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9.6 Hz, 1H; H-4), 4.66 (dd, *J (H,.,H,.) =2.9 Hz, *J (H,.,H;,) =3.9 Hz,
1H; H-2"), 458 (dd, 3 (H,,H,)=2.8 Hz, 3 (H,H;)=4.0 Hz, 1H;
H-2'), 424-4.08 (m, 5H; H-2, 6, 6”), 4.01 (dd, 3/ (H,H;) =4.6 Hz, 3/
(H;,H,) =9.6 Hz, 1H; H-3), 3.75-3.65 (m, 2H; H-5, 5"), 3.60 (d, 2J
(He,,Hg,) =4.5 Hz, 2H; H-6), 3.55-3.50 (m, 1 H, H-5), 2.12, 2.10, 2.07,
2.06, 2.06, 2.05, 2.04 (7s, 21H; 7 CH;CO), 1.77, 1.71 (2s, 6H; 2
CH;CO;3), 149 (d, °J (HH)=4.9 Hz, 3H; CH;CH). 5: m.p. 177-
178°C; [a]lp=+16.9 (c=0.15, trichloromethane); 'H NMR: o=
5.36-5.21 (m, 8H; H-1, 2, 3, 3", 4, 4, 4", CH,CH), 5.14 (dd, 3J
(H,.,H,)=19Hz, 3 (H,,H;)=3.1Hz, 1H; H-2"), 498 (d, 3J
(H,.,H,)=19Hz, 1H; H-1"), 478 (d, % (H,,H,)=17Hz, 1H;
H-1'),4.34-4.27 (m,4H;H-2,5,6"),4.10-4.01 (m,3H; H-5",6),3.91
(dd, *J (H,,H;) =3.8 Hz, 3J (H3,H,)=9.7 Hz, 1H; H-3), 3.80 (dd, 3/
(Hs,Hy,) =6.3 Hz, 2J (Hg,,Hg,) =10.4 Hz, 1H; H-6,), 3.62-3.56 (m,
2H;H-5, 6),2.16,2.15,2.15,2.11, 2.09, 2.06, 2.06, 2.00, 1.98 (9s,27H; 9
CH;CO), 1.53 (d, 3/ (H,H) =5.0 Hz, 3H; CH;CH). 6: [a]p = +2.4 (c =
0.15, trichloromethane); '"H NMR: 6 =5.69 (d, 3/ (H,3,H,5) =5.1 Hz,
1H; H-1B), 5.65 (d, 3J (H,z,H,z) =52 Hz, 1H; H-1B’), 5.50 (dd, 3J
(Hop,Hig) =2.4 Hz, 3] (Hs,Hy)=12Hz, 1H; H-3B), 542 (t, 3J
(H,H) =19 Hz, 1H; H-3B’), 5.38 (2d, ¥/ (H,H) =3.3 Hz, 2H; H-4C,
4C"), 526 (d, 3 (Hyz,H,4) =1.6 Hz, 1H; H-1A), 5.26 (q, 3/ (H,H)=
5.0Hz, 1H; CH;CH), 516 (2 dd, *J (Hicc),.Hac)) =8.0Hz, 3J
(Hae(c)-Hieey) =9.6 Hz, 2H; H-2C, 2C'), 5.10 (t, */ (H,H)=9.5 Hz,
1H; H-4A), 5.00 (2dd, 2H; H-3C, 3C), 4.60, 455 (2d, 3J
(Hiccy-Hocy)) =8.0 Hz, 2H; H-1C, 1C'), 441 (dd, 1H; H-2B), 4.35
(dd, 1H; H-2B’), 4.30-4.20 (m, 3H; H-2A, 6B,, 6B’,), 4.13-4.05 (m,
6H; H-6B,, 6By, 6C, 6C’), 3.98-3.88 (m, 3H; H-3A, 5C, 5C'), 3.85—
3.78 (m, 2H; H-5B, 5B’), 3.64 (2t, 3/ (H,H) =9.5 Hz, 2H; H-4B, 4B’),
3.60-3.58 (m,3H; H-5A,6A),2.17-1.98 (13s,39H; 13 CH;CO), 1.74,
1.68 (2s, 6H; 2 CH;COs5), 1.47 (d, %/ (HH)=5.0 Hz, 3H; CH;CH).
a) J. Gass, M. Strobl, P. Kosma, Carbohydr. Res. 1993, 244,69;b) M. L.
Sznaidman, S. C. Johnson, C. Crasto, S. M. Hecht, J. Org. Chem. 1995,
60, 3942; c) T. Ogawa, K. Beppu, S. Nakabayashi, Carbohydr. Res.
1981, 93, C6; d) W. Wang, F. Kong, Tetrahedron Lett. 1998, 1937.

[10] D. Crich, S. Sun, J. Am. Chem. Soc. 1998, 120, 435.

[11] J. Xia, Y. Hui, Synth. Commun. 1995, 25, 2235.
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Chemoenzymatic Synthesis of a Characteristic
Glycophosphopeptide from the Transactivation
Domain of the Serum Response Factor**

Jorg Sander and Herbert Waldmann*

Phosphorylation!] and O-glycosidic attachment of N-ace-
tylglucosamine (GlcNAc)? to serine and threonine residues
are key events in the cellular transduction of mitogenic
signals. For instance, the serum response factor (SRF), a
widely found transcription factor, is phosphorylated at various
serine and threonine residues in response to extracellular
stimuli. It then translocates to the nucleus, binds to the serum
response element (SRE, which occurs in the promoters of
numerous genes), and induces gene transcription.P! In addi-
tion, SRF is glycosylated at four different sites, where the
major glycosylation site—most probably serine383 in the
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transactivation domain—is flanked by several phosphoryla-
tion sites (Figure 1). These findings suggest that the correct
orchestration of SRF phosphorylation and glycosylation as
well as the controlled removal ot these covalent protein
modifications appear to be paramount to the regulation of
gene transcription under the control of SRF.

ribosomal  DNA-protein
S6 kinase  kinase

P
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! iycos
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Figure 1. Phosphorylation and glycosylation sites in the transactivation
domain of the serum response factor (underlined amino acid symbols). A
kinase responsible for the phosphorylation of a certain amino acid is shown.
The phosphorylated and glycosylated heptapeptide 17 synthesized in the
context of this work is highlighted in the box.

Peptide conjugates embodying the characteristic structural
elements of the naturally occuring protein conjugates (name-
ly, phosphates and O-glycosides) may be efficient tools for the
study of such biological processes in molecular detail.l> !
However, glycopeptides are very sensitive to acid and base,
and phosphopeptides are even more base labile, with carbo-
hydrate and phosphotriester groups being lost in a fj-
elimination reaction at pH values greater than 8—-9.F In the
synthesis of glycophoshopeptides these problems potentiate
each other and consequently protecting groups have to be
used that can be removed with complete selectivity under the
mildest conditions, preferably at pH 6-8 and room temper-
ature.’] We now report that such labile peptide conjugates can
successfully be built up by employing the enzymatic removal
of the choline ester and the p-phenylacetoxybenzyloxycar-
bonyl (PhacOZ) group as the key steps.

The choline ester was previously investigated as a possible
blocking group for glycopeptide synthesis, but under the
conditions required for its cleavage (pH 10-11) the sensitive
O-glycosylated peptides were destroyed.[”! This problem can,
however, be solved efficiently by employing the enzyme
butyrylcholine esterase from horse serum for the removal of
the protecting group. To investigate the suitability of the
enzymatic choline ester cleavage for glycopeptide synthesis
O-GIcNAc-modified  serine/threonine building blocks 118!
were coupled with amino acid choline esters 2! to give
glycopeptides 3 in high yield. Glycodipeptide esters 3 were
subsequently treated with butyrylcholine esterase in phos-
phate buffer at pH 6.5 (Scheme 1). In the ensuing enzymatic
reaction the C-terminal choline esters were saponified
exclusively. An attack on the acetate or the N-terminal
urethane groups and an anomerization or 3-elimination of the
carbohydrate did not occur. The enzyme accepts different
amino acid combinations and also tolerates sterically de-
manding residues such as phenylalanine at the C-terminus.
The desired, selectively unmasked, glycodipeptides 4 were
isolated in yields of 70—80%. These results clearly indicate
that the enzymatic removal of choline esters can be applied
advantageously to glycopeptide chemistry. Particularly re-
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Scheme 1. Synthesis and selective enzymatic deprotection of glycopeptide
choline esters by butyrylcholine esterase from horse serum. AA =amino
acid, DIC =diisopropylcarbodiimide, HOBt = 1-hydroxy-1H-benzotri-
azole, HOCho = choline, Z = benzyloxycarbonyl.

warding is the high solubility of the charged substrates in
aqueous buffer; a solubility enhancing cosolvent that might
denature the enzyme is not required.

The suitability of the choline ester for phosphopeptide
synthesis was investigated after coupling the O-phosphory-
lated threonine 5”1 and the serine derivative 8 with the
peptide choline ester 6 and the alanine choline ester 9,1
respectively (Scheme 2). The subsequent deprotections under
the conditions described above proceeded once more without
any undesired attack on the side-chain functionality and a -
elimination of the phosphate group could also not be
observed.[" Thus, the choline ester group can also be applied
advantageously to the synthesis of very base-sensitive phos-
phopeptides.

To demonstrate the full capacity of the enzymatic protect-
ing group technique a phosphorylated and glycosylated
heptapeptide was built up. This peptide (see Figure 1)
represents the central part of the multiphosphorylated and
glycosylated substructure of the transactivation domain of the
serum response factor. In planning the synthesis we intended
to combine the enzyme-labile choline ester as a C-terminal
blocking function with the enzymatically removable p-phe-
nylacetoxybenzyloxycarbonyl urethane group. This urethane
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Scheme 2. Synthesis and selective enzymatic deprotection of phosphopep-
tide choline esters by butyrylcholine esterase from horse serum. All = allyl,
Aloc = allyloxycarbonyl.

group can be cleaved under very mild conditions by a
saponification of the built-in phenylacetate unit mediated by
penicillin G acylase and subsequent spontaneous fragmenta-
tion of the phenolate liberated thereby.['

To this end, O-glycosylated PhacOZ-serine 11121 was
condensed with serine choline ester 12 and the choline group
was removed from the resulting PhacOZ-masked glycodipep-
tide ester in 88 % yield (Scheme 3). Again, in this process no
undesired side reaction was observed. The substrate specific-
ity of the choline esterase and the mild reaction conditions
guarantee that the glycoside and the phenol ester of phenyl-
acetic acid incorporated into the N-terminal protecting group
are not attacked. After elongation of the peptide chain with
dipeptide 14 the PhacOZ urethane was selectively cleaved by
fragmentation of the urethane blocking group by means of a
reaction initiated by penicillin G acylase to yield selectively
unmasked glycotetrapeptide 15 in high yield. The peptide
chain was further elongated by coupling with phosphopeptide
7, which had been synthesized by means of selective C-termi-
nal removal of the choline ester protecting group (see
Scheme 2). Glycophosphopeptide 16 thereby obtained in high
yield was then completely deprotected. To this end, all allylic
protecting groups were removed simultaneously by treatment
with formic acid/n-butylamine in the presence of a Pd° catalyst
at room temperature. Subsequently, the tert-butyl blocking
functions were cleaved with trifluoroacetic acid, and the
unmasking of the hydroxyl groups of the carbohydrate was
achieved with hydrazine hydrate in methanol.

Finally, the glycophosphoheptapeptide 17 was equipped
with a biotin label by selective N-acylation with biotinylami-
nocaproic acid-N-hydroxysuccinimide (18; Biot-ACA-NHS;
Scheme 3). The biotinylated peptide conjugate 19 thus formed
may serve as an efficient molecular probe. The biotin label can
be traced by means of complex formation with the protein
streptavidin, which is available in fluorescently labeled form
or modified with colloidal gold and thus allows the study of a
glycosylated and phosphorylated model protein in eukaryotic
cells. For instance, such protein conjugates can be detected
after microinjection by fluorescence microscopy and electron
microscopy.['’]
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Scheme 3. Synthesis of a biotinylated glycophosphopeptide from the
transactivation domain of the serum response factor. a) H-Ser(fBu)-OCho
(12), DIC, HOBt, CH,Cl,, 73 %; b) butyrylcholine esterase, 0.01mM phos-
phate buffer, pH 6.5, 37°C, 88%; c) H-Ser(sBu)-Gly-OrBu (14), DIC,
HOBt, CH,Cl,, 78%; d) penicillinG acylase, 0.7M phosphate buffer/
methanol (70/30, pH 7), Nal (500 equiv), room temperature (RT), 65%;
e) Aloc-Thr(P(O)(OAll),)-GIn-Thr-OH (7), DIC, HOBt, CH,Cl,, 74 %;
f) (PPh;),Pd, HCOOH/nBuNH, (10 equiv/6 equiv), RT; g) F;CCOOH;
h) hydrazine hydrate (3000 equiv), methanol, RT, 40% (three steps);
i) Biot-ACA-NHS (18), DMF, 68 %.

In conclusion we have devised a new and efficient strategy
for the synthesis of glycosylated and phosphorylated peptides
based on the combination of suitable enzyme-labile protect-
ing groups. By means of this methodology acid- and base-
sensitive biologically relevant labeled peptide conjugates can
be built up, which may open up new avenues of research in
biology and bioorganic chemistry. In particular, they should
serve to unravel the chemical biology of the serum respone
factor and the importance of its posttranslational modification
in molecular detail.
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[ (TeMe,)Mn(CO),(u5-Te) (u-Te)Mn,(CO) ] :
A Pentacoordinate Bridging Tellurido Ligand
in a Square-Pyramidal Geometry**

Minghuey Shieh,* Horng-Sun Chen, Huey-Yea Yang,
and Chuen-Her Ueng

Chalcogen-containing transition metal carbonyl complexes
have attracted much attention recently due to their versatile
bonding modes and reactivity.'l Nevertheless, Mn-Te - CO
clusters have remained unknown despite considerable advan-
ces in the corresponding chemistry of Fe — Te — CO clusters.* 3
We have discovered a simple and efficient route to this new
family of clusters that involves the direct thermal reaction of
the common reagents [Mn,(CO),,] and K,TeO;. In contrast to
the well-studied Fe system, the new Mn —Te clusters are based
on octahedra with u,-Te centers.

The parent cluster 1 (PPN =[P(C¢Hs);],N*) was synthe-
sized by the reaction of K,TeO; with [Mn,(CO),,] in methanol
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