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The catenane topology, consisting of two interlocked rings, is A
common in DNASs! In proteins, the first examples of catenanes
have just been reportéd.ike covalent linking between two subunits ~ ra «
of a dimeric protein, catenation changes the folding process of the ¢
protein from bimolecular to unimolecular. Here | present a
theoretical model for the effect of catenation on folding stability.
Catenation has two significant consequences (see Figure 1). First,
both subunits are circularized. Second, the relative motion of the
subunits in the unfolded state is constrained because the two B
circularized subunits are interlocked. Accounting for the dual effects

leads to the conclusion that catenation is 10- to 1000-fold more

powerful in stabilizing the folded structure than covalent linking, K™
thus rationalizing the dramatic stabilization of a protein catenane —_—
observed by Blankenship and Dawsén.

The theory builds on previous studies of the effects of covalent
linking and backbone cyclization on protein stabifityThe effect

of catenation can be measured by the ratio of the folding equilibrium CN A“qq,cl‘ Acyd, B
constantsK'" and K@ for the linear dimeric and the catenated Q <>
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proteins. This ratio defines an effective concentration:

KeYK™ = C_,, 1)
Figure 1. Folding equilibria of a linear dimeric protein (A) and a catenated
When the protein concentration is less than the effective concentra-protein (B). In the lower branch of panel B, a fictitious intermediate state
tion. the folded fraction of the dimeric variant is less than that of 'S introduced. This state consists of two uninterlocked unfolded chains, which
' . L - ) . are free to move relative to each other.
the catenated variant. For covalent linking of a dimeric protein,

the effective concentratiof, was found to be reasonably predicted  and oriented within thexy plane. The other, with radius, was
by the probability densityp(r) for the end-to-end vector of the  randomly centered and oriented. Specifically, its center was
peptide linker connecting the C terminal of one subunit to the N randomly distributed within a rectangular box with sidesa 2(b),
terminal of the other, with the linker modeled as a wormlike ciain. 2(a+ b), and D along thex, y, andz directions, respectively. This
Values ofCq ranged from 0.001 to 0.1 M. box was centered at the origin. For each configuration of the second
To calculateCe, it is useful to introduce a fictitious intermediate  ying, the two points of intersection with they plane were found.
state, consisting of two uninterlocked, unfolded circular chains, | one intersection point was inside the first ring while the other
which are free to move relative to each other (see Figure 1B, lower jntersection point was outside, then the two rings were interlocked.
branch)? The equilibrium constant from the interlocked unfolded  The fractionf;, of interlocked configurations was computed from
chains to this intermediate is an effective concentrati@narising the random sampling. The effective concentration due to the
from the constraint of relative motion between the subunits by the interlocking of the two rings was then obtained from
interlocking (see below). The step from the intermediate state to
the folded state is equivalent to the folding of the linear dimeric C. 1=6.022x 1074 x 8@+ b)be_ Mt 3)
protein (shown in Figure 1A with equilibrium constagit), except ! !
for the effects of the backbone cyclization of the two subunits. The
equilibrium constant for this step is thK&"qeyc AQceycr,z, Wheregeye
is the enhancement in folding stability by backbone cyclization.
This enhancement was found to be givert by Cear= Cii%ycialeyels 4)

wherea andb are in units of A. Taken the two steps together, the
overall effective concentration is

eyl = p(d)/fp(r)Pu(r)d3r ) A fuller account of the theory fo€..can be found in Supporting
Information.
whereP,(r) is the probability density for the vector between the N The theory was applied to the protein catenane designed by
and C termini of a linear subunit amtis the distance between the  Blankenship and DawsdAThis design, called p53c¢#t, was based
termini in the folded structure (see Figure 14). on the M340E/L344K dimer mutant of the p53 tetramerization
The effective concentratio@; due to the interlocking of the domain? The dimer mutant is shown in Figure 1A as the folded
unfolded chains was calculated by treating each chain as a rigid state. In p53cét™, four residues each were added to the N and C
circular ring. One ring, with radiug, was centered at the origin  termini (at E326 and K357, respectively) of each subunit. The new
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termini were then ligated, leading to an interlocked topology
between the two identical subunits. The linear subunit and the
peptide linker thus haveN = 31 and| = 9 peptide bonds,
respectively.

The unfolded circular chain of each subunit has a circumference
of (N+ 1) x 3.8 A= 152 A If this chain forms a circular ring, the
radius would be 24 A. However, most configurations of the
unfolded chain will be much more compact than the fully extended
ring. In addition, the two interlocked chains will not be able to
come into rim-to-rim contact because of excluded volume. There-
fore, a more reasonable estimate for the “effective” radius of the
unfolded chain is perhaps half of the maximum radius, i.e., 12 A.
With a= b= 12 A, the fraction of configurations with interlocking
configurations was found to be 0.25. The effective concentration
due to the interlocking of the two unfolded chains was tRgr=
0.12 M. Increasing the rigid ring radii to 19 A would reducgby
a factor of 4.

In the ensemble of 20 NMR-derived structures of the linear dimer
(Protein Data Bank entry 1hsb)he distances between thg &oms
of E326 and K357 ranged from 11.1 to 24.3 A, with an average of
17.2 A, WithN= 31,1 =9, andd; = d, = 17.2 A, the enhancement
in folding stability by the backbone cyclization of both subunits
was found to beyialeys = 2.1F = 4.5. The overall effective
concentration by catenation was then 0:224.5 M = 0.54 M.
Blankenship and DawséhmeasuredgT In K" andkgT In Ktto
be 8.7 and 9.0 kcal/mol, respectively, & = 277 K. The
experimental result for the effective concentration was uws=
KeayKlin = exp[(9.0-8.7)kgT] M = 1.7 M. The calculated result
is in reasonable agreement with experiment.

In the previous study on the effect of backbone cyclizafidn,
was found that the stabilization can be maximized by varying the
linker length. For p53cét, with d; = d, = 17.2 A andN = 31,
Ocycl,a (= Ooyer,g) Was maximized to 2.51 when the linker length
was increased from 9 to P3However, increasing the linker length
also leads to an increase in the volume in which the two unfolded
chains can have relative motion, and hence a decredsgifhe
overall effective concentration was predicted to change from 0.54
M to 0.33, 0.57, 0.55, 0.50, and 0.43 M when the linker length
was changed from 9 to 7, 11, 13, 15, and 17, respectively. The
predicted dependence of the effective concentration on the linker
length can be tested experimentally.

In this study the effect of interlocking the two unfolded chains
(first step of the lower branch in Figure 1B) was obtained by treating
each chain as a rigid ring. A much more realistic treatment of
interlocking has already been developed for studying catenated
DNAs!® and can be adapted to study catenated proteins (the

adaptation requires elaborate fine-tuning of several parameters). One

important aspect neglected in the rigid-ring treatment is that, in an
interlocked configuration, many conformations otherwise accessible
to each unfolded chain will be eliminated because they lead to
topologies other than the catenane (e.g., uninterlocked or multiple
chain-crossing). This aspect is akin to what happens when an
unfolded chain is near the boundary of a confining spaéteserves
to increase the effective concentratiGn Its neglect in the rigid-
ring treatment perhaps explains the underestimateK®fK'n
presented above.

Only one example of naturally catenated proteins has been
reported thus fal2 However, there is no reason to believe that this

report is just a rare exception. The first backbone-cyclized protein
was obtained by chemical ligatidhAfter nearly 20 years, a number

of naturally circular proteins were identifiééIf circular proteins
offer a clue, we should expect to see more naturally catenated
proteins. Moreover, a large number of dimeric proteins have been
found to have intertwined interfaces such as that in the p53 dimer
mutant (see Supporting Information). These dimeric proteins can
be readily catenated by chemical ligation.

In summary, a theory for the stabilizing effect of the catenane
topology has been developed. There are two distinct contribu-
tions: backbone cyclization of the two subunits and constrained
relative motion of the subunits in the unfolded state by the
interlocking. The predicted effect for catenating a p53 dimer mutant
was in reasonable agreement with the experimental result. The
effective concentration due to covalent linking is in the range of
0.001-0.1 M, whereas the effective concentration due to catenation
has been found to bel M. Hence, catenation is +000-fold
more powerful in stabilizing the folded structure. This dramatic
stabilization offers a strong incentive for further exploiting catena-
tion as a protein design strategy.
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