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Chondroitin sulfate (CS) is a glycosaminoglycan found in
both vertebrates and invertebrates. It is ubiquitously distrib-
uted in connective tissue extracellular matrices and on cell
surfaces as CS-proteoglycan, in which the CS linear polysac-
charide chain is covalently attached to a core protein. CS
polysaccharide consists of a 4)-b-GlcA-(1!3)-b-GalNAc-
(1! disaccharide repeating unit, with a variable sulfation
pattern (GlcA = glucuronic acid, GalNAc = N-acetylgalac-
tosamine). The position 4 or 6 (or both) of the GalNAc units is
commonly sulfated, while position 2 or 3 of GlcA units is
sulfated to a minor extent (Scheme 1). The sulfation pattern is
tightly regulated in vivo; it is tissue- and age-specific and is
considered able to encode functional information.[1]

Osteoarthritis is the most common musculoskeletal dis-
ease, affecting about 10% of the world�s population aged 60
and older.[2] Conventional osteoarthritis treatment consists of

nonsteroidal anti-inflammatory drugs and analgesics, but
many of these drugs can cause serious side effects. Therefore,
CS polysaccharide predominantly composed of A and C
disaccharide subunits (CS-A,C) has recently substituted such
drugs for the therapy of tibiofibular osteoarthritis of the knee
and in articular cartilage osteoarthritis.[3] For these pharma-
cological applications, CS-A,C is obtained by extraction from
bovine, porcine, and shark cartilages. Nonetheless, the low
abundance of the raw material and the laborious downstream
purification limit the availability of CS-A,C, in spite of the
growing interest in expanding the application of CS to
pharmacological fields other than osteoarthritis treatment.
Furthermore, the ever-stricter regulations for animal-derived
drugs has led to a renewed search for synthetic replacements.
In the case of CS-A,C this demand is even more pressing,
owing to the high variability of sulfation patterns in animal
tissues. It is worth noting that per-O-sulfated CS, which has
been fraudulently added as a contaminant in some heparin
lots, induced a strong allergic-type response, causing severe
symptoms and, in some cases, patient death.[4]

In spite of the urgent demand for synthetic CS, several
reports appeared in the literature in the last decade about the
synthesis of small CS oligosaccharides[5] and glycomimetic
polymers,[6] whereas a synthetic access to CS-A,C polysac-
charide is still lacking. We describe herein how this goal is
reached through an innovative microbiological–chemical
approach setting a preparative synthesis for actual industrial
scale-up.

Some bacteria that produce glycosaminoglycan-like cap-
sular polysaccharides have been isolated.[7] Among them,
Escherichia coli O5:K4:H4 biosynthesizes a capsular poly-
saccharide having a chondroitin backbone with the additional
presence of a b-fructose residue linked at the O-3 position of
the GlcA units.[8] Thus, the fermentation broth of E. coli
O5K4:H4 under a fed-batch process, with subsequent micro-
filtration, protease treatment, diafiltration of the harvested
broth, and mild hydrolysis,[9] afforded the de-fructosylated
polysaccharide free of any toxic lipopolysaccharide contam-
inant. At a gram scale, the described protocol furnished
chondroitin with 89–94% purity grade, as evaluated by NMR
spectroscopy and capillary electrophoresis.[9, 10] Its weight-
averaged molecular weight and polydispersity were 45.0 kDa
and 1.40, respectively, as evaluated by high-performance size-
exclusion chromatography combined with a triple detector
array (HP-SEC-TDA).[11]

The key feature for the chemical conversion of chondroi-
tin into CS-A,C is to insert a single sulfate group on GalNAc
units either at position 4 or 6, avoiding the double sulfation (E
subunit) as well as sulfation on GlcA units (D, K, L and M

Scheme 1. Typical disaccharide subunits found in natural CSs.
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subunits). A recently reported strategy that consists of
producing CS-A and CS-C polysaccharides separately and
then mixing them[12] is unsatisfactory, because it does not
allow both A and C disaccharide subunits to be incorporated
into the same polysaccharide chain, as required for the
desired product. To guarantee the presence of sulfate groups
either at the 4 or 6 positions of GalNAc units, we pursued a
strategy entailing the selective protection of the 4,6-GalNAc
diol with a cyclic group, followed by acylation of 2,3-GlcA
diol, and then cycle opening under reaction conditions leading
to random deprotection of a single hydroxy group per
disaccharide subunit, which could be then sulfated.

First, an orthoester cycle (orthoacetate or orthobenzoate)
was installed on 4,6-GalNAc diol[5d] by treatment of chon-
droitin with trimethyl orthoacetate (or orthobenzoate). A
successive one-pot treatment with aqueous acetic acid gave a
polysaccharide with 1a or 1 b motifs, in which either 4-O- or 6-
O-acylated GalNAc units (dH = 5.28 and 4.18 ppm in 1a,
respectively; dH = 5.54 and 4.44 ppm in 1b, respectively: see
Table S1 in Supporting Information) were present, thus
attesting the non-regioselective cleavage of the orthoester
cycle (Scheme 2). Nonetheless, the insertion of a per-O-
acetylation step prior to orthoester opening failed to give 2a/
b : underacetylation at O-3 of GlcA units was always detected,
even under forced acylation conditions. A 4,6-benzylidene
ring was chosen as an alternative GalNAc protection, because
its cleavage under several oxidative conditions is reported to
proceed with no or very low regioselectivity.[13] Thus, chon-
droitin was treated with a,a-dimethoxytoluene to give 3.
Exhaustive benzylidenation of all GalNAc 4,6-diols of the
polysaccharide was demonstrated by the 1:3 ratio obtained for

benzylidene methine proton (dH = 1.76 ppm) and acetyl (dH =

5.53 ppm) signals in the 1H NMR spectrum (Table S1 and
Figure S4 in Supporting Information). Polysaccharide 3 was
then uneventfully per-O-acetylated to 4, as indicated by
downfield shifts of the GlcA H-2 and H-3 signals in the
1H NMR spectrum at dH = 4.65 and 4.86 ppm, respectively
(Table S1 in Supporting Information). Under oxidative con-
ditions employing NaBrO3/Na2S2O4 in an ethyl acetate/water
mixture,[13b] 2b was obtained, for which 2D NMR spectros-
copy demonstrated the presence of either 4-O- (dH =

5.40 ppm) or 6-O-benzoylated (dH = 4.19, 4.36 ppm)
GalNAc units. A residual amount of oxidation-resistant
benzylidene cycle could be detected by the presence of a
benzylidene methine signal (dH = 5.48 ppm, dC = 99.6 ppm) in
the HSQC-DEPT spectrum (Table S1 and Figure S3 in
Supporting Information). Sulfation of 2b with SO3·py in
DMF and subsequent alkaline deacylation furnished chon-
droitin sulfate 5 (CS-5) in 61% global yield[14] from chon-
droitin on a multigram scale. E. coli O5:K4:H4 O-antigen
presence was detectable by neither 1H NMR spectroscopy
(Figure 1) nor chemical composition analysis. CS-5 was
subjected to a detailed 2D NMR spectroscopic character-
ization. In particular, the HSQC-DEPT spectrum (Figure 1)
revealed the presence of two signals in antiphase with respect
to the other densities, attributable to sulfated (dH = 4.11 ppm,
dC = 67.3 ppm) and non-sulfated (dH = 3.68 ppm, dC =

60.9 ppm) carbinolic proton at position 6 of GalNAc units,
respectively. COSY and TOCSY allowed the identification of
GalNAc and GlcA proton sequence from H-1 to H-4 and H-5
respectively, revealing the concurrent presence of sulfated
(dH = 4.64 ppm, dC = 76.3 ppm) and non-sulfated (dH =

Scheme 2. Transformation of chondroitin into CS-A,C: a) Dowex 50 WX8 (H+ form), room temperature, 5 min; b) trimethyl orthoacetate, CSA,
DMF, room temperature, 5 h; c) trimethyl orthobenzoate, CSA, DMF, room temperature, 5 h; d) 80% AcOH, room temperature, 1.5 h; e) Ac2O,
Et3N, DMAP, CH3CN, room temperature, 24 h; f) a,a-dimethoxytoluene, CSA, DMF, 80 8C, 22 h; g) NaBrO3, Na2S2O4, 7:3 v/v H2O-ethyl acetate,
room temperature, 24 h; h) SO3·py, DMF, 50 8C, 22 h; i) NaOH, H2O, room temperature, 6 h. [a] Determined by integration of signals in 1H NMR
spectra. [b] Determined by integration of signals in HSQC-DEPT NMR spectra. [c] Determined by enzymatic digestion and subsequent HPLC
analysis (see below). CSA =camphorsulfonic acid, DMAP=4-(dimethylamino)pyridine, DMF= N,N-dimethylformamide, py = pyridine.
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4.07 ppm, dC = 67.2 ppm) carbinolic proton at position 4 of
GalNAc units. The very close resemblance between the
1H NMR spectra of CS-5 and two lots of pharmacological CS
(Figure 2)[15] corroborated the CS-A,C structure for CS-5,
which was further confirmed by enzymatic assay.[16] Indeed,
HPLC chromatograms of the Proteus vulgaris chondroitinase

ABC digest of CS-5 and of the two CS standard lots showed a
close resemblance between them, displaying three peaks
corresponding to a-D4,5-GlcA-(1!3)-GalNAc4S, a-D4,5-
GlcA-(1!3)-GalNAc6S, and a-D4,5-GlcA-(1!3)-GalNAc
disaccharides (Figure 3). It is worth noting that the presence
of a minor amount of unsulfated disaccharide subunits in CS-5
is due to GalNAc units in 2b maintaining a residual,
oxidation-resistant benzylidene cycle that was hydrolytically
cleaved to 4,6-diol during sulfation workup.

The molecular size of CS-5 was evaluated by HP-SEC-
TDA. The weight-averaged molecular weight and polydis-
persity were 17.3 kDa and 1.56, respectively. The acid
conditions employed in some synthetic steps (carboxylate

neutralization with Dowex 50 WX8 H+, orthoesterification
and sulfation workup; see the Supporting Information for
experimental details) conceivably caused the decrease in the
weight-averaged molecular weight from starting chondroitin
(45.0 kDa) to CS-5. It is worth noting that the CS-5 weight-
averaged molecular weight is very close to that of pharmaco-
logical CS (16.8 kDa), which has been shown to be more
bioavailable and thus more efficacious in osteoarthritis
treatment than naturally occurring high-molecular-weight
CS.[17] The toxicity in vivo of CS-5 was preliminarily tested
on murine models. Alterations were not found, even at the
highest dose (32.8 mgkg�1 day�1 for 4 weeks).

In conclusion, for the first time the transformation of
chondroitin from a microbial source into CS possessing A and
C disaccharide subunits in the same polysaccharide chain has
been reported. The high global yield, the low price of the used
reagents, and, above all, the very close resemblance between
synthesized and pharmacological CS-A,C strongly propose
this product as a valuable candidate for the replacement of CS
animal-sourced drugs, thus avoiding concern about interspe-
cies viral contamination.
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Figure 1. 1H and HSQC-DEPT NMR spectra (zoom) of CS-5 (A = Gal-
NAc4S, B = GalNAc6S, C =GlcA).

Figure 2. Comparison of 1H NMR spectra (zoom) of CS-5 and two lots
of pharmacological CS.

Figure 3. HPLC of ABC lyase digests of CS-5 and two lots of pharma-
cological CS: a) chromatograms (peak identification was conducted by
co-injection of pure standards), b) peak integration, and c) products of
enzymatic digestion.

Zuschriften

6286 www.angewandte.de � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2011, 123, 6284 –6287

http://dx.doi.org/10.1038/nchembio810
http://www.angewandte.de


Chem. Biol. 2006, 2, 467 – 473; b) M. Tadahisa, S. Kazuyuki,
Trends Glycosci. Glycotechnol. 2006, 18, 165 – 183; c) Chondroi-
tin Sulfate: Structure, Role and Pharmacological Activity (Ed.: N.
Volpi), Academic Press, San Diego, 2006.

[2] J. A. Buckwalter, J. Martin, Adv. Drug Delivery Rev. 2006, 58,
150 – 167.

[3] J.-Y. Reginster, F. Heraud, B. Zegels, O. Bruyere, Mini-Rev. Med.
Chem. 2007, 7, 1051 – 1061.

[4] M. Guerrini et al., Nat. Biotechnol. 2008, 26, 669 – 675. The full
list of author names is given in the Supporting Information.

[5] Some recent examples: a) S. E. Tully, R. Mabon, C. I. Gama,
S. M. Tsai, X. Liu, L. C. Hsieh-Wilson, J. Am. Chem. Soc. 2004,
126, 7736 – 7737; b) S. Fujikawa, M. Ohmae, S. Kobayashi,
Biomacromolecules 2005, 6, 2935 – 2942; c) J. Tamura, Y.
Nakada, K. Taniguchi, M. Yamane, Carbohydr. Res. 2008, 343,
39 – 47; d) J.-C. Jacquinet, C. Lopin-Bon, A. Vibert, Chem. Eur.
J. 2009, 15, 9579 – 9595.

[6] M. Rawat, C. I. Gama, J. B. Matson, L. C. Hsieh-Wilson, J. Am.
Chem. Soc. 2008, 130, 2959 – 2961.

[7] C. Schiraldi, D. Cimini, M. De Rosa, Appl. Microbiol. Biotech-
nol. 2010, 87, 1209 – 1220.

[8] M. L. Rodriguez, B. Jann, K. Jann, Eur. J. Biochem. 1988, 177,
117 – 124.

[9] D. Cimini, O. F. Restaino, A. Catapano, M. De Rosa, C.
Schiraldi, Appl. Microbiol. Biotechnol. 2010, 85, 1779 – 1787.

[10] O. F. Restaino, D. Cimini, M. De Rosa, C. De Castro, M. Parrilli,
C. Schiraldi, Electrophoresis 2009, 22, 3877 – 3883.

[11] a) S. Bertini, A. Bisio, G. Torri, D. Bensi, M. Terbojevich,
Biomacromolecules 2005, 6, 168 – 173; b) A. La Gatta, M.
De Rosa, I. Marzaioli, T. Busico, C. Schiraldi, Anal. Biochem.
2010, 404, 21 – 29.

[12] G. Zoppetti, P. Oreste, U.S. Pat. Appl. Publ. 6777398, 2004.
[13] a) K. Sato, T. Igarashi, Y. Yanagisawa, N. Kawauchi, H.

Hashimoto, J. Yoshimura, Chem. Lett. 1988, 1699 – 1702; b) M.
Adinolfi, G. Barone, L. Guariniello, A. Iadonisi, Tetrahedron
Lett. 1999, 40, 8439 – 8441; c) Y. Chen, P. G. Wang, Tetrahedron
Lett. 2001, 42, 4955 – 4958; d) B. Karimi, J. Rajabi, Synthesis
2003, 2373 – 2377; e) P. M. Senthilkumar, A. Aravind, S. Bas-
karan, Tetrahedron Lett. 2007, 48, 1175 – 1178; f) A. St�venin, F.-
D. Boyer, J.-M. Beau, J. Org. Chem. 2010, 75, 1783 – 1786.

[14] Molecular weight of a monosulfated CS disaccharide repeating
unit was used for molar global yield calculation.

[15] CS-5 NMR spectroscopy data (Table S1 in Supporting Informa-
tion) was in very good agreement with the literature: A. Mucci,
L. Schenetti, N. Volpi, Carbohydr. Polym. 2000, 41, 37 – 45.

[16] K. Sugahara, K. Shigeno, M. Masuda, N. Fujii, A. Kurosaka, K.
Takeda, Carbohydr. Res. 1994, 255, 145 – 163.

[17] A. O. Adebowale, D. S. Cox, Z. Liang, N. D. Eddington, J. Am.
Nutraceutical Assoc. 2000, 3, 37 – 44, and references therein.

Angewandte
Chemie

6287Angew. Chem. 2011, 123, 6284 –6287 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1038/nchembio810
http://dx.doi.org/10.1016/j.addr.2006.01.006
http://dx.doi.org/10.1016/j.addr.2006.01.006
http://dx.doi.org/10.1038/nbt1407
http://dx.doi.org/10.1021/ja0484045
http://dx.doi.org/10.1021/ja0484045
http://dx.doi.org/10.1021/bm050364p
http://dx.doi.org/10.1016/j.carres.2007.09.009
http://dx.doi.org/10.1016/j.carres.2007.09.009
http://dx.doi.org/10.1002/chem.200900741
http://dx.doi.org/10.1002/chem.200900741
http://dx.doi.org/10.1021/ja709993p
http://dx.doi.org/10.1021/ja709993p
http://dx.doi.org/10.1007/s00253-010-2677-1
http://dx.doi.org/10.1007/s00253-010-2677-1
http://dx.doi.org/10.1111/j.1432-1033.1988.tb14351.x
http://dx.doi.org/10.1111/j.1432-1033.1988.tb14351.x
http://dx.doi.org/10.1007/s00253-009-2261-8
http://dx.doi.org/10.1021/bm049693s
http://dx.doi.org/10.1016/j.ab.2010.04.014
http://dx.doi.org/10.1016/j.ab.2010.04.014
http://dx.doi.org/10.1246/cl.1988.1699
http://dx.doi.org/10.1016/S0040-4039(99)01756-6
http://dx.doi.org/10.1016/S0040-4039(99)01756-6
http://dx.doi.org/10.1016/S0040-4039(01)00905-4
http://dx.doi.org/10.1016/S0040-4039(01)00905-4
http://dx.doi.org/10.1055/s-2003-42396
http://dx.doi.org/10.1055/s-2003-42396
http://dx.doi.org/10.1016/j.tetlet.2006.12.078
http://dx.doi.org/10.1016/S0144-8617(99)00075-2
http://dx.doi.org/10.1016/S0008-6215(00)90976-5
http://www.angewandte.de

