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ABSTRACT

Semisynthesis of an active tetraphosphorylated analogue of the Type I TGFâ receptor is reported. An efficient native chemical ligation protocol
was developed to link a tetraphosphopeptide and a recombinant receptor fragment. Synthesis of the peptide r-thioester on a 4-sulfamylbutyryl
resin was optimized following the characterization of a major side reaction and subsequent substitution of norleucine for methionine in the
peptide sequence. These optimized protocols will be applicable to the semisynthesis of related protein kinases.

Protein phosphorylation plays an important role in signal
transduction pathways in both prokaryotes and eukaryotes.
One example of considerable biomedical interest is the
transforming growth factorâ (TGFâ) signaling pathway.1

TGFâ signaling plays a prominent role in the development,
homeostasis, and repair of virtually all tissues in organisms
from fruit fly to man, and mutations in the pathway are
associated with a variety of human cancers.1 The cytokine
TGFâ transduces signals via a receptor complex composed
of two transmembrane serine-threonine kinases, the TGFâ
receptors I and II (TâR-I and TâR-II). Oligomerization
induced by TGFâ binding causes TâR-II to multiply phos-
phorylate TâR-I within a highly conserved N-terminal
regulatory region called the GS region, named for the
185TTSGSGSG192 sequence within it. Activated TâR-I then

phosphorylates members of the Smad family of transcription
factors, which carry the signal to the nucleus. It is thought
that at least four of the serines and threonines within the
TTSGSGSG motif must be phosphorylated to fully activate
TâR-I.2

To fully understand the molecular mechanisms underlying
signal transduction processes such as the TGFâ signaling
pathway, it is necessary to have access to chemically defined
phosphoproteins for biochemical and biophysical study. This
requirement is complicated by the inability to genetically
encode a phospho-amino acid using standard protein expres-
sion technologies. One solution to this problem is to use
protein ligation strategies in which a synthetic phospho-
peptide segment is chemically ligated to a recombinant
polypeptide corresponding to the remainder of the target
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protein.3 Indeed, we recently reported the semisynthesis of
a hyperphosphorylated version of TâR-I containing four
phospho-amino acids within the GS region.4 Although this
synthesis provided homogeneous material for biochemical
analysis,5 the yields obtained were rather low and insufficient
material was isolated for detailed structural studies. Two
major problems were encountered in the original synthesis,
namely, the generation of a major side-product during the
solid-phase peptide synthesis (SPPS) of the phosphopeptide
and nonspecific protein aggregation during the ligation
reaction. In the present study, both of the issues are
addressed, allowing the final yield of active semisynthetic
receptor to be greatly improved.

In the previous study, native chemical ligation6 was
employed to link together a synthetic peptideR-thioester,
corresponding to the tetraphosphorylated N-terminal GS
fragment, and a recombinant C-terminal fragment possessing
the requisite N-terminal cysteine for ligation (ref 4 and
Scheme 1). The phosphopeptide (hereafter referred to as

GS4) was synthesized on the commercially available 4-sul-
famylbutyryl AM “safety catch” resin. This resin allows the
synthesis ofR-thioester peptides using the Fmoc-SPPS
strategy; the sulfonamide linkage is stable to the basic
conditions used for NR deprotection but can be activated to
nucleophilic cleavage by thiols upon N-alkylation with agents
such as iodoacetonitrile or trimethylsilyldiazomethane
(TMS-CHN2).7 Importantly, this strategy offers a synthetic
route to R-thioester phosphopeptides for use in protein

ligation. In the case of GS4, activation of the linker was
achieved using iodoacetonitrile since treatment of the
protected peptide-resin with TMS-CHN2 resulted in appar-
ent O-methylation of the benzyl protected phosphothreonine
and phosphoserine residues (data not shown). Analysis of
the crude GS4 peptide after thiolysis with benzyl mer-
captan and deprotection with TFA revealed the presence of
a major side-product of mass 25 Da greater than expected
(hereafter referred to as GS4*). The amount of this adduct
varied from cleavage to cleavage but even in the best case
the ratio of GS4 to GS4* was approximately 1:1 (Figure
2A).8

To improve the yield and reproducibility of the GS4
synthesis, we first sought to characterize the GS4* side-
product. Treatment of GS4* with calf intestinal phosphatase
resulted in a mass reduction of 320 Da as would be expected
for the removal of four phosphate groups. This result rules
out the possibility that the modification is on one of the
phosphate groups. Digestion of GS4* with AspN endo-
proteinase followed by LC-MS analysis of the resulting
peptides localized the+25 modification to the C-terminal
DMpTTpSGpSGpSGLPL-SBzl region of the peptide. Con-
sistent with the mapping data, N-terminal sequencing of
GS4* indicated that an unknown amino acid was present at
the 10th residue where methionine was expected. From these
experiments we concluded that the+25 Da modification in
GS4* was most likely located on the single methionine
residue in the sequence.

To further characterize this+25 Da modification, a model
dipeptide, Fmoc-Met-Gly-SBzl, was synthesized on the
4-sulfamylbutyryl AM resin. Activation of this resin with
iodoacetonitrile and cleavage with benzyl mercaptan yielded
both the desired benzyl thioester product1 and a +25-
modified adduct2, in a 1:1 ratio. Following purification, the
two products were analyzed by1H and13C NMR spectros-
copy. The proton chemical shifts were very similar for the
two compounds with the exception of theε-methyl protons
in 2 that were shifted significantly downfield compared to
those of1 (3.7 ppm versus 2.0 ppm). Similarly, the13C shifts
for 1 and2 were nearly identical, again with the exception
of the ε-methyl group of the methionine (16.7 ppm in2
versus 15.2 ppm in1). The13C spectrum of2 also contained
a resonance at 119.1 ppm that was not present in the spectrum
of 1. Importantly, 1H{13C} heteronuclear multiple bond
correlation (HMBC) NMR indicated that this new carbon
signal cross-coupled with theε-methyl protons of the
methionine residue in2 (Figure 1), indicating that the
modification is on this group.

These NMR observations can be reconciled with the
observed mass increase of 25 Da through the addition of a
nitrile group on theε-methyl group of the methionine.
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(8) The final yield of homogeneous GS4 was further reduced because
GS4 and GS4* could only be partially resolved on preparative scale HPLC,
even using optimized gradients and elevated temperatures.

Scheme 1. Semisynthesis of TâR-I(4P); Tetraphosphorylated
GS Sequence Shown Below
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Presumably the cyanilation of theε-methyl group occurs
during the activation step via theS-alkylation mechanism
shown in Scheme 2.9 Consistent with this mechanism, the

+25 Da adduct was not observed when TMS-CHN2 was
used in the linker activation step (data not shown).

As mentioned above, TMS-CHN2 cannot be used in the
synthesis of the GS4 peptide. The cyanilation problem can,
however, be overcome by conservative substitution of
norleucine for methionine, i.e., replacement of the sulfur atom
with a methylene group. Accordingly, we undertook the
solid-phase synthesis of the norleucine substituted GS4
phosphopeptide (GS4-Nle) on the safety catch resin. HPLC
and mass analysis of the crude material obtained after

thiolysis and deprotection indicated that, as expected, the
cyanilation adduct had been eliminated (Figure 2B). Elimina-
tion of this major side-reaction allowed the final yield of
the purified peptide to be greatly improved (60 mg from a
0.5 mmol synthesis, 4.6%).

The next step in the semisynthesis, the ligation of GS4-
Nle to the recombinantly expressed C-terminal region of
TâR-I, was also optimized. In the initial study,4 a significant
fraction of the ligation product, TâR-I(4P), and the recom-
binant protein fragment, TâR-I∆,10 were found to aggregate
nonspecifically and irreversibly during the course of the
ligation reaction.

In an effort to minimize this aggregation problem, we
studied the effect of a number of small molecule additives
in the ligation mixture. These included cosolvents known to
stabilize protein structures, as well as a series of detergents.11

Gel filtration chromatography was used to gauge the ef-
fectiveness of the additives at reducing aggregation; protein
aggregates could easily be resolved from monomeric protein
using a Superdex 75 column. Of the large number of
conditions examined, the addition of 1,6-hexanediol to the
ligation mixture proved to be the most effective at reducing
aggregation.12 Following ligation, the desired product TâR-
I(4P,Nle) was purified using a combination of gel filtration
and anion exchange chromatography (Figure 3).

(9) In contrast with the present model study, Backes and Ellman did not
observe significant S-alkylation in a Met-containing dipeptide (ref 7b).

(10) TâR-I∆, which contains an N-terminal Cys, was prepared using a
baculovirus expression/proteolysis strategy as previously described.4

(11) The following additives were tested at various concentrations: 1,6-
hexanediol; 1,4-butanediol; 2-methyl-2,4-pentanediol; 1,2,3-heptanetriol;
dioxane; 2-propanol; DMSO; PEG-400; sucrose; spermidine; CHAPS; Triton
X-100; NP-40; glycine; arginine; bovine serum albumin; MgCl2 and MnCl2.

(12) Addition of 350 mM 1,6-hexanediol was found to reduce nonspecific
aggregation to 25% of total protein, as compared to 60% in its absence.

Figure 1. Region of the1H{13C} HMBC spectra of1 (black
contours) and2 (red contours).

Scheme 2. Proposed Mechanism of Methionineε-Cyanilation

Figure 2. Region of the analytical HPLC traces for crude GS4
(A) and crude GS4-Nle (B). Indicated peaks were characterized
by electrospray mass spectrometry.
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Using these optimized protocols, milligram quantities of
highly purified TâR-I(4P,Nle) could be isolated from a single
preparation (16% overall yield).13 The biological activity of
TâR-I(4P,Nle) was assayed using an established in vitro
kinase assay.4 The C-terminal domain of the physiological
substrate, Smad2, was used as the substrate in the assay.14

Under the conditions of this experiment, TâR-I(4P,Nle)
displays approximately 1 order of magnitude increase in
kinase activity relative to the unphosphorylated receptor. This

is consistent with the increase in activity previously found
for TâR-I(4P)4,5 and indicates that the Metf Nle substitution
has little or no effect on the activity of the phosphorylated
receptor.

The routine synthesis of peptideR-thioesters is essential
to broadening the scope of native chemical ligation.7,15 The
sulfonamide-based “safety-catch” resin approach, originally
introduced by Kenner16 and more recently refined by Ellman
and co-workers,7a,b offers an attractive route to peptide
R-thioesters using Fmoc-SPPS. In particular, the milder
conditions associated Fmoc-SPPS compared to those with
Boc-SPPS allows the synthesis of phosphopeptide4 and
glycopeptide7c R-thioesters. In the present study, we have
identified a major side-reaction that occurs on methionine
during activation of the linker with iodoacetonitrile. This
adduct can, however, be avoided by using TMS-CHN2 as
the N-alkylation reagent or by conservative replacement of
methionine with norleucine. The later strategy was success-
fully employed to prepare the phosphopeptideR-thioester,
GS4-Nle, which was then used in the preparation of TâR-
I(4P,Nle) via native chemical ligation. Importantly, addition
of 1,6-hexanediol to the ligation mixture was found to
significantly reduce the level of protein aggregation, allowing
the final yield of tetraphosphorylated receptor to be greatly
improved. This underscores one of the great strengths of
native chemical ligation, namely, the tolerance of the
chemistry to the presence of a wide variety of additives in
the ligation soup. It is likely that these optimized ligation
conditions will be applicable to the semisynthesis of related
protein kinases.
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(13) In a typical ligation reaction, 3µmol of GS4-Nle (7.5 mg) was mixed
with 218 nmol of TâR-1∆ (7.5 mg) in 4.5 mL of 100 mM Hepes pH 8.0,
100 mM okadaic acid, 0.5 mM NaCl, 350 mM 1,6 hexanediol, and 50 mM
MESNA at 4°C for 16 h.

(14) Kinase assays were conducted by mixing 10 pmol of TâR-I(4P)
with 80 pmol of Smad substrate in 15µL of kinase buffer containing trace
amounts of [γ-32P]ATP. The level of Smad phosphorylation was analyzed
by SDS-PAGE and autoradiography.
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Figure 3. (A) SDS-PAGE gel showing molecular weight markers
(MW), purified TâR-1∆ (lane 1), crude TâR-I(4P,Nle) ligation
mixture (lane 2), and purified TâR-I(4P,Nle) (lane 3). (B) The
identity of the ligation product was confirmed by MALDI-MS with
myoglobin as an internal calibrant; measured mass 37,710.5 Da,
calculated) 37,713.9 Da.
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