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Chemical Synthesis of a Circular Protein
Domain: Evidence for Folding-Assisted
Cyclization**
Julio A. Camarero, Joanna Pavel, and Tom W. Muir*

The chemical-ligation approach to the condensation of
peptide fragments offers a unique route for generating
proteins possessing both natural[1] and unnatural topology.[2]

Of the various architectures possible, one of the most
fascinating from the perspective of both protein engineering
and protein folding is the circular topology.[3] Although head-
to-tail cyclization is commonly used to constrain the structure
of small peptides,[4] relatively little is known about the affect
of this modification on the structure and function of a protein.
Indeed, the bulk of our current knowledge is based on the
pioneering work of Creighton and co-workers on a cyclized
version of bovine pancreatic trypsin inhibitor (BPTI) pre-
pared by random chemical cross-linking.[3] Here we demon-
strate that a backbone-cyclized protein domain, prepared by
an intramolecular version[5] of Kent�s native chemical liga-
tion,[6] is able to spontaneously fold into a functional, native-
like conformation. In addition, we provide evidence that the
rate of cyclization is related to the folded state of the protein.

Our initial studies on protein cyclization focussed on the
WW domain from the human Yes kinase-associated protein
(YAP).[7] This protein domain possesses a globular structure
composed of a three-stranded antiparallel b sheet which
positions the flexible N and C termini in close proximity.[8]

Given that native chemical ligation is tolerant to the presence
of chemical denaturants,[6] it was anticipated that insights into
the effect of this juxtaposition on the chemical reaction rate
would be forthcoming.

The strategy used to synthesize the circular WW domain is
shown in Scheme 1. Key to our approach was the generation

Scheme 1. Synthesis of the circular WW protein domain 2.

of the linear polypeptide precursor 1, which contains both
groups necessary for native chemical ligation: an N-terminal
cysteine residue and a C-terminal thioester group.[9] Cycliza-
tion of fully unprotected 1 to give the circular WW domain 2
was remarkably clean and extremely rapid (Figure 1). The
ligation product was characterized as 2 by a combination of

Figure 1. a) Analytical HPLC chromatogram of the purified linear
precursor 1. b) The crude ligation mixture after 2 min of reaction on the
same scale as in a). mAu� 10ÿ3 of full scale absorbance units. SNB�S-(5-
sulfenyl-2-nitrobenzoic acid), the by-product. Inset: ES-MS of purified 2.

[16] N,N'-Dimethylselenourea: CÿSe 1.866, C(Se)ÿN 1.32 �: H. M. K. K.
Pathirana, T. J. Weiss, J. H. Reibeneis, R. A. Zingaro, E. A. Meyers, Z.
Kristallogr. 1994, 209, 697.

[17] With the length of the [0] bridge between the six-membered rings,
calculated with ab initio methods, as an indicator: 3 : 1.461, 4 : 1.379, 5 :
1.353 �.

[18] H. Schmidbaur, Angew. Chem. 1983, 95, 980; Angew. Chem. Int. Ed.
Engl. 1983, 22, 907.

[19] We will report on compounds of this type separately.
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electrospray mass spectrometry (ES-MS), tryptic digestion,
and Edman sequencing.[10]

The YAP WW domain binds to proline-rich peptides
containing the consensus sequence PPxY.[11] A fluoresence-
based ligand-binding assay was used to study the functional
consequences of backbone cyclization of the YAP WW
domain (Figure 2 a). As predicted based on the native
structure of the protein, cyclization of the WW domain has
no deleterious effect on ligand-binding activity. Indeed, the
circular protein has a slightly higher affinity for ligands than
its linear counterpart (dissociation constants Kd(cyclic)� 35 and
Kd(linear)� 50 mm).[12] Interestingly, the ligand affinity was the
same regardless of whether the cyclic protein had been
prepared in the presence or absence of 6m guanidinium
chloride (GdmCl), suggesting that the folding process is not
inhibited by the cyclic topology.

The solution structures of the circular and linear YAP WW
domains complexed to ligands were studied by two-dimen-
sional homonuclear NMR spectroscopy. Deviations in the
chemical shifts for the main-chain protons in the core b-sheet
structure of the linear[13] and circular domains were uniformly
less than 0.05 ppm, indicating that the same global fold is

common to both versions of the molecule (Figure 2 b).
The NMR samples were prepared by simply dissolving
the proteins, which had been purified by HPLC, in
phosphate buffer containing the ligand. Given that
HPLC purification is denaturing, this again indicates
that the circular protein, like its linear counterpart,
can spontaneously fold in the presence of the ligand.

The influence of the fold in the WW domain on the
cyclization rate was investigated by performing the
reaction in the presence and absence of chemical
denaturant. Addition of 6m GdmCl to the ligation
buffer had a marked effect on the rate of cyclization:
The reaction was approximately one order of magni-
tude faster under folding conditions than under
unfolding conditions (Figure 3). Interestingly, linear
polypeptide 1 was cleanly converted into cyclic 2,
regardless of whether 6m GdmCl was present or
absent in the ligation buffer. This rate enhancement on
going from unfolding to folding conditions is signifi-
cant and can be understood in terms of the proximity
of the N and C termini within the native conformation
of the protein. Under folding conditions the local
concentration of the cysteinyl and thioester reactive
functionalities would be expected to be higher than
under unfolding conditions; this leads to a more rapid
reaction for the former.[14] Therefore, the cyclization
reaction is assisted by the native conformation of the
protein.

We have generated a functional circular version of a
WW protein domain by intramolecular chemical
ligation. It is expected that several emerging areas in
protein engineering will benefit from the ability to
efficiently prepare backbone-cyclized polypeptides
from unprotected linear precursors. For example,
backbone cyclization provides a general way of
constraining minimized protein sequences and com-
plements the use of disulfide bonds.[15] Equally, new

opportunities are created in sequence permutation by com-
bining chemoselective cyclization with subsequent main-chain
cleavages. Finally, our observation that the kinetics of protein
cyclization are sensitive to changes in protein structure

Figure 3. Progress of the cyclization under folding (0m GdmCl, *) and
unfolding conditions (6m GdmCl, &).

Figure 2. a) Binding of the linear (*) and circular (&) forms of the WW domain to the
proline-rich ligand AcÿGTPPPPYTVGÿNH2 (L); cps� counts per scan. b) Summary
of the 1H NMR assignments for the main-chain protons: Dd(HaN) and Dd(HaC) are
the deviations in the chemical shifts of the backbone protons in the circular WW
domain from those in the the linear WW domain. The location of the secondary
structure elements are shown at the bottom.[8]
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A Symmetrically Bridging Triarylsilyl Ligand
in a Dinuclear Rhodium Complex:
Synthesis and Structure of [LRh(H)(m-Cl)(m-
SiAr2)(m-SiAr3)Rh(H)L] (Ar�Ph, p-FC6H4;
L�PiPr3)**
Kohtaro Osakada,* Take-aki Koizumi, and Takakazu
Yamamoto*

Bridging coordination of a secondary silyl group (SiHR2) in
dinuclear complexes has become common for late transition
metals.[1] The complexes reported so far contain both a s bond
between Si and one metal and a three-center, two-electron
bond (3c ± 2e; p bond) between the SiÿH group and the
second metal center (Scheme 1 a).

suggests a potential application of this approach in the study
of protein-structure dynamics.

Experimental Section

All peptide synthesis were carried out according to the in situ neutraliza-
tion/HBTU activation protocol for Boc solid-phase peptide syn-
thesis (HBTU� benzotriazol-1-yl-N-tetramethyluronium hexafluorophos-
phate).[16] Peptide thioester 1 was prepared by selective thioesterification of
the corresponding peptide thioacid (prepared on a glycine ± thioester
support)[17] with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB, Ellman�s
reagent) as previously described[5a] and purified by preparative HPLC.
ES-MS: observed mass: 5546.3(1.4) Da; calcd for C244H361N65O76S4: 5545.5
(monoisotopic), 5549.0 (average isotope composition).

Cyclization: Purified 1 (0.4 mmol, 2.2 mg) was dissolved to a final
concentration of about 50 mm in a freshly degassed buffer containing 0.1m
sodium phosphate and 1 mm ethylenediamine tetraacetate (EDTA) at
pH 7.5 and 0.05 volume% each of PhSH and BnSH. In cyclization reactions
carried out under unfolding conditions, 6m GdmCl was included in the
above buffer. To monitor the course of the reaction, small aliquots (50 mL)
of the reaction mixture were periodically removed, quickly quenched by
addition of 5 % trifluoroacetic acid in water (20 mL), and investigated by
analytical HPLC. The degree of conversion of 1 into 2 was calculated based
on the absorption at 280 nm. The overall yield for the cyclization reaction
following HPLC purification was 1.8 mg (0.32 mmol, 81 %). Circular
protein 2 was characterized by ES-MS and tryptic digestion. ES-MS:
observed mass: 5348.5(1.0) Da; calcd for C237H356N64O72S3: 5346.5 (mono-
isotopic), 5350.0 (average isotope composition).

Tryptic digestion of 2 : Cyclic 2 (100 mg) was dissolved in 0.1m tris(hydroxy-
methyl)aminomethane (Tris)/HCl buffer (pH 8.4, 200 mL). Lyophilized
trypsin (10 mg, sequencing grade, Sigma) was then added, and the reaction
maintained at 37 8C for 3 h; a solution of 1,4-dithiothreitol (DTT, 50 mm,
20 mL) was subsequently added. The three expected fragments T1
(HÿAMLSQGCFEIPDDVPLPAGWEMAKÿOH), T2 (HÿTSSGQRÿ
OH), and T3 (HÿYFLNHIDQTTTWQDPRÿOH) were isolated by HPLC
and characterized by ES-MS and Edman sequencing.

The isotherms for ligand binding were obtained by monitoring the intrinsic
Trp fluoresence at 340 nm as a function of the concentration of the ligand at
22 8C. In all cases, the protein concentration was kept at 2 mm in a buffer
containing 40 mm sodium phosphate, 50mm NaCl, and 1 mm DTT at pH 7.2.
Equilibrium dissociation constants were extracted from the curves by
assuming a 1:1 receptor ± ligand complex.[18]

Two-dimensional 1H NMR spectra were measured on a Bruker DPX-400
spectrometer (400.132 MHz). The NMR samples were dissolved in a buffer
containing 10 mm sodium phosphate, 100 mm NaCl, 1 mm [D10]DTT, 0.02 %
NaN3, and 10 % D2O at pH 6.2. A series of TOCSY and NOESY
experiments[19] were recorded at 278 K on samples containing both linear
and circular WW domains with WW ligand (protein concentrations 0.6 ±
1.2 mm ; ratio of peptide to protein 3:1). Typical mixing times were 30 ms for
TOCSY experiments and 50 ± 250 ms for NOESY experiments.
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