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ARTICLE INFO ABSTRACT

Keywords: Fungal immunomodulatory proteins (FIPs) have been investigated for their use as potential natural derived anti-
Immunomodulatory proteins tumor molecules. However, the stability of FIPs is critical for their preparation and storage. In this study, the
Cytotoxicity‘ . correlation between thermal stability and protein structural features of rFIP-nha, with significant anti-tumor
ThlermOSt_abﬂ_l t activity, has been evaluated. For comprehensive analysis, FIP-nha and its homologues FIP-gmi, FIP-fve, and
Oligomerization

LZ-8 were all recombinantly expressed in E. coli. In solution, rFIP-nha and rFIP-gmi formed tetramers; rFIP-fve
and rLZ-8 appeared as dimers. Their melting temperatures were 85.1 °C, 77.8 °C, 66.5 °C, and 64.4 °C,
respectively. Accordingly, their cytotoxicity was also temperature dependent. To investigate the underlying
mechanism of their thermostability, we solved the crystal structure of FIP-nha. Detailed structure analysis,
molecular dynamic simulation and mutagenesis studies indicated that a higher thermostability was correlated to
higher oligomerization states, larger interface area, and more interactions. The structure property studies indi-
cate that Y12, D61 and Y108 were critical for oligomerization and high thermostability of rFIP-nha, but the
dimeric and tetrameric states of rFIP-nha exert similar cytotoxicity on A549 cells. Taken together, these findings
reveal that thermostability of FIPs was dependent on their oligomerization state, and correlated with their
cytotoxicity.

1. Introduction migration [16,17] and invasion [18]. Moreover, FIPs could also indi-

rectly inhibit tumor growth via immunomodulatory properties, such as

Fungal immunomodulatory proteins (FIPs), a group of small proteins
with notable immunomodulatory activity, have been investigated for
their use as a potential anti-tumor drug [1-5]. FIPs were described to
directly inhibit tumor growth via inhibition of telomerase activity, in-
duction of apoptosis and autophagy, arrest the cell cycle, as well as in-
hibition of migration, invasion and metastasis [1,6,7]. LZ-8 (Ganoderma
lucidum) and FIP-gmi (G. microsporum) could exert anti-tumor activity
via direct tumor growth inhibition, such as induction of autophagy
[8-11] and apoptosis [12-14], cell cycle arrest [15], and inhibition of

induction of pro or anti-inflammatory cytokine and chemokine secre-
tion, enhancement of cell adhesion molecule expression on T cells and
macrophages, and improvement of lymphocyte proliferation [1,19].
FIP-fve (Flammulina velutipes) exert its anti-tumor activity via innate and
adaptive immunity [20-22]. FIP-nha, cloned from Nectria haematococca
[23,24], exerts considerable direct anti-tumor activity on human lung
cancer A549 cells, human gastric cancer cell lines (AGS, MGC823 and
SGC7901 cells), human hepatic cancer HepG2 cells, and human leuke-
mia HL60 cells [25-28]. In-vitro and ex-vivo studies showed that rFIP-
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nha negatively regulated PI3K/Akt signaling, upregulated p53 expres-
sion, and induced cell cycle arrest, autophagy, and apoptosis of human
lung adenocarcinoma [25,29]. Meanwhile, an in-vitro study suggested
that rFIP-nha blocked the EGFR-mediated STAT3/Akt pathway to
induce apoptosis and autophagy in human gastric cancer [28].

The thermostability of protein drugs have been proven critical for
maintaining their bioactivity during production and storage. Studies
showed that thermostability properties relate to several factors, such as
oligomerization states, glycosylation states, structural interactions (di-
sulfide bridges, hydrogen bonds, and hydrophobic interaction) and
secondary structure (o-helix stability, rigidly or flexibility) [30-32]. For
instance, the melting temperature (T},) of arginine deiminase (an anti-
cancer agent for the therapy of arginine-auxotrophic tumors) has been
improved from 63.55 °C to 71.01 °C via oligomerization modification
[33,34]. The half-life of arginine deiminase was also enhanced from 4
min to 17.5 min at 60 °C via this structural design [33,34]. In addition,
the T;, value of anti-PD-L1 antibody drug increased from 47 to 54 °C via
glycosylation modification [35]. FIPs are considered as potential anti-
tumor drugs, but are not per se stable at high temperatures, which
limits their applications. Heating FIP-fve (Flammulina velutipes) in water
at 60 °C for 5 min reduced its chromatographically detectable amount
by 25% [36]. LZ-8 (Ganoderma lucidum) was non-reversibly denatured
when the temperature was above 55 °C [37]. However, the underlying
mechanisms of their thermostability are not clear.

The crystal structures of several FIPs (PDB: LZ-8, 3F3H; FIP-fve,
10SY; FIP-gmi, 3KCW) have been determined. Their monomeric struc-
tures are similar, consisting of an N-terminal o-helix followed by a
fibronectin III (FNIII) fold [38-41]. The overall structures of LZ-8 and
FIP-fve behave as non-covalently linked homodimers with the inter-
locking helices in the N-terminus [38,40,41] while FIP-gmi behaved as
tetramer, forming a dimer-dimer arrangement [39]. rFIP-nha exerts the
most outstanding thermal stability among all the characterized FIPs.
However, the mechanisms involved in its thermostability remain un-
clear. Insights into structural aspects associated with thermostability of
FIPs are valuable, as they provide a better understanding of the mech-
anisms involved in the anti-tumor activity of FIPs, and lay a foundation
for enhancement of thermostability of FIPs through structural design.
Therefore, in the current study, we tested FIPs oligomeric states via SLS
analysis and tested Tj, value via DSC analysis. Meanwhile, the cytotox-
icity of FIPs and its correlation with their thermostability were evalu-
ated. To gain insight into the thermostability mechanism of rFIP-nha, its
crystal structure was determined and compared with FIP-gmi, FIP-fve
and LZ-8. The key residues for high thermostability of rFIP-nha were
proposed and a mutagenesis study was performed to confirm this
hypothesis.

2. Materials and methods
2.1. Materials and chemicals

The plasmid pGEX-6P-1 and Escherichia coli BL21 competent cells
used for protein expression were purchased from Amersham Pharmacia
Biotech (Buckinghamshire, UK) and TransGen Biotech (Beijing, China),
respectively. A549 cells were obtained from the Cell Bank of National
Biomedical Laboratory, Chinese Academy of Medical Sciences (Beijing,
China). The Glutathione Sepharose and Superdex 200 chromatography
column were purchased from GE healthcare. Doxorubicin (Adriamycin)
HCl was purchased from Selleck. The plasmid of PreScission Protease
was kindly provided from Tsinghua University. Other chemicals were
purchased from Biolab (Beijing, China).

2.2. Gene and mutagenesis construction of FIPs
The genes encoding FIP-nha (GenBank ID: EEU37941.1), FIP-gmi

(GenBank ID: 310942694), FIP-fve (GenBank ID: ADB24832.1) and
LZ-8 (GenBank ID: P14945.2) were synthesized by Xianghong
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Biotechnology Co., Ltd. (Beijing, China). The mutation Y12T/Q/R,
D61N andY108F variants of FIP-nha were constructed via Quick-change
PCR, and the primers (Table S1) were synthesized by Beijing Ruibio
BioTech Co., Ltd.

2.3. Protein preparation

Plasmid pGEX-6p-1 carrying the gene of FIP-nha, FIP-gmi, FIP-fve, or
LZ-8 between restriction sites BamHI and Notl was transformed into E.
coli BL21 (DE3). All the recombinant FIPs contained an N-terminal GST
tag.

Transformed bacterial colonies were cultured and fermented
following the method adapted from Xin L. et al. [42] and Shuying L.
et al. [26]. Briefly, transformed bacterial colonies were fermented in 1 L
LB media containing 0.2 mM IPTG and 100 pg/mL ampicillin, shaking in
2 L bottles using an IS-RDS4 incubator shaker (SH Scientific, Portland,
American) at 18 °C for 14 h to OD600 of 0.6. The cells were collected by
centrifugation at 4 °C (5210 xg), resuspended in 300 mL PBS (10 mM,
pH 7.4), and then lysed using a high-pressure homogenizer (ATS, Wei-
lerswist, Germany). Cell lysates were centrifuged (20,400 xg) for 50 min
at 4 °C and the supernatant was subjected to Glutathione Sepharose
columns (GE Healthcare, Uppsala, Sweden) for recombinant protein
purification as described by the method of Harper and Speicher for GST
fusion protein purification [43]. The GST-tag was removed by PreSci-
ssion Protease, and the protein was further purified using Superdex-200
(1.6 cm x 20 cm, GE healthcare) size exclusion chromatography [44].
The molecular weight and purity of rFIPs was analyzed by 15% reducing
SDS-PAGE and Image J [45], with protein marker P1017-1 (LABLEAD,
Beijing, China). After removing endotoxin in accordance with the in-
structions of the Endotoxin Removal Kit (Yeasen, Shanghai, China),
rFIPs (in PBS solution) were quantified by BCA kit (LABLEAD, Beijing,
China), snap frozen by liquid nitrogen, and then stored at —80 °C.

2.4. Oligomerization state analysis

The oligomerization state of rFIPs in solution was determined via
static light scattering (SLS; DynaPro, WYATT technology, England). 100
uL rFIPs (concentration >1 mg/mL) was injected onto a Superdex 200
chromatography column, with LS signal, UV signal, and dRI signal
detection. 10 mM PBS (pH 7.4) was used as elution buffer with a flow-
rate of 0.45 mL/min. The molecular weight of each protein was calcu-
lated after ASTRA software analysis.

2.5. Thermostability and cytotoxicity measurements

The T,, of rFIPs was determined via a MicroCal PEAQ-DSC instru-
ment. Concentrations of 1.0-2.0 mg/mL of proteins in 10 mM PBS (pH
7.4) were used for the differential scanning calorimetry (DSC) study. The
Ty, values of rFIPs were measured at a rate of 3 °C/min from 20 °C to
90 °C [46].

To determine cytotoxicity, A549 cells were seeded in a 96-well flat
bottom cell culture-treated plate at a density of 1 x 10* per well and
cultured in RPMI 1640 (Biological Industries, Beijing, China) supple-
mented with 10% fetal bovine serum (Biological Industries, Beijing,
China), penicillin (100 U/mL), and streptomycin (100 pg/mL) at 37 °C
in a humidified atmosphere with 5% CO». After 12 h of culture, the cells
were exposed to rFIPs and Doxorubicin, as positive control, with a
concentration of 0 pM, 0.25 pM, 0.5 pM, 1 pM or 2 puM for 24 h, except
for rFIP-fve, for which the concentrations O pM, 1 pM, 3 pM, 10 pM or 30
uM were used based on a previous study [47]. Subsequently, the cells
were exposed to 1 pM heat-treated rFIPs for 24 h, except for heat-treated
rFIP-fve for which 30 pM was used. In case of rFIP-nha and rFIP-gmi,
heat-treatments encompassed 4 °C, 37 °C, 50 °C, 65 °C, 70 °C, 75 °C,
80 °C and 85 °C, with treatments lasting for 5 min, 30 min, 60 min and
120 min. The heat-treatments for rLZ-8 and rFIP-fve were the same
except that the highest temperatures (80 and 85 °C) have been omitted.
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Cell viability was determined using the CCK-8 cell proliferation and
cytotoxicity assay kit (Biolab, Beijing, China) following the manufac-
turer's instructions. Each experiment was repeated three times, and the
viability of the control group was set to 100%.

2.6. Protein crystallization, X-ray data collection, structure determination
and refinement

Rough screening for protein crystallization was performed in 24-well
plates at 20 °C under 864 reservoir conditions including the PACT, JSCG
(QIGEN), Hampton Research kit, and Wizard classic crystallization se-
ries (Rigaku, Washington, USA) using a hanging-drop diffusion method.
Each drop contained 1 pL of reservoir buffer and 1 pL of protein (rFIP-
nha 5.1 mg/mL). The optimized condition for rFIP-nha crystallization
consisted of 4% v/v Tassimate™ pH 5.0 (Hampton Research, USA) and
14% w/v PEG 3350. 50% glycol (v/v) was used to protect the crystal
from freezing in liquid nitrogen. The best crystal was transferred to
Shanghai Synchrotron Radiation Facility beamline BL17U (Shanghai,
China) for high-resolution diffraction data collection. The collected data
was processed using the HKL2000 package [48]. Next, the crystal
structure of rFIP-nha was deciphered using the structure of LZ-8 from
Ganoderma lucidum (PDB code: 3F3H) through molecular replacement
method by CCP4 [49]. Standard refinement was achieved using PHENIX
[50] and Coot [51]. Interfaces of rFIPs were calculated by CCP4 [49].
The hydrogen (H) bonds, salt bridges and assemblies were analyzed by
PISA (https://www.ebi.ac.uk/msd-srv/prot_int/pistart.html). Structural
graphics images were prepared with PyMOL (http://www.pymol.org).

The structure factors and coordinates for the rFIP-nha structure was
deposited in the Protein Data Bank (FIP-nha PDB code: 7WDL).

2.7. Molecular dynamic simulations

Molecular dynamic (MD) simulations of homo-tetrameric states of
rFIP-nha and rFIP-gmi were performed using Amber package and the
amber ffl14sb protein force field. The FIP-fve and LZ-8 were also
modeled as pseudo-tetrameric states (dimer-dimer state) initially ac-
cording to our observed rFIP-nha tetrameric assembly. The TIPAPEW
water molecules were used to solvate the tetramers with a buffering
range of 1.6 nm and NaCl ions were used to neutralize the charges of the
simulated systems. All MD simulation systems were initially refined
using 500 steepest descent steps before switching to conjugate gradient
energy minimization and gradually heated to 350 K within 2 ns simu-
lation time. The positional restraints were exerted on the backbone of
the protein with a weight of 10 kcal/mol/A? during the energy mini-
mization and heating process. Then, the restraints were released grad-
ually within six equilibration steps under constant pressure and
temperature (NPT) ensemble. A distance cutoff of 12 A was used for the
Lennard-Jones interactions and the Particle Mesh Ewald (PME) sum-
mation method was employed for calculating Coulomb interactions.
After the equilibration process, 6 x 3000 ns production runs for rFIP-nha
and 6 x 1400 ns production runs for rFIP-gmi were conducted for
further analysis. Due to the fast dimer-dimer dissociation events that
occurred during our MD simulations for both of FIP-fve and LZ-8 systems
at 350 K, the MD simulations were terminated at 500 ns for FIP-fve and
1000 ns for LZ-8. The hydrogen mass repartitioning was set to 4 amu to
enable an integration step of 4 fs during the production runs. Structural
graphics images were prepared with PyMOL (http://www.pymol.org).

3. Results and discussion
3.1. Characteristics of recombinant FIPs

To our knowledge, FIP-nha possesses the most outstanding anti-
tumor activity among the currently studied FIPs (Table 2). The mecha-

nisms of FIPs' anti-tumor activity have been studied and summarized in
several reviews [1,2,52]. rFIP-nha has been suggested to inhibit tumor
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growth by modulating the PI3K/Akt pathway and p53 expression to
regulate cell cycle arrest, autophagy, and apoptosis [25,29]. More spe-
cifically, rFIP-nha suppressed Akt phosphorylation, leading to G1/S and
G2/M cell cycle arrest; rFIP-nha induced p53 up-regulation and PI3K/
Akt down-regulation which promoted A549 apoptosis and autophagy
[25,29]. To enable the comparison of rFIP-nha with other FIPs (rFIP-
gmi, rFIP-fve and rLZ-8), all proteins were expressed recombinantly in E.
coli and purified. The amino acid sequence identity of FIP-gmi, FIP-fve,
and LZ-8 to FIP-nha were 65.1%, 58.6%, and 63.0%, respectively
(Fig. 1A). The purity of all the proteins was found to be higher than 95%
analyzed on 15% reducing SDS-PAGE (Fig. 1B). To investigate the
oligomerization states of rFIPs, gel filtration and SLS analysis was per-
formed [53,54]. As shown in Fig. 1C and Table 1, rFIP-nha and rFIP-gmi
formed tetramers, while rFIP-fve and rLZ-8 were dimers in PBS solution.

3.2. Thermal stability of FIPs

To test the thermostability of FIPs, the onset unfolding temperature
(Tonser) and the melting temperature (Tp,) were measured via DSC. The
Tonset of rFIP-nha, rFIP-gmi, rFIP-fve and rLZ-8 were 76.4 °C, 68.7 °C,
57.2 °C, and 53.2 °C, while the T;, were 85.1 °C, 77.8 °C, 66.5 °C, and
64.4 °C, respectively (Fig. 2B).

To analyze the correlation between thermostability and bioactivity
of proteins after heat treatment, the cytotoxicity of rFIPs on human lung
adenocarcinoma A549 cells were determined. rFIP-nha, rFIP-gmi, rFIP-
fve and rLZ-8 displayed a dose-dependent cell viability inhibition on
A549 cells, which corroborated previous studies [15,25,26,47,55]
(Fig. 2B; Table 2). rFIP-nha displayed the lowest IC50 on A549 cells of
all reported FIPs (Table 2) and its cytotoxicity was even higher than that
of the anti-tumor drug doxorubicin [56-58]. After heat treatment, the
cytotoxicity of rFIPs on A549 cells remained stable when the tempera-
ture was much lower than the Tops; the cytotoxic activity of the rFIPs
decreased or disappeared when the temperature came near the Tope OF
exceeded the Ty, value (Fig. 2C, D, E, F). Upon heating above the Tonset,
protein denaturation occurred. The bioactivity of FIPs was diminished
during heat treatment, which was in line with the thermostability assay.
Of note, rFIP-nha maintained its biological activity on A549 cells after
heating at 80 °C for 1 h. We proposed that rFIP-nha assumes a dimeric
state when the temperature was higher than the T, and dimeric rFIP-
nha might exert cytotoxicity during 80 °C. Then the protein's bioactivity
was lost, which might result from protein unfolding or dissociation of
the dimer towards a monomeric state.

From this experiment we concluded that heat treatment, and thus
likely protein unfolding, had a direct influence on FIPs' cytotoxicity on
A549 cells. Thermostability has been investigated for several types of
FIPs. A previous study on native FIP-fve extracted from the Flammulina
mushroom itself showed that heating FIP-fve in water at 60 °C for 5 min
resulted in a 25% reduction of FIP-fve [36], which corresponds to our
findings. rLZ-8 was found to be irreversibly denatured by temperatures
above 55 °C [37], which is also in line with our conclusion. However,
one previous study mentioned that FIP-gmi was less thermostable than
LZ-8, but no method nor measurement data were shown to substantiate
this [39]. We measured that the Topse¢ and Ty, values of rFIP-gmi were
67.1 °C and 77.7 °C respectively, indicating that rFIP-gmi was more
thermostable than LZ-8 but less thermostable than rFIP-nha in our study.
Combining these results indicates that rFIP-nha exerts the highest
thermostability among reported FIPs.

3.3. Thermostability-governing mechanism

3.3.1. Overall protein structure

To better understand the mechanism governing thermostability, we
analyzed the overall structure of FIP-gmi (PDB: 3KCW), FIP-fve (PDB:
108Y), and LZ-8 (PDB: 3F3H). Since the crystal structure of FIP-nha had
not yet been determined, its crystallographic assembly and analysis was
performed. (Table S3). We obtained high-quality X-ray diffraction data
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Table 1
Oligomerization characteristics of rFIPs as determined by gel filtration, SLS and
PISA analysis.

FIPs Gel filtration SLS PISA
rFIP-nha Tetramer Tetramer Tetramer
rFIP-gmi Tetramer Tetramer Tetramer
rFIP-fve Dimer Dimer Dimer
1LZ-8 Dimer Dimer Dimer

for rFIP-nha crystals, with 1.9 A resolution (Fig. S1), and the structure
assembly was elucidated by molecular replacement using LZ-8 as tem-
plate. The final R-free/R-work was 20.69%/17.50%, which meets the
quality requirement of PDB Validation [59]. The overall structure of
rFIP-nha consisted of two homodimers in a face-to-face conformation
stabilized by non-covalent and hydrophobic interactions (Fig. 3A, I, J).
Each molecule of FIP-nha consisted of an N-terminal a-helix followed by
a fibronectin III (FNIII) fold. The N-terminal a-helix is important for non-
covalent oligomer formation; loop regions of the FNIII fold, of which
those in FIP-nha are more similar to those in LZ-8 than in FIP-fve, might
be responsible for the anti-tumor activity [38]. Key residues of the FNIII
fold could contribute to carbohydrate binding motifs, which might be
significant for cytokine induction in immune cells [19,60]. Regarding
rFIP-gmi, there is one molecule in its asymmetric unit [39], while rFIP-
gmi adopted a tetramer state in buffer (Fig. 1C). Therefore, the biolog-
ical assembly of rFIP-gmi should be tetramer. To clarify, protein as-
sembly in the asymmetric unit does not represent the oligomer in
solution. Differences in the oligomerization state between the crystal
asymmetric unit and biological assembly might be expected and does
occur in some structures [39,61,62].

3.3.2. Interaction analysis

To explain mechanisms behind the thermostability of the studied
rFIPs, we performed a detailed analysis of the structural interface, as-
semblies and interaction forces of their oligomeric states (Table 3,
Fig. 3). As shown in Fig. 3A and B, the interface of rFIP-nha and rFIP-gmi
consisted of interface a (an interface in the dimer) and interface b (an
interface in between the two dimers). This differed from the interfaces of
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FIP-fve and LZ-8, which only consisted of interface a (an interface in the
dimer). The interface of rFIP-nha, consisting of interface a and interface
b, was the largest, with about 6099.1 }0\2; followed by rFIP-gmi, for
which the interface area was 5919.9 A%, As expected, the interfaces of
FIP-fve and LZ-8 (interface a only) were smaller with 3362.1 AZ and
3285.1 A%, respectively. Meanwhile, the solvation free energy gain upon
formation of the assembly (AG™) and the free energy of assembly
dissociation (AGY5%) were listed in Table 3.

Subsequently, the detailed interaction forces between these in-
terfaces in different rFIPs were analyzed, including H bonds, salt bridges
and hydrophobic interactions. The interaction bonds in rFIP-nha con-
sisted of 41 H bonds and 5 salt bridges, as a total number in the in-
terfaces a and b (Fig. 31, J and Table S4, S5). There were 36 total H bonds
in rFIP-gmi, with no salt bridges (Table S6). With regard to the dimeric
FIPs, there were only 7 H bonds, or 9 H bonds in the interface of FIP-fve
(Table S7) or LZ-8 (Table S8), respectively. Obviously, FIP-fve and LZ-8
had less inter-subunit interactions compared to rFIP-nha and rFIP-gmi.
In general, a higher number of molecular interactions corresponds to a
higher binding energy [63,64], substantiating the thermostability of
rFIP-nha. As shown in Fig. 3E and F, the interface of rFIP-nha was more
hydrophobic than the interface of rFIP-gmi, which also contributes to
the thermostability of rFIP-nha. Meanwhile, the hydrophobic interac-
tion within the FIP-fve crystal structure (Fig. 3G) should be much
stronger than for LZ-8 (Fig. 3H), which could outweigh the fewer H
bonds and result in a higher T,, value. Thus, these findings are in line
with the thermodynamic stability data, indicating that rFIP-nha indeed
should, structurally, be more stable than other FIPs.

3.3.3. MD simulation of rFIP-nha tetrameric state and site-directed
mutagenesis study

In order to further elucidate the molecular mechanism maintaining
the structural and thermal stability of the tetrameric assembly of rFIP-
nha, MD simulations were performed for both tetrameric states of
rFIP-nha and rFIP-gmi at 350 K. The pseudo-tetrameric states (dimer-
dimer assembly) of FIP-fve and LZ-8 were also constructed initially,
according to our observed FIP-nha tetrameric assembly, for comparison.
As shown in Fig. 4, the tetrameric assembly of rFIP-nha exhibits extreme
structural stability during our total series of 6 x 3000 ns MD simulations
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Fig. 2. Biological activity and thermal stability of rFIPs. A. T;, value and T, of rFIPs, heat capacity value was measured via DSC with temperature increase; B. Cell
viability of A549 cells after rFIPs and Doxorubicin treatment; C-F. Impact of thermal treatments on rFIP's cytotoxicity on A549 cells in vitro; the concentration of

rFIPs: C. 1 pM rFIP-nha; D. 1 pM rFIP-gmi; E. 1 pM rLZ-8; F. 30 uM rFIP-fve.

at 350 K. Six individual replicas demonstrated similar narrow root-
mean-square deviation (RMSD) distributions of the C-alpha atoms of
the tetramer with peaks less than 2.5 A. In contrast, four of our six MD
simulations showed broad RMSD distributions within 1400 ns MD
simulation time in rFIP-gmi and only two of the MD simulation trajec-
tories maintained the conformations of the initial tetrameric assembly
with RMSD distribution centers around 2.8 A. These simulations are
consistent with our DSC results that rFIP-nha is more thermostable than
rFIP-gmi. On the contrary, both FIP-fve and LZ-8 were not able to sustain
the tetrameric assembly during our MD simulations at 350 K. The
pseudo-tetrameric initial states dissociated into two stable dimeric forms
within 500 ns for FIP-fve and 1000 ns for LZ-8 in our MD simulations,
which were also in line with the homo-dimeric forms observed in their
biological assembly in crystals, rather than the tetrameric assembly. To
further identify the key residues responsible for maintaining the
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tetrameric assembly of rFIP-nha, molecular mechanics/generalized Born
surface area (MM/GBSA) binding free energy decomposition per residue
analyses were performed and compared with that of LZ-8 in its dimeric
form. We found that, in the case of FIP-nha, N5, S7, F10, Y11, F43, K49,
Y108, and L109 played key roles in maintaining the dimerization. These
interfaces were also conserved in LZ-8. In addition, the Y12, D61 and
Y108 were crucial for the tetrameric assembly in FIP-nha whereas the
interactions were absent in the case of the dimeric state of LZ-8, indi-
cating these three sites would be essential to sustain the tetrameric as-
sembly in FIP-nha.

To confirm the importance of the Y12, D61 and Y108 residues within
the rFIP-nha structure, we constructed three kinds of genetic variants.
Based on the sequence alignment displayed in Fig. 1C, three mutants
were created in which the counterpart amino acids in FIP-nha are
replaced by those of FIP-gmi, FIP-fve and LZ-8 (Y12T/Q/R + D61N +
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Table 2

FIPs that have shown cytotoxicity on A549 cells.
FIPs IC50 on A549 cells (pM) Anti-tumor mechanism Reference
FIP-nha 0.5" Cell cycle arrest (G1/S and G2/M); apoptosis; autophagy [25]
FIP-Irh 0.6 - [68]
FIP-gts >0.6" Anti-telomerase effects; ER stress-induced intracellular calcium level; cellular senescence; cell cycle arrest (G1) [69,70]
FIP-sch2 0.8 Apoptosis; inhibited migration [71]
LZ-8 1.1° Cell cycle arrest (G1) [15]

[15]

FIP-dsp2 1.2 Apoptosis; inhibition of migration [72]
FIP-gmi 1.9° Cell cycle arrest (G2/M); autophagy [12,55]
FIP-gapl 2.4" - [731]
FIP-bbo 2.6" Apoptosis; inhibition of migration [74]
FIP-gsi 4.0° - [75]
FIP-gap2 4.9% - [73]
FIP-fve >30.0" Cell cycle arrest (G1/S); not apoptosis; inhibited migration; suppress proliferation [47]

@ Indicates that the IC50 was calculated by concentration (mg/mL) and molecular weight (kDa).

Y Indicates that the IC50 was obtained in this study.

interface b

interface a

interface a

Fig. 3. Structural analysis of rFIPs. A, B, C,
D structure of rFIP-nha, rFIP-gmi, rFIP-fve,
and rLZ-8 shown in surface representation
were generated by Pymol, colored by chain
respectively, with interface shown in red; E,
F, G, H electrostatic surface presentations of
rFIP-nha, rFIP-gmi, rFIP-fve, and rLZ-8 were
generated by PyMOL, with red (electro-
negativity) and blue (electro-positivity)
representing hydrophilic, and white repre-
senting hydrophobic interactions; I, J inter-
action bonds in rFIP-nha's interface a and
interface b; related amino acid residues are

interface a

interface b

labeled with letter and position (Y12, D61,
Y108 in red, others in black), and H bonds
are shown in dotted black lines, salt bridges
are shown in dotted yellow lines. (For
interpretation of the references to colour in

this figure legend, the reader is referred to
the web version of this article.)

Table 3
Overall analysis of FIPs' interface, interactions and assemblies.
FIPs Total area(A?) Interface(A?) Total area/ AG™ AGYS (kcal/mol) H bonds Salt bridges
Interface (kcal/mol)
rFIP-nha 20,897.6 6099.1 3.43 -51.9 6.8 41 5
rFIP-gmi 20,182.8 5919.9 3.41 —60.6 0.9 36 0
FIP-fve 11,471.0 3362.1 3.41 —27.6 19.1 7 0
rLZ-8 11,232.2 3285.1 3.42 —29.2 21.6 9 0

AG™ indicates the solvation free energy gain upon formation of the assembly.
AGYS indicates the free energy of assembly dissociation.

Y108F): FIP-nha 3M-T (based on FIP-gmi), 3M-Q (based on FIP-fve), and
3M-R (based on LZ-8) (Fig. 5A). An SLS analysis suggested that rFIP-nha
3M-T was in a tetrameric state, while rFIP-nha 3M-R and rFIP-nha 3M-Q
possessed dimeric states (Fig. 5B). These results suggest that Y12 is the
key factor for tetramerization of rFIP-nha. The Ty, value of rFIP-nha 3M-
T was higher than that of rFIP-nha 3M-Q, and higher than that of rFIP-
nha 3M-R (Fig. 5C), which correlated with the T, value of rFIP-gmi,

560

rFIP-fve, and rLZ-8. Of note, the oligomerization state of rFIP-nha still
related to its thermostability. The thermostability of rFIP-nha and its
3M-T variant (tetrameric) were higher than the thermostability of the
dimeric 3M-Q and 3M-R mutants. However, the rFIP-nha 3Ms had an
overall lower thermostability than the investigated native FIPs. These
observations suggest that Y12, D61 and Y108 are all important for the
thermostability of rFIP-nha, and that the three mutations might cause
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structural changes that destabilize rFIP-nha. The cell viability test of
rFIP-nha 3Ms on A549 cells suggested that dimerized rFIP-nha exerts the
same cytotoxicity as the tetramer (Fig. 5D). Thus, we speculate that the
dimerized rFIP-nha maintains its cytotoxicity at 80 °C for at least an
hour (Fig. 3C). During heat treatment, tetrameric rFIP-nha might sepa-
rate into dimers firstly. Next to the tetrameric state, also the dimeric
state of rFIP-nha might be significant for tumor cytotoxicity. Previous
studies suggested that the dimerization state of FIPs may play a vital role
in their activity [65,66]. The monomer of rFIP-gts did not induce cyto-
kine production on human peripheral blood lymphocytes [65,66]. Also,
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the immunomodulatory activity of LZ-8 was impacted by three key
residues (L10, W12, and D45) in the interface, that maintains its
dimerization via electrostatic interaction [67].

4. Conclusions

In this study, we characterized the anti-tumor protein FIP-nha
(Nectria haematococca) with high thermostability via detailed structure
analysis, molecular dynamics simulation, and mutagenesis studies.
Compared with rFIP-gmi, rFIP-fve, and rLZ-8, the thermostability of
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rFIP-nha was high, with T;,; of 85.1 °C, which might relate to its oligo-
merization state. To analyze the relation between oligomerization and
thermostability of FIPs, we determined the crystal structure of rFIP-nha
by molecular replacement method and refined it to 1.9 A resolution. The
overall structure of rFIP-nha consisted of two homodimers in a face-to-
face conformation via non-covalent interaction. The tetrameric rFIP-nha
and rFIP-gmi have larger intra-molecular interface, stronger interaction
force and higher thermostability than the dimeric rLZ-8 and rFIP-fve.
MD simulations suggested that rFIP-nha was the most thermostable
among the investigated FIPs, and that the amino acids Y12, D61 and
Y108 located in the interface, seem to be vital for tetramer formation
and thermostability of rFIP-nha. Characterization of replacement mu-
tants (rFIP-nha 3M-T, 3M-Q, and 3M-R) further confirmed the impor-
tance of these residues and the relation between oligomerization and
thermostability in rFIP-nha. Meanwhile, the cytotoxicity of the mutants
showed no obvious difference compared with rFIP-nha, indicating that
at least a dimeric structure is pivotal for executing bioactivity and that a
tetrameric state does not reduce or increase its cytotoxicity for tumor
cells. Our results reveal the mechanisms involved in thermostability of
rFIP-nha and provide valuable insights into the regulation mechanism
and future application of FIPs.
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