
proteins
STRUCTURE O FUNCTION O BIOINFORMATICS

STRUCTURE NOTE

Crystal structure of LZ-8 from the medicinal
fungus Ganoderma lucidium

Liang Huang,1 Fei Sun,2 Chongyang Liang,2 Yong-Xing He,1 Rui Bao,1 Lixia Liu,3*

and Cong-Zhao Zhou1*
1 Hefei National Laboratory for Physical Sciences at Microscale, School of Life Sciences, University of Science and Technology of China, Hefei,

Anhui 230027, People’s Republic of China

2 Department of Cytobiology, Institute of Frontier Medical Science, Jilin University, Changchun 130021, People’s Republic of China

3 School of Life Sciences, Northeast Normal University, Changchun 130024, People’s Republic of China

Key words: fungal immunomodulatory proteins; Ganoderma lucidium; crystal structure; antitumor activity.

INTRODUCTION

Ling Zhi (Ganoderma lucidium) and other medicinal

fungi have a long history of use as traditional herbs in

China. The mechanism of their effects for a wide range of

ailments remains unclear. To elucidate the functional com-

pounds in these herbs, a new family of fungal immunomo-

dulatory proteins (Fips) has been identified, including four

Fips isolated from Ganoderma lucidium, Flammulina vel-

tipes, Volvariella volvacea, and Ganoderma tsugae, termed

LZ-8, Fip-gts, Fip-fve, and Fip-vvo, respectively.1–4

The native LZ-8 has a series of biological activities

which include immunomodulatory responses,3 alleviation

of transplant rejection,4 and antitumor activity. In terms

of antitumor activity, LZ-8 plays a role as a mitogen in

mouse spleen cells,5 human peripheral lymphocytes,6

and peripheral mononuclear cells.4 Fip-gts from G. tsu-

gae, which shares an identical primary sequence to LZ-8,

was found to perform its antitumor activity by triggering

calcium signaling in repression of telomerase activity and

inhibiting the transcription of telomerase in human lung

adenocarcinoma cell line A549, via exporting the telo-

merase reverse transcriptase out of the nuclei.7,8

Despite being highly conserved in primary sequence,

members of Fips family are quite different from each

other in biological activity.9 For instance, LZ-8 has a

strong antitumor activity against HL60 cells, whereas

Fip-fve has no such an activity (unpublished data), even

though they share a sequence similarity of 81%. To eluci-

date the structural basis of this functional divergence, we

solved the crystal structure of LZ-8 at 2.10 Å resolution

(PDB code 3F3H), representing the second structure in

this family after Fip-fve.10 Comparative structural analy-

ses revealed significant local conformation changes at two

loop regions of the fibronectin type III (FNIII) domain

which might be potential active sites. This finding pro-

vided us clues for engineering these loops to further

improve the medicine activity of LZ-8 and its homologs.

MATERIALS AND METHODS

Construction, expression, and purification
of LZ-8

The open reading frame of LZ-8 was amplified by

PCR and cloned into a p819 expression vector. The con-
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struct was transferred to Pichia pastoris GS115. The

transfected cells were grown in MD and MM medium

for determination of methanol-utilizing phenotype at

288C up to an A600 nm of 2–6. The protein expression

was induced by adding methanol to a final concentration

of 1% in the medium and the cells were grown at 288C
for 72 hr. Cell pellet and supernatant were separated and

frozen in liquid nitrogen and stored at 2708C for next

purification. Approximately 50 mL supernatant was

thawed and loaded to the Q Sepharose HP 35/100 col-

umn followed by Hiload 16/60 Superdex 75 column

(Amersham Biosciences). The purity of the pooled frac-

tions was checked by SDS-PAGE. The protein sample was

concentrated to 8 mg/mL in the buffer of 50 mM NaCl,

20 mM Tris-HCl, pH 7.0 for further use.

Crystallization, data collection,
and processing

The crystal was grown at 289 K using the hanging

drop vapor diffusion method. Two microliters of the pro-

tein solution was mixed with 1 lL of mother liquor

(1.75M ammonium sulfate, 0.1M Tris-HCl, pH 6.0 and

6.4% polyethylene glycol 400). The rhombic crystals grew

to the maximal size of 110 3 100 3 30 lm3 in one

week. A single crystal was transferred to the cryoprotec-

tant buffer of the reservoir solution plus 20% polyethyl-

ene glycol 400 and flash frozen with liquid nitrogen. X-

ray diffraction data were collected at 100 K on a Rigaku

MM007 X-ray generator (k 5 1.54179 Å) with a Mar-

Research 345 image-plate detector at School of Life Sci-

ences, University of Science and Technology of China

(USTC, Hefei, PR China). Data were processed with the

Program MOSFLM11 and scaled with SCALA.12

Structure solution and refinement

The crystal belongs to the space group of P212121 with

a homodimer in an asymmetric unit. The crystal struc-

ture of LZ-8 was solved by the molecular replacement

method with the program Molrep12 of CCP4 using the

fungal immunomodulatory protein Fip-fve (PDB entry

1OSY) as the search model. Crystallographic refinement

was performed using the program Refmac5.12 After sev-

eral rounds of manual rebuilding and water picking using

the graphics program COOT,13 TLS parameters were an-

alyzed with the TLSMD server14 and four TLS groups

for each chain were introduced in the subsequent refine-

ment. The stereochemical quality of the final model was

validated with Molprobity15 and PROCHECK.16 The

structure was finally refined to 2.10 Å with the R-factor

22.1% and R-free 24.6%, respectively. The structure fac-

tor and coordinate files were deposited in the Protein

Data Bank under the accession code of 3F3H. All figures

of protein structure were prepared with PyMol.17

RESULTS AND DISCUSSION

The overall structure of LZ-8

To perform a comparative structural analysis, we

solved the crystal structure of LZ-8 at 2.10 Å resolution.

The crystal belongs to the space group of P212121, with a

unit cell of a 5 33.19 Å, b 5 86.99 Å, c 5 92.13 Å and

a 5 b 5 g 5 908. Statistics of data collection and crys-

tallographic analyses are listed in Table I. The overall fold

of LZ-8 resembles the structure of Fip-fve from F. velu-

tipes, which consists of an N-terminal dimerization do-

main and a C-terminal FNIII domain. The N-terminal

domain is composed of an a-helix and a b-strand that

sustains the dimerization via domain swapping,18 form-

ing a dumb-bell–shaped dimer.10 The C-terminal FNIII

domain belongs to the immunoglobulin-like b-sandwich

fold and comprises a sandwich structure of two b-sheets

(I and II) formed by b-strands A-B-E and G-F-C-D,

respectively (Fig. 1A). To our knowledge, the crystal

structure of LZ-8 is the second structure of fungal immu-

nomodulatory proteins to date.19

Possible structural basis of the LZ-8
antitumor activity

To survey the ‘‘hotspots’’ for the antitumor activity, a

structure-based multialignment was performed (Fig. 1B).

Table I
Crystal Parameters, Data Collection, and Structure Refinement

Data processing
Space group P212121
Unit cell parameters a, b, c (�) 33.19, 86.99, 92.13
a, b, g (8) 90, 90, 90
Resolution range (�) 22.89–2.10 (2.21–2.10)a

Unique reflections 15,951 (2167)
Completeness (%) 98.0 (93.6)
<I/r(I)> 11.1 (4.1)
Rmerge

b (%) 12.5 (30.2)
Redundancy 4.8

Refinement statistics
Resolution range (�) 20.00–2.10
R-factorc/R-freed (%) 22.1/24.6
Number of protein atoms 1752
Number of water atoms 74
RMSDe bond length (�) 0.008
RMSD bond angles (8) 1.054
Average of B factors (�2) 13.5
Ramachandran plotf

Most favored (%) 98.14
Additional allowed (%) 1.86
Outliers (%) 0
PDB entry 3F3H

aThe values in parentheses refer to statistics in the highest bin.
bRmerge 5

P
hkl

P
i|Ii(hkl) 2 <I(hkl)>| /

P
hkl

P
iIi(hkl), where Ii(hkl) is the inten-

sity of an observation and <I(hkl)> is the mean value for its unique reflection;

Summations are over all reflections.
cR-factor 5

P
h|Fo(h)2Fc(h)|/

P
hFo(h), where Fo and Fc are the observed and

calculated structure-factor amplitudes, respectively.
dR-free was calculated with 5% of the data excluded from the refinement.
eRoot-mean square-deviation from ideal values.
fCategories were defined by Molprobity.
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In total, we found five variable residues located in

loopDE, one residue and two gaps in loopFG. In addi-

tion, superposition of the LZ-8 structure onto Fip-fve

(PDB entry 1OSY)10 gives a root-mean-square deviation

(rmsd) of 0.96 Å over 112 Ca atoms. The majority of

large local conformation changes were found in the

loopDE and loopFG as well, both of which are exposed

at the surface (Fig. 1C). Compared with that of Fip-fve,

loopFG of LZ-8 is shorter and protrudes to the opposite

direction. LoopDE changes slightly in Ca positions,

Figure 1
(A) Cartoon representation of LZ-8 dimer. b-Strands in the FNIII domain are labeled as A–G. (B) Structure-based alignment of LZ-8 against other
fungal immunomodulatory proteins (Fips). Alignment was performed using MultAlin (http://prodes.toulouse.inra.fr/multalin)26 and ESPript.27 The

secondary structural elements are identified from LZ-8 using ESPript and displayed at the top of alignment. The a-helices, b-sheets, and strict

b-turns are denoted a, b, and TT, correspondingly. Residues of >70% consensus level are in blue rectangle. Completely conserved residues are

indicated with white lettering on a red background. The residues involved in loops FG and DE are indicated by asterisks and dots at the bottom of

alignment, respectively. (C) Main chain superposition between LZ-8 monomer (yellow) and Fip-fve (pink). LoopDE and loopFG are highlighted in

green rectangles.
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resulting in altered orientations of the side chains in this

region.

These loops of FNIII-containing proteins are usually

involved in specific recognition of their partners which

consist of cell hormones, cell adhesion molecules, cyto-

kine receptors, chaperonins, and carbohydrate binding

domains.20,21 Moreover, the corresponding loops of the

antibody variable region have been engineered to

improve the binding affinity.22 Sequence analysis of 17

FNIII domains present in human fibronectins revealed

large variations in both FG and BC loops,23 leading to

the multiple activities of fibronectins. Randomizing the

sequence or length of the loops DE, FG in human fibro-

nectin 10th type III domain has successfully created novel

binding proteins to estrogen receptor a, TNF-a, and Src

SH3 domain.22,24,25

In conclusion, the conformations of the loops in the

FNIII domain of LZ-8 may be a starting point for eluci-

dating the mechanism of specific residues responsible for

the antitumor activity. The comparative structural analy-

sis also provided us some clues to improve the medicinal

activity via engineering the variable loops.
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