mm for the refolding and unfolding
measurements, respectively. The dead times of the refolding

and unfolding measurements were 25 and 15 ms, respec- 00 L 2 3 4 5 s 7 e
tively. The final concentration of the protein was 4@3
uM.
The observed kinetic curves were fitted to the following 1
: . . © .
equation by the nonlinear least-squares method:
Alt) =A, + zAi exp(—kit) (2) 08| 1
, |
whereA(t) andA. are the signal values at timend infinite 06 L ]

time, respectively, and\ and k are the amplitude and
apparent rate constant of phaseespectively. In the analysis I
of the kinetic refolding curves, we performed global fitting 0.4 |
using Sigmaplot 8 (Systat Software Inc., Richmond, CA), [
in which the 10 kinetic curves at different wavelengths were

fitted simultaneously. The kinetics were biphasic, so the 02
fitting variables werek;, ky, and 10 sets of., A;, andA,.

fraction

ol ? '
RESULTS 0o 1 2 3 4 5 6 7 8

Equilibrium Measurementg&igure 1a shows the fractions [GdnHCI] (M)
of the native (N), intermediate (I), and unfolded (U) states Ficure 1: GdnHCI dependence of the fraction of the native (N,

of canine milk lysozyme as a function of GdnHCI at 1.0 thin solid line), the intermediate (I, thick solid line), and the

mM CaCb at pH 7.0 and 25°C. These fractions were unfolded (U, dashed line) states of (a) canine milk lysozyme, (b)
) : equine milk lysozyme, and (c) bovirelactalbumin. The fraction

calculf?lted fror.n. the thermodynamlc _parametgrs of the of each state is calculated using the equilibrium unfolding parameter
unfolding transition of the protein previously estimated by values reported previously(9, 11).

CD and fluorescence measuremer@s The midpoints of

the unfolding transitions from N to | and from | to U are In both proteins, however, the GdnHCI concentration and
observed at GdnHCI concentrations of 2.9 and 4.9 M, the percent fraction of the intermediate at which the
respectively, and the | state is most prevalent (84%) at 3.85intermediate is maximally populated are both lower than
M GdnHCI. Equine milk lysozyme and bovirelactalbumin those of canine lysozyme: 3.34 M GdnHCI and 69% for
also undergo the three-state equilibrium unfolding transition equine lysozyme and 3.17 M GdnHCI and 8.9% for bovine
in GdnHCI under similar experimental conditior$ (L2). o-lactalbumin (Figure 1b,c).
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Ficure 2: CD spectra of canine lysozyme in (a) the far-UV and time (s)
(b) near-UV regions. The spectra of lysozyme in the native (0 M
GdnHCI; thin solid line), intermediate (3.85 M GdnHCI; thick solid (<) o
line), and unfolded (7.14 M GdnHCI; broken line) states are shown. i
The dotted line in panel a represents the spectrum of the pure [
intermediate state at 3.85 M GdnHCI calculated from the observed A

-2,000
spectra at GdnHCI concentrations of 0, 3.85, and 7.14 M (see the I
text). Empty squares show the ellipticity values for the burst-phase
intermediate, and filled circles show the ellipticity values of the

second kinetic intermediate. -4,000 i

Figure 2 shows the CD spectra of canine lysozyme at O,
3.85, and 7.14 M GdnHCI with 1.0 mM CagCat pH 7.0
and 25°C. The spectra in the N state@M GdnHCI and in
the U state at 7.14 M GdnHCI are in good agreement with 8000
those previously reported). The far-UV CD spectrum at ’
3.85 M GdnHCI exhibits a large negative ellipticity from I
215 to 230 nm. This result is consistent with the presence 10.000 w L L .
of a-helical secondary structures in the | state. The near- o 2 4 6 8 10
UV CD spectrum at 3.85 M GdnHCI shows small positive time (s)
peaks at 289 and 295 nm and a shoulder at 280 nm, althouglFicure 3: Kinetic refolding curves of canine lysozyme measured
these peaks and the shoulder are less pronounced than thod® far-UV CD at (a) 220 and (b) 232.5 nm. The reaction was

; o ; -~ iNitiated by a GAnHCI concentration jump from 7 to 0.61 M. Thick
observed in the N state. Thus, the specific tertiary packing solid lines represent the theoretical curves fitted to two exponentials

structures of aromatic side chains may be partly retained in .y jated by the global fitting. (c) A kinetic unfolding curve of
the | state. canine lysozyme measured by far-UV CD at 220 nm. The reaction
Kinetic Folding and Unfolding ReactionBanels a and b was initiated by a GdnHCI concentration jump from O to 7.66 M.
of Figure 3 show the refolding curves measured by stopped- The thick solid line represents the theoretical curve fitted to one
flow CD experiments at 220 and 232.5 nm. The refolding exponential calculated by the nonlinear least-squares method.
reaction of lysozyme was induced by a GdnHCI concentra- zero are much lower (i.e., the intensities are much larger)
tion jump from 7 to 0.61 M by the stopped-flow mixing than those of the U state (see Figure 2a), indicating that there
technique, and the resultant kinetics were observed by rapidmust be a burst phase occurring within the dead time of the
CD measurements. The ellipticity values extrapolated to time stopped-flow instrument (25 ms). The observed kinetics are

-6,000

[ 81, (e em®dmol ™)
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Table 1: Amplitudes of the Two Phases in Refolding of Canine 3,000
Milk Lysozyme
AP (deg AP (deg = 3,500
wavelength A2 (deg cn? dmol?) cn? dmol?) k= '
(nm) cmedmoll) (k=22+2s?1) (k,=0.53+0.025s?) g
215 —8863.3 900G+ 200 —610+ 20 g 4,000
217.5 —8724.5 100Gt 200 —590+ 20 vﬁ
220 —8710.0 110Gt 200 —480+ 20 b
222 —8551.2 700+ 200 —510+ 20 —* 4,500
225 —8499.9 300t 100 —210+ 20 ©
227.5 —8349.5 130Gt 200 210+ 20 =
230 —7894.7 600+ 200 820+ 20 3,000
2325~ —7072.2 1200k 200 12504 20 o5
235 —4444.8 500+ 100 810+ 20 ' 2 4 6 8 10 4
240 —1403.9 300+ 100 204+ 20 . s ]
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aThe values ofA. shown above were obtained by the nonlinear Time ()
me (S

least-squares method at individual wavelengths, and then the values
were fixed during the global nonlinear least-squares fitting of the FIGure 4: CD ellipticity at 232.5 nm as a function of time when
parameters (the two rate constants common at every wavelength, andhe refolding of canine lysozyme was carried out by a GdnHCI
the two amplitudes at each wavelengthThe parameter values and  concentration jump from 7.0 to 3.85 M. The absence of the observed
their standard errors are shown. kinetics indicates that the CD change from the unfolded state to
the intermediate state occurs suddenly within the dead time of the

. . . . _measurement. The inset of the figure shows the curve in the
biphasic, as represented by two exponential terms UsiNgexpanded scale.

nonlinear least-squares calculation, suggesting that there must
be a second kinetic intermediateefbnd in addition to the  CD (see panels a and b of Figure 3). The ellipticity values
burst-phase (first) intermediate, (L) during refolding of the of lpust [i.€., Aw + A1 + Ay (O)] and those of dcond
protein. In the measurement at 220 nm, the overshoot of theextrapolated to time zero [i.eA. + A, (®)] are shown in
ellipticity was observed in the first observable phase of the Figure 2a.
biphasic kinetics, and then the ellipticity increased to the e also calculated the spectrum of the pure | state at 3.85
value of the N state in the second observable phase. Thes& GdnHCI from the experimentally observed spectra at
processes were also seen in the kinetic refolding measureGdnHCI concentrations of 0, 3.85, and 7.14 M. We first
ment of the protein using CD at 222 nn8)( In the  assume that the ellipticity at wavelengttpbserved in the
measurement at 232.5 nm, however, there was no overshoogquilibrium unfolding measurementad,{1)] is the sum of
in the first phase, and a biphasic process with decreasingcontributions from the pure N, I, and U staté(1), A (1),
ellipticity was observed. The rate constants of the two phasesand Ay(1), respectively]
were calculated by global fitting of the 10 kinetic curves at
different wavelengths (see below), and they were as fol-
lows: k; =22+ 2 standk, = 0.53+ 0.02 s
We also assessed the unfolding reaction of the protein
using the stopped-flow CD apparatus, and Figure 3c shows
a typical unfolding curve, in which the unfolding reaction
was initiated by a jump in GdnHCI concentration from 0 to
7.66 M. As a result, 80% of the total ellipticity change
expected from the equilibrium unfolding curve was kineti-
cally observed. The change was represented as a single-
exponential process, and its rate constaagualed 1.06t
0.09 st Twenty percent of the total ellipticity change
occurred within the dead time of the stopped-flow apparatus
(15 ms). This may have been due to the presence of a bursHere, we take the observed ellipticity values at wavelength
phase in the unfolding kinetics, or the CD change causedl at 0 and 7.14 M GdnHCI to bedy(4) and Au(A),
by a change in the solvent condition. respectively. The spectrum thus obtained is shown in Figure
CD Spectra ofustand kecons @nd Their Relationship with  2a (dotted line). The spectrum is more similar to the spectrum
the Equilibrium | StateTo obtain CD spectra of the two  of I, than to the spectrum ofsdons SUggesting the
kinetic intermediatesplstand kecond that accumulated during  equivalence ofghstand 1.
the refolding reaction, we assessed the refolding reactions To further investigate which intermediat@yrd: Or lsecond
of canine lysozyme using CD at 10 different wavelengths is equivalent to the | state, the refolding reaction from the U
from 215 to 240 nm. All of the observed curves were state to the | state was investigated by the stopped-flow CD
biphasic and analyzed by nonlinear least-squares calculations(Figure 4). The reaction was induced by a GdnHCI concen-
We performed a global fitting in which the 10 kinetic curves tration jump from 7.0 to 3.85 M. Eighty-four percent of the
at different wavelengths were fitted simultaneously, and protein molecules are in the | state at 3.85 M GdnHCI (Figure
obtained the two rate constants shown above. The amplitudesl). The ellipticity change at 232.5 nm was complete within
of the two exponential terms are given in Table 1. At all the dead time of the stopped-flow instrument, and no change
wavelengths, the theoretical curves calculated from the globalwas observed in the time range up to 331 s after the reaction
fitting represented well the experimental data measured by started. This result thus further supports the possibility that

Aopdt) = iAW) + FAR) + fuAL(A) ®3)

wherefy, fi, andfy are the fractions of the N, |, and U states,
respectively, at 3.85 M GdnHCI, and these values were
theoretically calculated from the equilibrium unfolding
parameters obtained previously (Figure &g; Thus,A/(4)

can be calculated by the following formula:

A) — AyA)fy — A(Df
Aty = o) AN(ﬁ)N ADL
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- . FIGURe 6: Schematic representation of the three-dimensional
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s ".. as space filling diagrams. This figure was prepared with MOLMOL
2 000 f Y ] (27).
2,000 [ 'q‘ b mediates observed in other proteins in the lysozyme and
‘.-D o-lactalbumin family 6—8). Furthermore, there are at least
3,000 s N LA . two kinetic intermediates during the refolding of canine
210 215 220 225 230 235 240 245 lysozyme: the burst-phase (first) intermediatg.§ and the
wavelength (nm) second kinetic intermediates{lon) that accumulates after

FiGUrRe 5: (a) Kinetic difference CD spectrum of the refolding of  the burst phase8]. However, the structural characteristics
canine lysozyme fromylis;to Isecond(—O—). (b) Kinetic difference  of |, and kecongremain poorly understood. In this study,
CD spectrum of the refolding of canine lysozyme frogdnito N we assessed the kinetic refolding reactions using CD

at 0.61 M GdnHCl at pH 7.0 and 2& (—O—). The error bars are . .
the standard errors obtained by the nonlinier least-squares methodSPECtroscopy at 10 different wavelengths, and obtained the

The kinetic difference CD spectrum of the refolding of equine CD spectra of dust and kecona Comparison of these CD
lysozyme from the burst-phase intermediate to the native state isspectra with the spectrum calculated for the pure | state, as
also shown (-&---). The data were calculated from the spectra \ye|| as the sudden CD change in the refolding from the
reported previouslyq). unfolded (U) state to the I state, indicates thafsl is

. . . . equivalent to the | state.

the | state is formed rapidly within the dead time, and hence, qPossibIe Origins of the Kinetic Difference CD Spectra
the | state is equivalent s The kinetic CD spectra represent changes in the structure of

Kinetic Difference CD Spectralhe twp—exponential fit canine milk lysozyme in every kinetic phase. In the phase
of the refolding curves measured at 10 different Wavelengths:from loust 10 lsecona the ellipticity of each wavelength

provides kinetic difference CD spectra for the phase from decreased, suggesting an increase in secondary structure

Ib.“’St 10 lsecona and for the phase fromsetf’”d to N. The ._content. In the difference spectrum between N agngk
difference spectra are related to fractional chaqges n positive and negative bands with an isoellipticity point around
secondary and/or tertiary structure components, which MaY 556 nm were observed. This kind of difference spectrum
occur during the kinetic phases. The difference spectra forWas previously observed in the first phase of refolding of
the phase fromlist10 lsecong@nd for the phase fromekondto dihydrofolate reductase (DHFR), and it is known to be caused
N are given by the wavelength dependence of the amplitudes,by exciton coupling of a pair of,tryptophan residues, Trp47
—Ac and —A,, respectively. The difference spectra thus g Trp74, involved in the exciton pair in DHFR3, i4).
obtained are shown in.Figure > The_phase.frg;;.g[.to lsecona The differénce spectrum of DHFR also had positive and
S.hOWS an increase in the negative . _elllptlcmes. In. the negative bands with an isoellipticity point around 226 nm,
difference spectrum fromdeonato N, positive and negative \iyh intensities similar to those observed here. It is thus likely
bands centered around 226 nm were observed. that the difference spectrum between N anghlfor canine
lysozyme is also caused by the exciton coupling of a pair of
DISCUSSION adjusted tryptophan residues. In fact, when we look at the
Relationship between the Kinetic Intermediates and the structure of canine lysozyme obtained from X-ray crystal-
Equilibrium IntermediateThe unfolding intermediate (I) of  lography, there exist two such pairs of tryptophan residues
recombinant canine milk lysozyme observed in the equilib- whose side chains are close to each other (Trp63 and Trp64,
rium unfolding induced by heat or GAnHCI is remarkably and Trp28 and Trp108) (see Figure 6). Therefore, the phase
more stable and more structured than the unfolding inter- from lsecongt0 N may represent the specific packing of one
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or both of these pairs of tryptophan residues, which leads toour observations, they observed only single-exponential
the exciton coupling CD bands. However, because the kinetics with a rate constaktof 4.7 st after the burst phase.
intensities of the two bands are not equal to each other, thereThere are some differences between their experimental
may be some other contributions to the difference spectrum.conditions and ours. First, they measured the kinetics in 10
In the refolding reaction of equine lysozyme, the burst- mM Tris, 80 mM NaCl, and 10 mM Caght pH 7.5. On
phase intermediate was also equivalent to the equilibrium the other hand, we measured the kinetics in 50 mM sodium
unfolding intermediate, but no other kinetic intermediate was cacodylate buffer (pH 7.0) that contained 50 mM NaCl and
observed after the burst phas®).(When we compare the 1 mM CaCh. The differences in the concentrations of NaCl
amino acid sequences of equine and canine lysozyme,and calcium ion may have caused changes in the CD spectral
however, the positions of tryptophan residues are perfectly properties and/or the stabilities of the intermediates. As a
preserved. We thus calculated the difference spectrumconsequence, the difference in ellipticity betwegmand
between the native state and the burst-phase intermediatésecond@t 225 nm might have been smaller than that in our
from the spectra of these states of equine lysozyme reportedneasurements such that Van Dael and colleagues could not
previously Q). The difference spectrum thus obtained detect lecona Second, they used authentic canine milk
resembles that of the canine protein between N anghd lysozyme purified from fresh canine milk instead of recom-
[Figure 5b ()]. This result is thus consistent with the notion binant canine milk lysozyme expresseddncoli cells, which
that this type of difference spectrum may arise from an possesses an extra methionine residue at the amino terminus.
exciton pair of adjusted tryptophan residues, and the burst-The presence or absence of the methionine residue might
phase intermediate of the equine protein may correspond toaffect the refolding kinetics of the protein, although it has
IsecondOf the canine protein. been shown that this does not influence the refolding kinetics
Morozova-Roche et al.16) also studied the refolding in o-lactalbumin (8, 19).
kinetics of equine lysozyme using hydrogen exchange pulse There are certain proteins in which a second kinetic
labeling experiments coupled with nuclear magnetic reso- intermediate is observed after a burst-phase intermediate in
nance (NMR) spectroscopy and stopped-flow optical meth- the refolding process. In the kinetic refolding of apomyo-
ods. In their results, the rate constant of the kinetic phaseglobin, two intermediates, la and Ib, accumulate, and the
observed at 225 nm in the far-UV CD is similar to that of anion-induced, more-structured molten globule state observed
the C-helix protection kinetics. Moreover, the slow phase at equilibrium may be related to the late intermediate, Ib
of the biphasic kinetics of refolding, as monitored by the (20). In hen lysozyme, no equilibrium molten globule state
protection of the Trp108 peptide amide and indole NH Iis detected under most conditions. However, in the refolding
protons, was characterized by rate constants in the sameprocess, there exist a number of kinetic intermediates. This
range observed here. It has been shown that Trp108 and otheprotein folds on both fast and slow tracks at pH 5.2 and 20
aromatic residues from the A-, B-, and D-helix cluster make °C, and two distinct folding intermediates are observed on
contacts with the C-helix1). They have thus concluded the slow folding track. These are the burst-phase intermediate
that the structural rearrangements in the core area occur aénd a late-folding intermediate{domain intermediate) that
the final phase of refolding, bringing aromatic residues and accumulates maximally at 100 ms of refolding and shows
Trp108 in particular from non-native into nativelike confor-  Significant hydrogen exchange protection in thelomain
mations. When we take into account these results as well as(21, 22). The burst-phase intermediate may be consistent with
the results presented here, the Trpd8p108 pair might be  the burst-phase molten globule state observed-lactal-
a candidate contributing to the exciton coupling band in the bumin @3). The late-folding intermediate, having the
far-UV CD spectra. characteristics of the molten globule state, is more structured
A Scheme of the Refolding of Canine Milk Lysozyfe. than the burst-phase intermedis2d)( The refolding process
schematic representation of the refolding of canine milk Of canine lysozyme and those for the other proteins described

lysozyme can be given by above are consistent with a hierarchical model of protein
folding; i.e., the existence of two distinctive energetic barriers
phase 1 phase 2 phase 3 along the pathway for formation of the native state from the

U burst lsecond N burst-phase intermediate may account for the accumulation

of a more structured late kinetic intermediate that is produc-

In the refolding, the burst-phase intermediatg.{ whose tive and placed along the folding pathwa3A4{-26).
structure resembles that of the equilibrium intermediate
accumulates within the dead time of the stopped-flow ACKNOWLEDGMENT
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