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ABSTRACT. Human lysozyme has four disulfide bonds, one of which, Cy3B%s81, is included in a

long loop of thef-domain. A cysteine-scanning mutagenesis in which the position of Cys65 was shifted
within a continuous segment from positions 61 to 67, with fixed Cys81, has previously shown that only
the mutant W64CC65A, which has a nonnative Cys64s81 disulfide, can be correctly folded and
secreted by yeast. Here, using the W64CC65A mutant, we investigated the effects of an alternative disulfide
bond on the structure, stability, and folding of human lysozyme using circular dichroism (CD) and
fluorescence spectroscopy combined with a stopped-flow technique. Although the mutant is expected to
have a different main-chain structure from that of the wild-type protein around the loop region, far- and
near-UV CD spectra show that the native state of the mutant has tightly packed side chains and secondary
structure similar to that of the wild-type. Guanidine hydrochloride-induced equilibrium unfolding transition

of the mutant is reversible, showing high stability and cooperativity of folding. In the kinetic folding
reaction, both proteins accumulate a similar burst-phase intermediate having pronounced secondary structure
within the dead time of the measurement and fold into the native structure by means of a similar folding
mechanism. Both the kinetic refolding and unfolding reactions of the mutant protein are faster than those
of the wild-type, but the increase in the unfolding rate is larger than that of the refolding rate. The Gibbs’
free-energy diagrams obtained from the kinetic analysis suggest that the structure around the loop region
in the f-domain of human lysozyme is formed after the transition state of folding, and thus, the effect of
the alternative disulfide bond on the structure, stability, and folding of human lysozyme appears mainly
in the native state.

Elucidating the mechanism of how proteins fold is one of ments, have been applied to monitor the kinetic folding
the most important issues in biochemistry. The protein- process and to characterize the folding intermedi&es).
folding mechanism has been thought to be elucidated by Furthermore, protein-engineering techniques have been
detecting and characterizing intermediate species accumu-utilized to map out the structure of the intermediates and
lated during the folding procesd)( So far, various tech-  the transition state of folding at the residue-specific level
niques, including stopped-flow circular dichroism (C@hd (9—12). These studies have shown the accumulation of
fluorescence and pulsed-hydrogen exchange NMR experi-kinetic-folding intermediates resembling the compact dena-
tured state observed at equilibrium, called a molten globule
state, which has a pronounced secondary structure and a
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Ficure 1: Schematic representation of (a) the wild-type (PDB code
1rex) 24) and (b) the W64CC65A human lysozymes (PDB code
1gsw) drawn using Molscripé@). Four disulfide bonds and Trp64
(a) or Tyr63 (b) are shown by ball-and-stick. (a) Trp64 and the
Cys65-Cys81 disulfide bond are shown in black. (b) The structures
of four molecules in an asymmetric unit of the crystal are
superimposed. Tyr63 and the Cys83ys81 disulfide bond are
shown in black.

consists of fouro-helices (A-D) and one gr-helix, while

the other domain, g3-domain, consists mainly of an
antiparalle|s-sheet and a long irregular loop (Figure 1). The
protein has four disulfide bonds: two of them are involved
in the a-domain, one of them is involved in thizdomain
(the f-domain disulfide bond), and another links thedo-
main to thes-domain (the interdomain disulfide bond). For
human lysozyme, thg-domain disulfide bond corresponds
to Cys65-Cys81. Kanaya and Kikuch2@) have performed

a cysteine-scanning mutagenesis in which the position of
Cys65 was shifted within a continuous segment from position
61 to 67, with fixed Cys81, and have found that except the
wild-type protein only the mutant W64CC65A, which has a
nonnative disulfide bond shifted by one residue, i.e., Cys64
Cys81, can be correctly folded and secreted by yeast.
Although the residues 64 and 65 are involved in a long
irregular loop spanning from residues 61 to 80, the native
structure of the loop region of the wild-type protein has both
tight packing of side chains and many hydrogen bonds
connected with surrounding regions in tBedomain, and
the regions around thg-domain disulfide bond have low
B-factors in the X-ray crystal structur@3—25). Therefore,

the shift in the position of thg-domain disulfide bond should

cause the changes in the main-chain structure and in the side-

chain packing around the loop regions. In fact, the crystal
structure of the W64CC65A shows that whereas the overall
structure of the mutant protein, especially teglomain, is
essentially identical to that of the wild-type protein, the main-
chain structure around the 680 loop region is highly
affected by the Cys64Cys81 disulfide bond: the cavity
created by elimination of Trp64 is filled with Tyr63 in the
mutant, and the loop region from positions 67 to 75 is highly
flexible (K.I. et al., submitted for publication; see Figure 1).
Thus, the W64CC65A mutant is a good model to investigate
the effect of an alternative disulfide bond on the structure,
stability, and folding of proteins.

Here we studied the structure, stability, and folding
mechanism of the wild-type and the W64CC65A mutant
human lysozymes by CD and fluorescence spectroscopy
Although the mutant is expected to have the different main-
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chain and side-chain structures around the loop region from
the wild-type, the CD spectra show that it folds into stable
native structure with the tightly packed side chains. The
analysis of kinetic folding measurements shows that the
structure around the 6180 loop in thes-domain is formed
after the transition state of folding and that the effect of the
alternative disulfide bond on the structure, stability, and
folding of human lysozyme appears only in the native state.

MATERIALS AND METHODS

Materials. Guanidine hydrochloride (GdnHCI) was of
specially prepared reagent grade for biochemical use and was
acquired from Nakalai Tesque, Inc. (Kyoto, Japan). A
concentration of GANHCI was determined from the refractive
index at 589 nmZ6) with an Atago 3T refractometer. All
other chemicals were of guaranteed reagent grade. The
W64CC65A mutant human lysozyme was constructed as
described 2Z2). The wild-type and the mutant human
lysozymes were expressed Baccharomyces cersiae
AH22 and purified as describe@, 27). The proteins were
reused after extensive dialysis against water and lyophiliza-
tion. The reversibility of the unfolding transition and the rate
constant of the refolding reaction were checked after every
lyophilization. The extinction coefficient of the wild-type
and the mutant human lysozymes at 280 nm was 37 700 and
31940 Mt cm™3, respectively. The latter was calculated by
the method of Pace et akg).

Equilibrium CD Measurement&quilibrium CD measure-
ments were carried out in a Jasco J-720 spectropolarimeter.
Cuvettes with 2 mm and 1 cm path lengths were used for
far- and near-UV CD measurements, respectively. Temper-
ature of the cuvettes for all equilibrium and kinetic measure-
ments was controlled at 20-0 0.1 °C by circulating water.
Protein concentrations were-23 uM throughout the present
measurements. All buffers contained 20 mM sodium acetate
(pH 5.2). These experimental conditions are identical to those
used in Hooke et al.19).

Equilibrium unfolding transitions were analyzed assuming
a two-state transition:

gobs:
(6,¢ + 6,) + (0, + 0, )exp{ (—AGy,° + m,°C)/RT}
1+ exp{(—AGy,° + My, *%)/RT}

(1)

wherefqpsis the observed ellipticity®; and6fs are the slope

of baselines for the native and the unfolded states, respec-
tively; 6, and 6, are they-intercept of the baselines for the
native and the unfolded states, respectivAlgy,° andmy,®

are the Gibbs’ free energy difference between the native and
the unfolded states in water and the cooperativity index of
the equilibrium unfolding transition, respectivelg;is a
GdnHCI concentration; an® and T are gas constant and
absolute temperature, respectivelp)

Kinetic MeasurementKinetic CD measurements were
carried out in a Jasco J-720 spectropolarimeter. The stopped-
flow apparatus attached to the spectropolarimeter was the
same as previously describe8 8, 29). The mixing ratio
was 1:10.6-10.6, the path-length of a cuvette was 3.8 mm,

.and the dead time was 25 ms. Kinetic fluorescence measure-

ments were performed in a stopped-flow spectrofluorometer
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) ~ Ficure 3: GdnHCl-induced equilibrium unfolding transition curves
FiGURE 2: (@) Far- and (b) near-UV CD spectra of wild-type (thin  of wild-type (open symbols) and W64CC65A (filled symbols)
lines) and W64CCB65A (thick lines) human lysozymes in the native  human lysozymes. The transitions are monitored by far-UV CD at
state (solid lines) and the unfolded state7aVl GdnHCI (dotted 222 nm (circles) and by near-UV CD at 270 and 274 nm for the
lines). Far-UV CD spectra of the burst-phase intermediate of wild- wild-type and the W64CC65A mutant, respectively (triangles). Solid
type (open circles) and W64CC65A (filled circles) human lysozymes Jines are theoretical transition curves assuming a two-state transition
are also shown in panel a. (eq 1). Cross and plus symbols show the far- and near-UV CD
values, respectively, after the protein dissolvad7iM GdnHCI

specially designed and constructed by Unisoku 18¢.The solution is refolded to the indicated GdnHCI concentration.
excitation wavelength was 280 nm (spectral bandwidth 8 nm)

and the emission light at wavelength less than 320 nm was cystal structure is essentially identical to that of the wild-
cut off through a cutoff filter. The mixing ratio was 1:_9, the type protein, especially in the-domain (K.I. et al., submitted
path length of a cuvette was 2 mm, and the dead time wasor pyplication; Figure 1), this spectral change should be due
7.5 ms. Refolding reactions were initiated by a concentration 15 the mutations on the tryptophan residue and/or the
jump of GdnHCI from 6.3 and 7.0 M for the stopped-flow gjisyfide bond in W64CC65A, because a tryptophan indole
fluorescence and CD experiments, respectively. Since theang a disulfide bond are known to generate CD signals even
refolding rate was relatively fast and the ellipticity change i the far-uv region 81, 32).

upon refolding was small, causing a low signal-to-noise ratio In the near-UV region, a decrease in CD intensity is

of the CD data, the refolding was difficult to e measur.ed observed at 270 and 293 nm for the mutant lysozyme (Figure
s e oameseone e s ). ST optial acity f typoprans appeas n rese
mainly by the stopped-flow fluorescence technique. Unfold- regions 82 33, thls decrease in CD intensity can b_e ascr_lbed
ing reactions were initiated by a concentration jump of to the decrease in the nu_mber of t_ryptophan re&dug_s in the
GAnHCI fram 0 M and were measured by stopped-flow CD mutant W64QC65A. A difference in the CD intensities at
Kinetic data were fitted by the nonlinear Ieast—square.s 250—260 nm 13 also observed between the mutant and the
method to the following equation: yvlld-ty_pe proteins. At I_east two factors may affect t_he CD
' intensity in these regions. First, the difference might be
caused by the change in the location of a disulfide bond
Alt) = A() + Zi AA; exp(-kit) ) between the wild-type and mutant proteins, because the
optical activity of disulfide bonds is known to appear in these
whereA(t) andA(«) are the observed values of the ellipticity  wavelength regions3@). Second, in thg-domain of human
or fluorescence at timeand infinite time, respectively, and  |ysozyme there are five aromatic residues, Tyr45, Tyr54,
k andAA are the apparent first-order rate constant and the phe57, Tyr63, and Trp64, two of which are involved in the
amplitude of thath phase, respectively. Because of the low 61—80 loop. Since the change in the location of fedomain
signal-to-noise ratio, refolding curves monitored by CD were disulfide bond by the mutations should affect the side-chain
analyzed by fixing the refolding rate constants to those packing around the loop region, such rearrangement of
obtained from stopped-flow fluorescence experiments underpacking around the aromatic residues might also contribute
the same conditions. to the change in the near-UV CD spectrum at-2260 nm.
RESULTS Equilibrium Unfolding TransitionFigure 3 shows Gdn-
HCl-induced unfolding transition curves of the wild-type and
Far and Near-UV CD Spectrazigure 2 shows far- and  the W64CC65A lysozymes. For both proteins, the unfolding
near-UV CD spectra of the wild-type and the W64CC65A transitions are highly cooperative, and the transition curves
mutant human lysozymes in the native and unfolded states.monitored by far- and near-UV CD are coincident with each
These spectra indicate that the mutant protein has as muctother, indicating the absence of equilibrium unfolding
secondary and tertiary structure as the wild-type protein in intermediates. Therefore, the transition curves are fitted to
the native state and that both proteins completely lose the theoretical curves of a two-state transition between the
secondary and tertiary structure in the unfolded state. native and the unfolded states (see Materials and Methods),
However, some differences between the spectra of bothand the thermodynamic parameters thus obtained are listed
proteins are present in the native state. In the far-UV region, in Table 1. The transition midpoint of the mutant protein is
the peak wavelengths are 208 and 225 nm in the spectrum0.3 M less than that of the wild-type protein, and the Gibbs’
of the wild-type protein, while those of the mutant protein free-energy difference between the native and the unfolded
are 209 and 218 nm (Figure 2a). Since the W64CC65A’s states 80 M GdnHCI, AGy®, is similar for both proteins
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Table 1: Thermodynamic Parameters of GdnHCI-Induced
Equilibrium Unfolding Transitions

Cum Myu®d AGn
proteins (M) (kcal/mol M) (kcal/mol)

wild-type 4.12+0.01 3.6+£0.1 147+ 0.5
W64CCG65A 3.79:0.01 3.304+ 0.09 125+ 04

a oy, % andAGyP are the midpoint GdnHCI concentration, the
cooperativity index of the transition, and the Gibbs’ free-energy
difference between the native and the unfolded states in water,

900
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respectively. Errors are standard deviations of fitting. 02 o024 oo o8 1
time (s}
(Table 1). These results indicate that the mutant protein forms o . .
a stably folded structure in the native state.
A cooperativity indexmyy®9 is known to be proportional T -2000
to a difference in the solvent-accessible surface area of E
hydrophobic residues between the native and the unfolded g 4000
states 84, 35). Themyy®dvalue of the mutant protein is close 2
to that of the wild-type protein, indicating that most of the %’6000
hydrophobic residues of the mutant are buried inside the = 8000
molecule. A difference of theny,® value between the wild- 3
type and the mutant may be due to the structural changes 10000 [ w ,
around the Cys64Cys81 disulfide bond in the mutant (see 0 50 100 150 200
Discussion). time (s)

To investigate the reversibility of the unfolding transition, FIGURE 4: Kinetic refolding (a) and unfolding curves (b) of wild-
each protein was first dissolved 7 M GdnHCI solution type (open circles) and W64CCG65A (filled circles) human lysozymes.

. Solid lines are fitting curves (eq 2). (a) The refolding was initiated
and an attempt was subsequently made to refold it by aby a GdnHCI concentration jump from 6.3 to 0.6 M and monitored

concentration jump of GdnHCI to the concentration of the py tryptophan fluorescence. (b) The unfolding reaction was initiated
transition midpoint. The results show that for both the wild- by a GdnHCI concentration jump from 6 6 M and monitored by

type and the mutant proteins, the CD intensity after the CD at 222 nm.
refolding is coincident with that obtained by the equilibrium

unfolding measurement (Figure 3), demonstrating that the o ‘ '
unfolding transitions of both proteins are fully reversible. 4
Kinetic Refolding and Unfolding Reactionénetic refold-
ing and unfolding reactions of the mutant and wild-type 2
proteins with intact disulfide bonds were measured using < 0
stopped-flow fluorescence and CD techniques. Figure 4 £
shows the representative refolding and unfolding curves. In 2
the refolding of both proteins, two phases fast phase and

a slow phasewere observed. The amplitude of the slow -4
phase is about 20% and 10% of the total amplitude of the
two phases for the wild-type and mutant proteins, respec-
tively, showing that the slow phase is the minor phase. The sl
GdnHCI dependence of the logarithm of the refolding/ 0 1t 2 3 4 5 6 7

unfolding rate constant, called a “chevron plot”, is shown [GdnHCI] (M)

in Figure 5. The rate constant of the fast phase in the pgyre 5: GdnHCI dependence of refolding and unfolding rate
refolding of W64CCG65A is slightly larger than that of the constants (chevron plot) of wild-type (open symbols) and W64CC65A
wild-type at 0-2.5 M GdnHCI, showing that the presence (filled symbols) human lysozymes. Rate constants at more than 3
of the alternative disulfide bond does not interfere with the M GdnHCl are obtained by unfolding measurements using stopped-

. . flow CD. The rate constants of the fast and slow phases of the
refolding process of human lysozyme. Although the refolding refolding reaction €3 M GdnHCI) measured by st%pped-flow

rate of the mutant is slightly larger than that of the wild- fluorescence are shown by circles and triangles, respectively. Solid
type, the increase in the unfolding rate of the mutant protein lines are theoretical curves fitted to eq 3.

is more significant than that in the refolding rate (Figures 4
and 5). ellipticity change expected between the unfolded and the
Figure 5 also shows that the chevron plot for the fast phasenative states was regained within the burst phase (Figure 2a).
bends over at low GdnHCI concentrations. This behavior is Thus, these results clearly show the accumulation of a burst-
referred to as a “rollover” and is indicative of the accumula- phase intermediate having a pronounced secondary structure
tion of a folding intermediate(s) within the dead time of the under strongly native conditions.
stopped-flow measurement, i.e., within the burst phasg ( Figure 4a shows that the fluorescence intensities of the
The accumulation of an intermediate is also suggested byburst-phase intermediate obtained by extrapolating the
burst signal change in CD. When the refolding reaction is refolding curves to zero time are similar for the wild-type
monitored by the stopped-flow CD technique at a low and the mutant proteins, indicating that similar structures are
GdnHCI concentration and at 222 nm, about 70% of the full formed for the intermediates of both proteins. Our prelimi-

-6
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nary data show that there is a burst phase in the refolding e 2. kinetic and Thermodynamic Parameters for the Refolding
reactions of both proteins monitored by fluorescence (data and Unfolding Reactions of the Wild-Type and the Mutant Human

not shown). This indicates that hydrophobic residues, Lysozyme

especially tryptophan residues, are buried inside a protein  parameters wild-type W64CCB5A
molecule in _the |r!termed|ate. On Fhe _othe_r hand, Fhe Ky 6L1)x 10 (494 0.7) x 10°
fluorescence intensity after the refolding, i.e., in the native o (4.4+0.8) x 10° (2.6+0.3) x 10
state, is smaller for the wild-type protein, which might be  kn° (3.3£0.6) x 10 (4.94£0.7) x 10
caused by fluorescence quenching in the presence of Trp64 AGW°® 5.0+0.1 4.95+ 0.09
; ; AG:0P 24.3+0.2 21.9+ 0.1
in the wild-type. AG:2® 15.0+ 0.2 14.9+ 0.1
. . . [E3 . . . .

' The. structure of the.burst—phase'mtermeghate is furt'her AGn b 9.2+ 0.2 71+ 01
investigated by measuring the refolding reaction of the wild-  AGy,(kin)® 14.2+0.2 12.1+0.2
type and mutant proteins by stopped-flow CD at different ~ AGn°° 14.7+£0.5 125+ 04
wavelengths. Since the burst phase is kinetically uncoupled my 2540.1 2.7+0.1
to the subsequent folding phases, the equilibrium between Mms 8-3& 8-892’ 8-%‘&_ 8-8?

) . . M+ . . . .
the unfolded state and the burst-phase intermediate can be M 36401 3304 0.09

rapidly reached within the burst phase. Thus, the amplitude . - -

of the burst phase is directly related to the population of the |, *k AG, and m are in seconds, kilocalories per mole, and

. . 7 ilocalories per mole molarity, respectivef/Following equations are

intermediate, and the ellipticity values extrapolated t0 Zero ,seq: AG,,0 = RT In Ky AGn® = RT In(kn%kn®), AGyuo(kin) =

time of the refolding curves measured at different wave- AG + AGy? AGn® = RTIn(ksT/h) — RTIn kn, andAG:° = RT

lengths construct the CD spectrum of the burst-phase In(ksT/h) — RTIn kn, whereks andh are the Boltzmann constant and

intermediate (Figure 2a). The results show that the CD the Planck constant, respectivetyrrom Table 1.

spectra of the burst-phase intermediate of the wild-type and

the W64CC65A mutant are close to each other, indicating constantsky, andkiy, with respect to GdnHCI concentration,

that the secondary structure of the burst-phase intermediate:; ky® and ky° are the values at zero concentration of

of the mutant protein is similar to that of the wild-type GdnHCI;Ky %is an equilibrium constant between the U and

protein. the | states ®0 M GdnHCI Ky, = [I}/[U] = ku/ky); and
Kinetic Analysis of the Refolding and Unfolding Reactions. m/RTis the derivative of the natural logarithm Kf; (38).

To obtain the thermodynamic parameters of the refolding To simplify the fitting, we assumed thaku® = my: + m

and unfolding reactions, the kinetics of these reactions were+ my and ky° and mys values were fixed to the values

analyzed with a three-state model involving the unfolded (U), obtained by fitting the chevron plot linearly at higher GdnHCI

the intermediate (1), and the native states (N). In the presentconcentrations. The chevron plot for the faster, major phase

analysis, only the faster, major phase is taken into account,is fitted to eq 3 (see Figure 5), and the parameters thus

because the amplitude of the slower, minor phase is smallobtained are given in Table 2. Her®G; is the free-energy

and because it has been suggested that the slower phase ifference betweenandj states in wateriff = U, I, N, or

caused by the isomerization of the Cys#ys95 disulfide  the transition statet). AGy,°(kin) obtained by the kinetic

bond (8). Since the fast track of folding (8> N) was not analysis is coincident with that obtained by the equilibrium

observed in pulsed-hydrogen exchange NMR experimentsmeasurement (Table 2), indicating that ignoring the slower,

(19), we do not consider both the triangle mechanism in minor phase does not significantly affect the analysis.

which the three states are mutually connect&d énd the

off-pathway model in which the intermediate is a dead-end DISCUSSION

product (I== U == N). Therefore, the sequential three-state

model in which the burst-phase intermediate is an on- We studied the structure and stability of the wild-type and

pathway intermediate is used for the analysis of the folding the W64CC65A mutant human lysozymes using CD spec-

reaction of human lysozyme: troscopy and studied their folding kinetics using the stopped-
flow CD and fluorescence techniques. Here we discuss the

LV structure and stability of W64CC65A, the structure around
U o I . N the mutation sites in the intermediate and the transition state

of folding, and finally the folding mechanism of human
wherek; is a microscopic rate constant of a reaction from  lysozyme.

to j state {j = U, I, or N). Because the formation of the  strycture of the W64CC65AComparison of the X-ray
intermediate is considerably faster than the subsequenterystal structures of the wild-type and the mutant W64CC65A

folding process, the rapid preequilibrium between the hyman lysozymes shows that both structures are essentially
intermediate and the unfolded state is assumed. Then thedentical to each other, especially in thedomain (K.I. et

apparent rate constaryp is given by al., submitted for publication; Figure 1). In the present
0 studies, the results of the CD spectra indicate that there
Kapp = Kni~ €XpMy:¢/RT) + should be a difference in side-chain packing around the
kINO exp(-m.C/RT) mutation sites between these two proteeins. This is also
(3) inferred from a small decrease in tima® value of the
1+ 14K,° expm,c/RT)} mutant (Table 1), since thew® value is proportional to

the difference in the solvent-accessible surface aké&Q)
wheremy:/RT and m/RT, respectively, are the derivatives of hydrophobic residues between the unfolded and the native
of the natural logarithm of the unfolding and refolding rate states [ASA(U)— ASA(N)] (34, 35).
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Cys65 contributes one-third of the difference in the
AASA!P. Therefore, the decrease in thgy®d of 0.2 kcall

mol M arises from the changes in the native state by
mutations, while that of 0.1 kcal/mol M arises from the
changes in the unfolded state. It should be noted, however,
that the difference in thewy®® between the wild-type and
the mutant proteins is small, indicating that most of the
hydrophobic residues of the mutant protein are buried and
well-packed in the native state.

Stability of the W64CC65A.he present results show that
the AGy° of the W64CC65A mutant is 12.5H0.4) kcal/
mol, which is 2.2 £0.6) kcal/mol less than that of the wild-
type protein. To understand what causes the difference in
the AGy° between the mutant and the wild-type proteins,
we calculated theAGyy® for each residue of these two
proteins using the method of Oobatake and O4éi) (
employing the coordinates of the crystal structures of the
proteins. Here, ASA(N) of each atom was calculated using

the residue is more buried in the native state of the mutant protein the method of Richmond3@), and ASA(U) was obtained

than in the wild-type protein, while the negative values indicate

as described abovd(@, 41). The results suggest a 1.2 kcal/

that the residue is more exposed in the native state of the mutantmo| decrease ihGy° in the mutant protein compared with

than in the wild-type. Filled circles show the values for hydrophobic

residues which have transfer free energy values larger than Ala

the AGy° of the wild-type, which is in agreement with the

(44). The residue numbers of some residues having large absolute€XPerimentally observed difference &Gy, between the

values are shown in the figure. Horizontal bars at the bottom of
the figure indicate positions of the secondary structure in the wild-
type protein.

To examine which part of the protein molecule is
responsible for the difference in thmay,®9 value between

the wild-type and the mutant lysozymes, we calculated the

AASA of each residue in these two proteins (Figure 6). For
the calculation of ASA(N) by the method of Richmorg8j,
coordinates of the crystal structure of the wild-ty@d)(and

the W64CC65A mutant (K.1. et al., submitted for publication)

are used. On the other hand, the ASA(U) values were taken

from Table 3 of Oobatake and Oo#@), which shows

accessible surface areas of atoms of amino acid residue

averaged over 132 proteins for random conformatil), (

so that total value of ASA(U) for the mutant protein is
different from that for the wild-type. The results of the
calculations show that thAASA values of the residues in
the o-domain are similar between the two proteins, while
the difference in the\ASA values between them is localized
in the loop region from residue 61 to 80 (Figure 6). The
results also show that the total value of the hydrophobic
residues’AASA (AASA/P) for the mutant is smaller than
that for the wild-type protein, and that this difference in the
AASA!Y between the two proteins corresponds to 3.5% of
the AASA/Y for the wild-type protein. Assuming the
proportionality ofmyuedto AASA/F (34, 35), the mutations

in the loop region are thus expected to reducenthe®®value

of the mutant protein 3.5% less than that of the wild-type,

two proteins. The results also suggest that the residues at
which the difference in the\ASA between the wild-type

and the mutant is large contribute to the change in stability
between the two proteins (see Figure 6). Among them, the
residues at the mutation sites are responsible for the decrease
in the stability of the mutant. This is consistent with the in
vivo folding studies of this protein which indicate that the
hydrophobicity of Trp64 is important in the stability of
human lysozyme, especially when the Cys&/s81 or the
Cys77Cys95 disulfide bond is eliminate@2).

Structure in the Intermediate and the Transition State of
Folding. Information regarding the structure around the
mutation sites in the intermediate and the transition state of
%olding can be inferred from difference free energies and
the m values of the states obtained from the analysis of
kinetic folding measurements (Table 2).

(1) Difference Free Energie#\ difference free energy in
a state between the mutant and wild-type proteins indicates
if the structure around the mutation site is formed in that
state §2). The difference free energies are defined as follows:

AAG‘Nu0 = AGNUO(m) - AGNUO(W)
AAG,)° = AAG " —
RTInfky M)k "W ki W)k (M)] (4)
AAG,” = AAG,° — RTIn[ky,%(w)/ky,°(m)]

whereAAGy®, AAG®, andAAG:°, respectively, are the

which seems to be in agreement with the experimental resultsdifference free energies of the native, the intermediate, and

within the experimental error. Therefore, the structural

the transition states relative to the unfolded state, and m and

change around the loop region from residue 61 to 80 is w show the mutant and the wild-type, respectivelAKG;,,°

responsible for the difference in tie,,®4 between the wild-
type and the mutant proteins.

(i =l and#) is zero, the structure around the mutation site
is not formed in the state, while the larger value &fAG;,°

The above calculations of the accessible surface areas alsindicates that the structure is partially, or fully, formed in

show that an increase in the ASA(N) of the residues 82

the i state around the mutation sites. These values are

by mutations contributes two-thirds of the difference in the calculated using the kinetic parameters listed in Table 2, and
AASAE')f between the wild-type and the mutant, while a the Gibbs’ free-energy diagrams are constructed as shown
decrease in ASA(U) due to the elimination of Trp64 and in Figure 7. The results show that whereas f&eGy° is
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Ficure 7: The Gibbs’ free-energy diagrams of wild-type (dotted
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2.1 kcal/mol, theAAG,;° andAAGy,° are almost zero. This
suggests that the structure around the loop region in the
p-domain is not yet locked in place both in the intermediate
and the transition state and that the effect of the difference
in the disulfide bond location is reflected only in the native
state. This is consistent to the present results of the stopped
flow CD and fluorescence measurements which show that

the burst-phase intermediates of the wild-type and the mutant

proteins have similar secondary structure and similar envi-
ronment around the tryptophan residues.

(2) The mvalues Them; value is related to the difference
in the solvent-exposed hydrophobic surface betwesamd]
states i(j = U, I, ¥, or N). If the degree of burial of

hydrophobic residues is regarded as a measure of the degree ©-

of structural organization in each state, the comparison of

m; values determines the position of each state in the reaction

coordinate (Figure 7, Table 2). Here, the position of the
native (unfolded) state of the mutant on the reaction
coordinate is set at the place 0.2 kcal/mol M smaller (0.1
kcal/mol M larger) than the position of the native (unfolded)

wild-type protein (see above). Figure 7 suggests that the
unfolded, the intermediate, and the transition states of the
mutant protein are slightly more organized than the corre-
sponding states of the wild-type protein, while only the native

state of the mutant is less organized than the corresponding

state of the wild-type. As noted above, the difference in the
myu®? between the wild-type and the mutant can be attributed
to the difference in the side-chain packing of hydrophobic
residues in the 6180 loop region. Therefore, the present
results may suggest that the hydrophobic residues in the 61
80 loop region are not yet buried inside a protein molecule
in the intermediate and the transition state of folding.
Folding Mechanism of Human LysozymEhe above

analyses indicate that, in the intermediate and the transition

state of folding, the structure around the loop region is not
yet formed, suggesting that the structural formation around
the 62-80 loop region occurs after the transition state. Hooke
et al. 19) measured the kinetic refolding of the wild-type

human lysozyme using pulsed-hydrogen exchange NMR

experiments. The results show that the intermediate formed

within a few milliseconds of refolding has stable A-, B-,
and 3g-helices in thea-domain and suggest that a hydro-
phobic cluster and some tertiary interactions are formed in
the intermediate. On the other hand, the structure in the

Arai et al.

p-domain is formed late in folding. These results are
consistent with our present results.

Taniyama et al. 18) studied the refolding and unfolding
kinetics of the mutant human lysozyme C77AC95A, in which
the Cys77Cys95 interdomain disulfide bond is eliminated.
The results show that whereas the refolding rate of the mutant
is similar to that of the wild-type, the unfolding rate of the
mutant is significantly higher than that of the wild-type
protein, indicating that the structure around the Cys77
Cys95 disulfide bond, i.e., the interdomain region, is formed
after the transition state of the folding. Therefore, our present
results with those mentioned above suggest that in the folding
of human lysozyme both the formation of thelomain and
docking of thea- and theS-domains take place after the
transition state of the folding.
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