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Refolding of lysozyme by quasistatic and direct dilution reaction paths: A first-order-like
state transition
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A first-order-like state transition model is considered to be a global reaction mechanism to directly folded
proteins from an unfolded state to its native form. In order to verify the general applicability of this mecha-
nism, we used lysozyme as a model protein. It was fully unfolded by 4.5 M urea, 0.1 M dithiotREZTtd)
in pH 3 and refolded to its native form by way of an overcritical reaction gathuasistatic proceger directly
crossing transition boundary pata directly dilution process In addition to the two states coexisting in the
direct folding path, lyzosyme might be trapped in a glassy state. However, it can escape from the glassy state
by concentration twice. This indicates the existence of a state transition line or boundary in the direct folding
reaction. However, lysozyme can continuously fold from unfolded to native by an overcritical reaction path.
During the overcritical path, four stable folding intermediates and native lysozyme were obtained. The sec-
ondary structures, particle size distributions, thermal stabilities, and oxidation state of disulfide bonds of
folding intermediates were analyzed by circular dichroism spectra, dynamic light scattering, differential scan-
ning calorimetry, and Raman spectra, respectively. According to the data, the intermediates of both the over-
critical reaction and the direct crossing transition boundary paths can be described by a common concept
pertaining to a model that undergoes collapse, sequential, and first-order-like state transition. This indicated
that protein folding by way of different reaction paths might follow a similar folding mechanism—i.e., a
mechanism of overcritical folding of intermediates. A protein folding reaction diagram is postulated and
discussed. In spite of a global interaction mechanismattelix is formed prior to the3-sheet, which may
indicate that protein folding is initiated by local interactions.
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[. INTRODUCTION determined by the various folding transition boundaries in-
trinsic to the specific protein. When the transition line or
egion of a protein is so limited that the unfolded protein will
Bcome folded to its native form without going through the
dransitional states, then this process is called a spontaneous
'falding. We previously proposed that a general first-order-

T like state transition model could encompass both processes
to distinguish from the commonly accepted “first-order phas‘?/vithout any conflicts{1]. In this general model part of the

Ergnsition" for general ma_terinals, we ado_pt. the Iangua_geprotein aggregates by crossing a state transition line or
fwsy—order—hkc_a state transition” when de;cnbmg the_protem boundary directly. However, if the transition boundary is fi-
folding-unfolding state changes and their moddls A first- ite and limited, we may design an overcritical folding path

order phase-state transition is a transition that has a limite teered away from such boundary and fold the protein with-
“state_ transition line.” A_pha_se-state change can occur_b)éut trapping it in an aggregated stie-3,d. Therefore, the

crossing the state transition line. It can also occur by routmqolding path may not be unique. We also found that some of
through an undefined “overcritical region’—i.e., reachmgthe intermediates, following an overcritical path, have char-

"’.‘”Other sta'tt'a but kgeplng.away frp m defined s}ate tra_ns't'ogcteristics consistent with those of Ptitsyn’s postulates of a
line and critical point. This path is called an “overcritical

. hI21. The ai ¢ thi . dv th “molten globule state]1-3,6,7, that they possess secondary
reaction pat [2]. he aim of this paper Is to study the structures, have melting temperatures when heated, and are
mechanism of protein folding and the applicability of a glo-

: L7 tructurally diff tf th ti d unfolded proteins.
bal model that we previously proposgh-3] by extending it Siructuraly ciiterent from e native anc uniolded proteins

d verifving it b h in | Due to the lack of long-range order, some proteins do not
FO an vgr!fy|ng '.t y yet another common protein, lysozyme, g,y gistinct melting behavior when heated as is in the case
in an acidic environment.

. . of glasses. They are, therefore, denoted as in a glassy state.
Protein folding may follow a spontaneous procpgsor a g y dgassy

) . . The definition of a “molten globule state” differs somewhat
reaction-path-directed proceean overcritical processsl, iy yarious studieg7-9). We follow that of Ptitsyn and use

his term “highly ordered molten globulg7] to describe a
“nativelike fold” which contains both tertiary and secondary
*Corresponding author. FAX: 886-3-863-3690. Electronic ad-structures. The folding of the intermediates follows that of a

A protein can exist in two distinct states, a fold@htive)
state and an unfolded state, analogous to the two phases o
material. The two states may also coexist, just as many m
terials have coexisting phases. In between the two states
protein may possess many intermediate stgteg. In order

dress: chiaching@mail.ndhu.edu.tw sequential model in which the secondary structure is formed
TCorresponding author. FAX: 886-2-2788-4184. Electronic ad-prior to the tertiarny[10]. However, by comparing the particle
dress: Iskan@chem.sinica.edu.tw size distributions of the intermediates, the unfolded and the
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native proteins, one may also see that the protein shrinks  TABLE I. Chemical compositions of refolding buffers.
rapidly in the beginning of a folding process, consistent with

a collapse mode11]. Phosphate
The first-order-like state transition theory was success- buffer Urea DTT Mannitol Pefabloc.
fully applied to the refolding of growth hormone bearing (mM)  pH (M) (mM) (%) (uM)

a-helix and metallothionein, a metal binding protein in an

alkaline environmenf1-3,§. In order to expand the gener- Folding buffer 1 10 8 2 01 0.1 0.5

ality of the above theory, we now examine the refolding ofFOlding buffer 2 10 s 1 01 01 0.5

lysozyme that contains botf-helix and 3-sheet[12-15 in  Folding buffer 3 10 3 01 01 0.5

acidic conditions. Folding buffer 4 10 5 0.1 0.1 0.5
In this study, lysozyme was unfolded completely by ureaFolding buffer 5 10 5 0.1 0.5

(4.5 M) in an acidic buffer. Two pairs of disulfide bonds of (the native buffer
cysteines were reduced into SH form by DTOI'1 M). When
folding via an overcritical reaction path, the cysteines were
gradually oxidized by air and the concentration of urea wastudy. Their compositions are summarized in Table I. Thus,
eventually removed by a three-step dialysis. The lysozyméhe folding buffers dialyzed away the urea and mannitol in
was refolded into its native form after the urea was removedhe denaturing-unfolding buffer. In the meantime, thid
completely and thggH was changed to 5. All the intermedi- value was raised from an acidic to a neutral range. The in-
ates involved in the above path are in a rigid and highlytermediatesM;, My, M3, My, and Ms denoted are stable
ordered molten globule stafg]. On the other hand, when intermediates in the solvent environments expressed in Table
the lysozyme is folded directly across the transition boundi-
ary, it was trapped into a mixed glassy state containing re-
duced cystein€éSH) and oxidized cystin€SS). This interme-
diate therein can escape from the glassy state and change to
the molten globule state by concentrating the lysozyme with Unfolded lysozymegU) was obtained by treating natural
a semipermeable membrane device Micro¢eae experi- lysozyme with denaturing-unfolding buffer to make it
mental sectiopwith a molecular weight cutoffMWCO) of 10 mg/ml in concentration. This solution was left at room
10000 g/mol. According to our observations, we concludedemperature for 1 h and then was centrifuged at 4000 g for
that lysozyme folding is consistent with a first-order-like 30 min to remove the undissolved residue. The folding pro-
state transition moddll]. Although the intermediates from cesses were accomplished by two methods. One was a direct
different reaction paths may present different characteristicgjilution of unfolded lysozyme into 100-fold native buffer,
they are consistent with both collapse and sequential modelgsiixed well at ambient temperature. The concentration of
This indicates that the intermediates involved in either patturea, in this mixed solution, was 45 mM and tpe value
may follow the same first-order-like state transition folding was 5 after this direct dilution process. Lysozyme, which was
mechanism. trapped in a glassy statg), was concentrated two fold by a

As for local interactions, we observed thathelix is  semipermeable membrane device MicrocgMillipore
formed prior to theB sheet in the overcritical refolding in- Corp., Billerica, MA) and resulted in a molten globule state
termediates, consistent with the zipper model proposed b{l’). The average pore size of semipermeable membrane is
Schellman[16]. quite small and protein and/or DNA can be separated by its

molecular size and shape. The excess buffer can be removed
by this device. Therefore, the concentration of protein can be
Il. MATERIAL AND METHODS increased. The intermediaké can be folded further into na-

tive form (N) by dialysis against a native buffer.

The second folding process is described as a quasistatic

Hen egg white lysozyme was purchased from Sigma Ltdprocedure that involves five consecutive thermal equilibrium
(St. Louis, MO. All other chemicals were obtained from dialysis(TED) stepg[1-3]. Each of the folding intermediates
Merck Ltd. (Rahway, NJ. The denaturing-unfolding buffer (M;_g) was dialyzed against a particular folding buffer at
(pH 3) contained 4.5 M urea with 10 mM phosphate buffer,4°C, as shown in Table I. In order to avoid possible deterio-
0.1 M dithiothreitol(DTT), 0.1% mannitol, and 0.5 mM Pe- ration of the buffer during the dialysis, all refolding buffers
fabloc. The urea will break the hydrogen bonds of proteinwere replaced by fresh ones midway through each dialysis.
and relax the protein from packed conformation. The lower Step 1.The unfolded lysozymgU) in the denature-
pH helps stabilizing relaxed conformation of protein. DTT unfolding buffer was dialyzed against the folding buffer 1 for
was used for reducing the oxidative disulfide bd®dS) of 72 h to dilute the urea concentration from 4.5 to 2(tis
Cys residues into the SH group in high concentration. Theroduces intermediate 1 o).
reduction can be examined by Raman spectroscopy. In low Step 2. M was obtained by dialyziniyl, against folding
concentration, DTT will protect proteins from unwanted oxi- buffer 2 for 24 h to dilute the urea concentration to 1 M.
dation, similar to the role of mannitol. The Pefabloc is a Step 3. M, an intermediate without denaturagutreg in
proteinase inhibitor to protect proteins from unexpected degsolution, was then obtained by dialyzihg, against folding
radation. There were five folding buffers employed in thisbuffer 3 for 24 h.

B. Folding of lysozyme by direct dilution and quasistatic
thermal equilibrium dialysis

A. Materials and buffers
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Step 4. M was further dialysed against folding buffer 4 (TA Q10) is relatively stable in the scan rate of 1G/min
for 24 h, and theopH changed from 3 to 5 to produdd,. and the signal of this experiment is as good as previously
Step 5.Finally, the chemical chaperon mannitol was re-studied. Experimental data were corrected for buffer contri-
moved by dialyzingM, against the native buffer for 8 h to bution prior to data analysis. After concentration normaliza-
yield M. tion, a chemical base line calculated from the progress of the
unfolding transition was subtracted. The excess heat capacity
C. Analysis of the secondary structure of lysozyme by CD was calibrated with a sapphire reference. The excess heat

capacity functions were then analyzed using a program that
CD spectra in the UV regio260-200 nm of U,M,_s, pacity y g aprog

! came with the instrument. The excess heat capacity was cal-
andN were recorded on a Jasco J 720C spectropolarimeter af;|ated by the equation

20 °C. A 0.1 cm-light-path cuvette was used to reduce the

light scattering of the solution. Data are expressed in molar AQqample— AQpaseli Coernnl
ellipticity [ 6] (deg cn? dmol™?), calculated based on the mo- AQ S AQasem.e = C—sam‘ﬁ
lecular weight of 14.4 KD for lysozyme. Unlike mean resi- reference  Zcbaseline  “Preference

due molar ellipticity [#] (deg cnt dmol™ residue®) [17],  where AQ's denote the heat absorbed by the sample, refer-
the scale of molar ellipticity{ #] of lysozyme is around ence, and background. In this study, we use sapphire as the
10°-1F. The CD spectrum was measured for each indi-reference and blank as the background. Meanwhile, we also
vidual sample diluted with the corresponding folding buffer checked the heat capacity of the refolding solvent. Therefore,
at each stage. The solvent contribution on CD was subtractettie exces<C, of folding intermediates can be determined.
from each spectrum. The component secondary structures—

i.e., a-helix, distorted a-helix, B-sheet, distorteds-sheet,
turns, and unordered—were analyzed by the singular value
decomposition algorithm provided by tlsgLCcON3 program

[18] which selected lysozyme as one of the proteins of its Raman experiments were carried out with the Ranishow
training set of this program. system 1000 micro-Raman spectrome{&anishow Plc,

Gloucestershire, UK Five uL lysozyme solutions of vary-
ing folding state$10 mg/m) were lyophilized onto the sur-
face of a platinum plate. The Raman spectra were collected
around 2570 and 510 crh They represent the stretching

~ The light scattering apparatus was equipped with an argoftequencies of the S-H bon@s.) of the reduced cysteine
ion laser light sourcé4880 A) (lon Laser Tech., UT. The and the S-S bondws ¢ of the oxidized cystine of lysozyme,
scattered light was collected at 90° by a goniometer fro”Pespectiver[Zl]. The wave numbers of the Raman spectra
Brookhaven Instruments Cor@BIC, Holtsville, NY). The  \yere calibrated with silicon oxide. Each spectrum was com-

chamber temperature was controlled by a water circulatoared with the same folding state buffer to identify the signal
The autocorrelation functiofACF) was computed using @ of protein and solvent, respectively.

digital correlator (BI9000), then analyzed with the non-

negatively constrained least-square@NNLS) method . RESULTS
[19,2Q. The instrument performance was calibrated by mea-
suring the dynamic light scatterindpLS) of standard sus-
pensions of polystyrene beadR,=68 nm (Polysciences, 1. Monitored by CD

qurlngton, PA. The concentration of Iyso;yme in each dia- Figure 1 shows the CD spectra of various folding states of
lyzing step was 2 mg/ml, and all experiments were con-

o lysozyme via the overcritical path. In the unfolding buffer,
ducted at 20 *C. the CD of U showed no meaningful spectral features in
wavelengths shorter than 230 r{fig. 1). A secondary struc-

E. Thermal stability monitored by differential scanning tural analysis bysELCON3[16] indicated that it contained a

calorimetry helical-like conformation(Fig. 2). However, their optical

Thermal stability experiments by differential scanning characteristics were restored after a 72 -h TED process, dur-
calorimetry(DSC) were performed with a TA Q10 differen- ing which the urea concentration was changed gradually
tial scanning calorimetefNew Castle, DE interfaced to a from 4.5 M to 2 M in the first folding stepM,). Its second-
computer equipped with an automatic data collection proary structures can be analyzed as also shown in Fig. 2. It
gram. Variant folding intermediates of the lysozyme werecontains 57% ofa-helix, 22% distorteda-helix, 6% turn,
calibrated to a concentration of 10 mg/ml in their refoldingand 15% unordered form. N@-sheet was detected. This
state buffer. All samples were filtered and degassed undé&omposition is similar to the intermediate of the second fold-
vacuum for 10-15 min with gentle stirring prior to being ing step(M,). B-sheet conformation occurred right after the
loaded into the calorimetric cell. DSC experiments were perurea was removed by TED procedds;). M; contains 4% of
formed under a constant external pressure of 1 bar in order t8-sheet and 7% distorte@tsheet, but the other conformation
avoid bubble formation, and samples were heated at a coffras been redistributed21 % of a-helix, 13% distorted
stant scan rate of 10C/min. Unlike other conventional dif- a-helix, 24% turn, and 31% unordered fornThe above
ferential scanning calorimetef47], the signal of this DSC composition is similar to that of the native lysozyigtég. 2).

F. Reduction-oxidation state of sulfur group of cys monitored
by a micro-Raman spectrometer

D. Analysis of size distribution of U,N, and M,_g by dynamic
light scattering

A. Refolding of lysozyme by an overcritical path
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FIG. 1. Circular dichroism profiles of lysozyme at 20°C. For FIG. 3. Phase transition profiles of variant folding intermediates
the sake of clarity, the CD curves of U, My, M,, M5, My, Ms, N by DSC. The convention of each profile is the same as in Fig. 1. In
and [ are annotated in the figure. U, BN @MW, addition, the gray fine line is represented intermediates of direct

folding, I’. I'usw. Where the intermediate I’ is the intermediate 1
which was concentrated twofold.

M17_M27_-; MSv_; M4’ -—- MS?

>

N jreememsemsees ; I, == = _ Due to the high absorption background of

urea in UV range the signal-to-noise ratio is very low when the

wavelength is lower than 230 nm of U, and is therefore not shown. 2. Monitored by DSC

The molar ellipticities ofM,, Mg and native lysozyméN) Figure 3 shows the phase transition profiles of the various
are almost the sam&ig. 1). The composition of the second- folding intermediates. A DSC profile of lysozyme in the un-
ary structure is also similar to that M. folded statgU) showed no significant phase transition point

According to the above CD resulspectral characteris- during the temperature scanning. Howewdr, s andN had
tics and thermal stabilijy we found that the helical structure transition temperatures of 67.3, 75.9, 78.4, 83.0, 82.0, and
of lysozyme formed at 2 M of urea concentration. The81.0 °C, respectively. The similarity in the transition tem-
B-sheet formed in a urea-free environment, and a preliminarperatures oM,,Ms, andN indicated that the conformations
tertiary structure of lysozyme was about to be formed wherof M, and Mg are restored to the native form. These obser-

the pH was raised to %see below vations are consistent with our recently NMR stydgta not
shown. We have repeated these data four times and the Tm
’1’“/“‘2 I Pl accuracy was within 1°C.
60 b
% 504 3. DLS studies on lysozyme intermediatéd,N,M;_g)
&0
<
g 404 B In solution, dynamic light scattering is one of the methods
5 — for measuring particle size distributigPSD) in the submi-
g* 30 cron rang€[17]. Similar to our previous studigs,5,q, the
2 7 v size distributions of all folding intermediates are uniform in a
g 20 §§ ;g sg single distribution as measured by DLS. The uniformity and
& ‘ s‘ :i' Eg single distribution of the diameters indicated that the TED
c§ 10 g? §g§ Eg process has reached an equilibrium state and the state of the
. s §§§ ig protein is in a monomerous statE]. The hydrodynamic di-

T ameter(Ry) of U shrank from 8.55 to 5.00 nr(iTable II)
right after the first refolding stage. This is consistent with our
previous studieg1-3, as well as the protein collapse
FIG. 2. The CD profiles analysis bgeLcoNns of overcritical mo_del[ll]. AIthough_the effective diameter of the hen egg
reaction path and direct folding intermediates of lysozyme. TheWhlte Iysozyme obtained from x-ray crystallog_raphy, ar_ound
secondary structure Hr: regularhelix, Hd: distorteda-helix, Br: 4.32 ””.‘[15’ IS smal!er thaf? those.of. all the intermediates
regular B-strand, Bd: distortegg-strand, Tu: turns, and Un: unor- &nd native lysozyme in solution, a similar study by NMR and
dered. The % of folding intermediates distributed in each secondarf?LS [22] @lso indicated that native lysozyme may have simi-
structure are represented by histograbismosaic with white back-  1ar hydrodynamic diameters. This indicated that the confor-
ground; M,, slash from upper left to lower right with gray back- mation of lysozyme in solution is more flexible than its
ground; M,, horizontal line with white backgroundyls, filled in highly packed crysta[15]. The relaxed diameter df was
solid gray; My, slash from upper left to lower right with white only 1.7-fold larger than the native protein. This might indi-
background;Ms, slash from lower left to upper right with gray cate that the unfolded lysozyme was not fully extended. It is
background; and, filled in solid back. also consistent with the CD data and previous studie 6.

Secondary structure
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TABLE II. Hydrodynamic diameter of each folding 2570 cm® was found, whereas a broad absorption at
intermediate. 507 cmi! was observed. Similar patterns were observed for
M,_s andN (Fig. 4). All of these indicated that all the cys-
Folding state Hydrodynamic diametgrm) teines were in a reduced sta&H type at the unfolded stage
U 8.55+/—0.21% and that the all disulfide bondSS typé formed right at the

first folding stage. There were no mixed SH and SS states of

' 5.00+/-0.94% lysozyme found in these folding stages. The Raman shift

M, 4.85+/-0.52% around 540 cmt and 565 crit can be observed only in the
M; 4.98+/-0.19% buffers containing high concentrations of urgal M) and

Mj 4.97+/-0.59% this absorption can also be observed in a buffer-only system.
M, 4.99+/-0.25% Therefore, this absorption is independent of the protein.
Ms 4.99+/-0.39% Based upon the study of Frost al. [23] both signals around

N 500+ /-0.32% 540 cmt and 565 cm! might be due to the weak absorption

of the NCO and NCN bending of urea. Therefore, they can
only be observed under high concentrations.

4. Raman spectra studies of disulfide bond formation
of lysozyme B. Refolding of lysozyme by direct dilution

The oxidation state of the cystein residue of lysozyme Figure 1 also shows the CD profiles of the intermediates
was studied by the Raman spectral method. The stretchingJ, |, andN’) obtained by way of direct dilution. The CD
vibrational frequency is around 2570 thior the reduced profiles N’ are identical toMs (of the overcritical reaction
SH bond and is around 510 cinfor the oxidized form SS path. Therefore, its CD curve did not show in Fig. 1. How-
[21]. The unfolded lysozyméU) showed a significant ab- ever, the CD intensity of the intermedidte is similar to that
sorption at 2574.1 ci, and an absence of absorption nearof M3 (21 % of a-helix, 14% distortech-helix, 4% B-sheet,
510 cm! was observed. On the contrary, at the first folding7% distorteds-sheet, 23% turn, and 31% unordered form,
state of the overcritical folding path, no absorption aroundrFigs. 1 and 2 Thus, the secondary structure of intermediate

7000 - ) U1
*
) 2500 < /
)
I
2000 | \
o —~
= 2 I
= =i
=1 = , ‘
5 : 1500 -
g 5 I
& S \
2 2 oy
2 @ 1000- |
Q o ‘
= = f
. J— ‘
\
\
-1000 T T T T T 1 500 . : . i . : ’ : ‘ I
40 500 ) ml 800 2450 2500 2550 2600 2650 2700
Raman Shift (cm™) 1
Raman Shift (cm™)
(a) (b)

FIG. 4. Raman shift of lysozyme folding intermediaté®. The S-S(vs.9 stretching region(b) The S-H(vg ) stretching region. The
arrow indicates the S-S stretching frequency. Stars denote the NCN and NCO bending signals around 546 and &6Gigim-
concentration urea, respectively. All profiles, excluding the denature lysozyngae), were normalized with their intensity and shifted at
510 cn1?, magnified to normal count. “Arb. units” means arbitrary unit of intensity.
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| is similar to the native structure. Likewise, intermedilte tion” [25] reaction. The integrated area under the peak is the
escaped from and contained an identical CD profildata  energy(enthalpyAH) to melt the secondary or tertiary struc-
not shown. A DSC study indicated that the intermedidte tures of the protein. However, some protej@6—2§ did not
contained no phase transition point. However, by concentratepresent a “first-order phase transition” but a “second-order
ing with Microcon, the intermediaté’ contained a signifi- Phase transition” thermal denaturation behavior of their heat
cant phase transition point at 78.5 °C, which is similavp ~ capacities changg29]. Namely, these proteins may have no
(Fig. 3). ADLS study indicated that the hydrodynamic diam- long-range structural order and they meIt_ c_ontlnuously as
eter of1/1” is 5.00 nm(+/—0.94%), very close to its size in glasses do. Therefore, we named the protein in such a state a
the native form(Table Il). Raman spectra studies indicated glassy stat¢30].

; - : - In denaturant-controlled protein folding processes, two
that intermediaté contained both reduceds and vsg Sig- : . ; v
nals around 2570 and 510 cThese indicl:jg?ed thatsig inga protein folding paths were studied. We found that the protein

mixed state. Howevel’ contained onl ianal around &N be folded from the same initial point and end up with the
ed state. Howevel,” contained onlyvss Signal arou same native form via different reaction paths. We folded

510 cnt™. them continuously by a stepwise quasistatic process so that
each intermediate during solvent environment exchange

IV. DISCUSSION could be obtained and analyzed. Evidence of the secondary

A. Lysozyme folding is consistent with both collapse and structure and the tertiary interactions indicates that those in-
sequential framework models termediates are in between a folded and an unfolded state.

The Raman spectra of unfolded and various folding imer_Slnce there is no third state present in a two-state transition,

mediates indicated that all the disulfide bonds of unfoldeathe overcritical state still remains undefined.

ntermediate were in reduced saiSg. 4, ADSC study L 8 2 AR D PR L R
also indicated that the unfolded state has no struatiig bp ' y

) with the same Tm of tertiary structures. By analyzing the
I?;/)éo?;r\:wv:vgiré igfoerg'ltg?\dtofultlge alilc;sthztuedf)f/éctt?vee Lg;/frﬂggg oxidation states of their disulfide bonds we found that both

diameter was around 1.7-fold of the size of the native strucEhe reduced stat(_aSH) and th_e oxidized stat¢S9 s_|gnals
ture (Table 1. Meanwhile, a CD profile also indicated that were present. This intermediate seemed to contain both the
the unfolded lysozyme might be in a helixlike conformation. unfolded and folded states.

However, the effective gyration diameter of the lysozyme We can draw some s_imilarities of thg two protein folding
shrank to a nativelike diameter at the first folding stage.paths with the gas-liquid phase transition of water. A step-

. . wise refolding path is similar to a path detoured from the
Therefore, this conformation may not be a stable Strucwrec‘:ritical oint. whereas a direct folding path is analodous to
This is consistent with the collapse model. Although the con-, pornt, gp g

centration, examined by CD(0.2 mg/m) and DLS th_e phenomepop of being trapped in a phase tra_ns?tion line
@m /mD, was lower than the refolding condition with two coexisting phases. Therefore, we use a similar term
grmy, ) g . “first-order-like state transition” to model the reaction of pro-

(10 mg/m), there was no aggregation observed in the highsain folding.
concentration condition and this was consistent with previ- Accordingly, we propose a global reaction state diagram
ous NMR studie$24]. Therefore, the single-particle size dis- ¢ yrotein folding processes, as shown in Fig. 5. We use the
tribution and small deviation in these data indicated thaem «protein folding state” to represent the possible states,
these intermediates had reached a monomerous and statiQpether they are well defined or not. In Fig. 5,
ary state. According to previous studies with CD and DSCd)(nl,nz, ..)=1 indicates a folded state or native sta®
all overcritical folding intermediates contained stable struc-, ¢ =0 indicated an unfolded state. In general, the inten-
tures, and these intermedial@s, ) were in molten globule sity of CD profiles at 222 nm may represent tr’1e relative
states. These in_terrr_1ediat(_es can further fold into the nativf'olding state[17] of those folding intermediateg.e., M;_g),
form via a quasistatic folding proce$8-5]. Therefore, the  4i0,gh this may need further justification by the experi-
reaction path can k_)e expressed BS_’Ml_’MZ_’M3 ._mental results of DSC[17] or NMR studies (data not
—M,4— M5 (N). This is also consistent with the sequential shown). According to the CD profiles of lysozym&ig. 1),
framework mode[10]. Although intermediaté was trapped \ye can see thaM,, Ms, andN have similar intensities at
in a glassy state, it can transition Kbs-like intermediates by 595 nm, indicating that the two folding intermediatds and
perturbing its solvent environment and it can further fold to am, may very well be identical t&. These data are consistent
form identical toMs, indicating that it is the true folding \yith H-NMR studies of all intermediates and native
intermediate. Therefore, the overall reaction paths of proteirrysozyme(data not show Then, andn, denote the variables
folding may be expressed &—1—-M—NorU—M—N, 4 5 folding state such as the concentration of upg, and
whereM denotes the overcritical reaction intermediates land temperature of the solutio’, a perturbed folding state of
denotes the glassy state intermediate. which has an identical CD profile ¢f is very similar toMg,
as examined by both DSEig. 3) and CD(Fig. 1). The only
difference betweel’ and M5 was the solvent environment:
45 mM urea andpH 5 (for diluting unfolded protein into a

A thermodynamic experiment using DSC revealed thel00-fold native solution for the former and no urea and
structurally related thermal stability potential. The peak ofpH 3 for the latter. This indicated that the effects of these
excess heat capacity change is the “first-order phase transiariables, such as concentration of urea pHd can be com-

B. Lysozyme folding is consistent with the first-order-like state
transition model
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®(n, n:,...) . environments. Therefore, if the folding process mimics a na-
AM: M. . Segpuase; LED tivelike reaction, the folding intermediates may represent the
N |« M: process possible intermediates of the real reaction path. A similar

argument has been supported by protein denaturation experi-
ments[31,37. In their studies, the transient structure inter-
mediates of cytochrome [31] and apo-myoglobifi32] have
been identified as being in a molten globule stgtg A
similar observation is reported here in this study. All reaction
intermediates may follow the same folding mechanism. The
initiation of protein folding has been modeled after a frame-
y ~n work [10] or collapse[11] mechanism. Based on our previ-
i . . ous experiment$1-3,§, both the framework and collapse
FIG. 5. Proposed first-order-like state transition model of the 015 fit satisfactorily. In this study, we found that the un-
protein folding reaction diagran® (nq,n,,...) denotes the folding folded Ivsozvme was not fully extende@able 1 but con-
state of protein. The parametersrgin,, andn, denote the folding 0. ed lysozyme .as '0 ully exte .Q a. e 1) but co
state variables such as temperature, concentration of denaturan@,med some helical-like Conformatlt_)l(lFlg_. D Co_nse-
etc. quently, a stable and complete helical intermediate was
obtained at a later folding stage. After the helix formation,
part of the helix was transformed into a sheet structure and
en to an unordered structure after the urea was removed at

v

Directed dilution

- - - S A=

bined and are interchangeable. Therefore, the variabl

Ny, np... may be degenerated into an effective variaben  neo thirg refolding state. These indicated that under a re-
the proposed folding diagram as indicated in Fig. 5. From thPstrained environment, the helix formation was relatively

results presented in this paper together with our previou\%asy, and it may well be the initiation step of the protein

studies|1-3,8, the "first-order-like state transition” model i ¢,4ing . As indicated by the zipper model of helix formation
well suited for a protein going thro.ugh multiple aggregation 16], local interactions play the most important role. There-
ora glassy s.tate t.hat may have a finite boundary on a prote re, protein folding may be initiated from a local interaction
folding reaction diagram. such as thes-sheet formation we have observed here.
Similarly to our previous studies, the growth hormone and
metallothionein could be unfolded and refolded reversibly by
our TED procesg1-3,4. Through similar processes, the
Although the secondary structure composition and the hylysozyme could also be refolded to the native protein, as
drodynamic diameter of intermedialtevia direct folding are  suggested by our CD, DSC, DLS, and Raman data. It ap-
similar to the native lysozyme, DSC studies did not showpeared that this model protein could also be folded in a step-
any significant phase transition profile during the temperawise manner. However, unlike the growth hormone, the
ture scanning. This indicated thiis in a glassy statg30],  lysozyme intermediate of direct folding did not precipitate
and there may be a folding transition barrier in which thebut was trapped in a glassy state without any stable confor-
protein was trapped. It is consistent with an interrupted remation. We have demonstrated that lysozyme can be folded
folding kinetic study by Kiefhabef12]. However, by con- following a first-order-like state transition process by either
centrating this intermediatewith Microcon, a stable confor- overcritical or direct pathways. Thus, the folding path of a
mation was observed by DSEig. 3), indicating that the protein is not unique; i.e., if a proper path is carefully cho-
intermediatel has escaped from a glassy state into a moltersen, a protein can always be folded correctly. Namely, an
globule state, in which the state of the protein contained anfolded protein which refolds back through a carefully de-
stable structure but different from a native state. These imsigned stepwise quasistatic process may experience a gradual
plied that intermediates in any folding path might have simi-change in its environment and thus will not be trapped in a
lar and corresponding intermediates in another path as digjassy state or subsequently form an aggregate. In addition to
cussed previously. the overall protein folding reaction, the helical-sheet transi-
The intermediates we obtained from direct folding or se-tion between folding intermediates also indicated that a local
quential folding are all consistent with the collapse modelinteraction mechanisnthelix formation might initiate pro-
and framework sequential model where the secondary strucein folding.
ture is formed prior to any tertiary interactions. Therefore,
we may propose that protein folding in any reaction path ACKNOWLEDGMENTS
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C. All reaction folding intermediates may follow the same
folding mechanism
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