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FIP-fve is a protein that is isolated from Flammulina
velutipes. [ts known immunomodulatory activities are
elicitation of the production of type II interferon
from human peripheral mononuclear cells (hPBMCs) and
hemagglutination. How the target receptors mediate
activation of FIP-fve-induced immunomodulatory
effects remains to be elucidated. This study
postulates the three-dimensional structures to
determine whether the carbohydrate binding module
family 34 (CBM-34) on FIPfve is conserved to site N
of Thermoactinomyces vulgaris R-47 «a-amylase I.
Experimental site-directed mutagenesis data as well
as ligand-specific binding competition assay are
adopted to identify the key residues W24, T28, D34,
T90, 191, and W11l of FIP-fve that participate in
binding to polysaccharides that are linked to the
membrane of immune cells. Treatments of hPBMCs with



tunicamycin and deglycosylation enzymes that removed
the carbohydrate moieties reduced the secretion of
[FN-9 induction from hPBMCs. In conclusion, the
experiments herein demonstrated the ligand-binding
CBM-34 on FIP-fve and ligand-like glycoproteins on
the surface of hPBMCs must be required to induce
physiological immunomodulatory effects.

fungal immunomodulatory protein, FIP, carbohydrate
binding site, protein—arbohydrate interaction, IFN-
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FIP-fve is a protein that is isolated from Flammulina velutipes. Its known immunomodulatory activities
are elicitation of the production of type Il interferon from human peripheral mononuclear cells (hPBMCs) and
hemagglutination. How the target receptors mediate activation of FIP-fve-induced immunomodulatory effects
remains to be elucidated. This study postulates the three-dimensional structures to determine whether the
carbohydrate binding module family 34 (CBM-34) on FIP-fve is conserved to site N of Thermoactinomyces
vulgaris R-47 a-amylase I. Experimental site-directed mutagenesis data as well as ligand-specific binding
competition assay are adopted to identify the key residues W24, T28, D34, T90, 191, and W111 of FIP-fve
that participate in binding to polysaccharides that are linked to the membrane of immune cells. Treatments of
hPBMCs with tunicamycin and deglycosylation enzymes that removed the carbohydrate moieties reduced the
secretion of IFN-y induction from hPBMCs. In conclusion, the experiments herein demonstrated the
ligand-binding CBM-34 on FIP-fve and ligand-like glycoproteins on the surface of hPBMCs must be required

to induce physiological immunomodulatory effects.
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Figure 1 Overall structural comparison between Ig-like domain of FIP-fve and domain N of T. vulgaris
R-47 a-amylase | (A) Schematic X-ray structures of FIP-fve molecule (green, PDB code 10SY) with domain
N of T. vulgaris R-47 a-Amylase | (red, PDB code 1UH4). Molecules overlapped in the folds of Ig-like
structures, as determined using the “magic fit” algorithm of the SwissPDB viewer program . The box
represents the interaction between granule starch and CBM-34 of a-amylase I. The CBM-34 structure on
FIP-fve and TVAI a-amylase comprises residues 15 to 114 and 1 to 121, respectively. The Accelrys™
ViewerL.ite 5.0 program was used to render the modeled structure. (B) Closed-view of interactions between
granule form starch molecule (wire-style model) and molecular surface saccharide-binding site residues of
Ig-like domain of FIP-fve and domain N of TVAI a-amylase are numbered, and shown as green and red sticks,
respectively, in a similar orientation as to that in (A). Selected hydrogen-bonding interactions between
substrates and CBM-34 are marked as dotted lines. (C) Multiple sequence alignments of FIP-fve (P80412),
LZ-8 (P14945), GMI (3KCW), FIP-gts (AA33350), FIP-gja (AAX98241) and FIP-vvo was calculated using
the program CLUSTALW 2. Numbers above sequences correspond to FIP-fve. Asterisks (*) indicate key
residues that involved carbohydrate binding module. This figure was created using BioEdit program, identical
amino acids are represented by black shading and similar amino acids are represented by gray shading
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Figure 2 Effects of starch, a-amylase and pB-amylase on native FIP-fve induced secretion of IFN-yin
hPBMCs. Cultured hPBMCs (2x10° cells/ml, 1 ml/well) were co-treated with native FIP-fve (100 pg/ml) and
various concentrations of (A) a-amylase (serial dilutions from 0 to 10 mg/ml) and (B) were treated w/o
active or autoclaved inactive of a- and B-amylase (0.01 mg/ml) or w/o starch (5 mg/ml) in RPMI 1640 that
had been supplemented with 5% FBS for 48 h. Conditioned media were subjected to ELISA to measure
amounts of secreted IFN-y. Vehicle controls using distilled water data represented at each lane one. The data
are represented mean+S.D. from triplicate experiments. Asterisks (*) on top indicates a significant difference
from the control group with a calculated P < 0.05.
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Figure 3 Effects of tunicamycin, O-linked glycosidases or PNGase F on native FIP-fve induced secretion
of IFN-y in hPBMCs. (A) hPBMCs (2x10° cells/ml, 1 ml/well) were treated with native FIP-fve (100 pug/ml)
as 100 % of control and various concentrations of tunicamycin 0 pg/ml (lane 2, control), 0.1 pg/ml (lane 3),
0.2 ug/ml (lane 4), 1 pg/ml (lane 5) and 2 pg/ml (lane 6) for 48h. Results are presented as meantS.D. form
triplicate data. (B) Bars indicate concentrations of IFN-y (pg/ml) secreted from cultured hPBMCs (2x10°
cells/mL, 1 mL/well) that had been pretreated with tunicamycin (0, 0.1 or 0.01 pg/ml) 16h before they were
treated for 4 h with the deglycosylation enzymes O-linked glycosidase (8x10* units/ml) and PNGase F (10°
units/ml). Then ( o ) 50 pug/ml or ( m )100 pg/ml native FIP-fve was added to RPMI 1640 that was
supplemented with 5% FBS for 48 h. Conditioned media were subjected to ELISA to measure amounts of
secreted IFN-y. Data are presented as mean+S.D. from triplicate experiments. Asterisks (*) on top indicates a
significant difference from the control group with a calculated P < 0.05.



S AR kS E R A pERd & = Fr4 & (Tunicamycin, Fig.10B) » 2 p& 39 3 pEp% % (PGNase
22 endo-a-N-acetyl- galactosidase, Fig.10C) » &7 & f&aJ2 & &5 a2 ™ > % FIP-fve 3% hPBMC w7 2
4 AFN-y & § #rlenie® o @30 TP L § 4k FIP-fve & cnpbig s & fote wrpkhen § pESER 4 - 4
& hPBMCs ihim® %t G 2 EFE- H @R - FE&nm d BT O % > BT LA D & v (LZ-8)
FETLRAZH L EA GBI M > PFA 3 0 Rt cnFIP-fve v & 5 3RA L A &5 4 >
A7 483 FIP-fve shphaf s £ e 23 28 & %5 d & TLRAIMD-2 ¥ 0% pEag 2 3 1% » % it TLR4

Sl L BT 0 2R F SRR AN LB ukE ~ 44 2 2 pull-down 07 2 > K FIP-fve &
TLR4/MD-2 3% pEsg glycans & 5 = 3 8% » L £ :E 4> TLRAMD-2 & - B4t @ folban % > 1
2o Sefp ] eh S pRAEIE TR > A AP T Reh S BEsE4 H1(Royle etal,, 2003) > kP A 2
RE % B35 18 FIP-fve F cnpEspds & e 2 TLRA/MD-2  ch 5 BEREZ 2 2 3 184 kA2 4 o Fpt » 2Ap2
s Rk iﬂﬁ B iFE FIP-fve 48R3 N2 2B mf@psEnligands 1% ki > wm% p > £
4 37 aFfd FIP-fve 3§ TLRA/MD24F &40} ch ) pESFG 23 (6% 12 » S8 7 M3 4 @R -
ki AR IR GIET o

Putative CBM-34 on FIP-frve
Trp24, Thr28, Asp34, Thr90
11e91 and Trp111

de novo glycosylation inhibitor

Tunicamycin

PR QA
, Deglycosylation enzymes
PNGase and O-linked °
glycosidase 000
6 ¢ Competing ligands
6 Salic acid, Maltose, Maltotriose

o
Cyclodextrin, Daxtrin and Starch

0000

c.\° L

° D
}o ” o) e\
v » A ©) @ o

z-" O
YAl 03
e K © o © IFN-y
00990

hPBMCs

Figure 4 Proposed mechanism regulation of FIP-fve induced secretion of IFN-yin hPBMCs. The
immunomodulatory activities of FIP-fve proteins were lost when key residues W24G, T28G, D34G, T90A,
191A and W111G on putative CBM-34 were disrupted by site-directed mutagenesis, suppressed according to
binding competition assay using putative ligands such as salic acid, maltose, maltotriose, cyclodextrin, dextrin
and starch. Tunicamycin inhibited de novo glycosylation and deglycosylation enzymes, such as PNGase and

O-linked glucosidase. Co-treatment in hPBMCs also eliminated the secretion of IFN-y that would otherwise
have been stimulated by FIP-fve.
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Table 1 Effects of site-directed mutagenesis of the CBM family 34 structure of
rFIP-fve on immunomadulatory and hemagglutinating activities

Amino acid IFN-y production in purified recombinant Hemagaglutinating activity
substitution in protein-stimulated hPBMCs ° of purified protein ©
rFIP-fve 2 50 pg/ml 200 pg/ml (Mg/ml)

Wild-type 411.58+11.78 (100) 749.78%2.46 (100) 0.25
W24G 0.00+0.58 (0) 0.00+1.70 (0) >250

T28G 0.00£0.00 (0) 0.00£0.00 (0) >250

T28N 249.5412.66 (61) 676.24£3.89 (90) 0.25

D34G 0.00£2.14 (0) 0.00£3.89 (0) >250

T90A 148.37+14.10 (36) 251.57+7.08 (34) 0.5

191A 7.5612.61 (1.8) 7.72+2.26 (1.0) >250
W111G 0.00%5.66 (0) 1.56+1.30 (0.2) >250

a. The CBM-34 structure in rFIP-fve comprises residues 15 to 121.

b. Immunomodulatory activity was detected as units of the IFN-y production from stimulated-
hPBMCs (50 and 200 pg/ml) for 48 h. The IFN-y measured by ELISA. The data shown are
mean 1 SD of triplicate experiments and a percentage of the wild-type activity in parentheses.

c. Serially diluted recombinant rFIP-fve in 100 pl were added to a mixture containing 100 pl of 2%
human red blood cells in PBS. The degrees of hemagglutination were recoded at 1.5 h after
incubation. The original data present in Figure S1.
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Table 2 Ligand specificity of FIP-fve determined by binding competition assay using a library of mono-,
di-, oligo- and polysaccharides co-treated with FIP-fve induced IFN-y secretion in hPBMCs
[FN-vy Binding
Ligand Linkage Branch Dose release Competition
(pg/ml) assay @
Untreated - - 0 869:25 -
30 92140
a‘:\:;’se - - 10 755427 -
2 800138
30 89027
Galactose _ - 10 924151 =
(mM) 2 88849
30 68124
?ﬂf&?ose - - 10 795+4 -
2 84212
30 698116
?l:lcl r;ose-G-phosphate _ _ 10 70748 _
2 725+13
30 1156198
%ﬁ?se-ﬁ-phosphate _ _ 10 s _
2 725413
: 30 37243
[\In:lelbcl;)etylgalactosamme _ _ i 703432 +
2 1007415
. 30 713340
N-acetylglucosamine _ _ 10 75011 _
(mM) 2 866+16
- . 30 <16
N-acetylneuraminic acid _ _ 10 16344 it
(mM) ) 793+4
30 67+1
Maltose a-1-4 - 10 435+4 ++
(mM) 2 699+15
30 502425
Sucrose a-1-4 — 10 65725 -
(mM) 2 787432
Maltotriose o b
a-1-4 - 10 36111 +++
(mM) 2 71941
c 30 <16
E:nzlt\:lllc))dextnn o-1-4 = 10 16741 +++
2 91212
. 0-1 branch 10 <16
(Dn?;(;:m) a-1-4 /molecule 5 3359 +++
a-1-6 2 735+1
1 branch / 10 13515
(Sn%?;:l) w14 24-30 residues 5 46211 ++
a-1-6 2 812+4
1 branch/ 1 754420
(C:Eg;‘rﬁ;en o-1-4 10 residues 0.5 923t4 -
a-1-6 0.1 7314
a. The following symbols are used : -, no detectable competition; +, weak competition (the highest
concentration of carbohydrates inhibit more than 50%); ++, significant competition (the second higher
concentration of carbohydrates inhibit more than 50%); +++, strong competition (the highest concentration of
carbohydrates inhibit more than 80%).

Q qU* 2 ligand 3 A#H ORI S AL P HP S R E F FIPfve i & ol &
Awendf ¥ E R E £ ¥ 55 d Mannose-6-phosphate @ & {7 endocytosis & » fm¥e e o B2 2R

A7 R B TR T 0 e p o L enH EEE 2 pESE (Mannose ~ Glucose ~ Sucrose - Galactose) ~ % #

AL 1v pE 5 (Mannose-6-phsphate {= Glucose-6-phosphate) £ FIP-gts~FIP-fve i+ hPBMC ‘m¥e %+ chfE

A G oo mi L EmE D p A g2 IFN-y - 7 @%’?%éﬁi#ﬂ TMEF e RIpRE R

FIP-fve crpE s & =42 o-amylase | 4p i ed® o > &2 800 & o-helix #8445 pEag 45 2 - Tl o

EH ALK e ¥ L pEsE (4o Glycogen ~ LPS ~ Starch ~ Chitin §= Cellulose %) it {7 prag s (29
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o B TEP S RS S FIP-fve T il 42 & LTRSS NS o BB BT Y pEATK RS
AR S BN e E e Pl oA id A g IFN-y 2 2 chi®* (Fig.9C) o e B > 2 B e 3V sk e 4
15+ FIP-fve PEAT S & oo § #istend | 5 A sn% 45 5 @ - (Royle etal., 2003)
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