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The physicochemical properties of an amyloidogenic mutant human lysozyme (Ile56Thr)
were examined in order to elucidate the mechanism of amyloid formation. The crystal
structure of the mutant protein was the same as the wild-type structure, except that the
hydroxyl group of the introduced Thr56 formed a hydrogen bond with a water molecule in
the interior of the protein. The other physicochemical properties of the mutant protein in
the native state were not different from those of the wild-type protein. However, the
equilibrium and kinetic stabilities of the mutant protein were remarkably decreased due
to the introduction of a polar residue (Thr) in the interior of the molecule. It can be
concluded that the amyloid formation of the mutant human lysozyme is due to a tendency
to favor (partly or/and completely) denatured structures.
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protein, stability of amyloidogenic protein.

Amyloidosis is a heterogeneous group of disorders char-
acterized by extracellular deposition of abnormal protein
fibrils (1). Most amyloid fibrils consist of sulfated glycos-
aminoglycans and a variety of proteins in different forms of
the disease. It has been proposed that conformational
changes in amyloidogenic proteins lead to amyloid fibril
formation and cause disease (2). Recently, mutant human
lysozymes (Ile56Thr and Asp67His) have been reported to
form amyloid deposits in the viscera, apparently causing
hereditary non-neuropathic systemic amyloidosis, result-
ing in death by the fifth decade (3). The fact that lysozyme
mutants form amyloid is exciting from the standpoint of
understanding the mechanism of human amyloid forma-
tion, because there is a wealth of structural information and
a good understanding of the folding pathway of the wild-
type lysozyme (2). Because we have systematically studied
a series of mutant human lysozymes in order to elucidate
the mechanism of stabilization and folding of a protein in
terms of its constituent amino acid residues (4-9), we took
up this idea.

Human lysozyme is an @+ protein with 34% helical
residues, and 11% g-strands. The amyloidogenic proteins
that have been investigated regarding their physicochemi-
cal properties appear to have mainly £ structure with a few
a helices (2). As human lysozyme consists of a 8+ a N-
terminal and all-helical C-terminal domains, the amyloido-
genic mutant lysozyme may be a good example for under-
standing the relationship of amyloidogenesis to protein
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folding. In the wild-type human lysozyme structure, the
side chain of Ile56 is completely buried in the interior
hydrophobic core, while the amide group of the main chain
hydrogen-bonds with one of the buried water molecules in
the interior cavity near the hydrophobic core. To better
understand amyloidogenesis, in this study we examined the
crystal structure and physicochemical properties, such as
stability and folding pathway, of an amyloidogenic mutant
human lysozyme (I56T) . The replacement of Ile in the
interior of a protein with Thr, including a polar group, did
not affect the structure in the native state, but it did change
the stability and the folding process. These findings have
important implications for the mechanism of amyloido-
genesis.

EXPERIMENTAL PROCEDURES

Materials—Mutagenesis, expression and purification of
the mutant human lysozyme (lle56—Thr) were performed
as described (4). All other chemicals were of reagent grade.

The concentrations of the wild-type and mutant protein
solutions were of determined spectrophotometrically using
E}% =25.65 at 280 nm (10).

Assay of Lysozyme Activity—The lysis of Micrococcus
lysodeikticus cells (0.2 mg/ml, Sigma) in 0.1 M potassium
phosphate buffer (pH 6.2) was monitored at 450 nm and at
26°C (11).

Analytical Ultracentrifugation—The proteins were dilut-
ed in the same buffer including 0.1 M NaCl at various pHs.
Sedimentation equilibrium was performed in a Beckman
Optima XL-A analytical ultracentrifuge at 20,000 rpm at
10 or 37°C for 20h. The partial specific volume was
calculated to be 0.715 from the amino acid composition.
The concentration gradients in the cells were determined
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spectrophotometrically at 280 nm.

Differential Scanning Calorimetry (DSC)—A DASM4
adiabatic microcalorimeter linked to an NEC personal
computer was used for calorimetric measurements as
described (4). The scan rate was 1.0 K/min. The sample
solutions were prepared by dissolution in 0.05 M glycine
buffer at pH 2.67, 2.98, and 3.11. The sample concentra-
tions were 0.8 to 0.9 mg/ml.

X-Ray Crystallography—The mutant human lysozyme
(I56T) was crystallized by gradually increasing the concen-
tration of the reservoir solution (final concentrations 2.2 M
NaCl, 20 mM acetate, pH 4.5) at 10°C using the hanging
drop vapor diffusion method. The protein concentration in
the droplet was 5.6 mg/ml. The crystals were isomorphous
with the wild-type crystals. Diffraction data to 1.58 A
resolution were collected by the oscillation method on a
Rigaku R-AXIS IIC mounted on a Rigaku RU-300 rotating
anode generator (40 kV, 200 mA, Cu K,) at 10°C. Data
processing was performed with the programs provided by
Rigaku. The data below 1.8 A resolution were excluded
from the refinements, due to their low accuracy and high
Rierge value of ca. 18%. The starting model was based on
the wild-type structure (4). The structure was refined using
the program X-PLOR (12). The coordinates of the mutant
human lysozyme have been deposited in the Brookhaven
Protein Data Bank (ID code; 10UA).

Equilibrium Studies—GuHCl-induced denaturation of
the mutant protein was monitored by CD at 222 nm as
described (5). CD measurements were carried out with a
Jasco J-500 recording spectropolarimeter using a cell of 10
mm path length.

Kinetic Studies of Denaturation and Refolding—The
reactions of denaturation and refolding were monitored by
fluorescence intensity measurement above 300 nm with
excitation at 280 nm. Fluorescence stopped-flow experi-
ments were carried out with a Photal RA-401 stopped-flow
spectrophotometer equipped with a mixing device using
1:10 volumes of 2 solutions (Ohtsuka Electronics). The
systems for fluorescence measurement were as described
previously (5).

All of the equilibrium and kinetic experiments were
performed in 40 mM glycine-HCI buffer, pH 4.0, at 10°C.

RESULTS AND DISCUSSION

General Features of the Mutant Human Lysozyme
(I56T)—The secretion efficiency in yeast of an amyloido-
genic mutant human lysozyme (156T) was about eight times
lower than that of the wild-type protein. We obtained 12.5
mg of the purified mutant protein from a total of 61 liters
of broth. The mutant human lysozyme was exhaustively
dialyzed against distilled water and lyophilized for storage.
This protein was soluble under all our experimental condi-
tions, and a protein concentration of about 10 mg/ml could
be used for crystallization. In contrast, the corresponding
mutant (I55T) of hen egg lysozyme is remarkably less
soluble than that of the wild-type protein (14). Human and
hen egg lysozymes share 60% amino acid sequence identity,
but the human lysozyme has a Gly residue inserted between
positions 47 and 48 in the corresponding hen egg lysozyme.
Therefore, the corresponding mutation of the hen egg
lysozyme is I55T.

It has been reported that the wild-type hen egg lysozyme
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polymerizes reversibly with increasing pH at 20°C, and the
dimer is the predominant form between pH 5 and 7 (15).
To examine dimerization (polymerization) of the mutant
and the wild-type human lysozyme, a sedimentation equi-
librium run was performed by analytical ultracentrifuga-
tion at pHs 3.0, 6.5, 8.0, and 11.0. All the concentration
gradients obtained for the mutant and the wild-type human
lysozyme in the sedimentation equilibrium run at each pH
could be well simulated on the assumption of the presence
of a single species with a molecular weight of 14,700. This
indicates that both proteins exist as monomers in solution
under the conditions used. The distinction between the
present results and those reported for hen egg lysozyme
may be caused by differences in the protein concentration
used or in the characteristics of the proteins. The protein
concentration in the present study was 30-40 times lower
than that in the case of hen egg lysozyme (15).

Circular dichroism (CD) spectra in the region from 250 to
200 nm of the mutant human lysozyme at pH 3, 6.5, 8.0,
and 10.0 were identical with those of the wild-type human
lysozyme (not shown). In the case of the hen egg mutant
lysozyme (I55T), the ellipticity in the a-helical region
around 220 nm of the CD spectrum is significantly reduced
at pH 6.5 and 25°C, suggesting partial denaturation (14).
These results suggest that the mutant human lysozyme
(I56T) has different features from those of the mutant hen
egg lysozyme (I55T).

Enzymatic activity of the mutant human lysozyme
(I56T) was measured spectrophotometrically by turbidity
assay at 450 nm, and was 78% of that of the wild-type
protein.

The Crystal Structure of the Mutant Human Lysozyme
(I56T)—Table 1 shows X-ray data collection and refine-
ment statistics for the mutant human lysozyme (I56T). The
mutant structure was essentially identical to the wild-type
structure (4). The r.m.s. deviation for the main-chain
atoms between the wild-type and mutant structures was
0.12 A, which is comparable to the reported value of 0.09 A
between the wild-type and I56V structures (4). Figure 1
shows the superposition of the mutant structure on the
wild-type structure in the vicinity of the mutation site. The

TABLE 1. X-ray data collection and refinement statistics for
the mutant human lysozyme (I56T).
A. Data collection
Cell dimensions (A)

a 56.69
b 61.03
¢ 33.79
Resolution (A) 1.8
No. of crystals 1
No. of measured reflections 28,187
No. of independent reflections 9,220
Completeness of data (%) 80.4
Raerse (%)" 5.6
B. Refinement

No. of atoms 1,200
No. of solvent atoms 172
Resolution range (A) 8-1.8
No. of reflections used 8,212
Completeness of data (%) 73.3
R factor® 0.148
r.m.s. of dev. (bond:A) 0.009
r.m.s. of dev. (angle:") 1.52

* Rnerge =100 X | — (D|/EKI, °R factor=E|Fo|—|Fel/Z|Fol.
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striking feature is that the side chain of the threonine is
rotated ca. 120" (x 1 angle, —47° in the mutant vs. —162°
in the wild-type) so that the hydroxyl group of Thr 56 forms
a hydrogen bond with one of the internal water molecules
found in the wild-type and mutant structures. The hydro-
gen bonding distance is 3.06 A. Other main-chain and
side-chain movements in the vicinity of Thr 56 are some-
what larger than those in 156V, but the maximal shift
except for the side chain atoms of Thr56 is only 0.32 A for
the oxgen atom of Gly55. Furthermore, the three internal
water molecules near Thr56 move less than 0.25 A.
Equilibrium Studies of Denaturation of the Mutant
Human Lysozyme (I56T); Calorimetry and Denaturant
Treatment—To examine changes in the conformational
stability of the mutant human lysozyme (I56T) due to the
substitution, we measured the heat stability and denatura-
tion by guanidine hydrochloride (GuHCI). Figure 2 shows
excess heat capacity curves resulting from differential
scanning calorimetric recordings of the mutant human
lysozyme (I56T) at acidic pH values (pH 2.67, 2.98, and
3.11) with that of the wild-type protein as a reference. The
acidic pH region was chosen because of the high rever-
gibility of the thermal denaturation of the mutant protein,
as well as the wild-type protein. The denaturation tempera-
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Fig. 2. Excess heat capacity curves of the mutant human
lysozyme (I56T) at pH 2.67 (a), 2.98 (b), and 3.11 (c). (d) re-
presents that of the wild-type protein at pH 3.02 as a reference
(4). The increments in excess heat capacity were 10 kJ/mol K.
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ture (7y), the denaturation enthalpy changes [calorimetric
(4H..)) and van't Hoff (4H,u) enthalpy changes], and the
denaturation heat capacity change (4C,) were obtained
directly from analyses of the heat capacity curves (Table
IT). The denaturation temperature of the mutant protein
decreased linearly with decreasing pH. The T, value of the
mutant protein was 12.5°C lower than that of the wild-type
protein at pH 2.7 (Table IIT). The thermodynamic parame-
ters of denaturation as a function of temperature can be
calculated using Egs. 1-3.

4H(T)=4H(Ta) - 4G(Ts—T) (1)
4S8(T)=4H(T.)/ Ts— AGIn(T./ T) 2
AG(T)=4H(T)—T4S(T) (3)

where the 4G, value is assumed to be independent of
temperature (16). Table III shows the denaturation ther-
modynamic parameters of the mutant and the wild-type
proteins at the same temperature, 64.9°C, which is the
denaturation temperature of the wild-type protein at pH
2.7. The result indicates that the decrease in Gibbs energy
(4G) of the mutant protein is caused mainly by an enthalpic
effect.

Makhatadze and Privalov have estimated the contribu-
tions of different interactions of each amino acid residue to
enthalpy, Gibbs energy, and heat capacity increment on
protein denaturation using model compounds (17). Calo-

TABLE II. Thermodynamic parameters for denaturation of
the mutant human lysozyme (I66T) at different pH values.

: Td AI-ICGI AHVH Ratio Acp-
Protein PH  0)  (WJ/mol) (kJ/mol) AHo/dH. (cd/mol-K)
156T 3.11 60.52 408 432 0.94 4.8

2.98 57.96 390 427 0.91 5.0
2.67 51.78 367 380 0.97 4.2

* 4G, was obtained from each calorimetric curve.

TABLE III. Thermodynamic parameters for denaturation of
the mutant human lysozyme (I66T) at the denaturation tempera-
ture (64.9°C) of the wild-type human lysozyme at pH 2.7.

Ta ATa Acp. AI{.:.I 44G Ratio

Protein ) C) (wl/mol-K) (d/mol) (kJ/mol) JHow/AHon
Wild 64.9+0.56 6.6+0.6 477+4 0.95
I56T 52.4 —-12.6 5.24+0.5 425+5 -—-15.2 0.94

*AC, was obtained from the slope of AH against Tj.

Fig. 1. Stereo drawing showing
(13) the mutant human lysozyme
structure (I56T) in the vicinity of
the mutation site. The wild-type
(open bonds) and mutant structures
(filled bonds) are superimposed.
Solvent water molecules are drawn
as crossed-circles. Broken lines indi-
cate hydrogen bonds.
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rimetry and the X-ray structure of the mutant human
lysozyme with valine at position 56 have already been
reported (4). No change in the Val mutant structure (I56V)
has been observed, except for the deletion of a methylene
group. Table IV shows that the expected differences in 4H
and 4G between the Val mutant and the wild-type human
lysozymes using Makhatadze and Privalov’s parameters
are in good agreement with those obtained from calori-
metric measurements. This agreement confirms that the
conformational change of the mutant I56V is localized at
the substitution site, as expected from the similarity of the
structures obtained from X-ray analysis, and shows that
Makhatadze and Privalov’s parameters are reliable. The
differences in hydration enthalpy and hydration Gibbs
energy between Ile56 and Thr56 residues could be esti-
mated to be —35.8 and —26.0 kJ/mol, respectively, at
65°C (Table IV), using Makhatadze and Privalov’s parame-
ters. This indicates that the observed large decrease in
denaturation enthalpy change of the mutant I56T is mainly
caused by the hydration enthalpy change of the polar group
of Thr56 in the interior of the molecule. The decrease in
Gibbs energy due to hydration of Thr56 was partly compen-
sated by the hydrogen bonding energy of the hydroxyl
group of Thr56 with water in the interior of the molecule,
newly formed by the substitution. These results indicate
that the mutant I56T is destabilized by the introduction of
a polar residue in the interior of the protein and that the
effect is mainly localized at the substitution site.

We also examined isothermal denaturation by a denatu-
rant. Denaturation by GuHCI of the mutant human lyso-
zyme was monitored by CD at 222 nm as a function of
denaturant concentration at pH 4.0 and 10°C (Fig. 3). The
transition curve of the mutant protein was highly coopera-
tive at certain GuHC]I concentrations, and the denaturation
was completely reversible. The transition curve of the
mutant protein was shifted to a lower concentration of
GuHCI (about 1.3 M) than that reported for the wild-type
protein (5), indicating that the mutant protein was remark-
ably destabilized by the substitution, in agreement with the
result of heat denaturation. The transition curve was
analyzed to evaluate the denaturation thermodynamic
parameters using the following equation (18), assuming a
two-state transition

1219

In K;=In K,*°+4 m[GuHCl] (4)

where K, and K,"*° are the equilibrium constants for
denaturation in any GuHCI concentration and in water,
respectively, and m, is a constant that is proportional to the
increase in the degree of exposure of residues to the solvent
upon denaturation. The denaturation Gibbs energy in
water, 4G,""°(= — RTInK, "), of the mutant protein was
calculated to be 30.6 kJ/mol, which is 27.9 kJ/mol lower
than that reported for the wild-type protein (5). Using
calorimetric data and Eqgs. 1-3, the denaturation Gibbs
energies of the mutant (I56T) and the wild-type human
lysozymes can be shown to be a function of temperature at
pH 4.0 (Fig. 4). The extrapolated values (4G) to 10°C of the
mutant (I56T) and wild-type proteins were 46.5 and 64.9
kJ/mol, respectively. Denaturation Gibbs energy values
obtained from calorimetry and denaturant denaturation
data did not coincide with each other at 10°C. The difference
in extrapolated values using different methods (high tem-
perature and high concentration of denaturant) might be

4
[GuHCI] (M)

Fig. 3. GuHCI denaturation curve of the mutant human lyso-
zyme (I56T) (solid line) at pH 4.0 in 40 mM glycine HCl buffer
and at 10°C and the wild-type protein (dotted line) (5) as a
reference under the same conditions. The fraction of denaturation
(fo) was calculated with the following equation: fo=([y]a— (¥])/
([¥)n—[¥]a), where [y] represents the CD value at 222 nm at a given
concentration of GuHC), and [y], and (y). are the CD values for the
native and denatured states, respectively.

TABLE IV. Contribution of different interactions of Ile, Val, and Thr residues at position 56 of human wild-type and mutant
lysozymes to enthalpy and Gibbs energy on denaturation. These values were calculated using parameters obtained by Makhatadze and

Privalov (17).
AH (kJ/mol) 4G (kJ/mol)
Tle56 Val56 Thr66 Tle56 Val56 Thrs6
(wild-type) (wild-type)

Hydration

Polar surface —-35.8 —26.0

Aliphatic -6.1 —5.1 —-1.2 9.5 8.0 5.0
Interaction in the interior

Hydrogen bond with water (—13.3) (23.1)

Aliphatic(van der Waals) 16.5 13.8 8.7 16.5 13.8 8.7
Total 10.4 8.7 (—41.8) 26.0 21.8 (10.8)
Expected values® -1.7 (—52.0) —4.2 (—15.2)
Measured values® " 2.0 ~52.0 -5.2 —15.2

*Expected values represent the difference between the total values of Val56 and the wild-type (Ile56). For example, —1.7=8.7 of 4H (Val56)
—10.4 (Ile56). "Measured values represent the difference between 4H (or 4G) measured by calorimetry of the Val56 (or Thr56) mutant and
the wild-type (Ile56) proteins. The values in parentheses show the estimated values when the expected value of mutant I56T is assumed to
coincide with the measured value. Based on this calculation we can estimate the contribution of the hydrogen bond of Thr56 with water in the
interior of the protein.

Vol. 120, No. 6, 1996

2T0Z ‘2 J80o100 uo [eyidsoH uensuyd enybueyd e /610°seulno(pioxo qly/:dny wodj pspeojumoq


http://jb.oxfordjournals.org/

1220

caused by a difference in the denatured states. However, it
can be concluded that the mutant human lysozyme (I56T)
was much less stable than the wild-type protein over the
entire temperature region shown in Fig. 4.

Kinetic Studies of Denaturation and Refolding of the
Mutant Human Lysozyme (I56T)—To examine the effect of
the substitution on the kinetic stability and the folding
mechanism of human lysozyme, kinetic studies of the
reversible denaturation-refolding of the mutant human
lysozyme (I56T) were performed. The denaturation rate of
the mutant protein was too fast to be monitored precisely in
a stopped-flow apparatus at pH 3.0 and 25°C. Therefore, all
measurements were performed at pH 4.0 and 10°C. The
denaturation and refolding reactions were monitored by
measuring aromatic fluorescence intensity. The denatura-
tion of the mutant protein was followed on increasing the
concentration of GuHCI from OM to various levels. The
data were analyzed by use of the following equation

A(t)— A(c0) =3 A,e4t (5)

where A(t) is the fluorescence intensity at a given time, and
A(o0) is the value when no further change is observed; A;
is the amplitude of the ith phase, and k; is the apparent rate
constant of the ith phase. The denaturation kinetics of the
mutant protein were described by a single exponential, as
was reported for the wild-type protein (5). The kinetic
amplitudes of the denaturation reactions at various final
concentration of GuHCI] were almost 100%. The logarithm
of the apparent rate constant (kspp) of the mutant protein
linearly increased with increasing GuHCI concentration as
shown in Fig. 5. The k., values of the mutant protein at all
concentrations of GuHCI examined were 1-2 orders of
magnitude higher than those of the wild-type protein,

100 T T T T

L.

80

AG (kJ/mol)

- 1 00 L " ] L 1
0 20 40 60 80

Temperature (°C)

Fig. 4. Temperature function of denaturation Gibbs energies
of the mutant human lysozyme (I66T) (solid line) and the wild-
type protein (dotted line) (5) at pH 4.0. For the mutant protein, Ty
at pH 4.0, 4G, and 4H at T, were taken to be 67.0°C, 5.2 kJ/mol,
and 435 kJ/mol, respectively. For the wild-type protein, T, at pH
4.0, 4C,, and 4H at T, were taken to be 79.5°C, 6.6 kJ/mol, and 575
kJ/mol, respectively (7).
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indicating that the substitution accelerates the denatura-
tion rate of human lysozyme.

Refolding kinetics were studied by quickly diluting the 5
M GuHCI solution, in which the protein was completely
denatured, to various GuHCI concentrations at 10°C and pH
4.0. The GuHCI concentration dependence of log k., i8 also
shown in Fig. 5, indicating that the refolding of the mutant
protein has two phases below 1.5 M GuHClI, like that of the
wild-type protein. The amplitude of the fast phase of the
two phases observed in the refolding kinetics was greater
than that of the slow phase, indicating that the fast phase is
predominant in the refolding reaction. The Ay, values of
the major fast phase for the mutant protein were signifi-
cantly lower than those of the wild-type protein, indicating
that the substitution suppresses the refolding rate of
human lysozyme.

Because the apparent rate constants for denaturation
increased linearly with increasing GuHC] concentration,
the relation between k, (rate constant of denaturation) and
GuHCI concentration can be inferred from Eq. 6, in which
k" is the rate constant in water (19).

log ks =log k" + m, [GuHCI) (6)

kq at a given GuHCI concentration can be obtained from the
equilibrium constant of denaturation (Ks=~k4/k) and kypp
(=ky+ k), where k; is the rate constant of refolding. By
fitting the data to Eq. 6, k" and m, were calculated to be
9.7x107* 8! and 0.5487'-M™!, respectively, for the mu-
tant human lysozyme. The value of k,"'*° for the wild-type
human lysozyme has been reported to be 1.5X10 %87,
These results indicate that the rate of denaturation in water
for the mutant protein was increased by 3 orders of

2.0 M T T T

1.5+ .

1.0

0.5

0
(=]
T
1

3.0 s 1 1 .
0 2 4 6
[GuHCI} (M)

Fig. 5. Dependence of the apparent rate constants (in 87') of
refolding (open symbols) and denaturation (filled symbols) for
the mutant human lysozyme (I56T) on GuHCI concentration at
pH 4.0 and 10°C. Apparent rate constants of the mutant protein were
measured in terms of fluorescence intensity above 300 nm with
excitation at 280 nm. The open triangles (&) and (V) refer to the slow
and fast phases, respectively, in the biphasic refolding reactions. The
broken lines show the refolding and denaturation phases of the
wild-type protein (5) as a reference.

J. Biochem.

2T0Z ‘2 Jego1pQ uo [eyidsoH uensuyDd enybueyd Je /B10'sfeulnopioxo q j/:dny wo.y pspeojumoq


http://jb.oxfordjournals.org/

Amyloidogenic Mutant Human Lysozyme

magnitude due to the substitution. If the protein folding
reaction involves a reversible transition between two
states, the denatured and native states, k; of such a protein
must follow the rate law (19)

log k;=log k"*° —(me—m.)[GuHCl] (7

where log k''*° =log(k""°/ K;1"*°). According to Eq. 7, log &
can be calculated as a function of GuHCI concentration for
a two-state transition using the denaturation kinetics and
equilibrium data. Figure 6 shows that the experimental
values of log k., of the mutant protein upon refolding
deviate from the curve predicted by the kinetics of a
two-state equation. As reported for the wild-type and other
mutant human lysozymes (5, 6), such a deviation indicates
that a metastable intermediate is transiently produced
during the refolding process and that the refolding phase
reflects the transformation of the intermediate into the
native form. The intermediate (I) is assumed to be similar
to the molten globule state, which is less compact than a
native protein, with a large amount of secondary and no
tertiary structures (20). Hooke et al. have also confirmed
the presence of a kinetic intermediate for human lysozyme
using a pulse hydrogen exchange labeling method (21).

The folding pathway of the mutant human lysozyme may
be written as follows.

D I<—N

The first stage corresponds to rapid formation of the molten
globule (D—I), and the second stage is the organization of
the specific tertiary structure (I—-N). The first stage is
known to be completed within a millisecond time range and
could not be followed in this study, and the second stage
involves the rate-determining step of the folding reaction.
If we assume that the major fast refolding phase is the I—

-1.0

-1.5

| ISP P |

_2.0 e 1 A 1 A 1 A
0 1 2 3 4 5 6

[GuHCI1] (M)

Fig. 6. Dependence of the apparent rate constants of refolding
and denaturation on GuHCI concentration in the mutant human
lysozyme (I56T). The solid line is that calculated for a simple
two-state system [ K. = ks/k and log kypo =log(ks+ k)] (19). ¥V and O
are the experimental points for refolding kinetics (the fast phase in
the two states). The symbols used here and the experimental condi-
tions are the same as those in Fig. 5.
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N reaction, we may obtain the activation Gibbs energies in
water from the intermediate to the transition state using
the extrapolated value to 0 M GuHCI of observed kypp. The
activation Gibbs energy and kinetic data are correlated by
the Eyring equation (22).

4GV °=RT In (kT/h)—RT In k¥ )]

where k and h are the Boltzmann and Planck constants,
respectively. The activation Gibbs energy in water for the
denaturation, 4G,*"*®°, and for refolding, 4G/ "%, of the
mutant protein are 15.2 kJ/mol lower and 3.3 kJ/mol
higher, respectively, than those of the wild-type protein
(Fig. 7). Gibbs energy profiles of the denaturation and
refolding are shown in Fig. 7. Gibbs energy differences
between the I and N states in the mutant (I56T) and the
wild-type protein can be calculated to be 19.9 and 38.4 kJ/
mol, respectively. Moreover, the difference in energy
between the I and D states for the mutant protein (10.7 kJ/
mol) was about half that of the wild-type protein (20.1 kJ/
mol). Therefore, the energy profiles have the following
implications. (i) The I state of the mutant protein is 18.5
kJ/mol more favorable than that of the wild-type protein,
based on each N state. (ii) The I state of the mutant protein
is more favorable due to the activation Gibbs energies for
both denaturation and refolding reactions. (iii) The D state
of the mutant protein is 9.4 kJ/mol more favorable than
that of the wild-type protein, based on each I state. In
conclusion, the mutant human protein is less stabilized than
the wild-type protein at all steps in the folding process.
Why Is the Mutant Human Lysozyme (I56T) Amyloido-
genic?—The native crystal structure and other biophysical
properties examined in this study of the mutant human
lysozyme (I56T) were similar to those of the wild-type
protein. The mutant protein at acidic and alkaline pHs (pHs
3.0 and 11) was monomeric and was in the native form as
judged from the CD spectra. In the native state, we could
not find significant differences between the mutant and the
wild-type human lysozymes. However, the mutant protein
was greatly destabilized by the substitution. The denatured
and intermediate states of the mutant protein were more

(A) (B)

A A
100.7kJ/mol

62.3kJ/mol :
: 65.6kJ/mol

58.5kJ/mol !
30.6kJ/mol
1 LV_ N

Fig. 7. Gibbs energy profiles for the states in the folding
pathway of the mutant human lysozyme (I56T) (B) and the
wild-type protein (B) as a reference (5) in water. 4G,"™ was
calculated from the equilibrium denaturation studies. 4G,!"¥*° and
AG1H° were calculated from extrapolated values of & and A,
respectively, to 0 M concentration of GuHClI, according to the Eyring
equation. The species in the folding pathway are: N, the native state;
T?, transition state between the I and N states; I, the intermediate
state; and D, the denaturant-induced denatured state.
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favorable than those of the wild-type protein. These results
show that conformations under partially or/and completely
denaturing conditions might be suitable for amyloid forma-
tion.

The mutant human lysozyme at position 67 (Asp— His)
has also been reported to be amyloidogeneic (3). The
carboxyl group of Asp 67 forms hydrogen bonds with the
hydroxyl group of Tyr54, the -OH group of Thr70, and a
water molecule in the interior of the protein. This hy-
drogen-bond network is very important for the stabilization
of this protein, because the deletion of one hydrogen bond
due to the mutation Tyr54—Phe causes a large decrease in
the stability (unpublished data). Therefore, we anticipated
that the mutant D67H human lysozyme would be remark-
ably destabilized by the deletion of four hydrogen bonds.
The locations of positions 67 and 56 in the native state are
quite different from each other, suggesting that the com-
mon feature in forming amyloid deposits is not in the native
conformation, but in the tendency to favor denatured
structures. Dill and Shortle have suggested that the pri-
mary sequence of a protein is a major determinant of
denatured conformation (23). The denatured conformation
of the mutant human lysozyme might be responsible for
amyloid formation.

It has been demonstrated that lysosomal extracts or
lysosomal enzymes under acidic conditions could convert
amyloidogenic proteins into amyloid (24, 25). On the other
hand, in the case of transthyretin, the purified protein could
be converted into amyloid fibrils via an acid-induced
conformational change in vitro (26, 27). This demonstrates
that conformational changes alone are sufficient to produce
an intermediate capable of amyloidogenesis (26, 27).
Although the mutant human lysozyme did not undergo
conformational changes under acidic conditions, the de-
stabilization of the protein should increase the proportion
of denatured states under physiological conditions. Because
denatured proteins and intermediates in the folding process
are easily self-associated, unstable proteins might be
candidates for amyloidosis (2).

We have studied the stability and denaturation/refolding
process for many mutant human lysozymes (4-9). In the
case of a disulfide-bond mutant (C77A/C95A), which
exhibits 8-fold greater secretion in yeast compared with the
wild-type protein, the stabilization of the molten globule
state (the intermediate state) could correlate with the
increase in secretion efficiency in vivo (5). On the other
hand, the refolding rate of the mutant (C77A/C95A) is
similar to that of the wild-type protein, though for the
present mutant (I56T) the refolding rate was decreased,
indicating that the destabilization mechanisms of both
mutants (C77A/C95A and I56T) are different. If suitable
conditions for artificial amyloid formation of human lyso-
zyme are found, we could further establish the relationship
between amyloidosis and protein folding.

A special feature of amyloid deposits is the universal
presence of sulfated glycosaminoglycans which are prob-
ably laid down simultaneously with the fibrils (1). Although
the significance of the sulfated glycosaminoglycans remains
unclear, the interaction between sulfated glycosamino-
glycans and the (partly) denatured state of amyloidogenic
human lysozyme might be important for amyloid forma-
tion.

J. Funahashi et al.
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