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The site- and chemoselective immobilization of proteins
through regions of the macromolecules that are not involved
in interactions with other molecules is preferable or even
required for the application of protein arrays in proteomics
research.[1–4] Recently, expressed protein ligation was
employed for this purpose,[5] and Raines and co-workers[6]

and Bertozzi and co-workers[7] demonstrated the use of the
Staudinger ligation[8,9] for protein immobilization by means of
a two-step process in which a peptide is first immobilized
followed by noncovalent binding of a protein to the peptide
sequence.

Herein, we report the successful site-selective covalent
immobilization of proteins by reaction of the azide-modified
C terminus of a protein generated by expressed protein
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ligation (EPL) in vitro[10] with a phosphane-functionalized
glass surface.

To devise a flexible method we developed a general
building block that 1) can be coupled to a protein of interest
by EPL, 2) carries an azide group for immobilization to a
surface, and 3) embodies a third site that can be equipped
with a further functional tag, label, or reporter group, for
example, a fluorophore.

To this end, immobilized benzene derivative 1 (Scheme 1)
equipped with a triply orthogonal set of functional groups was
synthesized. Selective cleavage of the Boc group allowed
attachment of a side-chain-protected cysteine derivative for
coupling to a thioester group of a protein by EPL (see 2, 3,
and 4 ; Scheme 1). Selective “on-resin” reduction of the nitro
group with SnCl2 yielded an amine that can, for instance, be
used to introduce a fluorescent label (see 2 ; Scheme 1) or an

azide-containing amide group (see 4 ; Scheme 1). Oxidative
activation of the hydrazide linker[11] followed by attack of an
appropriate nucleophile on the intermediate acyldiazene
gives an ester 2, the free carboxylic acid 4, or an amide 3.

To demonstrate that these building blocks can be coupled
successfully to proteins by EPL, the Fmoc group was removed
from compound 2, and the resulting cysteine amide 6 was
ligated with the mercaptoethanesulfonic acid (MESNA)
thioester of Ypt1D3 (Scheme 2), the yeast homologue of the
human Rab7 protein that was generated by means of intein
technology as described previously.[12] Analysis of the ligation
reaction by SDS-PAGE (see the Supporting Information)
clearly revealed that the coupling had proceeded successfully.
The desired protein was obtained quantitatively.

Scheme 2. Ligation of building blocks 6 and 7 to Ypt1
thioester and N-Ras thioester. a) Na2HPO4/NaH2PO4

(50 mm), pH 7.5, MgCl2 (0.1 mm), GDP (2 mm), MESNA
(150 mm), 12 h, room temperature. GDP=guanosine-5’-
diphosphate; YptD3=Ypt truncated by three amino acids;
MESNA=2-mercaptoethanesulfonic acid.

Scheme 1. Synthesis of fluorescently labeled and azide-functionalized building blocks.
a) TFA/CH2Cl2 (50%), 30 min; b) Fmoc-Cys(StBu)-OH or Tr-Cys(SMmt)-OH (4 equiv),
HOBt (4 equiv), DIC, (iPr)2NEt; c) SnCl2·2H2O, DMF, 2 h, room temperature; d) DansylCl
(2 equiv), DMAP (0.5 equiv), pyridine (2 equiv), DMF; e) N3-(CH2)5-CO2H (3 equiv), HOBt,
DIC, (iPr)2NEt, CH2Cl2, 12 h, room temperature; f) Cy5-Et-NH2 (4 equiv), HOBt (4 equiv),
HBTU, (iPr)2NEt, 12 h, room temperature, 45%. Dansyl=5-(dimethylamino)naphthalene-
1-sulfonyl; DIC=1,3-diisopropylcarbodiimide; DMF=N,N-dimethylformamide; Fmoc=9-
fluorenylmethyloxycarbonyl; HBTU= O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium
hexafluorophosphate; HOBt=1-hydroxy-1H-benzotriazole; Mmt= (4-methoxyphenyl)-
(diphenyl)methyl; TFA= trifluoroacetic acid; Tr= trityl= triphenylmethyl.
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Encouraged by this finding
we aimed at the synthesis of an
azide-tagged Ras protein[13]

suitable for immobilization on
a surface. The hypervariable C-
terminal region of the signal-
transducing Ras oncoproteins
is believed primarily to medi-
ate protein–membrane inter-
actions and to be less impor-
tant for Ras-effector interac-
tions than other regions of the
protein.[13] Therefore, immobi-
lization of Ras through the
C terminus is desirable.

Accordingly, we planned to
ligate Ras to an azide-carrying
building block (Scheme 1) and
to immobilize it to a phos-
phane-functionalized surface
by means of the Staudinger
ligation technique. To this
end, compound 3 was depro-
tected, and the resulting cys-
teine derivative 7 was treated
with theMESNA thioester of a
C-terminally truncated N-
RasD9 protein (Scheme 2).[14]

After incubation with a
fivefold excess of 7 for 12 h, the semisynthetic protein was
obtained pure in 95% yield (see the Supporting Information
for details). Notably, the ligation reaction with azide-carrying
building block 7 is efficient in the presence of excess thiol,
that is, the azide incorporated into 7 is not reduced to the
amine under these conditions.

For the immobilization of the azide-functionalized Ras
protein, glass slides initially modified with an intermediate
layer of generation 4 PAMAM dendrimers were chosen as
carriers to allow maximum surface coverage.[9,15] For covalent
attachment of the protein by means of Staudinger ligation the
surfaces of the slides were decorated with an appropriately
functionalized phosphane. Initially it was planned to function-
alize the surface with phosphane 8 (Scheme 3). However,
Liskamp and co-workers found that 2-diphenylphosphanyl-
phenol ester 8 (Scheme 3A) not only reacts with an azide to
give an amide but also undergoes side reactions with the
amine groups of lysine side chains,[16] and hence phosphane 9
introduced by Bertozzi and Saxon[8a] was chosen for the
immobilization of proteins. This phosphane has been used
for in vivo studies in which the Staudinger ligation was
applied.[8c] Phosphane groups on surfaces are generally prone
to oxidation, but the phosphane used in this case was
developed by Bertozzi and co-workers to limit air oxida-
tion.[8d]

For the preparation of the phosphane-functionalized
surface an aminocaproic acid linker was introduced to
generate distance between the functional groups and the
surface, followed by coupling of the phosphane through
amide formation (Scheme 3B).

For the immobilization experiments, the azide-modified
N-Ras protein (positive control; PC) as well as the unmodi-
fied Ras protein as a negative control (NC) (Scheme 4) were
dissolved in different buffers at various concentrations and
spotted onto the phosphane-modified substrates by using a
piezo-driven spotting robot (see the Supporting Information).
The slides were washed with buffer at different time intervals
and incubated with BSA-containing (BSA= bovine serum
albumin) blocking solution to prevent nonspecific binding of
protein reagents. The slides were then treated with Cy5-
labeled Ras antibody (50 nm, 1 h at room temperature).[17]

The fluorescence signals were recorded and quantified after
removal of excess reagent. A representative result for the
immobilization of azide-modified Ras protein is shown in
Scheme 4B. The immobilization of azide-modified N-Ras
protein (PC) gave clear fluorescent signals depending on the
concentration of N-Ras in the spotting solution. The mini-
mum concentration for acceptable levels of immobilization
was found to be approximately 50 mm. An immobilization
time of 4 h was sufficient for obtaining clear and reproducible
signals. Several buffers are compatible with the immobiliza-
tion reaction (see the Supporting Information). The immobi-
lization was carried out at pH 7.4–7.6 owing to the pH-
dependant stability of the Ras protein.We note, however, that
the Staudinger ligation proceeds well over a relatively wide
pH range (5–8.5).[18]

These results demonstrate that the immobilization of the
azide-modified Ras protein onto the phosphane-modified
glass slides was successful. Although the data provide no
formal proof of the orientation of the protein on the surface,

Scheme 3. Preparation of phosphane-modified glass slides. A) Phosphanes used for Staudinger ligation;
B) functionalization of the glass slides. DEN= fourth-generation polyamidoamine dendrimer.
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circumstantial evidence suggests that the immobilization
occurred regioselectively at the C terminus.

In conclusion, we have developed a new strategy for the
site-specific immobilization of proteins onto a glass surface
that may be used for the creation of protein microarrays. This
approach relies on the Staudinger ligation between azide-
modified proteins and a phosphane-functionalized glass sur-
face and employs a central triply orthogonally functionalized
building block together with expressed protein ligation for the
synthesis of the azide-modified proteins.

The method requires manipulation of expressed proteins
before immobilization. Although this extra step may limit the
generality of the method, it should still be applicable to the
immobilization of numerous proteins.

Received: June 15, 2005
Revised: December 7, 2005
Published online: January 27, 2006

.Keywords: bioorganic chemistry · protein microarrays · protein
modification · solid-phase synthesis · Staudinger ligation

[1] a) H. Zhu, M. Snyder, Curr. Opin. Chem. Biol. 2001, 5, 40 – 45;
b) H. Zhu, M. Snyder, Curr. Opin. Chem. Biol. 2003, 7, 55 – 63;
c) E. Phizicky, P. I. Bastiaens, H. Zhu, M. Snyder, S. Fields,
Nature 2003, 422, 208 – 215.

[2] a) M. F. Templin, D. Stoll, J. M. Schwenk, O. PFtz, S. Kramer,
T. O. Joos, Proteomics 2003, 3, 2155 – 2166; b) B. Schweitzer, P.
Prediki, M. Snyder, Proteomics 2003, 3, 2190 – 2199.

[3] G. MacBeath, S. L. Schreiber, Science 2000, 289, 1760 – 1763.

[4] K.-Y. Tomizaki, K. Usui, H. Mihara, ChemBioChem 2005, 6, 1 –
18.

[5] J. A. Camarero, Y. Kwon, M. A. Coleman, J. Am. Chem. Soc.
2004, 126, 14730 – 14731.

[6] M. B. Soellner, K. A. Dickson, B. L. Nilsson, R. T. Raines, J. Am.
Chem. Soc. 2003, 125, 11790 – 11791.

[7] a) H. C. Hang, C. Yu, D. L. Kato, C. R. Bertozzi, Proc. Natl.
Acad. Sci. USA 2003, 100, 14846 – 14851; b) H. C. Hang, C. Yu,
M. R. Pratt, C. R. Bertozzi, J. Am. Chem. Soc. 2004, 126, 6 – 7.

[8] a) E. Saxon, C. R. Bertozzi, Science 2000, 287, 2007 – 2010; b) S.
Luchansky, H. C. Hang, E. Saxon, J. R. Grunwell, C. Yu, D. H.
Dube, C. R. Bertozzi, Methods Enzymol. 2003, 362, 249 – 272;
c) J. A. Prescher, D. H. Dube, A. R. Bertozzi, Nature 2004, 430,
873 – 877; d) K. Kiich, E. Saxon, D. A. Tirrell, C. R. Bertozzi,
Proc. Natl. Acad. Sci. USA 2002, 99, 19 – 24.

[9] a) M. KFhn, R. Wacker, C. Peters, H. Schroeder, R. Breinbauer,
C. M. Niemeyer, H. Waldmann, Angew. Chem. 2003, 115, 6010 –
6014; Angew. Chem. Int. Ed. 2003, 42, 5830 – 5834; b) M. KFhn,
R. Breinbauer, Angew. Chem. 2004, 116, 3168 – 3178; Angew.
Chem. Int. Ed. 2004, 43, 3106 – 3116.

[10] a) R. M. Hofmann, T. W. Muir, Curr. Opin. Biotechnol. 2002, 13,
297 – 303; b) U. K. Blaschke, J. Silberstein, T. W. Muir, Methods
Enzymol. 2000, 328, 478 – 496; c) T. J. Tolbert, C. H. Wong, J.
Am. Chem. Soc. 2000, 122, 5421 – 5428; d) J. P. Tam, J. X. Xu,
K. D. Eom, Biopolymers 2001, 60, 194 – 205; e) G. G. Kochen-
doerfer, S. B. H. Kent,Curr. Opin. Chem. Biol. 1999, 3, 665 – 671;
f) P. E. Dawson, T. W. Muir, I. Clark-Lewis, S. B. H. Kent,
Science 1994, 266, 776 – 779.

[11] a) F. Stieber, U. Grether, H. Waldmann, Angew. Chem. 1999,
111, 1142 – 1145; Angew. Chem. Int. Ed. 1999, 111, 1073 – 1077;
b) L. Brunsveld, A. Watzke, T. Durek, K. Alexandrov, R. S.
Goody, H. Waldmann, Chem. Eur. J. 2005, 11, 2756 – 2772.

[12] A. Rak, O. Pylypenko, T. Durek, A. Watzke, S. Kushnir, L.
Brunsveld, H. Waldmann, R. S. Goody, K. Alexandrov, Science
2003, 302, 646 – 650.

Scheme 4. A) Immobilization of the azide-functionalized N-Ras protein on phosphane-functionalized glass slides. B) Binding of Cy5-labeled Ras
antibody to immobilized azide-functionalized N-Ras protein (2 and 4) as positive control (PC) and unmodified N-Ras protein (1 and 3) as
negative control (NC).

Angewandte
Chemie

1439Angew. Chem. 2006, 118, 1436 –1440 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


[13] Review: A. Wittinghofer, H. Waldmann, Angew. Chem. 2000,
112, 4360 – 4383; Angew. Chem. Int. Ed. 2000, 39, 4192 – 4212.

[14] For the preparation of the N-Ras thioester, see: D. Gottlieb, C.
Grunwald, C. Nowak, J. Kuhlmann, H. Waldmann, Chem.
Commun. 2006, 260 – 262.

[15] R. Benters, C. M. Niemeyer, D. WFhrle, ChemBioChem 2001, 2,
686 – 694.

[16] R. Merkx, D. T. S. Rijkers, J. Kemmink, R. M. J. Liskamp,
Tetrahedron Lett. 2003, 44, 4515 – 4518.

[17] The Ras antibody was obtained from Santa Cruz Biotechnology
(product number sc-35). This antibody recognizes an amino acid
sequence on a correctly folded active site helix of Ras (I. S. Sigal,
J. B. Gibbs, J. S. DKAlonzo, E. M. Scolnick, Proc. Natl. Acad. Sci.
USA 1986, 83, 4725 – 4729; M. E. Furth, L. J. Davis, B. Fleurde-
lys, E. M. Scolnick, J. Virol. 1982, 43, 294 – 304); if it is exposed to
denatured Ras only weak binding is observed (C. Becker, MPI
Dortmund, personal communication).

[18] E. Saxon, S. J. Luchansky, H. C. Hang, C. Yu, S. C. Lee, C. R.
Bertozzi, J. Am. Chem. Soc. 2002, 124, 14893 – 14902.

Zuschriften

1440 www.angewandte.de � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2006, 118, 1436 –1440

http://www.angewandte.de

