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The structural characterization of thousands of proteins has
revealed over 550 different backbone topologies.[1] Interest-
ingly, none of these proteins form a backbone structure that
can be described as topologically linked. Examples of knotted
and catenaned structures have been observed within a single
peptide chain through disulfide bonds and cofactors,[2] a
handful of linear ªknottedº proteins have been described.[3]

Recently, the bacteriophage HK97 capsid[4, 5] was found to be
composed of a network of interlocking protein subunits
connected through a side chain isopeptide bond. Here, we
describe the design and synthesis of the first protein with
topologically linked backbone structure, a protein [2]catenane.

In contrast to proteins, interlocked macromolecules repre-
sent an intensely studied area of supramolecular chemistry,[6]

and natural and synthetic DNA molecules form both knotted
and catenane structures.[7] Catenanes have been synthesized
by both statistical and template-directed strategies.[6] Since
proteins have evolved to fold into defined three-dimensional
structures, a folding-directed strategy was devised. The
tetramerization domain of the tumor suppressor protein p53
(residues 325 ± 356) has been structurally characterized by
crystallographic and NMR methods.[8, 9] The structure can be
described as a ªdimer of dimersº in which the repeated dimer
unit consists of two antiparallel b-strands and two antiparallel
a-helices (Figure 1). These structures are formed by the

Figure 1. Structure (Molscript plot[24]) of the tetramerization domain of
the tumor suppressor protein p53. The backbone is represented as a ribbon
to highlight the interlocking structure of the dimers.

folding of the peptides in an intertwined manner that has been
described as a bisecting U motif.[10] It was reasoned that if the
N- and C-termini of each folded peptide could be joined to
form a cyclic peptide, the polypeptides would become
interlocked, creating a catenane structure.

To form a peptide bond between the N- and C-termini of
the p53 peptides following folding, a highly chemoselective
reaction is necessary. Native chemical ligation utilizes the
rapid and specific reaction of an N-terminal cysteine residue
with a C-terminal a-thioester group to form a native amide
bond. This reaction is mediated by thioester exchange
followed by a rapid S to N acyl shift.[11] If the N-terminal
Cys and C-terminal thioester groups are on the same
polypeptide, cyclic products (e.g. cyclic peptides and proteins)
can be generated with remarkable efficiency.[12, 13]

The synthetic strategy for the assembly of the p53 catenane
is described in Scheme 1. Since protein dimerization and
folding are rapid[14] compared to the native chemical ligation

Scheme 1. Synthetic design of the p53 catenane.

reaction at pH 6, the p53 peptides should assemble before
circularizing. The resulting structure is expected to consist of
two p53 catenanes folded together to form a dimer of
catenanes. A polypeptide corresponding to residues 325 ±
361 with an N-terminal CGG extension and a C-terminal
thioester was synthesized by standard solid-phase protein
synthesis using butyloxycarbonyl protecting groups (Boc-
SPPS) on a thioester resin. The folding and ligation of the
CGG-p53-COSR polypeptide was highly efficient, yielding a
single major peak by HPLC after 6 h (Figure 2 a).[15]

Since [2]catenanes are held together by a mechanical bond,
they are a single molecular compound which cannot dissociate
into separate components without breaking at least one
covalent bond. Consistent with this structure, the observed
molecular weight of 8971.5 Da by ESI-MS corresponded to
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Figure 2. Synthesis of p53 catenane. a) HPLC trace of crude reaction
mixuture after 6 h. b) Electrospray mass spectrum of the major peak,
deconvoluted to a single mass.

two cyclic p53 peptides (Figure 2 b). An alternative structure
that would have the same mass is a cyclic dimer. To confirm
the catenane structure, a partial cleavage at the single cysteine
residue was performed by cyanylation followed by aminol-
ysis.[16] Analysis of the cleavage products by HPLC and ESI-
MS detected only linear monomer (4529 Da), cyclic monomer
(4487 Da), and cyanylated cyclic monomer (4511 Da) prod-
ucts. The presence of cyclic monomer and absence of linear
dimer products is consistent with the interlocked structure.

The folded structure of the p53 catenane was characterized
by circular dichroism. The CD spectrum of the p53 catenane
(Figure 3) has the same minima as that of the linear form
although the mean residual ellipticity is significantly higher

Figure 3. Circular dichroism spectra of linear (!) and catenaned (&) p53
tetramerization domains.

for the catenane structure. This enhancement could result
from structural differences in the CGG-linker or from the
region corresponding to the ªendsº of the linear p53
peptides.[17] Two p53 catenanes are expected to fold together
to form a dimer of catenanes of 17 942 Da. Consistent with
this folded conformation, a molecular weight of 16 250 Da was
determined by analytical ultracentrifugation.

Linear proteins can be stabilized by engineered disulfide
bonds and by tethering dimeric proteins.[18, 19] The resulting
increase in stability has been attributed to reduction in
entropy and the resulting destabilization of the unfolded
state.[20] By analogy, the p53 catenane was expected to be
more stable than the linear p53 tetramer as a result of peptide
cyclization and topological linking. As anticipated, the linear
p53 tetramer started denaturing at about 60 8C with a Tm of

83 8C, while the p53 catenane was folded up to 98 8C, as
monitored by CD at 222 nm. Interestingly, the p53 catenane is
significantly stablized even though only one of the dimer
interfaces is topologically linked.[21]

The design and synthesis of the p53 protein catenane
demonstrates a novel method for assembling and stabilizing
proteins. The protein folding-assisted assembly of the linear
polypeptide chains followed by backbone circularization
using native chemical ligation should be applicable to the
entire family of bisecting U proteins using synthetic or
biologically expressed C-terminal thioester peptides. In
addition, other homo- or heterodimeric proteins may be
accessible to topological engineering through the use of
appropriate peptide linker sequences. Protein catenanes may
find application in many areas of protein science including the
study of folding and dynamics and the development of novel
protein materials.

Experimental Section

Peptide synthesis and assembly : The polypeptide corresponding to
CGGGEYFTLQIRGRERFEMFRELNEALELKDAQAGKEPGG was
synthesized manually using established in situ neutralization protocols
for Boc-SPPS[22] on a thioester resin.[23] The crude peptide was purified by
reversed-phase HPLC, and characterized by ESI-MS: 4704.3� 1.0 Da. The
purified linear peptide (3.5 mg) was dissolved in a solution (1.5 mL; pH 7.5)
containing 0.1m NaH2PO4 and 1 mm EDTA, and benzyl mercaptan (30 mL;
2%) and thiophenol (30 mL; 2%) were added; the final ligation mixture
was pH 6. The circularized product was purified by HPLC. (1.6 mg, 47%
recovered yield). ESI-MS: 8971.5� 1.5 Da.

Cyanylation and aminolysis : The cyclic product (1.6 mg, 0.18 mmol) and
1-cyano-4-(dimethylamino)pyridinium tetrafluoroborate (CDAP) (63.4 mg,
0.27 mmol) were dissolved in a solution (1.2 mL; pH 2.3) containing
degassed 6m guanidine and 0.1m AcOH for 20 min at 25 8C. After desalting
by HPLC, the cyanylated peptides (0.4 mg) were treated with 3.0m
ammonia (0.2 mL) at 0 8C for 20 min. The following species were found
by ESI-MS: 8972.0� 1.3, 4528.8� 1.0, 4512.1� 0.3, 4486.6� 0.8 Da.

Circular dichroism and thermal denaturation : The CD spectra were
recorded on an Aviv spectropolarimeter with a 2-mm pathlength cuvette.
Samples were prepared in 0.1m NaH2PO4 (pH 6.4), and concentrations
were determined by amino acid analysis. Thermal denaturation was
monitored by CD at 222 nm from 2 8C to 98 8C in increments of 2 8C with
2 min equilibration.

Analytical ultracentrifugation : Experiments were carried out in a Beckman
XL-A analytical ultracentrifuge at 20 8C with a rotor speed of 25000 rpm
and detection at 254 nm. Samples were prepared in 0.1m NaH2PO4

(pH 6.4). The data were edited by using XL-A software.
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Nature adopts isopentenyl pyrophosphate (IPP) or dime-
thylallyl pyrophosphate (DMAP) as building blocks for
de novo syntheses of various isoprenoids, such as terpenoids,
steroids, and carotenoids.[1] Enzymatic assembly of these basic
C5 units provides a diverse range of natural products. We are
currently searching for such a mimic for IPP or DMAP in the

chemical syntheses of isoprenoids, especially for carote-
noids,[2] which show antioxidant activities for low-density
lipoprotein and which are widely used as natural pigments.
Certain carotenoids, such as lycopene,[3] also lower the
propensity for humans to develop prostate cancers.

Carotenoids 1 have the general structure of two consecutive
methyl groups attached to a conjugated polyene chain in
either a 1,5 or 1,6 arrangement (Scheme 1). The symmetrical
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Scheme 1. Generalized disconnection of the carotenoid structure 1 into
the chain-extension unit 2 and the chain-termination unit 3, as well as the
proposed chain-extending process by repeated use of 2 a.

carotenoid structure can be divided into three parts for a
systematic construction of such compounds: the chain-initiat-
ing unit, the chain-extending unit, and the chain-terminating
unit. The Julia sulfone olefination protocol[4] is a perfect
methodology to put the three components together, and
allylic sulfone compounds were thus selected as the initiating
unit. It was envisioned that bifunctionalized C5 prenyl
compound 2 might be an efficient chemical mimic for IPP
or DMAP as a chain-extending unit, insofar as X is a good
leaving group and Y can be easily transformed to a sulfonyl
group. The carbanion-stabilizing ability of Y should be much
less than that of the sulfonyl group of the chain-initiating unit
to prevent the unfavorable base-promoted halide elimination
process from occuring in compound 2. It was thus appropriate
to use 4-bromo-3-methyl-2-butenyl phenyl sulfide 2 a (X�Br,
Y� SPh in 2) to meet the above criteria. Repeated use of this
chain-extending unit 2 a with each additional oxidation step to
produce the corresponding sulfone would then produce the
required 1,5-dimethyl-substituted carbon skeleton, such as
structure 4. This compound could accomplish the chain-
extension process. We have already demonstrated that
bis(haloallylic) sulfide 3 is a stable substitute for highly
unstable 1,8-dihalo-2,7-dimethyl-2,4,6-octatriene in b-caro-
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