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Abstract
It is reasonable to consider that Type I-ribosomal inactivation proteins (RIP) retain some specific affinity to harmful pathogens to
complete the role as a bio-defense relating protein. In the present studies, it was shown that two Type I-RIPs, α- and β-
momorcharins, maintained the abilities to bind with N-acetylglucosamine (NAG) to change the conformation around the active
sites and to regulate their N-glycosidase activities. By the binding of NAG, the freedom of internal motion of Trp192 in α-
momorcharin was increased 1.5 times near the active site and, on the other hand, the corresponding motion of Trp190 was limited
50% in β-momorcharin. The results in the fluorescence resonance excitation energy transfer experiments demonstrated that Trp-
190 of β-momorcharin was kept away from Tyr-70 but Trp192 contrarily approached closer to the nearest neighboring Tyr
residue consisting of the active center of α-momorcharin by the binding with NAG. These conformational changes near the
active site close correlated with promotion and/or suppression of the N-glucosidase activities of β- and α-momorcharins.
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Introduction

Many plants secrete a variety of bio-defense relating materials
to conserve the own species against attacks from virus, bacte-
ria, algae and other harmful pathogens. Ribosome-
inactivating proteins (RIP) included in seeds, leaves or roots
of almost every Dicotyledonare complete the bio-defensive
actions in every stage in growth [1–5].While over 100 species
of RIPs were identified after the first recognition, the first
confirmation of the enzymatic function of RIPs as N-
glycosidase was comparatively recent. Endo et al. pointed
out that RIPs removed single adenine residue from a specific
sequence (GAGA) in a universally conserved loop at the top
of the stem in 28 S rRNA, so called sarcin/ricin domain [6].
But now, it is well known that the substrate specificity of RIPs
is not so strict and RIPs display the N-glycosidase activity
against many kinds of RNA, even against DNA [7–12].
Because of such adenine releasing reaction, RIPs inactivate

the peptide elongation reaction in protein synthesis process on
the ribosome of harmful pathogens.

Momorcharins are included in seeds of bitter gourd and
both of α- and β-momorcharin are known to be constituted
of single peptide chain similarly to Pokeweed anti-viral pro-
tein (PAP) in Phytolacca ammericana and Trichosanthin in
Trochosanthes kirilowii. According to X-ray structure,
momorcharin is consisted of two domains, one is N-
terminal and the other C-terminal domains. Their sequences
stretch from the N-terminal to Ileu179 and from Ser180 to
the C-terminal, respectively. N-terminal domain includes
two sub-domains to keep the whole structure stable as the
back born structure and to give constituting peptide unit
some flexibility, respectively. The former is compactly as-
sembled α-helices and the latter is constituted in stacked β-
structures. On the other hand, C-terminal domain is con-
structed with loosely packed β-structures and α-helices.
As shown in Fig. 1, the active site of momorcharin which
is consisted of two Tyrs, Glu and Arg is arranged at the
adjacent part of N-and C-terminal domains. Two tyrosine
residues (Tyr70, Tyr111 of α-momorcharin, Tyr70, Tyr109
of β-momorcharin) clamp ribose moiety of RNA and
Arginine and Glutamic acid residues (Arg163, Glu160 of
α-momorcharin, Arg161, Glu187 of β-momorcharin) cata-
lyze the adenine-releasing reaction in cooperation with each
other at the respective active center [13].

* Etsuko Nishimoto
enish@brs.kyushu-u.ac.jp

1 Laboratory of Biophysical Chemistry, Faculty of Agriculture,
Graduate School of Kyushu University, 744 Motooka, Nishi-ku,
Fukuoka 819-0395, Japan

Journal of Fluorescence (2019) 29:231–240
https://doi.org/10.1007/s10895-018-2332-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s10895-018-2332-2&domain=pdf
mailto:enish@brs.kyushu-u.ac.jp


The most interesting and advantageous characteristics in
the structures of momorcharins and also in other RIPs is that
single Trp residue (W192 of α-momorcharin, W190 of β-
momorcharin) locates at the lid part of the active center.
Valuable information on the structural stability and correla-
tions between the conformation and protein function have
been reported through the unique fluorescence spectroscopic
properties of Trp residue. The fluorescence spectral sift indi-
cates the change in the hydrophobicity due to the packing of
amino acid residues around Trp residue [14]. The fluorescence
lifetime and decay kinetics well reveal the interactions of Trp
residue with the surrounding amino acid residues [15]. The
distance and mutual orientation between Trp and Tyr are
reflected in the resonance excitation energy transfer to sub-
stantiate the alteration of the active center of the enzyme [16]
and the rotational correlation times and motional freedoms of
Trp residue measured by the steady state and time-resolved
fluorescence anisotropy would give the information on the
approaching and deleting contact of substrate with binding
site [17, 18]. As reported by Fukunaga, these entities are

essential for elucidating the relationships between the confor-
mation and enzymatic activity in momorcharins [19].

RIPs are classified into three types according to their
constitutions. Type II and Type III of RIP additionally
equip the sugar binding sub-units (B chain) in addition to
the polypeptide chain with N-glycosidase activity (A
chain) to enhance the affinity and efficiency of bio-
defense activity against various pathogens [20]. Type I
RIP is consisted of a single polypeptide and no apparent
functional domain is recognized. However, it would be
reasonable to assume that Type I RIPs also ubiquitously
preserve affinity to some component of cell wall and mem-
brane of bacteria and other pathogen. Indeed, the binding
of N-acetylglucosamine (NAG) was reported in the func-
tional analysis studies of two α- and β-momorcharin [21,
22]. Furthermore, Nakashima et al. proposed that
Pokeweed antiviral protein (PAP) which belongs to Type
I RIPs exhibited affinities to N-acetylglucosamine (NAG)
and other sugars to modify the enzymatic activity [23]. The
regulation mechanism of enzymatic activity of RIPs has to
be clearly solved to understand the physiological role of
RIPs, because RIPs are considered to be suicide proteins
and keep a possibility to inhibit the own protein synthesis
on the ribosome in plant cells similarly to in the external
harmful pathogens. In order to sustain the own cells sound,
many plants must establish some regulation mechanism of
the activity of RIPs. From this point of view and to make
good use of RIPs, studies on ligand binding effect on the
enzymatic activity and structures would be significant as
the first step to clear up the regulation mechanism of RIPs
activity. Recently, RIPs are started to be used as the med-
ical treatments against some tumors and cancers and as the
controlling agent for HIV [24].

In the present studies, we show that two Type I-RIPs,
momorcharins (α- and β-momorcharin) potentially retain
the ability to bind with N-acetylglucosamine (NAG).
Furthermore, it is also shown that the subtle conformational
changes are induced near the active site to adjust the enzymat-
ic activity by the binding of N-acetylglucosamine.

Materials and Methods

Materials

Seeds of bitter gourd (Momordica charantia) were purchased
f rom Nakaha ra Co. L td . (Fukuoka , Japan ) . N-
acetylglucosamine (NAG) and other reagents for constituting
buffer systems were obtained from Sigma (St. Louis, MO,
USA). Mono-S and DEAE-Sepharose used for ion-exchange
chromatography were purchased from GE Healthcare Bio-
Science Corp (Piscataway, NJ, USA). Other chemicals were
of analytical grade and used without further purification.
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Fig. 1 X-ray crystal structure of α-momorcharin (a) and β-momorcharin
(b). The partial structures of the active center were extended in the
insertions. Amino acids consisting of the active center were indicated
by three letters code. The N-terminal and C-terminal domains are
indicated by light gray and blue, respectively. The structures of α-
momorcharin and β-momorcharin were based on PDB code 3N1N and
1CF5, respectively
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Isolation and Purification of Momorcharins

Isolation and purification methods of α- and β-momorcharins
were based on Fong et al. [25]. Crude enzymes were extracted
to the buffer solution (2mM sodium phosphate buffer, pH 7.5)
from the grinded powders of seeds of bitter gourd (Momordica
charantia) which was defatted in advance. The precipitation
in the saturated ammonium sulfate solution was re-suspended
in the 2 mM of phosphate buffer and dialyzed against the
2 mM of phosphate buffer overnight at 4 °C. The condensa-
tion of enzyme was conducted with the anion-exchange
chromatographing using HiPrep DEAE column. The non-
adsorbed fraction against the anion-exchange columnwas col-
lected and adopted to the cation-exchange chromatography
(Mono-S column). Two N-glucosidases, α- and β-
momorcharins were obtained as the fractions of 50 mM and
65 mM of NaCl, respectively. The purifications of α- and β-
momorcharins were confirmed by observing the single band
with 29 kDa in the SDS-PAGE.

Enzymatic Activity

The activities of α- and β-momorcharins were evaluated by
measuring precisely the trace of enzymatically isolated ade-
nine from RNA. The enzymatic reaction mixtures were ad-
justed by adding 100 μL of baker’s yeast RNA (1.0 mg/mL)
and 50 μL of buffer solution to the 100 μL of momorcharin
solution of which concentration was adjusted constant
(OD280 = 0.05) in spectroscopic method. The NAG effects
on the enzymatic reaction were examined by resolving
50 mM NAG in the 50 μL buffer solutions. The enzymatic
reaction was stopped by adding 20 μL of 3 M/L of sodium
acetate and 200 μL of 100% ethanol. Completing the ethanol
precipitation, the reaction mixture was incubated for 15 min.
at −80 °C and removed the enzymatic product except adenine
by centrifugation at 12,000×g for 15 min. The supernatant
fluid including adenine was condensed under vacuum in the
desiccator. The quantitative analysis of adenine released by
enzymatic reaction of momorcharin was performed using a
HPLC (JASCO, type 807-IT) with YMC-Pac ODS-AQ col-
umn and uv-absorption system at 260 nm. In order to improve
the precision for the quantitative analysis of enzymatically
released adenine, two kinds of references were adopted, one
included non-enzyme, the other was measured in the condi-
tions that the enzymatic reaction time was substantially zero.

Steady-State Fluorescence

The steady-state fluorescence spectrum of momorcharins was
measured using fluorescence spectrophotometer FP-8200
(JASCO). The excitation wavelength was set at 295 nm to
excite exclusively Trp in momorcharins.

The fluorescence spectra were strictly corrected against the
detection and excitation system. The undesired stray light was
removed by subtraction procedures.

In the studies on the NAG-binding with momorcharins,
NAG was dissolved in 2 mM of sodium phosphate buffer to
reach to 1 mM and them small aliquots of NAG solution was
added to the buffer solutions including 1.59 μM of α-
momorcharin or 0.75 μM of β-momorcharin. After the incu-
bation for 10 min to complete the equilibrium, the fluores-
cence spectrum was measured with pay attentions to the dif-
ferences induced by NAG.

Time-Resolved Fluorescence Intensity and Anisotropy
Decays

Time-resolved fluorescence intensity and anisotropy decaysmea-
surements were performed using the apparatus with the sub-
picosecond laser based time-correlated single photon counting
system (TCSPC) [26]. The excitation pulse was generated from
the combination of femtosecond Ti:Sapphire laser (TSUNAMI,
Spectra-physics, Mountain View, CA), pulse picker (model
3980, Spectra-physics), and third harmonic generator (GWU,
Spectra-physics). The repetition rate was 800 kHz and the full-
width at half-maximum (FWHM) of excitation pulse was 100 fs.
The stop pulse to drive the time-to-amplitude converter (TAC,
Ortec, Oak Ridge, TN) was obtained by a high speed avaranche
photodiode (APD, C5658, Hamamatsu Photonics, Shizuoka,
Japan). The fluorescence emission pulse was detected by a mul-
tichannel plate type photomultiplier (3809 U-50, Hamamatsu
photonics) with high speed amplifier (C5594, Hamamatsu pho-
tonics) and amplified by fast timing amplifier (FTA, 820, Ortec)
to employ as the start pulse for TAC. The start and stop pulses
were fed into TAC through constant fraction discriminators
(CFD, 935, Ortec). The output signals from TAC were accumu-
lated in 2048 channels in multichannel analyzer (Maestro-32,
Ortec). The channel width was 8.6 ps/ch. The FWHM of instru-
mental response function was 150 ps.

The fluorescence decay kinetics were described with a lin-
ear combination of exponentials,

F tð Þ ¼ ∑ αiexp −t=τ ið Þ ð1Þ

Where, F(t) was the time-resolved fluorescence, τi was the
fluorescence decay time of i-th component and αi was the
corresponding pre-exponential factor. The decay parameters,
αi and τi were determined by iterative convolution and non-
linear curve fitting method. Adequacy of curve fitting was
judged by the residual plots, the serial variance ratio (SVR)
and sigma value [27].

In time-resolved fluorescence anisotropy decay measure-
ments, a Gran-Tayor polarizer was set just behind the sample
to measure the decays of vertical (IVV(t)) and horizontal
(IVH(t)) emission against the vertical excitation. These two

J Fluoresc (2019) 29:231–240 233



polarized fluorescence were connected with the fluorescence
intensity decay, F(t) and anisotropy decay, r(t), through the
equation, Eq. (2) and Eq. (3).

IVV tð Þ ¼ 1

3
F tð Þ 1þ 2r tð Þf g ð2Þ

IVH tð Þ ¼ 1

3
F tð Þ 1−r tð Þf g ð3Þ

The fluorescence anisotropy decay kinetics was given
by Eq. (4).

r tð Þ ¼ ∑iβiexp −t=φið Þ ð4Þ

Where, ϕi and βi were the rotational correlation time of i-th
component and the corresponding amplitude, respectively.
The decay parameters of F(t) and r(t) were simultaneously
determined by the global analysis in non-linear curve-fitting
using Eqs. (2) and (3). The adequacies of their decay param-
eters were confirmed by SVR and sigma value for the decays
of IVV(t) and IVH(t).

Results and Discussion

Binding of Momorcharins with NAG

The fluorescence spectra of α- and β-momorcharin showed a
maximum at 330 nm to show that the circumstance surround-
ing the Trp residue was hydrophobic near the active site. The
fluorescence intensity was decreased by addition of N-
acetylglucosamine without any changes in spectral line shape
and maximum wavelength. The induced change in the fluo-
rescence intensity was not so large, but it reached to the con-
stant value after the reductions responding to the added con-
centration of NAG as shown in the insert of Fig. 2.

These results demonstrate that the decrease in the fluores-
cence is due to the binding of momorcharins with NAG. The
decrease in the fluorescence intensity was plotted based on
Hill equation [23].

ΔF ¼ ΔFmax∙Ck

Kk
d þ Ck ð5Þ

Where, Kd was the dissociation constant, C, the concentration
of NAG,ΔFmax, maximum value in the induced fluorescence
change by the binding of NAG, and k, Hill index to indicate
the co-operativity of NAG binding with momorcharin.

As shown in Fig. 3a, b, binding propert ies of
momorcharins with NAG were characterized with two exper-
imental parameters, Kd and k determined by such the way that
the momorcharin-NAG titration curve give the best fits
against Hill Eq. (5). The binding parameters of momorcharin
with NAG were summarized in Table 1.

The dissociation constant of α- and β-momorcharins were
0.700 μM/L and 0.054 μM/L, respectively to show that β-
momorcharin retains the higher affinity to NAG than α-
momorcharins. The co-operativity index of β-momorcharin
was 0.47 to suggest that two binding sites of momorcharin
exclusively bound NAG each other. The binding of NAG to
one binding site of β-momorcharin would suppress the bind-
ing with the other site. The number of binding site (n) per
single molecule of momorcharin was given by the relation,
n = [NAG]s/ [momorcharin]. [NAG]s is the concentration of
NAG where every binding sites of momorcharin reach to the
saturation under the conditions that the induced fluorescence
change is linearly increased with the added NAG. The linear
lines obtained under the low concentration region of NAG
reached to the maximum at the NAG concentration giving
the molecular ratio, n = [NAG]s/ [momorcharin] = 2. This re-
sult suggests that both of two momorcharins equip two bind-
ing sites against NAG although the positions of the binding
sites are not specified in the present studies. Gajraj et al.
showed in their functional analysis based on the X-ray
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Fig. 2 NAG effect on the fluorescence spectra of α-momorcharin (a) and
β-momorcharin (b). The excitation wavelength was 295 nm. The slit for
Ex/Em was 5 nm/5 nm. Concentrations of α-momorcharin (a) and β-
momorcharin (b) were 1.59 μM and 0.75 μM, respectively. The spectra
of 1, 2, 3, 4 and 5 weremeasured in the presence of 0, 0.48, 1.50, 4.98 and
14.78 μMof NAG, respectively. The change in the fluorescence intensity
at the maximum wavelength was shown in the insertions

234 J Fluoresc (2019) 29:231–240



structure that two NAG molecules adjacently bound with
Pro11, Asn227, Thr229 and Ser30 of α-momorcharin [21].
Furthermore, it was reported that Asp1, Asn3, Asn51 and
Thr53 similarly participated in the binding of β-
momorcharin with NAG [22]. Their propositions are quite
consistent with our results although the binding site of
momorcharins could not be specified in the present case.

Segmental Rotation of Trp Residue near the Active
Site

The changes in the conformation and molecular dynamics
around the active site close correlate with the enzymatic
act ivi ty. The segmental rota t ion of Trp192 (α -
momorcharin) and Trp190 (β-momorcharin) were investi-
gated through the time-resolved fluorescence anisotropy.
The f l uo r e s c ence an i so t r opy decay cu rve s o f
momorcharins and it complex with NAG were described
with double exponential kinetics. The longer rotational
correlation times of α-momorcharin and β-momorcharin
were 43.4 ns and 33.7 ns, respectively. They correspond
to the correlation times of the entire rotations of
momorcharins. On the other hand, the shorter rotational
correlational times were referred to the rotational fluctua-
tions of the peptide segments including Trp residue. The
relationship between the entire and segmental rotations of
proteins is well explained by Equations, (6) and (7) which
are derived by Eq. (4).

r tð Þ ¼ f e−t=φs þ 1− fð Þ
n o

e−t=φu ð6Þ

f ¼ βs

βs þ βu
ð7Þ

Where, f is rotational freedom of Trp, φs and φu are the
rotational correlation times of Trp and momorcharin itself,
respectively, and βs and βu are the corresponding pre-
exponential factor. The decay parameters in Eq. (6) and
(7) were experimentally decided based on Eq. (4). The
rotational freedom (f) of Trp residue was described as f
¼ 1

2 cosθ cosθþ 1ð Þ with using semi-cone-angle (θ) to show
the range of the segmental rotation within the protein [28].
The fluorescence anisotropy decays of β-momorcharin and
the complex with NAG were shown in Fig. 4. The decay
parameters were summarized in Table 2. The longer rota-
tional correlation times of α- and β-momorcharin were
shortened and prolonged by the binding of NAG. The
shortening of the rotational correlation time due to the en-
tire rotation of α-momorcharin would be induced by the
shrink of N-terminal and/or C-terminal domain because the
motional freedom of Tro192 was increased about 50%. On
the other hand, the motional freedom of Trp190 in β-
momorcharin was suppressed from f = 0.32 to 0.15 corre-
sponding to the decrease in θ from 28.5°to 18.9°. The
enlargement of two terminal domains of β-momorcharin
by NAG-binding which is substantiated by increasing in
the longer rotational correlation time would make the mov-
able space of Trp190 narrower.

While the shorter rotational correlation time of Trp190 was
not influenced by the binding of NAG with β-momorcharin,
one of Trp192 (α-momorcharin) became shorter from 0.31 ns
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Fig. 3 Hill plots of the induced fluorescence intensity change of α-
momorcharin (a) and β-momorcharin (b) against the concentrations of

NAG. The plots were based on the Hill equation, ΔF
ΔFmax

¼ ck

Kk
dþck

, where

ΔF, induced fluorescence change; ΔFmax, maximum value of ΔF; Kd,
the dissociation constant; c, concentration of NAG and k, Hill coefficient
for the binding of momorcharin with NAG. The concentration of α-
momorcharin and β-momorcharin were 1.59 μM and 0.75 μM,
respectively

Table 1 Binding
parameters of
momorcharins with
NAG

Kd (μM) k n

α-MMC 0.700 0.92 2

β-MMC 0.054 0.47 2

MMC, momorcharin; Kd, Dissociation
constant; k, Hill coefficient; n, Number of
bining site
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to 0.10 ns because of the probable liberation from the interac-
tion with amino acid segments surrounding Trp192.

FRET between Trp and Nearest Neighboring Tyr
around the Active Site

Both of two momorcharins arrange single Trp at the lid part of
active site, respectively. Two Tyr residues of each
momorcharin are considered to participate in the binding with
substrates at the active site [13]. Therefore, it is interesting to
know the distance between Tyr and Trp associating with the
enzymatic activity of momorcharins. The method of Förster
type of resonance excitation energy transfer (FRET) makes it
possible to measure the relative distance between Tyr and Trp
in proteins in aqueous solutions. Since the absorption and
fluorescence spectra of Tyr distribute at higher energy side
than those of Trp, the fluorescence intensity and lifetime of
Tyr residue are necessary to estimate the energy transfer rate
and/or efficience in the FRET studies between Tyr and Trp.
However, it is difficult to measure distinctively the fluores-
cence of Tyr in the Trp containing protein because the fluo-
rescence of Trp is more dominant and their fluorescences mu-
tually overlap. But, it is possible to extract the fluorescence
lifetime of Tyr by close measurements of the fluorescence
decay kinetics of the acceptor, Trp. When momorcharin is
excited at 285 nm, both of Trp and Tyr simultaneously reached
to the excited singlet state. If the FRET from Tyr is concerned
with the electronic relaxation process of Trp, the fluorescence
decay kinetics of Trp is described as,

F tð Þ ¼ ketD0

1

τA
−

1

τD

� �
2
664

3
775 exp

−t
τD

� �
−exp

−t
τA

� �� �
þ A0exp

−t
τA

� �
ð8Þ

Where, ket is the energy transfer rate constant, D0 and A0

are the coefficients associating with the concentration of the
donor and acceptor molecules just after the excitation, and τA
and τD are the fluorescence lifetimes of the acceptor and do-
nor, respectively [17]. Equation (8) demonstrates that the fluo-
rescence decay is given by sum of two components, one is
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Fig. 4 The fluorescence anisotropy decays of β-momorcharin (a) and
complex with NAG (b). Concentration of β-momorcharin was
0.75 μM in the 10 mM of phosphate buffer. Measurement was
performed after equilibration with 30 μM of NAG in (b). Excitation
wavelength, 295 nm; Emission wavelength, 350 nm; Channel width,
8.6 ps/ch. Curves 2 and 3, decays of the vertical and horizontal
components against vertical excitation, respectively. The instrumental
response function was indicated by spike like curve (curve 1). The
fluorescence anisotropy decay (r) (curve 4) was calculated using the
decay parameters giving the best fit to IVVand IVH

Table 2 Fluorescence anisotropy decay parameters of momorcharins (Ex:295 nm, Em:350 nm)

β1 β2 φ1 (ns) φ2(ns) σ SVR (VV) SVR (VH) f θ(°)

α-MMC 0.043 0.324 0.306 43.4 1.011 1.926 1.944 0.117 16.5

α-MMC+NAG 0.072 0.334 0.101 36.2 1.030 1.947 1.914 0.177 20.5

β-MMC 0.120 0.259 0.193 33.7 1.061 1.893 1.766 0.317 28.5

β-MMC+NAG 0.056 0.314 0.187 43.4 0.996 2.070 2.165 0.151 18.9

r tð Þ ¼ ∑βeexp −t=φið Þ f ¼ β1=β1 þ β2

ffiffiffiffiffiffiffiffiffiffiffiffi
1− fð Þp ¼ 1

2 cos θ cos θþ 1ð Þ
β: Amplitude of i-th decay componet

φ: The rotational correlation time of i-th component

f: Rotational freedom of the peptide element including Trp

θ: Cone angle when motional freedom was represented based on the cone model [15]
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directly populated (the second term of Eq. (8)) and the other
contributed by FRET from Tyr (the first term of Eq. (8)). The
pre-exponential factor corresponding to the decay time of τD
has to be negative when FRET from Tyr concerns in the fluo-
rescence decay of Trp since the fluorescence lifetime of Tyr is
shorter than that of Trp and furthermore the participant of ket
in the fluorescence decay of Tyr makes τD shorter. The fluo-
rescence decay profiles of α-momorcharin excited at 285 nm
were shown in Fig. 5a. Compared with the fluorescence ex-
cited at 295 nm, the decay profile excited at 285 nm showed
the round form because of the rising time due to the energy
transfer from Tyr residue. The fluorescence decay parameters
were summarized in Table 3.

The fluorescence decay kinetics ofα- andβ-momorcharins
were described with the triple and double exponential func-
tions, respectively. While one of two pre-exponential factors

of β-momorcharin was negatve, one of three pre-exponential
factors of α-momorcharin was observed to be negative.
According to Eq. (8), these results suggest that both of
Trp190 of β-momorcharin and Trp192 of α-momorcharin
participated in the FRET from Tyr residue. The shortest decay
time of the component with the negative pre-exponential fac-
tor corresponds to the fluorescence lifetime of the energy do-
nor. Therefore, FRET was recognized in Trp-Tyr pair of α-
momorcharin. The results in Table 3 demonstrate that the life-
time of energy donor residue (Tyr) was shortened from
0.312 ns to 0.018 ns to demonstrate that the Trp-Tyr distance
shrink by the binding of α-momorcharin with NAG.

Generally, the rate constant of energy transfer, ket is given
using the lifetimes of the energy donors,

ket ¼ 1

τD
−

1

τ0D
:

Where, τD and τD
0 are fluorescence lifetimes of the donor

molecules in the presence and absence of FRET process.
While the former was experimentally decided based on Eq.
(8), the fluorescence lifetime of non-interacting tyrosine,
3.27 ns was adopted for the latter value [29]. Furthermore,
ket is connected with the distance (r) between the donor and
acceptor though the critical distance (R0) giving 50% of ener-
gy transfer efficiency in FRET, [30].

ket ¼ 1
	
τ0D

R0

r

� �6

ð9Þ

Unfortunately, R0 of Trp-Tyr for the FRET in momorcharin
would not be confirmed. But the values of R0 for Trp-Tyr for
many cases could be available. The shortest and longest R0 are
known to be 9 and 18 Å [31–34]. Using these value, our
experimental results demonstrated that the distance between
Trp192 and the nearest neighboring Tyr in α-momorcharin
would be in the range of 6.18 Å to 12.35 Å. Since τD was
shortened, it was clear that the corresponding distance would
shrink in the complex of α-momorcharin with NAG. They
were estimated to be in the range of 3.85 Å~7.71 Å.
According to the X-ray structure of α-momorcharin, the
disrtance between Trp192 and the nearest neighboring Tyr
(Tyr70) is 9.43 Å. Although the detailed conformation of
momorcharin in the aqueous solution is not necessarily same
as one in the x-ray structure, our experimental FRET distance
estimated from ket was quite consistent with the result in the
X-ray analysis. Based on the the x-ray structure of α-
momorcharin, the critical distance between Tyr and Trp is
9.19 Å. When the Trp192-Tyr70 distance is calculated using
this value of R0, it is clear that Trp192 approaches about
3.55 Å to Tyr70 in α-momorcharin-NAG complex. The rela-
tive approach of Trp192 to Tyr70 near the active site was
consistently shown based on the crystal structure or also using
the established R0.
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Fig. 5 The fluorescence intensity decay of α-momorcharin (a) and
complex with NAG (b). The excitation and emission wavelengths were
285 and 350 nm, respectively. The instrumental response function was
shown by the spike like line. The concentration of α-momorcharin was
1.59 μM and 30 μM of NAG was included in (b)
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The close association of resonance excitation energy trans-
fer with the electronic relaxation process of Trp residue is well
evidenced by the negative pre-exponential factor in the fluo-
rescence decay kinetics. The negative pre-exponential factor
was recognized also in the fluorescence decay kinetics of Trp-
190 in β-momorcharin and the corresponding decay time was
1.45 ns. But, no evidence indicating the FRET between
Trp190 and the nearest neighboring Tyr residue in the com-
plex of β-momorcharin with NAG was observed. The dis-
tance between Trp190 and Tyr70 was estimated to be in the
range of 9.27 ~18.54 Å using the fluorescence decay time of
donor residue and established R0. However, Trp190 and Tyr70
would not be so close in mutual that FRET could be possible
because the negative pre-exponential factor was not found in
the fluorescence decay kinetics of Trp190 in the complex.
Probably, the binding of NAG would change the conforma-
tion around the active site in β-momorcharin so that the dis-
tance between Trp190 and the nearest neighboring Tyr residue
may be extended more.

NAG Binding Effects on the Enzymatic Activity

The N-glycosidase activity of momorcharin was quantitative-
ly estimated as the quantity of released adenine from RNA per
one hour (μM/h). The histogram of the enzymatic activities of
α- and β-momorcharin and the NAG effects on them are
shown in Fig. 6.

The enzymatic activity of α-momorcharin was reduced
25% by the binding with NAG. On the other hand, β-
momorcharin is activated to 0.06 μM /h although the en-
zymatic activity was low in the absence of NAG. It is
very interesting to recognize that such NAG effects on
the N-glycosidase activity of momorcharin closely corre-
late with the conformation changes induced by NAG
binding near the active site.

3D structure of momorcharin is consisted of N-terminal
and C-terminal domains. As clearly shown in X-ray struc-
ture, the package of C-terminal domain is loose on the
whole. N-terminal domain also equips loosely packed
part. Therefore, it is reasonably assumed that the large
conformational change by NAG binding would be caused

by the shrink or swollen in the flexible parts of N- and C-
terminal domains. The longer rotational correlation time
of α-momorcharin was shortened from 43.4 ns to 36.2 ns
by the binding of NAG. According to the well- known
Einstein-Debye relationship between the rotational corre-
lation time and molecular size of protein, this shortening
of the rotational correlation time corresponds to the shrink
of the volume of α-momorcharin to 80%. Gajuraj et al. and
Yuan et al. reported that two molecules of NAG bound
with α-momorcharin at C-terminal domain and the binding
site of β-momorcharin locate at the flexible part of N-
terminal domain, respectively [21, 22]. Therefore, the
shrink of C-terminal domain of α-momorcharin would be
a cause of the expanse of the space between the N- and C-
terminal domain to enlarge the motional freedom of pep-
tide element including Trp residue (f = 0.12 to f = 0.18) as
shown in Fig. 7.

Such conformational change reduced 25% the enzyme
activity of α-momorcharin. On the other hand, the longer
rotational correlational time was prolonged from ϕ2 =
33.7 ns to ϕ2 = 43.0 ns and the enzymatic activity of β-
momorcharin was simultaneously 2 times enhanced by the
binding of NAG. The enlargement of N-terminal domains

Table 3 Fluorescence intensity
decay parameters of
momorcharins and complexes
with NAG (Ex:285 nm,
Em:350 nm)

α1 α2 α3 τ1(ns) τ12(ns) τ13(ns) σ SVR

α-MMC −0.02 0.07 0.95 0.31 1.63 3.57 1.12 1.68

α-MMC+NAG −0.19 0.09 1.09 0.02 0.40 3.50 1.06 1.80

α1 α2 τ11(ns) τ12(ns) σ SVR

β-MMC −0.17 1.17 1.45 4.17 1.10 1.87

β-MMC+NAG 0.14 0.86 0.54 3.76 1.16 1.54

αi:The pre-exponential factor of the i-th component

τi:The decaytime of i-th component (ns)

σ and SVR: sigma value and serial varia nce ratio for the fitting quality
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Fig. 6 NAG effects on the enzymatic activity of momorcharins. The
concentration of α-momorcharin and β-momorcharin were 0.75 μM.
Concentration of RNA was 40 μg/mL. The concentration of NAG was
2 mM
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by NAG-binding reduced the freedom of rotational mo-
tion of Trp from f = 0.32 to f = 0.15. Such correlation be-
tween the rotational freedom of Trp residue and N-
glycosidase activity of momorcharins suggests that the
shrink of C-terminal domain of α-momorcharin and ex-
pansion of N-terminal domain of β-momorcharin caused
by NAG binding must regulate the approach of substrate
and release of product at the active site of momorcharins.

Another conformation change near the active site
close correlate with the enzyme activity was shown in
the distance between Trp-192 and Tyr-70 of α-
momorcharin. FRET analysis in the present studies dem-
onstrated that Trp192-Tyr 70 distance was shortened
about 3.5–3.6 Å concomitantly with the shrink of C-
terminal domains. On the other hand, the distance
Trp190 and nearest neighboring Tyr of β-momorcharin
was extended by the NAG binding. Although we cannot
form a definite conclusion since X-ray structure of β-
momorcharin is not confirmed yet, the distance between
Trp and nearest neighboring of Tyr deeply participates in
the N-glycosidase activity of momorcharin. The approach
of Trp which locate lid part of active center to the sub-
strate binding Tyr residues suppresses and contrarily the
separation promotes the enzyme activity.

Conclusion

It was confirmed that two types of Type I RIPs, α- and β-
momorcharin retained strong affinity to NAG. Hitherto, it
have been considered that NAG binding gave no effect on
the enzymatic activity of momorcharin since it bind at the
flexible part of N-terminal domain or C-terminal domain of
momorcharin apart far from the active center. However, the
enzymatic activities of α- and β-momorcharin were sup-
pressed and accelerated by the binding with NAG, respective-
ly. The time-resolved fluorescence anisotropy and FRETanal-
ysis of single Trp which located at the lid part of active center
described well the essential conformational changes for the
regulation of enzymatic activity of momorcharins. As shown
in Fig. 7, in response to changes in the enzymatic activity, the
packing and domain size of α-momorcharin shrank to extend
the lid part of the active center and to access Trp residue to the
neighboring Tyr. On the other hand, the movable space of Trp
was limited and the distance between Trp and Tyr were ex-
tended near the active site in the case of β-momorcharin.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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