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Synthesis of glycopeptide dendrimer by a convergent method
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Abstract—Glycopeptide thioester comprising the sequence of extracellular matrix metalloproteinase inducer (emmprin) (34–58) was
prepared and condensed with a dendrimer core having eight amino groups by the thioester method. The desired product, a glycopeptide
dendrimer carrying an N-linked core pentasaccharide of about 30 kDa, was successfully isolated by preparative electrophoresis and charac-
terized by mass analysis.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Glycoprotein–receptor interaction plays essential roles in
many biological processes, such as cell adhesion, leukocyte
recruitment, and blood coagulation.1 In addition, the interac-
tion also mediates infection by viruses, parasites, and bacte-
ria. Because of these important roles, glycoprotein mimics
and glycoconjugates are attractive candidates for novel ther-
apeutics. However, one of the major obstacles in achieving
this goal is the general low-affinity interaction between
sugar and its receptor. In nature, this weak interaction is
strengthened by the multivalent interaction between the
two components, for example, in lectin–sugar binding. Syn-
thetic glycoconjugates can also utilize the effect of multiva-
lency, such as in the form of glycodendrimers.2 So far,
various glycodendrimers have been prepared and used for
binding experiments with lectins, to develop inhibitors to
bacterial adhesion and mitosis. In contrast to these success-
ful applications of glycodendrimers, glycopeptide den-
drimers, which are a closer mimic of glycoproteins, have
rarely been synthesized.3 As glycopeptide dendrimers are
expected to assume correct conformation around glycosyl-
ation sites, they will mimic functions of glycoproteins more
precisely. In principle, glycopeptide dendrimers can be pre-
pared by the stepwise elongation of glycopeptide chains on
multiple antigenic peptide (MAP) resin.4 This stepwise elon-
gation usually gives defective products as the number of
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branches and the length of the peptide chain increase. In
glycopeptide dendrimers, the introduction of bulky gly-
cosylated amino acids is particularly incomplete, which
makes the MAP method impractical to use. Thus, a conver-
gent approach, in which the glycopeptide portion and
branching unit are prepared separately, would be favorable.
To couple the two components, several methods have been
used, such as segment coupling by protected peptide,5 oxime
formation,6 thiazolidine formation,7 and native chemical
ligation.8 In this study, we attempted to synthesize glyco-
peptide dendrimer by the thioester method as shown in
Figure 1, in which partially-protected peptide is condensed
by the activation of the thioester linkage by silver ions.9

Compared with native chemical ligation,10 this method
does not require cysteine residue at the ligation site, which
eliminates the presence of multiple free thiol groups within
the obtained dendrimer. As the synthesis of glycopeptide
dendrimer of this size (w30 kDa) has not yet been achieved,
we examined the coupling efficiency of the simultaneous
introduction of eight glycopeptide chains to the polyamido-
amine (PAMAM) dendrimer core and the purification
method of the product.

2. Results and discussion

In this synthesis, a part of the extracellular first Ig domain of
emmprin (34–58),11 an extracellular matrix metalloprotei-
nase (MMP) inducer, was used as an example. The first Ig
domain (34–94) in its N-glycosylated form is essential for
the stimulation of MMP production. Because multimeriza-
tion of emmprin seems to be essential for activity, dendrimer
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Figure 1. A scheme for the preparation of glycopeptide dendrimer by the thioester method.
composed of emmprin (34–58) carrying an N-linked core
pentasaccharide at Asn44 was prepared to analyze the multi-
valent effect on MMP stimulation activity. Cys41, which
originally forms a disulfide bond with Cys87, was substituted
with Ala in this synthesis.

The synthesis of the glycopeptide thioester was achieved as
shown in Figure 2. Because of the acid-sensitivity of glyco-
sidic linkages, especially the b-mannoside bond, the peptide
was prepared by the modified Fmoc method for thioester
preparation as described in our previous report.11c Fmoc–
Gly–SCH2CH2COOH was condensed to CLEAR-amide
resin by the N,N0-dicyclohexylcarbodiimide (DCC)-1-
hydroxybenzotriazole (HOBt) method. The resin was treated
with thioester-compatible Fmoc deblocking reagent, Re-
agent A12 to remove the Fmoc group. Then, the second amino
acid was introduced using triisopropylsilyloxycarbonyl
(Tsoc)–Lys(Z)–OPfp, which was prepared from Boc–
Lys(Z)–OPfp by Ohfune’s conditions.13 The third amino
acid was introduced using Fmoc–Leu–F in the presence of
Fmoc-Gly-SCH2CH2CONH-resin

Fmoc-Leu-Lys(Z)-Gly-SCH2CH2CONH-resin

Fmoc-Asp(OBut)-Ser(But)-Ala-Thr(But)-Glu(OBut)-Val-Thr(But)-Gly-His (Trt )-Arg(Pbf)-
Trp(Boc )-Leu-Lys(Z)-Gly-SCH2CH2CONH-resin

1) Reagent A (Fmoc deprotection), 2) Tsoc-Lys(Z)-OPfp, 3) Fmoc-Leu-F, TBAF

ABI 433A peptide synthesizer
1) Reagent A, 2) Fmoc-AA, HBTU, HOBt, DIEA

1) Reagent A
2) Fmoc-Asn[Man3GlcNAc2(Bn)12], HATU, DIEA

ABI 433A peptide synthesizer

Fmoc-Gly-Ser(But)-Lys(Boc) -Ile-Leu-Leu-Thr(B ut)-Ala-Ser(But)-Leu-Asn-As p(OBut)-Ser(Bu t)-Ala-
Thr(Bu t)-Glu(OBut)-Val-Thr (But)-Gly-His (Trt)-Arg(Pbf)-Trp (Boc)-Leu-Lys(Z)-Gly-SCH2CH2CONH-resin

Man3GlcNAc2(Bn)12

1) Reagent A, 2) Reagent K (TFA, Phenol , H2O, Thioanisole, Ethanedithiol),
3) Low-TfOH (TFA, DMS, m-cresol, TfOH) -10 °C

Man3GlcNAc2

1: R=H
2: R=Boc

R-Gly-Ser-Lys(R)-Ile-Leu-Leu-Thr-A la-Ser-Leu-Asn-Asp-Ser-Ala-Thr-G lu-Val-Thr-
Gly-His-Arg- Trp-Leu-Lys(R)-Gly-SCH2CH2CONH2

Boc-OSu

Figure 2. Synthetic route for glycosylated peptide thioester 2.
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a catalytic amount of n-tetrabutylammonium fluoride
(TBAF). This F� removes the Tsoc group to yield a free
amino group, which is then immediately acylated by
Fmoc–Leu–F with simultaneous regeneration of F�. These
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Figure 3. HPLC profile of the crude glycopeptide thioester 1. Elution con-
ditions: column, Mightysil RP-18 GP (4.6�150 mm, Kanto, Japan) at a flow
rate of 1 ml/min; eluant, A, 0.1% TFA, B, acetonitrile containing 0.1% TFA.
procedures effectively suppress diketopiperazine formation
at the dipeptide stage of the synthesis.14 The resin was
subjected to the automated synthesis by ABI 433A peptide
synthesizer using FastMoc protocol, which uses O-benzotri-
azol-1-yl-N,N,N0,N0-tetramethyluronium hexafluorophosphate
(HBTU) for the coupling of amino acids. Fmoc deprotection
was performed by the premixed Reagent A. After assembling
the emmprin (45–58), Fmoc–Asn(Man3GlcNAc2Bn12) was
introduced by O-(7-azabenzotriazol-1-yl-N,N,N0,N0-tetra-
methyluronium hexafluorophosphate (HATU) at 50 �C.
The coupling completed almost quantitatively within an
hour. The remaining amino acids were again introduced by
the synthesizer. After the complete assembly of the peptide
chain, the resin was treated with Reagent K15 to achieve de-
protection of the peptide part. The crude peptide obtained by
precipitation was treated with low-acidity TfOH11c,16 to re-
move Z group of Lys residue next to the C-terminal Gly as
well as benzyl groups at the carbohydrate portion. As shown
in Figure 3, the desired product was obtained without signif-
icant decomposition at the carbohydrate portion. After puri-
fication by HPLC, the glycosylated peptide thioester 1 was
obtained in 2% yield. This yield corresponds well with that
of the previous synthesis.11c For subsequent coupling with
dendrimer core by the thioester method, amino groups of
2
PAMAMG1, HOOBt,
DIEA, AgCl TFA

Figure 4. Synthetic route for glycopeptide dendrimer 3.
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the product were protected using N-(tert-butoxycarbonyloxy)-
succinimide (Boc–OSu) in the presence of N,N-diisopropyl-
ethylamine (DIEA). The reaction completed within 4 h
without serious side reactions and the desired product 2
was obtained quantitatively by precipitation.

The glycosylated peptide thioester 2 was then used for den-
drimer synthesis by the thioester method (Fig. 4). Compound
2 (2 equiv to each hand of the dendrimer core) and PAMAM
dendrimer G1 were dissolved in DMSO, and the thioester
group was activated by AgCl. After overnight reaction,
a new peak (peak 1) appeared before the elution position
of monomer 2 (peak 2) on gel filtration chromatography
(GFC) as shown in Figure 5, indicating the progress of the
reaction. MALDI-TOF mass analysis of peak 1 (Fig. 6a)
indicated that the desired product was successfully obtained.
However, the mass data also showed that defective den-
drimers lacking several glycopeptide chains coeluted at
this position. Attempts to remove these side products by
reverse-phase HPLC failed because of the highly adsorptive
nature of the product to the column. Thus, we examined
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Figure 5. GFC profile of crude glycopeptide dendrimer 3. Elution condi-
tions: column, G3000SWXL (7.5�300 mm, TOSOH, Japan) at a flow rate
of 0.5 ml/min; eluant 50% aq acetonitrile containing 0.1% TFA. The aster-
isked fraction is non-peptidic components.
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Figure 6. MALDI-TOF mass analysis of dendrimer 3: (a) GFC-purified
dendrimer 3, (b) after preparative SDS-PAGE purification. Mass numbers
indicated are observed values.
another method for separation and found that SDS-PAGE
retained sufficient resolution to remove these impurities.
As shown in Figure 7, lane 2, GFC-purified sample (peak
1) gave three major bands, which correspond to the desired
product 3 and defective dendrimers lacking one or two
glycopeptide chains. From the comparison of the density
of each band, the content of the product 3 in the GFC-
purified sample was roughly estimated to be 34%. Then,
the separation of each band was carried out by preparative
electrophoresis using Prepforesis S (ATTO, Tokyo). The
eluted samples were separated into 0.8 ml fractions and
analyzed again by SDS-PAGE as shown in Figure 7, lane
3–11 (fractions 5 through 13). From mass analysis of these
fractions, it was shown that fractions 5 (lane 3), 8 (lane 6),
9 (lane 7), and 11 (lane 9) contained highly pure dendrimers
having 4, 6, 7, and 8 glycopeptide chains, respectively. Other
fractions were composed of mixtures of two defective den-
drimers. The result of the mass analysis of fraction 11
(lane 9) is shown in Figure 6b, indicating the successful
purification of the desired glycodendrimer 3. Amino acid
analysis of the acid hydrolysis of the product 3 (see Section
4) also supported the success of the synthesis. Thus, we suc-
cessfully completed the synthesis of highly pure glycopep-
tide dendrimer of about 30 kDa.

3. Conclusion

In conclusion, glycosylated peptide thioester was prepared
by the solid-phase method and used to synthesize glycopep-
tide dendrimer having eight glycopeptide chains by the thio-
ester method. Although the yield was not quantitative, the
desired glycodendrimer with a molecular weight of about
30 kDa was successfully isolated and characterized. The re-
sult in this synthesis shows that the quantitative introduction
of eight glycopeptide chains to the dendrimer core is diffi-
cult. Thus, a novel method, in which dendrimers with several
glycopeptide chains can be cross-linked together at a specific
position, has to be developed to achieve a more efficient
preparation of larger glycopeptide dendrimers. Further stud-
ies are being preformed to this end.
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Figure 7. SDS-PAGE of the synthetic glycodendrimer. Lane 1: m.w. stan-
dard, lane 2: dendrimer 3 after GFC purification, lane 3: frac. 5 of prep.
PAGE, lane 4: frac. 6, lane 5: frac. 7, lane 6: frac. 8, lane 7: frac. 9, lane
8: frac. 10, lane 9: frac. 11, lane 10: frac. 12, lane 11: frac.13.
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4. Experimental

4.1. General

Reagent A (N-methylpyrrolidine–hexamethyleneimine–
HOBt–NMP/DMSO, 25:2:2:71) was prepared according to
Ref. 12. Amino acid composition was determined with
a Lachrom amino acid analyzer (Hitachi, Tokyo) after
hydrolysis with 6 M HCl at 150 �C for 2 h in an evacuated
sealed tube. The amount of the peptide was calculated based
on the data of the amino acid analysis. MALDI-TOF mass
measurement was performed by Voyager DE-Pro (Applied
Biosystems, CA) or Autoflex (Bruker Daltonics, MA).
PAMAM dendrimer generation 1 (ethylenediamine core)
was purchased from Sigma–Aldrich (MO).

4.2. [Ala41, Asn(Man3GlcNAc2)44]–emmprin (34–58)–
SCH2CH2CONH2 1

Fmoc-CLEAR-amide resin (0.29 mmol, 640 mg,
0.46 mmol/g) was treated with 20% piperidine for 5 and
15 min. After washing with 1-methyl-2-pyrrolidinone
(NMP), Fmoc–Gly–SCH2CH2COOBt (0.6 mmol), which
was prepared by mixing Fmoc–Gly–SCH2CH2COOH
(230 mg, 0.6 mmol), 1 M DCC/NMP (0.6 ml), and 1 M
HOBt/NMP (0.6 ml) for 30 min at room temperature, was
added and the reaction mixture was vortexed for 1 h. The
resin was washed with NMP and treated with Reagent A
for 2 and 5 min. After NMP washing, the resin was reacted
with Tsoc–Lys(Z)–OPfp (280 mg, 0.43 mmol) in THF for
15 min. After washing with THF, the reaction was repeated
using the same amount of Tsoc–Lys(Z)–OPfp. The resin
was washed with CH2Cl2. Fmoc–Leu–F (0.53 mmol), pre-
pared by mixing Fmoc–Leu (190 mg, 0.53 mmol), fluoro-
N,N,N0,N0-tetramethylformadinium hexafluorophosphate
(140 mg, 0.53 mmol), and DIEA (0.19 ml, 1.1 mmol) in
CH2Cl2, was then added. The reaction was initiated by add-
ing 1 M TBAF in THF (22 ml) to the reaction mixture. After
vortexing for 1 h, the resin was washed with CH2Cl2 and
NMP. The resin was then subjected to automated synthesis
by ABI 433A peptide synthesizer using FastMoc protocol.
The Fmoc deprotection protocol was modified so that the pre-
mixed Reagent A was introduced to the reaction vessel with-
out dilution by NMP. After the synthesis of emmprin (45–58)
was completed, part of the resin was taken and the remaining
resin was stored. The resin (11 mmol) was treated with
Reagent A for 5 and 15 min. After washing with NMP,
Fmoc–Asn(Man3GlcNAc2Bn12) (50 mg, 22 mmol), HATU
(8.2 mg, 22 mmol), and DIEA (4.9 ml, 28 mmol) were added
to the resin. The reaction mixture was vortexed for 1 h at
50 �C. The remaining amino acids were introduced by the
peptide synthesizer. After completion of the chain assembly,
Gly-Ser(tBu)-Lys(Boc)-Ile-Leu-Leu-Thr(tBu)-Ala-Ser(tBu)-
Leu-Asn(Man3GlcNAc2Bn12)-Asp(OtBu)-Ser(tBu)-Ala-
Thr(tBu)-Glu(OtBu)-Val-Thr(tBu)-Gly-His(Trt)-Arg(Pbf)-
Trp(Boc)-Leu-Lys(Boc)-Gly-SCH2CH2CONH-resin (72 mg)
was obtained. The resin (72 mg) was treated with Reagent K
(1.0 ml) for 1 h at room temperature. TFAwas removed under
nitrogen stream and the peptide was precipitated with ether
and washed twice with ether. The precipitate was further
treated with low-acidity TfOH (0.7 ml) for 2 h at �10 �C. The
peptide was precipitated with ether, washed successively
with ether containing 1% pyridine and ether, and dried
in vacuo. The crude peptide was purified by reverse-phase
HPLC using aq acetonitrile containing 0.1% TFA to
obtain glycopeptide thioester 1 (0.73 mg, 0.2 mmol, 1.8%
yield). MALDI-TOF mass, found: m/z 3633.8 (M+H)+, calcd:
3633.7 (M+H)+. Amino acid analysis: Asp2.09Thr2.90Ser2.68-
Glu1.06Gly3Ala2.06Val1.52Ile0.87 Leu4.00Lys1.97His0.99Arg0.97.

4.3. Boc–[Ala41, Asn(Man3GlcNAc2)44, Lys(Boc)36,57]–
emmprin (34–58)–SCH2CH2CONH2 2

Glycopeptide thioester 1 (0.73 mg, 0.2 mmol) was dissolved
in DMSO (10 ml), and Boc–OSu (0.54 mg, 2.5 mmol) and
DIEA (0.4 ml, 2.3 mmol) were added. After the reaction mix-
ture had stood for 4 h at room temperature, the product was
precipitated by adding ethyl acetate to the reaction mixture,
washed thrice with ethyl acetate, and lyophilized from diox-
ane suspension to give 2 (0.79 mg, 0.2 mmol). MALDI-TOF
mass, found: m/z 3933.5 (M+H)+, calcd: 3933.9 (M+H)+.
Amino acid analysis: Asp2.13Thr2.90Ser2.72Glu1.09Gly3Ala2.06-
Val1.54Ile0.87Leu4.00Lys2.05His0.99Arg0.96.

4.4. {[Ala41, Asn(Man3GlcNAc2)44]–emmprin (34–58)}8–
PAMAM dendrimer 3

Glycosylated peptide thioester 2 (2.0 mg, 0.5 mmol) and
PAMAM dendrimer generation 1 in methanol (0.2 ml,
30 nmol) were dissolved in DMSO (35 ml), and 3-hydroxy-
4-oxo-3,4-dihydro-1,2,3-benzotriazine (HOOBt) (2.3 mg,
14 mmol), DIEA (1.7 ml, 9.5 mmol), and AgCl (0.3 mg,
2.4 mmol) were added. The reaction mixture was stirred over-
night at room temperature in the dark. AgCl was removed by
centrifugation and the product was precipitated by ether. The
residue was washed with ether three times and dried in vacuo.
The residue was dissolved in TFA containing 5% EDT
(100 ml) and stood at room temperature for 10 min. TFA
was removed under nitrogen stream and the product was pre-
cipitated with ether, washed thrice with ether and dried
in vacuo. The crude dendrimer was dissolved in 50% aq ace-
tonitrile and purified by GFC using G3000PWXL (7.5�
300 mm) to give partly purified product 3 (0.9 mg, 30 nmol).
Part of the concentrate (150 mg) was then subjected to non-
reduced preparative SDS-PAGE in a 10% gel using Prepfore-
sis S (ATTO, Tokyo). The eluted samples were separated into
48 fractions (0.8 ml each). The fractions were then desalted
by GFC using 50% aq acetonitirile containing 0.1% TFA
and lyophilized. The yield of the purified product obtained
from fraction 11 (Fig. 7) was 10 mg. MALDI-TOF mass,
found: m/z 29,660 (M+H)+ (average), calcd: 29,669 (M+H)+.
Amino acid analysis: Asp16.14Thr22.16Ser21.11Glu8.07-
Gly26.66Ala16Val13.13Ile7.00 Leu30.46Lys15.67His7.48Arg7.55.
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