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Polygonatum cyrtonema Lectin (PCL), which is classified as a 
monocot mannose-binding lectin, has received great regards for 
its uniquely biological activities and potentially medical appli-
cations in cancer cells. This paper was initially aimed to study 
apoptosis of PCL on Hela cells. Thus, 3-(4, 5-dimethylth-
iazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) method 
was carried out. Through observation of cell morphologic 
changes and Lactate dehydrogenase (LDH) activity-based cyto-
toxicity assays, PCL induced HeLa cell apoptosis in a dose-de-
pendent manner. To further gain structural basis, multiple align-
ments, homology modeling and docking experiments were per-
formed to analyze the correlation between its biological activ-
ities and mannose-binding sites. Eventually, considering dock-
ing data, chemical modification properties on the three man-
nose-binding sites were analyzed by a series of biological ex-
periments (e.g., hemagglutinating and mitogenic activity assays, 
fluorescence and Circular Dichrosim (CD) spectroscopy) to pro-
foundly identify the role of some key amino acids in the struc-
ture-function relationship of PCL. [BMB reports 2008; 41(5): 
369-375]

INTRODUCTION

Lectins are glycoproteins or oligomeric proteins of non-immune 
origin with at least one sugar-binding site per subunit (1). They 
have attracted a great interest because of their variously bio-
logical activities, such as cell agglutination, antiproliferative, 
antitumor, immunomodulatory, antifungal, and antiviral (2, 3). 
So far, a number of lectins have been isolated and charac-
terized mainly on the basis of hemagglutinating activity (4).

    A lectin isolated from Polygonatum cyrtonema Hua is one 
of well studied monocot mannose-binding lectins that have 
been considered as a model system to study the protein-carbo-
hydrate interactions for several decades. In the past years, 
some researchers focused on studying the monocot man-
nose-binding lectins because of their unique and exclusive 
specificity towards mannose, which have been exploited for 
the analysis and isolation of mannose-containing glyconjugates 
(5, 6). Therefore, it would drive us an incentive in structural 
and functional analyses of the activities of monocot man-
nose-binding lectins.
    Recently, a lectin (named PCL) from Polygonatum cyrtone-
ma Hua, has received our regards to study its extensively bio-
logical activities. We have ever reported that PCL contains one 
active sialic acid-binding site and three mannose-binding sites 
that only one of the three putative mannose-binding sites is ac-
tive (7). However, the relationship between its profoundly bio-
logical activities and mannose-binding sites still remain 
uncertain. (The active sialic acid-binding site is not discussed 
here.) Therefore, a series of cell, biochemical, and bio-
informatics methods were used to identify the crucial amino 
acid residues of PCL and analyze their profoundly biological 
activities. As mentioned above, all the results were applied to 
obtain more significantly structure-function information of PCL 
concerning its biological activities, especially, the relationship 
between its biological activities and mannose-binding sites.

RESULTS

Cytotoxic effects of PCL on HeLa cells
The effects of PCL on the growth of HeLa cells were performed 
by MTT method. It was found that PCL induced HeLa cell 
death in a dose-dependent manner. PCL from 1 × 104 mg/ml 
to 5 × 103 mg/ml exerted a potent inhibitory effect on the 
growth of HeLa cells (Fig. 1A). After HeLa cells were in-
cubated with 1.0 × 103 mg/ ml PCL after 24 h, the inhibitory 
ratio reached nearly 50%. Thus, 24 h incubation with 1 × 103 
mg/ml. PCL is sufficient for half inhibition of cell growth.
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Fig. 1. (A) Viability ratio of HeLa cell determined by MTT colormetric assay assay: Results are presented as viability ratio compared 
with the control group (untreated cells). (B) Morphological changes in HeLa cells induced by PCL with fluorescent microscope and 
scanning electron microscope (SEM). Cells were exposed to PCL for different time and double-stained with Hoechst 33342 and PI. (B1) 
In the control group, the nuclei of the cells were completely stained homogeneously blue. (B2) In the PCL-treated group after 24 h, 
the cells stained with Hoechst 33342 became in homogeneously blue. (B3) After 60 h, necrotic cells appeared and their nuclei were 
completely stained red with PI. (B4) In the SEM analysis of HeLa cells, control cells were round with microvilli on the plasma 
membrane. (B5) After the treatment with PCL for 24 h, cells became irregular, accompanying by loss of microvilli, cell volume de-
creasing, plasma membrane blebbing, condensation and fragmentation of the chromatin, and the appearance of membrane-bound apop-
totic bodies. (C) PCL induced HeLa cell death was characterized by apoptosis and necrosis. Cells treated with various doses of PCL 
(0.05% DMSO (0), 0.01 × 103, 0.1 × 103, 1 × 103 or 5 × 103) for 24 h were measured by LDH activity-based assay.

Observation of cellular morphology
To determine whether 1 × 103 mg/ml PCL-induced HeLa cell 
death was caused mainly by apoptosis, the morphologic 
changes were confirmed by Hoechst 33258 staining of cell nu-
clei (Fig. 1B). In the control group, the nuclei of the cells were 
completely stained homogeneously blue and in the PCL-treat-
ed group after 24 h, the cells stained with Hoechst33342 be-
came heterogeneously blue. After 60 h, necrotic cells ap-
peared and their nuclei were completely stained red with PI. 
Subsequently, in the scanning electron microscope (SEM) anal-
ysis of HeLa cells, control cells were round with microvilli on 
the plasma membrane. After the treatment with PCL for 24 h, 
cells became irregular, accompanying by loss of microvilli, 
cell volume decreasing, plasma membrane blebbing, con-
densation and fragmentation of the chromatin, and the appear-
ance of membrane-bound apoptotic bodies.

PCL induced HeLa cell death by affecting the balance 
between apoptosis and necrosis
To characterize PCL-induced HeLa cell death, the ratio of LDH 

released from viable cells, floating dead cells and the culture 
medium were compared. The number of apoptotic cells was 
unregulated, with lower number of necrotic cells, after pro-
gressively increasing concentration of PCL, especially incuba-
tion the cells with 1 × 103 mg/ml PCL, demonstrating that 
major cause of PCL-induced HeLa cell death was not necrocy-
tosis but apoptosis (Fig. 1C).

Multiple alignments
The amino acid sequence of PCL shares the significant sim-
ilarity with other monocot mannose-binding lectins involving 
with Polygonatum roseum lectin (identity 86.8%), Galanthus 
nivalis lectin (identity 37.7%), Crinum asiaticum lectin (identi-
ty 33.3%), Cymbidium hybrid lectin (identity 35.1%), etc. (Fig. 
2). Comparison of these lectins revealed that they contain the 
significantly conserved motif of 'QXDXNXVXY'. Conservation 
of this motif, which can be put together with the unique specif-
icity of these proteins to mannose, suggested that this motif 
has a crucial role in generating mannose recognition. 
However, only one out of the three mannose-binding sites of 
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Fig. 2. The amino acid sequence of PCL shares the significant similarity with other monocot mannose-binding lectins involving with Poly-
gonatum roseum lectin, Galanthus nivalis lectin, Allium sativum lectin, Crinum asiaticum lectin, Cymbidium hybrid lectin and Epipactis 
helleborine lectin, etc.

Fig. 3. The three dimensional struc-
ture of PCL: Beta-sheets are indicated 
by patches. Turns and loops are in-
dicated by lines and the amino acids 
constituting mannose-binding sites. 
Chemical modification of amino acid 
residues in the three dimensional 
structure of PCL: I. An active man-
nose-binding site; II. An inactive man-
nose-binding site; III. Another inactive 
mannose-binding site.

PCL is unchanged and consists of four hydrophilic residues 
such as glutamine (Gln), aspartic acid (Asp), asparagine (Asn) 
and tyrosine (Tyr) associated to a hydrophobic residue valine 
(Val). The amino acid residues forming the binding site of sub-
domain I in GNA are unchanged in PCL. However, the PCL 
monomer possesses only one active mannose-binding site in-
stead of three in GNA monomer, which results from the re-

placement of several amino acid residues involved in the man-
nose-binding sites (e.g., Gln57 and Asp59 of the binding site 
in subdomain II are replaced by His58 and meanwhile Asn60 
and Gln26 of the binding site in GNA subdomain III is taken 
place by proline26 (Pro26) of PCL). Since these amino acids 
cannot make hydrogen bonds with O-4 of mannose. 
Accordingly, the two binding sites are believed to be not ac-
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Fig. 4. (A) Chemical modification ef-
fects on Hemagglutinating and Mito-
genic activities: 1. tyrosine residues, 
2. Asp/Glu residues, 3. Lys residue. 
The bars represent the average of 
three replications. The percentage of 
hemagglutination is calculated in rela-
tion to untreated controls. Full (100%) 
activity corresponded to 7 HU. (B) 
Fluorescence emission spectrum of PCL 
with different chemical modifications 
(e.g., modification of tyrosine residues, 
modification of Asp/Glu and carboxyl 
group residues, modification of Lys 
residues), PCL concentration was 0.08 
mg/ml; the samples were excited at 
295 nm and were recorded from 300 
to 400 nm. (C) Far-UV CD spectra of 
PCL with different chemical mod-
ifications in the range of 190-250 nm. 
(D) Near-UV CD spectra of native, 
EDC, NBSF and TNBS modified PCL 
from 250 to 300 nm. 

tive towards mannose.

Homology modeling and docking experiments
Homology modeling of PCL was carried out by Swiss-Model. It 
was noteworthy that beta-sheets occurred predominantly in 
the structure of PCL. The overall folding of PCL which was typ-
ically built from beta-sheets connected by turns and loops, cre-
ated a very tight structural scaffold. It was similar with the 
three-dimensional structure of other plant mannose-binding 
lectins such as GNA (8). Thus, the three dimensional structure 
of PCL strongly resembles that of GNA. Moreover, the se-
quence alignments showed that only the C-terminal binding 
site (subdomain I) of PCL presumably possesses an active man-
nose-binding site through a network of four hydrogen bonds as 
shown in Fig. 3. However, in subdomain II and subdomain III, 
No such hydrogen bonds can be formed.

Effects of chemical modification on hemagglutination and 
mitogenic activities
Modification of Ser/Thr, Arg and Met residues did not produce 
any significant alteration in the hemagglutinating and mito-
genic activities of PCL. Chemical modification of tyrosine resi-
dues of PCL with NBSF did not produce any significant alter-
ation in the hemagglutinating activity of this lectin, but it re-
sulted in a 40% decrease in its mitogenic activity. The mod-
ification of carboxyl group residues by EDC resulted in the 
complete abrogation and 26% decrease in the hemagglutinat-
ing activity and mitogenic activity, respectively. Modification 
of Lys residues using TNBS resulted in 25% and 15% decrease 

in the agglutination and mitogenic activity, respectively (Fig. 
4A).

Fluorescence spectra and CD data analyses
Fluorescence and CD spectra were used to identify whether 
the various modifications may influence the secondary struc-
ture of PCL. Modification of Lys, Tyr and carboxyl groups of 
Asp/Glu residues led to a remarkable decrease in the intrinsic 
fluorescence both at 280 nm and 295 nm (Fig. 4B). In order to 
evaluate the secondary structural change of PCL after chemical 
modification, CD spectrum of the modified PCL have been 
scanned and the results were been listed in Fig. 4C and Fig. 
4D. A negative peak with the minimum at 224 nm and two 
negative shoulders centered at 208 nm and 234 nm at the 
far-UV CD spectrum of native PCL in Fig. 4C, which represent 
the characteristics of conformation of β-sheet (9). In the Far-UV 
CD spectrum of native PCL, a negative peak at 224 nm and 
two negative shoulders 208 nm and 234 nm were observed. 
After modification of carboxyl groups, Tyr and Lys residues, 
the CD spectra only underwent a moderate decrease in ellip-
ticity (θ) and the negative shoulder at 208 nm was 
disappeared. In the near-UV region (250-300 nm), the CD 
spectrum is characterized by a minimum around 278 nm with 
three shoulders around 256 nm, 285 nm, and 300 nm (in Fig. 
4D). Modification of Tyr and Asp/Glu residues resulted in mild 
changes in the negative peak and three negative shoulders, 
suggesting that the Tyr and Asp/Glu residues are perturbed by 
the chemical modification.
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DISCUSSION

In recent years, investigations concerning the biological effects 
of PCL have been drawing a rising attention in light of its po-
tentially medical applications in cancer cells. It has been re-
ported that 'ideal' anti-cancer candidate drugs can induce 
apoptosis in susceptible cancer cells without too much dam-
age in normal cells (10, 11). Like other anti-tumor drugs, PCL 
executed a dose-dependent growth-inhibitory effect on HeLa 
cells. Based on the morphologic analysis, it was found that 
PCL induced HeLa cell apoptosis. Further, since biological ac-
tivities of PCL appear to be determined by binding the poten-
tial sugar-containing receptors on the cell surface (12), it 
sparked us the hypothesis that the mannose-binding activities 
of PCL might be tightly associated with the apoptosis of PCL. 
Although at present, the mechanism of growth inhibition of 
PCL toward HeLa cells is ambiguous, we are trying to eluci-
date its possible mechanism from characteristic and structure 
of lectins through the mannose-binding activity of lectins in 
our laboratory, which have more potentially significant bio-
logical effects.
    Nevertheless, to better understand and define the struc-
ture-function relationship of PCL, we carried out both bio-
informatics analyses and biochemical experiments. To obtain 
an insight into how many conserved residues in the man-
nose-binding domains of PCL, we have carried out multiple 
alignments, homology modeling and docking experiments of 
PCL, for which a wealth of structural information can be 
available. By docking experiments, only one out of the three 
mannose-binding sites of PCL was observed to be unchange-
able and consists of four hydrophilic residues (Gln, Asp, Asn 
and Tyr) (shown in Fig. 3). It indicated that Tyr and Glu/Asp 
are located in the mannose-binding activity of PCL. Multiple 
alignments and Homology modeling showed that the Tyr and 
the carboxyl group residues are involved in the mannose-bind-
ing activity of several monocot mannose-binding lectins in-
volving with all the above-mentioned lectins. These results 
verified that Tyr and Asp/Glu residues are located in the man-
nose-binding site of PCL. Subsequently, modification of Tyr 
and Asp/Glu residues led to different decreases in its hemag-
glutinating activity and mitogenic activity while there were 
some remarkable changes in the intrinsic fluorescence and 
slight changes of its CD spectra. Modification of Lys which lies 
in the two inactive mannose-binding sites decreased hemag-
glutinating and mitogenic activities of PCL because it might af-
fect the essential conformation of the active mannose-binding 
site. These results further supported that these residues might 
be essential to maintain the micro-environmental conforma-
tion of the hemagglutinating and mitogenic active centers. 
Consequently, these results were consistent with the molecular 
modeling of PCL, which in turn indicated the presence of Tyr, 
Asp/Glu and Lys residues in the mannose-binding sites of PCL. 
Although modifications of Ser/Thr, Arg and Met residues had 

no effects on hemagglutinating and mitogenic activities, 
Amino acid sequence analysis and molecular modeling of PCL 
further supported the absence of these residues in the man-
nose-binding sites. It showed that these residues are trivial for 
maintaining the conformation of active region.
    However, PCL has been predicted to contain one active 
mannose-binding site with more detailed information as re-
ferred previously (13), and whether the presence of the other 
two inactive sites which has any profound influence on the bi-
ological function might be worthy of further investigation. 
Moreover, the uncertain sialic acid-binding activity deserves to 
further studies as well. Consequently, they might provide a 
clue for more profound comprehension on other significantly 
biological activities of PCL.

MATERIALS AND METHODS

Source of materials and cell culture
Rhizomes of Polygonatum cyrtonema Hua were obtained from 
Changning in Sichuan Province and PCL was purified as de-
scribed previously (14). It was dissolved in dimethyl sulfoxide 
(DMSO), and the concentration of DMSO in cell culture was 
kept at less than below 0.1%, which had no detectable effect 
on cell growth or apoptosis. HeLa cells were provided by 
China-Japan Research Institute of Medical Pharmaceutical 
Sciences in Shenyang Pharmaceutical University. The cells 
were cultured in RPMI 1640 medium (GIBCO) supplemented 
with 10% fetal bovine serum (FBS) and 0.03% L-glutamine 
(GIBCO) and maintained at 37oC with 5% CO2 in a humidified 
atmosphere. 4-Nitrobenzensulfonyl fluoride (NBSF), 1-(3-Di-
methyl-aminopropyl)-3-ethyl-carbodiimide hydrochloride (water- 
soluble EDC) were products of ACROS, Co. (Heidelberg, 
Germany), 2,4,6-Trinitrobenzene sulfonic acid (TNBS), was 
purchased from Sigma (St. Louis, USA), 2% rabbit erythrocyte 
suspension was prepared after filtration, centrifuge, and wash 
of rabbit blood with 0.9% (w/w) NaCl. All the chemicals were 
used of analytical grade and all the solutions were prepared 
with double distilled water.

MTT colormetric assay
Tests were prepared as the method referred by Mosmann et al. 
(15). HeLa cells with logarithmic growth phase (1 × 105 
cells/ml) were seeded independently in a 96-well plate with 
the final volume 100 μl containing 1 × 104 cells per well. 
These plates were incubated at 37oC for 24 h and various con-
centrations of PCL were added. After 48 h, 0.05 mg (10 μL of 
5 mg/ml) MTT was added to each well and incubated at 37oC 
for 4 h. The medium was removed and the termination buffer 
was added into each well after the plate was shaken thor-
oughly for 1 h. The absorbance of the samples was measured 
at 570 nm with a spectrophotometer [Model 3550 Microplate 
Reader (BIO-RAD)]. Cell viability (%) = OD 570 (drug)/ OD 
570 (control)) × 100 (16).
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Observations of cell morphologic changes
HeLa cells in RPMI-1640 containing 10% FBS were seeded in-
to 96-well culture plates and cultured for 24 h. Control group 
were treated with the 0.05% dimethyl sulfoxide (DMSO). PCL 
(1 × 103 mg/mL) was added to the cells and the cellular mor-
phology was observed using phase contrast microscopy (Leica, 
Wetzlar, Germany). Apoptotic nuclear morphology was as-
sessed using Hoechst 33258 and PI, which were purchased 
from Sigma Chemical (St. Louis, MO, U.S.A., staining). The 
cells were fixed with 3.7% paraformaldelyde for 30 min at 
room temperature, and then washed and stained with 167 μM 
Hoechst 33258 and PI at 37oC for 30 min. The cells were 
washed and suspended again respectively in PBS for morpho-
logic observation using a fluorescent microscope (Olympus, 
Tokyo, Japan).

Lactate dehydrogenase (LDH) activity-based cytotoxicity 
assays
LDH activity was assessed using a standardized kinetic deter-
mination kit (Zhongsheng, LDH kit, Beijing, China). LDH ac-
tivity was measured in both floating dead cells and viable ad-
herent cells. The floating cells were collected from culture me-
dium by centrifugation (240 × g) at 4oC for 5 min, and the 
LDH content from the pellets was used as an index of apop-
totic cell death (LDHp) (17). The LDH released in the culture 
supernatant (extracellular LDH, or LDHe), was used as an in-
dex of necrotic death, and the LDH present in the adherent 
viable cells as intracellular LDH (LDHi). The percentage of 
apoptotic and necrotic cell death was calculated as follows:
Apoptosis% = LDHp/(LDHp + LDHi + LDHe) × 100;
Necrosis% = LDHe/(LDHp + LDHi + LDHe) × 100

Bioinformatics analyses
The amino acid sequences of PCL were analyzed using the 
program CLUSTALW [14]. Swiss-Model (18) was used to build 
the three dimensional structure of PCL with Galanthus nivalis 
lectin (GNA) as the template (structural identity 53%) due to 
the three dimensional structure of GNA was described by 
X-ray crystallography (19). Docking experiments were carried 
out by AutoDock (20).

The effects of chemical modifications on hemagglutination 
and mitogenic activities
Hemagglutinating assays were performed in 96-well microtitre 
U plates according to serial dilution method (21). Mitogenic 
activity was measured with human lymphocyte following the 
method of Itoh et al. (22).
    Modification of tyrosine (Tyr) residues was carried out using 
NBSF (23, 24). EDC was used for modification of aspartic acid 
(Asp)/glutamic acid (Glu) (25). TNBS was used for the mod-
ification of Lysine (Lys) residues (9). All the modified samples 
were dialysed with distilled water to remove the excess reagent.

Fluorescence spectroscopy and circular dichrosim (CD) 
spectroscopy
Fluorescence spectroscopy was measured by spectrophoto-
fluorometer (Model 4500, Hitachi). The samples were excited 
at 280 nm and 295 nm, and then the emission spectra were 
recorded. Circular dichroism (CD) spectra were obtained using 
a Jasco-500C spectropolarimeter at the wavelength range of 
250-190 nm and 320-250 nm.

Statistical analysis of the data
All data and results presented were confirmed in at least three 
independent experiments. The data were expressed as mean ±
S.D. Statistical comparisons were made by Student's t-test. P
＜ 0.05 was significant.
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