
COMMENTARY

Race to the native state
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In contrast to other biopolymers such as RNA, most
foldable protein sequences have a single, unique
native structure, which is the most stable conforma-
tion. Understanding this remarkable property has
been the long-held goal of protein folding research
(1, 2). Once folded, proteins will undergo transitions
between different conformational states within the na-
tive free-energy basin, often associated with their func-
tion; however, in most cases, these can be thought of
as only local changes or deformations of structure that
do not change the overall fold. On the other hand, a
small number of proteins have been identified in which
a more profound rearrangement of the fold can occur,
with the most extreme examples being protein se-
quences that can switch to a completely different
folded state as a function of environmental conditions
or ligand binding (3). An example in which a subtle
change of fold is used for functional regulation is found
in the serine protease inhibitor family known as serpins.
In this case, it appears that the initially formed “native”
structure is not the thermodynamically most stable fold.
In PNAS, Rao andGosavi (4) investigate the origin of this
kinetically controlled folding for a prototypical serpin,
α1-antitrypsin.

Serpins are an abundant type of protease inhibitor,
most commonly inhibiting chymotrypsin-like serine
proteases (5) by a suicide mechanism: The protein
initially folds to an active, inhibitory fold (Fig. 1, Top
Left) in which the exposed reactive center loop (RCL)
serves as a recognition motif for proteases. Binding of
the protease results in cleavage of the RCL loop and
covalent linkage of the serpin to the protease. At the
same time, the remainder of the RCL loop inserts into
a β-sheet in the serpin structure. Interestingly, a similar
uncleaved “latent” fold with an inserted RCL sequence
also exists (Fig. 1, Bottom Left) and, moreover, is more
thermodynamically stable than the inhibitory fold. How-
ever, the inhibitory structure is formed first, presumably
because it is under kinetic control. Some serpins, such
as plasminogen activator inhibitor-1, can also spontane-
ously convert from the inhibitory form to the latent form

(dashed arrow in Fig. 1), providing yet another mode of
regulation. The fascinating complexity of the serpin in-
hibitionmechanism has been illuminated by the success
of experimental structural biology in identifying many of
the stable states populated by these proteins (including
the examples shown in Fig. 1 and more) (5). In addition,
equilibrium and kinetic folding studies have indicated
the formation of a stable folding intermediate on the
folding pathways of serpins, including α1-antitrypsin (6).
Nonetheless, ensemble experiments canonly probe stable
or metastable states, and not the detailed mechanisms
for their interconversion. Filling in these gaps is the natural
domain of theory and simulation, although the problem is
still challenging owing to the time scales involved. An
excellent example is the above-mentioned spontane-
ous conversion of plasminogen activator inhibitor-1
from the inhibitory form to the latent form, a process
that occurs on a time scale of hours. By using a recently
developed path-sampling algorithm, the mechanism of
this transition could be studied in recent all-atom sim-
ulations, with results very consistent with experimental
changes of rate obtained for mutants (7).

Many mechanistic questions about serpin folding
and conformational transitions remain. Foremost
among these is why the active, inhibitory form wins
the initial race to the native (inhibitory) state over the
thermodynamically more stable latent form. Rao and
Gosavi (4) now address this question using a structure-
based, coarse-grained model in which the only resi-
due pairs with attractive interactions are those formed
in a given target structure. Such models are motivated
by the energy landscape theory of protein folding,
which posits that the folding free-energy landscape
is funneled toward a single native state (8–11). While
such a model may at first seem inconsistent with the
folding scenario of serpins, it allows direct folding to
the alternative latent structure to be studied, without
the competing inhibitory fold. By computing separate
folding free-energy landscapes for the inhibitory and
latent structures, the authors found a free-energy bar-
rier for folding to the latent form that was significantly
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higher (by ∼4 kBT). An important consideration in comparing free-
energy barriers is relative stabilities, considering that the latent form
is more stable and stabilizing a protein tends to lower its folding
barrier. In the context of the simulation model, it could be shown that
the latent form would have to be ∼13 kBT more stable than the
inhibitory form for the folding barriers to be comparable. The lower
barrier for folding to the inhibitory form appears to be the conse-
quence of a metastable on-pathway intermediate in which a domain
consisting of the B-C β-barrel is folded, while the remainder of the
protein is not. This intermediate is in accord with most experimental
data reflecting the folding equilibrium and kinetics for this protein
and other serpins (5). The latent form folds instead via a single tran-
sition state, with some similarities to the above intermediate, but in
which key β-strand contacts with the RCL are already formed very
early. The authors have proposed that this mechanism could be
tested by engineering disulfide bonds that lock in these contacts,
and thus favor formation of the latent state.

The simulations described above have addressed the left-hand
side of the diagram in Fig. 1, namely, folding of and spontaneous
conversion between the inhibitory and latent forms. From a folding
perspective, this is elegant because all these steps involve the en-
ergy landscape of the same unbroken protein chain. However, the
functional energy landscape of a serpin includes additional steps:
interaction with a protease, cleavage of the RCL, covalent linkage of
the serpin to the protease, and conversion of the cleaved protease

to the inactive form, with a structure similar to the latent form. An
interesting future mechanistic question for simulation is how the
cleavage of the RCL is coupled to the structural conversion of the
serpin fold to the inactive state. While such a problem would be
difficult to study with standard topology-based models, so-called
dual-topology models can accommodate alternative stable states
(12–14), allowing the coupling between bond cleavage and confor-
mational transitions to be studied directly in a simulation model.
Another interesting aspect of serpins are serinopathy diseases,
characterized by formation of pathological polymers of these pro-
teins (ref. 15, also hinted at in ref. 4). The identification of a domain-
swapped serpin dimer structure suggests a potential mechanism for
head-to-tail polymerization (16) (Fig. 1F). In this structure, each pro-
tein swaps one β-hairpin (involving the RCL) with the other; were the
exchange not mutual, such interactions could be used to form a
chain of serpin molecules. If polymerization indeed occurs by do-
main swapping, it should also be possible to study the mechanism
using simulations with structure-based models (17, 18). There is
thus rich potential for theory and simulation to provide further in-
sights into the mechanisms of serpin folding, inhibitory function,
misfolding, and polymerization.
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Fig. 1. Stable states populated by the serpin α1-antitrypsin. The unfolded protein (a) initially folds to an active, inhibitory conformation (b) in
which the RCL (red) is exposed [Protein Data Bank (PDB) ID code 1QLP (19)]. (c) Protease (in this case, trypsin, shown in blue) binds to the RCL
[PDB ID code 1OPH (20)]. (d) Loop is cleaved by the protease, resulting in the enzyme being covalently linked to the serpin and insertion of the
RCL sequence into a β-sheet [PDB ID code 1EZX (21)]. (e) Serpin can also adopt a latent fold, similar to the cleaved structure, which is more
thermodynamically stable than the initially formed inhibitory fold [PDB ID code 1DVN (22)]. (f) Domain-swapped dimer structure [PDB ID code
2ZNH (16)] hints at a possible mechanism of polymerization.
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