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bstract

The effects of carrageenans’ structural features on its interaction with granulocyte colony-stimulating factor (G-CSF) and on the growth and
ifferentiation of a G-CSF dependent leukemia cell line (NFS-60) were studied. �, �, and � carrageenans, with decreasing contents of sulfation,
ound to G-CSF with binding constants of (6.2 ± 0.6) × 105 M−1, (7.4 ± 0.5) × 105 M−1 and (6.0 ± 0.4) × 105 M−1, and with 27.7 ± 0.2, 17.4 ± 0.1
nd 8.4 ± 0.1 binding sites, respectively. However, � carrageenan oligosaccharide had no affinity for G-CSF. The three carrageenans significantly

nhibited G-CSF-induced growth of NFS-60 cells. The high sulfate content � carrageenan could also induce the maturation of the cells, but relatively
ow sulfate content � and � carrageenans could not. The results suggested that G-CSF–carrageenan bindings were dependent on carrageenans’
ulfate contents and chain lengths, which could also affect the growth and differentiation of NFS-60 cells.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Glycosaminoglycans (GAG) are a protein-binding sulfated
olysaccharide group that mediates fundamental biological
echanisms through interaction with proteins. Recently, there

as a dramatic increase in the list of proteins known to interact
ith heparin/heparin sulfate (HS) GAG [1–3]. The biological

ctivities of heparin/HS are strongly affected by binding to tar-
et proteins and the process can also affects the ultimate fate
f the protein, that is, topographical destination, half life, and
ioactivity [4]. The sulfate groups in heparin affect and control
ts biological activities and play a key role in heparin–protein
nteractions [5,6]. Therefore, other sulfated polysaccharides may
ind to heparin-binding proteins, and modulate the biological

ctivity of the proteins.

Carrageenans are a family of sulfated polysaccharides
solated from red algae. The backbone structure of car-
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ry zone electrophoresis; Leukemia cells

ageenans consists of the repeating disaccharide unit (1 → 4)-
-d-galactopyranosyl–(1 → 3)-�-d-galactopyranosyl, with 3,6-
nhydrogalactose residues commonly present (Fig. 1). Car-
ageenans differ in their patterns and degree of sulfation, and
his has marked effects on their physico-chemical properties
7,8]. �, � and � carrageenans were found to be the most potent
ntagonists of basic fibroblast growth factor, platelet-derived
rowth factor and transforming growth factor �1, respectively
7]. Carrageenans also have other activities such as antiviral
ctivity against dengue virus, hepatitis A virus and African
wine fever virus [9–11]. These carrageenans are potentially
seful drug candidates [12]. We previously found that granulo-
yte colony-stimulating factor (G-CSF) had affinity for heparins
sing capillary zone electrophoresis (CZE) and single molecules
etection methods [13,14]. Therefore, carrageenans may bind to
-CSF and modulate G-CSF biological activity.
G-CSF is a hematopoietic growth factor that stimulates the
roliferation and differentiation of hematopoietic progenitor
ells, activates the function of mature neutrophils, and prevents
poptosis [15–18]. G-CSF is currently used clinically to reduce
he risk of life-threatening infection in patients with neutropenia,

mailto:bclin@dicp.ac.cn
dx.doi.org/10.1016/j.jchromb.2006.05.029
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Fig. 1. The structure of (A) �, (B) � and (C) � carrageenans.

articularly after intense cytotoxic chemotherapy, radiotherapy
nd bone marrow transplantation [16,17]. The specific binding
f G-CSF to its receptor on murine myeloblastic cell line NFS-
0 acts as a primer of cellular proliferation [19]. NFS-60 cells
emained in the promyelocytic state in the presence of G-CSF
20]. The combination of G-CSF and all-trans retinoic acid could
nduce the differentiation of leukemia cells [21], but the effects
f the combination of G-CSF and carrageenan on the prolifera-
ion and differentiation of NFS-60 cells have not been examined
efore.

In this study, we investigate the interactions between G-
SF and carrageenans with different chain lengths and sulfate
ontents for the first time. Furthermore, the function of the
arrageenans in treatment of leukemia cells was also studied.
his work may help with understanding the structure–function

elationship of carrageenans, the mechanism of carrageenans in
egulating cell growth and maturation, and the potential appli-
ations of carrageenans in leukemia treatment.

. Experimental

.1. Chemicals and reagents

RPMI-1640, tetrazolium salt, fetal calf serum (FCS), and
arrageenans (�, � and �) (M: 100 kDa) were purchased from
igma (USA). rhG-CSF (M: 18,987 Da, 360 �g/mL in 10 mM
aAc-HAc buffer containing 5% mannitol, pH 4.0) were kindly
rovided by Qilu Pharmaceutical Factory (Jinan, China). �

arrageenan oligosaccharide (M: 1 kDa) was obtained from
cid hydrolysis of � carrageenan. A 4% � carrageenan was
ydrolyzed by 2% H2SO4 for 4 h at 80 ◦C with stirring, then
ooled and neutralized by NaOH. The SO4

2− was removed by

S
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w
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dding Ba(OH)2 and the upper solution was freezed. The G-
SF dependent murine myeloblastic leukemic cell line NFS-60
as obtained from National Institute for the Control of Pharma-

eutical and Biological Products (Beijing, China). Cells were
aintained in RPMI 1640 medium containing 10% FCS and

0 ng/mL G-CSF at 37 ◦C in 5% CO2, replacing with freshly
repared medium every 3 days. Cell populations were observed
sing an inverted microscope (Olympus CK40, Tokyo, Japan).
ther chemicals were all analytical grade. Redistilled water
as used throughout this work. For CZE analysis and cell cul-

ure studies, reagents were dissolved and diluted by NaAc-HAc
uffer and RPMI-1640 medium, respectively.

.2. Interactions between G-CSF and carrageenans by CZE

The interactions between G-CSF and carrageenans were stud-
ed using a P/ACE MDQ system (Beckman, Fullerton, USA)
ith a photodiode array detector and an uncoated fused silica

apillary (Yongnian Optical Fibre Corp., China) with an internal
iameter of 50 �m. The total and effective lengths of the capil-
ary were 31.2 cm and 21 cm, respectively. Data were collected
nd processed with the Beckman System Software. The tempera-
ure of the capillary was kept at 25 ◦C. Before each measurement,
he capillary was rinsed with the running electrolyte (50 mM
hosphate buffer, pH 7.0) for 3 min at 20 psi (1 psi = 6894.76 Pa).
amples containing the mixture of G-CSF and carrageenans
ere injected after 40 min incubation at the anodic end using
ressure injection with 0.5 psi for 4 s and detected at the cathodic
nd at a wavelength of 210 nm. The running voltage was 8.0 kV
nd the current during runs was between 61 �A and 64 �A. After
ach run, the capillary was flushed consecutively with 1 mol/L
Cl for 2 min, water for 3 min, 1 mol/L NaOH for 2 min, and
nally with water again for 3 min at 20 psi.

Binding studies often involve a proof of bindings, an iden-
ification of binding sites and an estimation of the quantitative
arameters [22]. Scatchard analysis is a common way to lin-
arize the binding data, and the model can be expressed in the
ollowing equation:

r

Cf
= −Kr + nK

here r is the ratio of the concentrations of the bound ligand (or
eceptor) to the total receptor (or ligand) and Cf is the unbound
igand (or receptor) concentration. K is the apparent binding
onstant and n is the number of binding sites [23]. In this study,
is the concentration ratio of the bound G-CSF to the total

arrageenans and Cf is the unbound G-CSF concentration.

.3. Proliferation assays

Cell proliferation was studied by colorimetric cell pro-
iferation assay, 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl-
etrazolium bromide (MTT), and by counting total cells using

ysmex SE-9000 hematology analyzer (Sysmex, Japan). NFS-
0 cells resuspended in RPMI-1640 complete medium were
liquotted at 1.0 × 104 cells/well and 2.0 × 104 cells/well to 96-
ell and 24-well plates, respectively. G-CSF was pre-incubated
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ith carrageenans for 40 min at room temperature and then the
ixture was added to wells in triplicate. The final concentra-

ions of G-CSF and carrageenans were 10 ng/mL and 0.1 mg/mL
n a total volume of 0.2 mL/well and 2.0 mL/well for 96-well
nd 24-well, respectively. For MTT assay, cells were cultured
n 96-well tissue culture plate for 1–4 days and assayed on
n enzyme-linked immunosorbent detection system (Wellscan
K3, Labsystems Dragon, Helsinki, Finland) at 570 nm. Cell

urvival treated with carrageenans plus G-CSF was quantified
nd expressed as a percentage of values for cells treated with
-CSF alone. Total cells were counted after 3 and 4 days of

ulture in 24-well plates.

.4. Differentiation analysis

Differentiation was assessed on the basis of cell morphol-
gy and expression of cell surface antigens. Morphological
hanges were examined on the cytospin slides stained with

right–Giemsa and then taken photos by a Carl Zeiss Polar-
zing Microscope (Axioskop 40 Pol, Germany) after 3 days of
ulture. Cell surface antigens were determined after 3 and 4 days
f culture by immunofluorescence staining with monoclonal
ntibodies FITC anti-mouse CD11b, PE anti-mouse CD18, PE
nti-mouse, CD45 (BioLegend, San Diego, USA) and FITC anti-
ouse CD34 (eBioscience, San Diego, USA) followed by flow

ytometry (FACSCalibur, Becton-Dickinson, USA).

.5. Cell cycle analysis

Cell cycle status was determined by the analysis of propidium
odide (PI)-stained cells. Cells were suspended in 0.5 mL DNA-
rcp stain (RNase, PI) (Beckman, Fullerton, USA) and incubated
n darkness at 4 ◦C for 30 min. The percentage of cells in different
hases of the cell cycle was determined by flow cytometry.

.6. Statistical analysis

Data are presented as mean ± S.D. The effects of car-
ageenans on the proliferation of NFS-60 cells were evaluated by
sing the t-test (two populations) of software Origin 6.1. Values
f p < 0.05 were considered to indicate statistical significance.

. Results and discussion

.1. Effects of incubation time on G-CSF–carrageenan
nteraction

CE may be conveniently used to determine the minimum time
or equilibration of an analyte–ligand mixture simply by per-
orming repeated injections and determining the time at which
he amount of free analyte is not changed anymore [22]. In this
tudy, the effects of incubation time on G-CSF–carrageenan
nteraction were investigated by repeatedly injecting a mix-

ure of a fixed concentration of G-CSF and � carrageenan at
ifferent incubation time and recording the electropherograms
Fig. 2A). The addition of � carrageenan to the sample makes
he G-CSF peak broadened and then a new peak appeared just

�
a
o
r
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ehind free G-CSF peak. Because carrageenan has no signal
ith UV detection, only G-CSF and G-CSF–carrageenan com-
lex can be detected. With the increase of incubation time, the
ree G-CSF peak decreases and the new peak increases. At about
0 min of incubation, the two peaks nearly keep constant. Since
carrageenan is a polysulfated polysaccharide, the G-CSF–�

arrageenan complex would migrate slowly than free G-CSF.
herefore, the new peak must be the complex and 50 min was
hosen as the incubation time.

.2. The interaction between G-CSF and λ carrageenan

Fig. 2B shows electropherograms for G-CSF alone and mix-
ures containing G-CSF and � carrageenan. Each electrophero-
ram contains a fixed concentration of G-CSF at 4.39 �M, but
n increased concentration of � carrageenan from 0.025 �M
p to 0.3 �M. Upon the increase of � carrageenan concen-
ration, the G-CSF peak decreased, and a new peak behind
-CSF appeared corresponding to G-CSF–� carrageenan com-
lex, which increased due to the increase of the � carrageenan
oncentration. To determine the binding parameters of G-CSF
ith � carrageenan, the standard curve of G-CSF was obtained.
he peak heights of G-CSF were found to be proportional to

he concentrations of G-CSF within the range of 1.90–5.69 �M.
he relationship between peak height and G-CSF concentration
as expressed as y = 1415.9x − 256.72 (n = 6), with a correlation

oefficient equal to 0.999. The free concentrations of G-CSF in
-CSF–carrageenan bindings were calculated from the calibra-

ion plot, and then values of Cf and r were obtained. Using
catchard plot (Fig. 3), the binding constant and the number of
inding sites of � carrageenan with G-CSF were determined to
e (6.2 ± 0.6) × 105 M−1 and 27.7 ± 0.2, respectively.

.3. Effects of sulfate contents and chain lengths of
arrageenan on its interaction with G-CSF

� and � carrageenans, with increasing sulfate contents but
elow that of � carrageenan, were employed to study the effect of
ulfate contents of carrageenan on G-CSF–carrageenan interac-
ion. It showed similar results with G-CSF–� carrageenan bind-
ng (data not shown). From Scatchard plot (Fig. 3), the binding
onstants of G-CSF with � and � carrageenans were determined
o be (7.4 ± 0.5) × 105 M−1 and (6.0 ± 0.4) × 105 M−1, and the
umber of binding sites were 17.4 ± 0.1 and 8.4 ± 0.1, respec-
ively. From Fig. 3, it can be seen that �, � and � carrageenans
nteract with G-CSF with a similar binding constant (around
.0 × 105 M−1) for 27.7 ± 0.2, 17.4 ± 0.1 and 8.4 ± 0.1 bind-
ng sites on the three carrageenans. The number of binding sites
f the three carrageenans increased with the increase of their
ulfate contents, which suggested that the sulfate contents of
arrageenans affected G-CSF–carrageenan interaction.

The effect of carrageenan’s size on its interaction with G-
SF was also investigated (Fig. 2C). The peaks of G-CSF and

carrageenan oligosaccharide are nearly unchanged before and

fter their incubation. Even if the concentration of � carrageenan
ligosaccharide is increased nearly 10 times, the peak of G-CSF
emains constant. Therefore, G-CSF could not interact with �
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Fig. 2. Electropherograms of (A) 4.39 �M G-CSF mixed with a fixed concentration of � carrageenan at different incubation time: (a) 0 min, (b) 30 min, (c) 40 min, (d)
50 min, (e) 70 min, (f) 80 min and (g) 120 min. (B) 4.39 �M G-CSF mixed with various concentrations of � carrageenan: (a) 0.025 �M, (b) 0.05 �M, (c) 0.1 �M, (d)
0 M G
� gosac

c
s

3

r
e
c
1
f
c

c
s
t
n
s

6
t

.2 �M and (e) 0.3 �M. (C) G-CSF and � carrageenan oligosaccharide: (a) 3.16 �

-carrageenan oligosaccharide, (d) 3.16 �M G-CSF + 10 mM � carrageenan oli

arrageenan oligosaccharide, which indicated that the size of
accharide chain affected the G-CSF binding.

.4. Effects of carrageenans on the leukemia NFS-60 cells

Firstly, the proliferation effects of three G-CSF binding car-
ageenans on the G-CSF responsive cell line, NFS-60, were
xploited by MTT assay and cell counting. The dose response

urves were determined (Fig. 4A). Cells were cultured with
0 ng/mL G-CSF and different concentrations of carrageenans
or 3 days, and then determined by MTT assay. When the
oncentration of carrageenans is at 0.1 mg/mL, they all signifi-

m
w
c
t

-CSF, (b) 1.5 mM � carrageenan oligosaccharide, (c) 3.16 �M G-CSF + 1.5 mM
charide. Experimental conditions were the same as in Section 2.

antly inhibit the growth of the cells (p < 0.001). � carrageenan
howed the most significant inhibiting effects at all concentra-
ions used in Fig. 4A. Cell counting showed similar results (data
ot shown). Therefore, the concentrations of carrageenans were
et as 0.1 mg/mL in the following experiments.

Secondly, the differentiation effects of carrageenans on NFS-
0 cells were studied by Wright–Giemsa staining. When cul-
ured with G-CSF alone for 3 days, nearly all cells retained the
orphology of promyelocytes (data not shown), which agree
ith previous study [20]. When cultured with G-CSF plus �

arrageenan for 3 days, most of the cells had a lobulated nucleus
o the stage of metamyelocytes. The treatment with � or �
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Fig. 3. Scatchard plots of the interactions between G-CSF and � (�), � (�), or
� (�) carrageens. Experimental conditions were the same as in Fig. 2.
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Fig. 4. Effects of carrageenans on the proliferation (A), differentiation (B) and cell c
alone (“0” or “Control”) or in the combination of 10 ng/mL G-CSF and various conc
. B 843 (2006) 114–119

arrageenans did not result in significant changes in cell mor-
hology. The results indicated that � carrageenan induced the
ifferentiation of the leukemia cells.

The expression of cell surface antigens was also determined
y flow cytometry. Results showed that the expression of CD18
nd/or CD45 enhanced after the stimulation of G-CSF plus the
hree carrageenans after 4 days culture (Fig. 4B). The expres-
ion of CD34 decreased to a different extent after treatment
ith G-CSF and the carrageenans. The expressions of CD18

nd CD45 are the marker of cell maturation [21,24]. However,
D34 is the identification of primitive hematopoietic progenitor
ells [25]. These results indicated that NFS-60 cells retained the
esponsiveness to � carrageenan which efficiently induced the
ifferentiation of NFS-60 cells. However, � and � carrageenans

ould not effectively induce the cell differentiation.

Thirdly, cell populations in different cycles were determined
y flow cytometry after treatment with carrageenans and G-CSF.
he combination of G-CSF and � carrageenan increased the pop-

ycle profile (C) of NFS-60 cells. Cells were stimulated with 10 ng/mL G-CSF
entrations (A) or 0.1 mg/mL (B and C) of carrageenans.
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lation of G0-G1 phase and G2-M phase of NFS-60 cells after 3
ays of culture (Fig. 4C). As a result, the population of S phase
ecreased. The population of S phase also decreased to a differ-
nt extent after treatment with G-CSF plus � or � carrageenans.
he results explained the inhibiting effects of these carrageenans
n the cells by MTT assay.

. Conclusions

The interactions between G-CSF and carrageenans with dif-
erent sulfate contents and chain lengths were investigated
nd the binding parameters were determined by CZE. Results
ndicated that the interactions were dependent on the sulfate
ontents and chain lengths of carrageenans. Furthermore, the
arrageenans were also used to stimulate NFS-60 cells and a
eries of biological tests were carried out using biological meth-
ds. The three carrageenans significantly inhibited the G-CSF-
nduced growth of NFS-60 cells. � carrageenan also effectively
nduced the differentiation of the leukemia cells, but � and � car-
ageenans could not induce the differentiation. From this study,
t was observed that � carrageenan, which has a higher sulfation
ontent and higher number of binding sites in its interaction with
-CSF, had a stronger effects on growth inhibiting and differ-

ntiation inducing of NFS-60 cells than � and � carrageenans.
ince G-CSF could induce the proliferation of NFS-60 cells

hrough specific binding to G-CSF receptors on the cells [19],
he interaction of carrageenans with G-CSF may influence the
inding of G-CSF to G-CSF receptors. Therefore, giving rise
o the biological effects observed, a possible mechanism is
hat the interactions between G-CSF and carrageenans might
nfluence the growth or differentiation of NFS-60 cells. How-
ver, a much more complicated mechanism may exist and not
ust act through the interaction of carrageenan with G-CSF. In
ddition, the sulfate contents of carrageenans could also affect
he growth and differentiation of the cells. The finally iden-
ified agents might be the leading compounds for new drug
evelopment.

cknowledgments
We thank Qilu Pharmaceutical Factory for providing chemi-
als essential to the project, Prof. Xiaojun Ma’s group for helps
n biological tests, Prof. Hui Liu and Lihui Wang for allow-

[
[

[

. B 843 (2006) 114–119 119

ng us to use their facility for image acquisition, Prof. Daping
ie for assistance in flow cytometry analysis, Prof. Fang Li

or comments. This work was supported by grants from the
ational Natural Science Foundation of China (20299035 and
0275039).

eferences

[1] J. Taipale, J. KeskiOja, FASEB J. 11 (1997) 51.
[2] S. Tumova, A. Woods, J.R. Couchman, Int. J. Biochem. Cell Biol. 32 (2000)

269.
[3] I. Capila, R.J. Linhardt, Angew. Chem. Int. Ed. 41 (2002) 391.
[4] J.M. Whitelock, R.V. Iozzo, Chem. Rev. 105 (2005) 2745.
[5] U. Lindahl, M. Kusche-Gullberg, L. Kjellen, J. Biol. Chem. 273 (1998)

24979.
[6] A.D. Lander, S.B. Selleck, J. Cell Biol. 148 (2000) 227.
[7] R. Hoffman, W.W. Burns, D.H. Paper, Cancer Chemother. Pharmacol. 36

(1995) 325.
[8] R. Roesch, S. Cox, S. Compton, U. Happek, M. Corredig, Food Hydrocoll.

18 (2004) 429.
[9] L.B. Talarico, C.A. Pujol, R.G.M. Zibetti, P.C.S. Faria, M.D. Noseda,

M.E.R. Duarte, E.B. Damonte, Antivir. Res. 66 (2005) 103.
10] S. Girond, J.M. Crance, H. Vancuyckgandre, J. Renaudet, R. Deloince, Res.

Virol. 142 (1991) 261.
11] D. Garciavillalon, C. Gilfernandez, Antivir. Res. 15 (1991) 139.
12] A. Karlsson, S.K. Singh, Carbohydr. Polym. 38 (1999) 7.
13] A.Y. Liang, Y.P. Chao, X.J. Liu, Y.G. Du, K.Y. Wang, S.J. Qian, B.C. Lin,

Electrophoresis 26 (2005) 3460.
14] H.W. Gai, Q. Wang, Y.F. Ma, B.C. Lin, Angew. Chem. Int. Ed. 44 (2005)

5107.
15] A. Handa, T. Kashimura, A. Yamamoto, I. Murohashi, M. Bessho, K.

Hirashima, Leuk. Res. 24 (2000) 1033.
16] M.Y. Shapira, P. Kaspler, S. Samuel, S. Shoshan, R. Or, Am. J. Hematol.

73 (2003) 33.
17] V.J. Marino, A.E. Sterin-Prync, L.P. Roguin, Cytokine 22 (2003) 5.
18] G.N. Cox, D.J. Smith, S.J. Carlson, A.M. Bendele, E.A. Chlipala, D.H.

Doherty, Exp. Hematol. 32 (2004) 441.
19] S. Matsuda, N. Shirafuji, S. Asano, Blood 74 (1989) 2343.
20] K. Hara, T. Suda, J. Suda, M. Eguchi, J. Ihle, S. Nagata, Y. Miura, M. Saito,

Exp. Hematol. 16 (1988) 256.
21] T. Higuchi, M. Kizaki, M. Omine, Leuk. Res. 28 (2004) 525.
22] N.H.H. Heegaard, Determination of affinity constants by capillary elec-

trophoresis, in: P. Lundahl, A. Lundqvist, E. Greijer (Eds.), Quantitative
Analysis of Biospecific Interactions, Harwood Academic Publishers, Ams-
terdam, The Netherlands, 1998, p. 15.
23] G. Scatchard, Ann. N. Y. Acad. Sci. 51 (1949) 660.
24] F. Lacombe, F. Durrieu, A. Briais, P. Dumain, F. Belloc, E. Bascans, J.

Reiffers, M.R. Boisseau, P. Bernard, Leukemia 11 (1997) 1878.
25] S.M. Watt, J. Williamson, H. Genevier, J. Fawcett, D.L. Simmons, A.

Hatzfeld, S.A. Nesbitt, D.R. Coombe, Blood 82 (1993) 2649.


	Structural features in carrageenan that interact with a heparin-binding hematopoietic growth factor and modulate its biological activity
	Introduction
	Experimental
	Chemicals and reagents
	Interactions between G-CSF and carrageenans by CZE
	Proliferation assays
	Differentiation analysis
	Cell cycle analysis
	Statistical analysis

	Results and discussion
	Effects of incubation time on G-CSF-carrageenan interaction
	The interaction between G-CSF and lambda carrageenan
	Effects of sulfate contents and chain lengths of carrageenan on its interaction with G-CSF
	Effects of carrageenans on the leukemia NFS-60 cells

	Conclusions
	Acknowledgments
	References


