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The unfolding of a-momorcharin was systematically investigated using steady-state
and time-resolved tryptophan fluorescence, circular dichroism and 8-anilino-1-
naphthalenesulfonic acid (ANS) binding. These spectroscopic studies demonstrated
that a-momorcharin unfolded through a compact folded intermediate state. The
content of a-helix was increased, Trp192 approached closer to the side of active site
and its rotational motion was restricted by being equilibrated with 2–3 M of
guanidine hydrochloride. Furthermore, the binding of ANS with a-momorcharin
was more suppressed to show that the hydrophobic parts would not be accessed to
the protein surface but rather be sealed off in this specific conformation state. These
results suggest that the structure of a-momorcharin holds the more compact
conformation as an incipient state for unfolding, which is the sharp contrast to
b-momorcharin that gives the characteristics of the generally known molten globule
state.
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Abbreviations: ANS, 8-anilino-1-naphthalenesulfonic acid; CD, circular dichroism; Gdn, guanidine
hydrochloride; MG, molten globule; RIPs, ribosome-inactivating proteins; TCSPC, time-correlated single
photon counting.

Momorcharin is one of the ribosome-inactivating proteins
(RIPs) and works as the bio-defense relating protein
since it catalyses the adenine-releasing reaction from
ribosomal RNA to prohibit the protein synthesis. Now,
two types of momorcharin, a- and b-momorcharin were
found and they are isolated from seeds of bitter gourd.
Their X-ray crystallographic structures and sequences of
amino acids have been already confirmed. These two
types of momorcharins retain high similarity in structure
and homology in the sequence of amino acid each other.
The active site of the momorcharin is composed of
arginine, glutamate and two tyrosine residues. As
shown in Fig. 1, a single tryptophan residue is arranged
adjacently to the active site to cover up the lid for the
active site (1). Because of such specific arrangement of
the tryptophan residue and active site, momorcharin is a
quite interesting subject for studying the protein folding/
unfolding process and mechanism through the fluores-
cence spectroscopy. It is considered that the active site
of the enzyme uniquely maintains the more compact
conformation in the protein to complete the specific
biological roles. Besides, the tryptophan residue works as
an excellent reporter for the subtle conformational
change induced in the protein. Generally, the tryptophyl
fluorescence has been used as a convenient tool for
monitoring the protein folding/unfolding process and
kinetics using its specific photophysical properties

depending on the polarity of the surrounding circum-
stances. Furthermore, the tryptophan residue in protein
is more useful if the more advanced techniques such as
time-resolving fluorescence spectroscopic methods are
applied. The information on the interaction between the
peptide elements and the dynamics of the conformational
fluctuation can be uniquely obtained by the fluorescence
decay analysis of the tryptophan residue specified its
location in protein (2). These are indispensable entities
for characterizing the feature of the conformation of
proteins. Furthermore, the spectroscopic methods based
on the resonance excitation energy transfer formula-
tion and the analysis of the time-resolved fluorescence
depolarization would be also expected to be useful to
figure out the unique conformation and dynamics of the
folding/unfolding intermediate of proteins.

Recently, we reported the features of the unfolding
intermediate state of b-momorcharin formed in the
equilibratory denaturing condition (3). The hydrophobic
domains of b-momorcharin were exposed to the protein
surface and the motional freedom of tryptophan residue
was increased without loosing the secondary structure
at the intermediate state. These properties of the par-
tially unfolded state almost coincide with the general
concepts of molten globule (MG) state. In the present
studies, we characterized the unfolding intermediate
state of a-momorcharin using the time-resolved fluores-
cence spectroscopy and the results were compared with
the intermediate state of b-momorcharin previously
characterized.
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The MG state of protein is considered to be the general
folding/unfolding intermediate state of proteins. The
systematic studies on MG state are desirable to elucidate
the protein folding mechanism because the essential
factors that mediate between the native and unfolded
state would be densely inscribed in the structural, phys-
ical and chemical features of MG state. The conformation
and thermodynamic properties of MG state have been
investigated using various biophysical techniques and
the fundamental properties have been well defined
(4–11). However, our knowledge has not reached to the
level to understand the folding mechanism and to predict
accurately the final structure. In the trial to elucidate
the protein folding mechanism, one key factor is the
amino acid sequence of protein. Anfinsen proposed that
three dimensional structure of protein is predominantly
determined by the amino acid sequence (12, 13). Based
on his dogma, it is not unreasonable to consider that
the proteins with higher homology in the sequence and
high similarity in the native structure may exhibit the
similar equilibrium folding/unfolding profile and proper-
ties in the MG state each other. But this assumption is
not necessarily hold as seen in the case of the relation
between lysozyme and a-lactalbumin (14). These two
proteins are very homologous in amino acid sequence and
3D structure. But, a-lactalbumin adopts the typical MG
state in the equilibrium state with the mild concentra-
tion of the chemical denaturant or high acidic condition.
On the other hand, the distinctive MG state of lysozyme
has not been recognized yet. As seen in this case, more
detailed information on the fundamental properties such
as the site specific interaction and packing of peptide
elements in the intermediate state of the proteins
with similar sequences should be cleared to elucidate
the protein folding/unfolding mechanism, stability and
eventually, the protein function. The comparative
studies on the folding/unfolding intermediate states of

a-momorcharin and b-momorcharin are very interesting,
because they have similar 3D structures and amino
acid sequences. In the present study, the characteristic
properties exhibited in the unfolding intermediate state
of a-momorcharin were investigated using the fluores-
cence spectroscopic methods.

MATERIALS AND METHODS

Materials—Seeds of bitter gourd (Momordica charantia)
were purchased from Nakahara Co. Ltd. (Fukuoka, Japan)
Guanidine hydrochloride (Gdn), 8-anilino-1-naphthalene-
sulfonic acid (ANS) and other chemicals were of highest
grade and used without further purification. Mono-S and
DEAE-Sepharose used for the ion-exchange chromatogra-
phy were purchased from GE Healthcare Bio-Science
Corp. (Buckinghamshire, UK)

Purification and Preparation of �-Momorcharin—The
purification of a-momorcharin was performed according
to the methods of Fong et al. (15). The trashed seeds of
bitter gourd were ground and homogenized in 2 mM
sodium phosphate buffer, pH 7.5. The resulting slurry
was stirred for 5 h to extract the crude proteins. After
removing the insoluble components by filtration and
centrifugation at 30,000g for 1 h at 48C, the crude protein
solution was dialysed against 2 mM sodium phosphate
buffer, pH 7.5. The dialysed sample was applied to
DEAE-Sepharose column equilibrated with the same
buffer. The unbound proteins were applied to Mono-S
column equilibrated with 2 mM sodium phosphate buffer,
pH 7.5, and eluted by linear gradient of 0–0.5 M of NaCl.
The fraction corresponding to a-momorcharin, which was
confirmed by the N-glycosidase activity against RNA was
concentrated and dialysed against 20 mM Tris–HCl
buffer, pH 7.8. Every chromatography was performed
on BioLogic DuoFlow system (BioRad, Hercules, CA) at
48C. The purity of a-momorcharin was examined by

Fig. 1. Structure of a-momorcharin. The side chains
of the amino acid residues constituting the active site

and Trp192 are shown. The figure is based on PDB file,
1CF5 (12).
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SDS–PAGE and the gel-filtration chromatography on
HPLC.

The purified a-momorcharin was dissolved in 20 mM of
Tris–HCl buffer, pH 7.8 for the equilibratory unfolding
experiments. Small aliquot of the stock sample solution
was added to the reaction mixture containing the desired
concentration of Gdn. This protein solution was incu-
bated at 258C for 6 h to reach the equilibrium. In these
conditions, no further changes in any spectroscopic
properties of a-momorcharin were recognized after the
incubation. The concentration of a-momorcharin was
determined spectrophotometrically using OD280 = 1.3
(1 mg/ml).

Steady-state and Time-resolved Fluorescence
Measurements—The steady-state fluorescence emission
spectra were recorded on Hitachi 850 fluorescence
spectrophotometer. The fluorescence emission spectrum
was strictly corrected against the detection and excita-
tion systems. The undesired effects of stray lights were
also removed with a subtraction method. The fluores-
cence spectrum of ANS was measured for the protein
solution including 20 mM of a-momorcharin, which was
equilibrated with various concentrations of Gdn. The
excitation wavelengths, 297 and 380 nm were used for
a-momorcharin and ANS, respectively. The steady-state
fluorescence anisotropy of a-momorcharin was measured
with the same instrumentation. Based on the definition,
the fluorescence anisotropy (r) was calculated after the
measurements of the vertical (Ivv) and horizontal (Ivh)
fluorescence intensities against the vertical excitation.
The G-factor is determined by the ratio of Ihv to Ihh,
which were the intensities vertically and horizontally
polarized components against the horizontal excitation,
respectively.

The time-resolved fluorescence and fluorescence aniso-
tropy were measured with the sub-picosecond laser-based
time-correlated single photon counting method (TCSPC).
The excitation pulse (275–300 nm) was separated from
a combination of sub-picosecond Ti:sapphire laser
(Tsunami, Spectra-Physics, Stratford, CT), pulse picker
with second harmonic generator (model 3980, Spectra-
Physics) and third harmonic generator (GWU, Spectra-
Physics). The repetition rate was 800 kHz and the
obtained excitation pulse width was 100 fs. The stop
pulse to drive the time-to-amplitude converter (TAC, 457,
Ortec, Oak Ridge, TN) was detected by a high speed APD
(C5658, Hamamatsu Photonics, Shizuoka, Japan). The
fluorescence emission pulse was detected a multi-channel
plate type photomultiplier (3809U-50, Hamamatsu
Photonics) and fed into TAC through a constant fraction
discriminator (935, Ortec). The output signals of TAC
were accumulated in 2,048 channels in multi-channel
analyser (Maestro-32, Ortec). The channel width was
11 ps/ch.

The fluorescence decay kinetics of a-momorcharin was
described with linear combination of some exponentials,

F tð Þ ¼
X

�i exp
�t

�i

� �
ð1Þ

where, �i is the fluorescence decay time of i-th component
and �i is the corresponding pre-exponential factor, �i and
�i were determined with the iterative convolution and

non-linear curve-fitting methods. The adequacy of the
curve fitting was judged by the residual plots and
statistic parameters such as serial variance ratio (SVR)
and sigma value (�) (16).

The measurements of the fluorescence anisotropy
decay were performed with the same TCSPC system.
But, a Gran–Taylor polarizer was set at the just behind
the sample to measure the decays of vertical [Ivv(t)] and
horizontal [Ivh(t)] components against the vertical excita-
tion. Ivv(t) and Ivh(t) were related with the fluorescence
decay, F(t) and anisotropy decay, r(t) by the following
Eqs 2 and 3.

Ivv tð Þ ¼
1

3
F tð Þ 1þ 2r tð Þ

� �
ð2Þ

Ivh tð Þ ¼
1

3
F tð Þ 1� r tð Þ

� �
ð3Þ

The fluorescence anisotropy decay kinetics was given
by Eq. 4,

r tð Þ ¼
X

�i exp
�t

�i

� �
ð4Þ

where, �i is rotational correlation time of i-th component
and �i is the corresponding amplitude. The fluorescence
anisotropy decay was determined by the simultaneous
global analysis of Ivv(t) and Ivh(t) using the Eqs 1–4.
Their adequacies were confirmed by SVR and sigma
value for the parallel and perpendicular, respectively.
Every fluorescence measurement was performed at 258C.

Fluorescence Quenching by Acrylamide—The fluores-
cence quenching experiments were based on usual
Stern–Volmer equation, F0/F = 1 + Ksv[Q], where F0 and
F were the fluorescence intensities in the absence and
presence of the quencher molecule and Ksv and [Q] were
Stern–Volmer constant and the concentration of the
quencher, respectively. The sample solution including
20 mM of a-momorcharin, which was equilibrated with
various concentrations Gdn was titrated by a solution of
acrylamide without changing the concentration of Gdn
and protein. The fluorescence intensity was measured at
the fluorescence maximum wavelength. The quenching
constant Ksv was estimated by the slope of the Stern–
Volmer plot. The collisional fluorescence quenching
constant was obtained by the average fluorescence
lifetime (�av) and Ksv.

Circular Dichroism Spectrum—Circular dichroism
(CD) spectrum of a-momorcharin was recorded on a
J-720 spectropolarimeter (JASCO). The sample solution
of a-momorcharin was buffered with 20 mM Tris–HCl
buffer, pH 7.8. The protein concentration used for CD
spectrum was adjusted to 0.1 mg/ml. CD cuvettes with 1
and 5 mm of optical-path length was used for the mea-
surements in the far- and near-UV regions, respectively.

RESULTS

The fluorescence spectra of a-momorcharin in 20 mM
Tris–HCl buffer, pH 7.8 give a maximum at 328 nm.
When this protein was equilibrated with 4.5 M of Gdn,
the fluorescence spectrum shifted the maximum wave-
length to 355 nm and the intensity was enormously
reduced. These results suggest that the tryptophan
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residues of a-momorcharin locate at the hydrophobic site
and it is exposed to the protein surface on unfolding
of the protein. The equilibratory unfolding profile moni-
tored with the fluorescence intensity, maximum wave-
length and anisotropy of a-momorcharin was shown
in Fig. 2. The fluorescence maximum wavelength of
a-momorcharin steeply shifted to the red side at 4 M of
Gdn to reach to 355 nm at 4.5 M of Gdn. The fluorescence
intensities of a-momorcharin increased once in the
presence of Gdn of 0–1 M, but it decreased to 10% by
the increase in Gdn concentration from 2.5 M to 4.5 M. It
is more clearly shown by the steady-state fluorescence
depolarization measurements that a-momorcharin would
take a specific conformation state different from the
native and unfolded state at the presence of 2–4 M of
Gdn. This result suggests that the segmental motion
of tryptophan residue of a-momorcharin would be sup-
pressed and/or the hydration volume of momorcharin
enlarged in this concentration range of Gdn.

The fluorescence of ANS is useful probe for investigat-
ing the hydrophobic pocket in proteins, since it gives the
higher fluorescence intensity in the non-polar circum-
stance. Using this spectroscopic property, ANS has been
used for the identification of the partially unfolded state
(17). The binding of ANS with a-momorcharin equili-
brated with various concentrations of Gdn were exam-
ined through the fluorescence spectrum changes (Fig. 3).
The fluorescence intensity of ANS, at first sight, looks
like to decrease monotonously with increase in the Gdn
concentration. However, the decreasing curve of fluores-
cence intensity of ANS was consisted of two phases. The
first phase reached once to a constant value at 2–3 M of
Gdn. The fluorescence intensity decreased furthermore
in increasing Gdn concentration higher than 4 M. The
fluorescence maximum wavelengths of ANS shifted to
the longer wavelength side with the increase in the con-
centration of Gdn. These results demonstrate that the

hydrophobic parts of a-momorcharin would be concealed
at 2–3 M of Gdn.

Figure 4 shows the effects of Gdn on the CD spec-
trum of a-momorcharin. The ellipticity at 222 nm was
increased as increasing in the Gdn concentration at
0–2.5 M. But, it contrarily decreased at higher than 3 M
of Gdn. At the concentration higher than 5 M of Gdn,
very small ellipticity was recognized at the wavelength
217 nm. When the ellipticity at 222 nm which was the
indicator for the significant presence of a-helix was
plotted against Gdn concentration, the maximum value
was found at 2.5 M Gdn solution. In order to estimate
precisely the composition of secondary structure of pro-
tein, the spectrum has to be measured in the wide range
of wavelength. Unfortunately, the optical absorption of

Fig. 3. The fluorescence intensity of ANS in the solution
including a-momorcharin equilibrated with various con-
centration of Gdn. Inset, the fluorescence spectra of ANS
versus Gdn concentration. The spectra of a, b, c, d and e are 0,
1, 2, 2.5 and 4 M Gdn, respectively. Excitation and emission
wavelength were 380 and 470 nm, respectively. The concentra-
tion of a-momorcharin and ANS were 2.0 and 200 mM,
respectively.

Fig. 2. Gdn concentration dependence of fluorescence
spectroscopic properties of a-momorcharin. The concentra-
tion of the protein was 0.1 mg/ml. Filled circle, fluorescence
intensity; filled triangle, steady-state fluorescence anisotropy;
filled square, fluorescence maximum wavelength. Excitation
wavelength was 297 nm. The fluorescence intensity and aniso-
tropy were measured at the fluorescence maximum wavelength.
The lines (dot, broken and solid) are drawn just for the aid to
the eye and not based on the quantitative analysis.

Fig. 4. The Gdn concentration dependence of elliptic-
ity of a-momorcharin at 222 nm. Inset, CD spectra of
a-momorcharin in the buffer solution including 0 M (a),
2 M (b), 3 M (c), 4 M (d) and 5 M (e) of Gdn. The concentration
of a-momorcharin was 0.1 mg/ml.
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the high concentration of Gdn disturbs and distorts the
CD spectrum of a-momorcharin at the far-UV region.
Therefore, it is difficult to estimate precisely the content
of a-helix of a-momorcharin equilibrated with 2.5 M of
Gdn solution. However, it should be noted that the
ellipticity at 222 nm was distinctly increased in the
presence of 2.5 M Gdn.

CD spectrum of a-momorcharin was measured at near-
UV region to examine the Gdn effects on the tertiary
structure in various concentrations. As shown in Fig. 5,
the pronounced positive ellipticity was found at the
absorption wavelength region of aromatic amino acid
(260–300 nm) in the buffer solutions including 0 and 3 M
Gdn, while they were not recognized in 5 M of Gdn
solution. The broad band intensity seen at 260–280 nm in
the absence of Gdn was almost same as one in the 3 M
Gdn solution. But is should be noted that the positive
cotton effect seen at 289 nm was more remarkable in the
presence of 3 M Gdn than that in the absence of Gdn,
although it is hard to discuss quantitatively since the S/
N ratio was low. These results demonstrate the tertiary
structure of a-momorcharin is retained, or rather
increased at the presence of 3 M Gdn.

Fluorescence dynamic quenching experiments were
performed to investigate the conformational change
around the tryptophan residue. The Stern–Volmer plots
of a-momorcharin in the solutions including 0, 2, 3 and
5 M of Gdn were so linear that Stern–Volmer constant

could be estimated precisely (data not shown). The
apparent quenching constant, Ksv of the native state
was larger than that of the unfolded. But the accessi-
bility of the quencher to the tryptophan residue must be
evaluated by the collisional quenching constant, kq,
because the cross section of the quenching depends on
the fluorescence lifetime. According to the fluorescence
quenching theory, the relation between Ksv and kq is
given by Ksv = kq� �av. The resulting quenching param-
eters are summarized in Table 1. The lower accessibi-
lity of the quencher molecule to the tryptophan residue
was found in the solution equilibrated with 2 M of Gdn.
It should be noted that the collisional quenching constant
of the native a-momorcharin is 2.5-fold larger than that
of a-momorcharin in 2 M of Gdn.

The steady-state fluorescence and CD spectroscopic
studies suggested that a-momorcharin reached to the
specific conformation state in the presence of around
2.5 M Gdn between the native and unfolded states. In
order to characterize the features in conformation and
dynamics of this state, the time-resolved fluorescence
studies were examined. For the measurement of time-
resolved fluorescence study, a-momorcharin was excited
at 297 or 285 nm. On the excitation at 297 nm, Trp
residue is excited exclusively in momorcharin and both of
Trp and Tyr are excited by 285 nm pulse. Figures 6 and 7
show the fluorescence decay curves of a-momorcharin
equilibrated with 0, 3 and 5 M of Gdn. Their decay
parameters giving the best fit to the sum of exponential

Fig. 6. The fluorescence decay curves(a, b and c) of
a-momorcharin in the buffer solution including 0 M (a),
3 M (b) and 5 M (c) excited at 297 nm. The residual plots
giving the best fit are given by d, e and f. Spike-like curves
indicate the response function for the excitation pulse. Channel
width was 11 ps/ch. The emission wavelength were 330 nm
(a, b) and 350 nm (c), respectively. The concentration of
a-momorcharin was 0.08 mg/ml.Fig. 5. The CD spectra of a-momorcharin in the near-UV

region. The spectra of a, b and c are observed at 0, 3 and 5 M
Gdn, respectively.

Table 1. Fluorescence quenching parameters of
a-momorcharin by acrylamide.

Concentration
of Gdn (M)

KSV (M�1) �av (ns) kq (M�1 s�1)

0 4.7 2.90 1.62
2 2.3 3.43 0.67
3 2.6 3.42 0.76
5 4.8 1.48 3.24
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function were summarized in Table 2. The fluorescence
decay profiles excited at 285 nm exhibited more trun-
cated form than that excited at 297 nm in the presence of
0 and 3 M of Gdn to suggest that they would include
negative pre-exponential factor in the decay kinetics.
In the presence of 5 M Gdn, the decay profiles of the
momorcharin were independent on the excitation wave-
length and their decay kinetics was described with the
sum of triple exponentials.

The detail analysis by non-linear curve fitting demon-
strated that the fluorescence state of a-momorcharin was
stabilized in the presence of 3 M of Gdn. Clearly shown in
Table 2, the fluorescence of momorcharin excited not at
297 nm but 285 nm included negative pre-exponential
factors in their decay kinetics in the absence and the
presence of 3 M of Gdn. Such excitation wavelength
dependences of the fluorescence decay kinetics suggest
that the excitation energy transfer from tyrosine to
tryptophan residue would involve in the energy relaxa-
tion process of tryptophan. The results given in Table 2
also demonstrate that the fluorescence decay time of
donor corresponding to the negative pre-exponential
factor in the solution of 3 M of Gdn is faster than that
in the absence of Gdn. Based on the simple kinetic

analysis, the fluorescence decay of the energy acceptor
(tryptophan) is given by Eq. 5, where A0 and D0 are
constant relating with the initially populated acceptor
and donor molecules, �D and �A are the fluorescence
decay times of energy donor and acceptor, respectively
and kt is the energy transfer rate (18).

f tð Þ ¼
ktD0

ð1=�AÞ � ð1=�DÞ

� �
exp

�t

�D

� �
� exp

�t

�A

� �� �

þ A0 exp
�t

�A

� � ð5Þ

When tyrosine residues have shorter fluorescence life-
time than tryptophan in Eq. 5, the energy transfer rate
can be estimated using the decay rate corresponding to
the negative pre-exponential factor through Eq. 6.

1

�D
¼ kt þ

1

�0
ð6Þ

When 3.27 ns was used as the fluorescence lifetime of
the tyrosine residue in the absence of the energy acceptor
(19), the energy transfer rates were calculated to be
0.55/ns and 1.58/ns in the absence and presence of
3 M Gdn, respectively.

The time-resolved fluorescence depolarization studies
provide the information on the segmental motion of Trp
residue in the polypeptide cage of protein. The fluores-
cence anisotropy decay curves of a-momorcharin equili-
brated with 0, 3 and 5 M of Gdn were shown in Fig. 8.
They were described with the double exponential kinet-
ics. One of two rotational correlation times is short and
the other is longer. The longer correlation time (�2) of the
native state was 30.8 ns and it was slightly shorter than
that in the 3 M of Gdn solution. These two rotational
correlation times were consistent with the values calcu-
lated using the Einstein–Stokes relation and assum-
ing the specific volume is 0.75 ml/mg and hydration
is 0.4. Therefore, the slower rotational correlation time
observed here must be attributed to one of the entire
rotation of a-momorcharin. The results given in Table 3
suggest the hydration volume of a-momorcharin would
be larger in 3 M of Gdn solution. The longer correlation
time (�2) of a-momorcharin equilibrated with 5 M of Gdn
was rather shorter. Probably, it would be caused by the
unfolding of the protein and the correlation time would
be attributed to the rotational motion of the resulting
larger peptide elements including the Trp residue. Since
the intrinsic anisotropy (r0) was 0.30 in every case,

Fig. 7. The fluorescence decay curves(a, b and c) of
a-momorcharin in the buffer solution including 0 M (a),
3 M (b) and 5 M (c) excited at 285 nm. The residual plots
giving the best fit are given by d, e and f. Spike-like curves
indicate the response function for the excitation pulse. Channel
width was 11 ps/ch. The emission wavelength were 330 nm
(a, b) and 350 nm (c), respectively. The concentration of
a-momorcharin was 0.08 mg/ml.

Table 2. The fluorescence decay parameters of a-momorcharin.

Excitation Gdn conc. �1 �2 �3 �1(ns) �2(ns) �3(ns) � SVR

297 nm 0 Ma 0.93 0.07 – 3.07 0.57 – 1.09 1.80
2 Ma 0.97 0.03 – 3.51 0.65 – 1.12 1.81
3 Ma 0.97 0.03 – 3.52 0.63 – 1.10 1.71
5 Mb 0.46 0.37 0.17 2.56 0.72 0.18 1.04 1.97

285 nm
0 Ma 1.24 �0.24 – 3.52 1.16 – 1.03 1.89
2 Ma 1.22 �0.22 – 4.21 0.55 – 1.05 1.90
3 Ma 1.21 �0.21 – 4.26 0.53 – 1.06 1.89
5 Mb 0.40 0.42 0.18 2.73 0.90 0.20 1.05 2.03

Excitation wavelength. aEmission wavelength, 330 nm. bEmission wavelength, 350 nm. The fluorescence decay kinetics was given as the linear
combination of exponentials, FðtÞ ¼

P
�i exp �t=�ið Þ.
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the motional freedom (f) of Trp residue in the peptide
cage of a-momorcharin is estimated by the relation, f =�1/
(�1 +�2). The results on the motional freedom given in
Table 3 suggest that the segmental motion of Trp would

be remarkably suppressed by the conformational change
in the solution of 3 M of Gdn.

DISCUSSION

The fluorescence and CD spectroscopic studies consis-
tently demonstrated that a-momorcharin reached to
the unfolded state through a peculiar intermediate state
by being equilibrated with a chemical denaturant, Gdn
similarly with b-momorcharin. But the present results also
demonstrated that the unfolding intermediate state of
a- and b-momorcharin retained the own characteristics,
regardless of their similar X-ray crystallographic struc-
tures and amino acid sequences. The unfolding intermedi-
ate state of b-momorcharins formed in the presence of
2–3 M of Gdn showed similar properties to the well-known
MG state of other protein (3). The secondary structure was
almost retained and some hydrophobic sites were exposed
to the protein surface to allow the access of ANS. On the
other hand, a-momorcharin formed unique intermediate
state. On the transition from the native state to the
intermediate state, the tertiary structure were retained as
shown in CD spectra at near-UV region, and the bound
ANS molecules were excluded from the hydrophobic pocket
of a-momorcharin resulting in a decrease in the fluores-
cence intensity of ANS. At the same time, the contents of
secondary structure, probably a-helix, of a-momorcharin
was increased at the intermediate state.

The peculiarity of the unfolding intermediate state of
a-momorcharin was especially recognized in the confor-
mation and dynamics of Trp192 near the active site.
The involvement of energy transfer process from Tyr to
Trp was observed in the native and intermediate states
and not in the unfolded state of the momorcharin. The
energy transfer rates experimentally decided based on the
fluorescence decay kinetics of the energy acceptor, Trp192
suggest that the distance between Trp and the nearest
neighbouring tyrosine residue would shrink on the transi-
tion from the native to the intermediate state because
the energy transfer rate of a-momorcharin increased from
0.55/ns to 1.58/ns. According to Förster’s fluorescence
resonance excitation energy transfer (FRET) formalism,
the distance (R) between tryptophan and tyrosine is
estimated by the energy transfer efficiency (E), which is
given by the experimentally determined �D through Eq. 7.
The critical distance (R0) defined as the energy transfer
distance where the energy transfer rate (kt) is just same as
fluorescence decay rate of the energy donor.

1

E
� 1 ¼

R

R0

� �6

ð7Þ

Eisinger et al. (20) showed the critical distance for
the energy transfer between tyrosine and tryptophan

Fig. 8. The fluorescence anisotropy decay of
a-momorcharin in the solution including 0 M (a), 3 M (b)
and 5 M (c). The excitation wavelength was 297 nm and the
fluorescence was measured at 330 nm for 0 and 3 M and 350 nm
for 5 M Gdn. The decays of vertical and horizontal components
used for the determination of the anisotropy decay parameters
were indicated by Ivv and Ivh, respectively. The fluorescence
anisotropy decay curves (r) were obtained by the equation,
r tð Þ ¼ ðIvv tð Þ �GIvh tð ÞÞ=ðIvv tð Þ þ 2GIvh tð ÞÞ: ðG ¼ 1:2Þ.

Table 3. The fluorescence anisotropy decay parameters of a-momorcharin.

�1 �2 �1 (ps) �2 (ns) � SVR (Ivv) SVR (Ivh) f � (deg)

0 M Gdna 0.05 0.25 280 30.8 1.03 1.91 2.07 0.17 20.0
2 M Gdna 0.02 0.28 560 32.2 1.05 1.89 1.92 0.07 12.6
3 M Gdna 0.02 0.27 580 34.5 1.07 1.81 1.96 0.07 12.6
5 M Gdnb 0.12 0.18 390 11.4 0.99 2.06 1.92 – –

Excitation wavelength, 297 nm. aEmission wavelength, 330 nm. bEmission wavelength, 350 nm.
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was 13 Å. When this value was applied for the present
case of a-momorcharin, the distances between Trp192
and the nearest Tyr residue were estimated to be 11.8
and 9.9 Å for the native and the intermediate state
of a-momorcharin, respectively. According to the X-ray
crystallographic structure of a-momorcharin, the nearest
neighbouring tyrosine residue, Tyr70 of a-momorcharin
locates 8.23 Å apart from Trp192. This distance may
be a little shorter than the energy transfer distance
obtained here for the native momorcharin. But, this dis-
crepancy would not be unreasonable, because the experi-
mentally decided energy transfer distance correspond to
one between the absorption and fluorescence transi-
tion moments of Tyr and Trp. Assuming that Tyr70 of
a-momorcharin contributes as the excitation energy
donor, the distance between tryptophan and tyrosine of
a-momorcharin would shrink about 2 Å at the intermedi-
ate states. The approach of Trp192 to Tyr70 is one of the
specific conformational changes induced in the inter-
mediate state of a-momorcharin.

The unique conformations at the active site of
momorcharins in the unfolding intermediate state were
also confirmed in results of the time-resolved fluores-
cence depolarization studies. The fluorescence anisotropy
decay of a-momorcharins in the intermediate state was
described with double exponential kinetics. Equation 4
can be rearranged to Eq. 8 to extract the features of
dynamic properties of segmental motions of Trp, assum-
ing that the rotational motions of tryptophan residue and
the whole protein are independent each other.

r tð Þ ¼ r0 f exp �
t

�f

� �
þ ð1� f Þ

� �
exp �

t

�p

� �
ð8Þ

The rotational correlation time of peptide element includ-
ing tryptophan residue (�f) and the entire rotational
correlation time (�p) are connected with the experimen-
tally decided �1 and �2. The motional freedom of peptide
element of Trp, ƒ, is given as the fractioned �1 and is
represented by the semi-cone angle (�) based on the
following relation (21–23).

1� fð Þ
1=2
¼

1

2
cos � cos � þ 1ð Þ ð9Þ

The segmental motion of Trp192 of a-momorcharin in the
native state retained fairly large motional freedom and
the correlation time is shorter at the vicinity of active
site. At the unfolding intermediate state, the dynamical
parameters of Trp192 were drastically changed. The
segmental motion of Trp192 of a-momorcharin was
remarkably suppressed as revealed by the reducing of
motional freedom and prolonged correlation time sug-
gesting that the peptide element including Trp192 would
be packed more compactly. The anticipated features
in conformation and dynamics were figured out in
Fig. 9 based on the results of the energy transfer and
fluorescence anisotropy decay analysis obtained here.
When the motional freedom was presented with the
semi-cone angle, Trp192 of a-momorcharin reduced it
from 20.08 to 12.68 on the transition to the unfolding
intermediate state.

It may be useful to compare the features in conforma-
tion and dynamics of the unfolding intermediate state of
a-momorcharin with those of b-momorcharin, because
these two momorcharins preserve the higher homologies
of amino acid sequence and tertiary structure each other.
The unfolding intermediate state of b-momorcharin
presumably correspond to the partially unfolded state
generally known as MG state, since its hydrophobic
site was exposed to the surface, Trp190 mobilized and
the hydration volume enlarged. On the other hand,
the intermediate state of a-momorcharin showed some
peculiar conformational and dynamic properties. The
hydrophobic site being accessible of ANS was rather
sealed and the internal motion of Trp192 was rather
suppressed. These properties are inconsistent with the
general concepts of MG state. The structure of the native
protein is stabilized by many physical forces with
different natures. Hydrogen bonds determine the forma-
tion of secondary structure and hydrophobic interactions
are responsible for the compaction, whereas electrostatic
and van der Waals interactions stabilize the unique
tertiary structure. Because of their different nature
responding to the changes in the protein environments,
some environments might turn off one conformational
factor, whereas the efficiency of other force will not
change or even will be enhanced under the same condi-
tions. Based on such consideration, it is reasonable to
consider that the folding/unfolding intermediate state
would have various characteristics according to the
amino acid sequences and native structure. Hitherto,
the restricted state of tryptophan motion (N’) and pre-
MG state have been reported in addition to the MG state
between the native and unfolded state (24). The unfold-
ing intermediate state of a-momorcharin exhibited
very similar property with the Trp-restricted state, N’,
reported on other protein because Trp192 certainly
suppressed its own segmental motion and approached
to the hydrophobic core side in the intermediate state.

Although the X-ray crystallographic structures of two
momorcharins are very similar, a-momorcharin is com-
posed of more a-helix and b-sheet and, furthermore,

Fig. 9. The anticipated change in the conformation and
dynamics of a-momorcharin induced in the unfolding
intermediate state (left). The segmental motion of Trp192 is
represented with solid (native state) and dotted (unfolding
intermediate state) cone. The distance between Trp and Tyr was
drawn by the line between centres of Tyr and the cone. The
changes in the conformation and dynamics of b-momorcharin in
the partially unfolded state are shown in the right. (19)
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the packing density around Trp residue is higher than
b-momorcharin as shown in Fig. 9. It is now difficult to
specify the mechanism to form the quite different unfold-
ing intermediate states of two momorcharins. But, the
participation of the second structure propensity would be
reasonably speculated because it is known that interac-
tion between a-helices is important factor to stabilize the
partially unfolded state on unfolding/folding process
of protein (25). The increase in the a-helix content of
protein has been reported on the transition from the
native to the intermediate state. Watanabe et al. (26)
showed that some sites of b-sheet converted to a-helix
in the partially unfolded state of some proteins. The
content of secondary structure, not necessarily specified
to a-helix by the distortion of the CD spectrum by the
presence of high concentration of Gdn, increased 20%
in the intermediate of a-momorcharin. The interaction
between the a-helices would produce the change in the
packing structure of a-momorcharin to restrict the
motion of tryptophan residue near the active site. Also,
the resulting stabilization of the intermediate state is
consistent with experimental results that a-momorcharin
unfolded at the higher concentration of Gdn than
b-momorcharin of which content of secondary structure
was decreased a little at the intermediate state.

The studies on the protein folding/unfolding do not
only provide essential information on the mechanism by
which the tertiary structure of protein is constructed
but also are inevitable to clarify the protein trafficking
mechanism in living cell (27). In the present study, the
tertiary structures of a-momorcharin would be con-
structed through the intermediate state quite different
with one of b-momorcharin. The intermediate state of
b-momorcharin exposed hydrophobic sites to the protein
surface and, on the other hand, a-momorcharin preserves
the native like structure to conceal the hydrophobic
site to suppress the movement of the constituting peptide
elements. Although two momorcharins exhibit the
similar enzymatic activity in vitro (data is not shown),
they may be distributed to different parts in living cell
during the folding process. The former may be distrib-
uted to the hydrophobic parts in the cell including
membranes and the latter locate at the hydrophilic
parts. The interactions of the unfolding intermediate
state of momorcharins with membrane system are under
investigation.
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