
Topological Aspects of DNA Function and Protein Folding 523

Knotting pathways in proteins
Joanna I. Sułkowska*†1, Jeffrey K. Noel‡, César A. Ramı́rez-Sarmiento§, Eric J. Rawdon‖, Kenneth C. Millett¶ and
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Abstract
Most proteins, in order to perform their biological function, have to fold to a compact native state.
The increasing number of knotted and slipknotted proteins identified suggests that proteins are able to
manoeuvre around topological barriers during folding. In the present article, we review the current progress
in elucidating the knotting process in proteins. Although we concentrate on theoretical approaches, where a
knotted topology can be unambiguously detected, comparison with experiments is also reviewed. Numerical
simulations suggest that the folding process for small knotted proteins is composed of twisted loop formation
and then threading by either slipknot geometries or flipping. As the size of the knotted proteins increases,
particularly for more deeply threaded termini, the prevalence of traps in the free energy landscape also
increases. Thus, in the case of longer knotted and slipknotted proteins, the folding mechanism is probably
supported by chaperones. Overall, results imply that knotted proteins can be folded efficiently and survive
evolutionary pressure in order to perform their biological functions.

Introduction
For a long time, it was believed that knots were too
complicated to exist in protein structures [1]. The situation
changed in 2000 [2] when the first deeply embedded
protein knot was discovered. Since then, knots and slipknots
(slipknots arise from threading one loop through another,
while the entire chain remains unknotted [3]) have been
discovered in 2% of the proteins deposited in the PDB [4–7].
Although this number is significant, it is small in comparison
with the ubiquitous knots in globular homopolymers [8,9].
This suggests that protein knots are limited either by the
challenges of folding and misfolding or that knots have
been systematically discriminated against by Nature for not
providing an advantage to the organism [10]. Which case is
true is a very intriguing and challenging question.

Recent results show that knotted motifs can be conserved
across different families despite very low sequence similarity
[11]. This suggests that these knots are conserved to preserve
some functional advantage since their complex folding is
likely to be disadvantageous for their host organisms.
Currently, the functions of knots are not known. However,
different types of stabilizing capacities of knots and slipknots
have been suggested [7,11–15].

How complicated are protein knotting mechanisms? In
the case of unknotted small or midsize proteins, it is known
that they fold upon minimally frustrated funnel-like energy
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landscapes, which allow for fast and robust folding [16,17].
Native contacts play a dominant role in guiding these proteins
to their native states in the range of microseconds to seconds.
Relatively few complicated folding mechanisms have been
proposed; examples are backtracking in interleukin 1β [18,19]
or GFP (green fluorescent protein) [19a]. Thus, in principle,
the low frequency of knotted proteins may be a consequence
of the topological barrier to folding. Proteins that fold
too slowly will be eliminated by evolution. Therefore it is
important to understand how existing knotted proteins can
find their native states. Are there multiple pathways possible
for folding knots? Are native contacts [20] always sufficient
to fold knotted proteins, and, if not, how are chaperones
involved?

Currently, research is focused on three main aspects of
knotted proteins: their evolutionary pathway, their tying
mechanism and the function of the knotted topology
[2,6,7,11,21,22]. In the present review, we summarize our
present understanding of the tying process in proteins. Other
reviews on the topic of knotted proteins can be found in
[7,15,22,23], and, of particular relevance to the present review,
the mechanism for untying is discussed in [23].

The folding mechanism of trefoil
knotted proteins
The tying process has been most intensely investigated
for the proteins YibK, from Haemophilus influenzae, and
YbeA, from Escherichia coli [24], members of the SPOUT
methyltransferase superfamily that conserve a deeply knotted
trefoil at the C-terminus [11]. Recent in vitro results
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Figure 1 Tying proteins through slipknots

Upper panel: cartoon representation of YibK (PDB code 1MXI), which

forms a trefoil knot. Lower panel: knotting mechanism of YibK based on

numerical simulations.

show that both YibK and YbeA can fold spontaneously in
approximately 20 min [25]. However, chaperones are shown
to significantly accelerate the knotting mechanism. The most
important advance in this study was initiating folding from
an unknotted and denatured protein since other studies have
shown that the knotted topology persists in the denatured
state [26] and during mechanical manipulations [12,27,28].
Comparison of folding times between unknotted [25] and
knotted-unfolded [26] protein chains suggests that knotting
is the rate-limiting step during folding.

Whereas experiments have shown unequivocally that
isolated proteins can fold into knots, a structural explanation
of the folding process is still beyond experimental resolution.
The detailed structural information available in theoretical
simulations is shedding considerable light on knotting
mechanisms. Before experimental confirmation, it was shown
in 2009 that native contacts are able to guide the folding
process of YibK and YbeA [29] using SBMs (structure-based
models) [20,30]. Their folding process comprises two main
steps: a native twisted loop formation and the threading of the
shorter terminus via a slipknot conformation (Figure 1). The
low success rate (<5%) for reaching the native knotted con-
figuration was explained as a consequence of deep energetic
and topological traps. Knot threading was identified as a rate-
limiting step for folding in these proteins since an unknotted
construct achieved a much higher success rate (∼73%). This
slipknot folding mechanism was preferred over forming
shallow knots that could be converted into native knots. This
is surprising in the light of experimental results showing that
flexible polymers (strings) can knot spontaneously [31].

Heterogeneous interactions in the knotted region were able
to increase the folding rate of YibK [29,32]. It was shown
that the slipknot intermediate and the twist (region closing
the native knotted loop) is formed by the amino acids glycine
(flexible) and proline (stiff). In a homogeneous SBM, these
amino acids and all native contacts interact with the same

strength. Adding flexibility to glycine, stiffening proline and
introducing heterogeneity to the native contact interactions
in the knotted region of the SBM increased the successful
knotting rate [29,32]. In a different study, introduction of
targeted non-native contacts between the C-terminus and
the knotted loop significantly decreased the topological
barrier and allowed YibK to fold with near 100% efficiency
[29,32]. However, these contacts completely change the
knotting mechanism from slipknotting to pulling (threading
shallow knots). Appropriate interplay between non-native
and native contacts can knot proteins even twice the size
of YibK, as was observed for AOTCase (aspartate/ornithine
carbamoyltransferase) [33].

The predicted tying mechanism (slipknot intermediate) has
been seen in other models as well. The potential energy
surface of truncated YibK [34] shows that the threading
of the terminus through a twisted loop occurs late in the
folding process, thereby creating a large energy barrier
that serves as the rate-limiting step in the folding process.
Interestingly, various unfolding simulations using Cα, all-
atom SBM or explicit solvent models all showed that the
slipknot conformation is commonly used to untie YibK [35]
or AOTCase [14,33]. Folding a trefoil knot (which mimics
YibK) on a lattice model [36] showed properties similar to
those in a continuous model [29]. These results, along with
those presented in the next section, imply that folding knots
via slipknots is a robust feature of knotted protein energy
landscapes.

The free energy landscape of the two
smallest knotted proteins
In 2010, the smallest knotted protein (PDB code 2EFV) was
found [37]. The protein 2EFV creates a trefoil knot located
at least ten amino acids deep from both termini (Figure 2A).
Using an SBM [38] based solely on the native contacts [29,33],
2EFV became the first knotted protein for which a free
energy landscape, F(Q) (Figure 2A), was determined [39]. The
thermodynamics data revealed an intermediate with twisted
loop formation and knot threading at the top of the free
energy barrier. The transition state ensemble showed two
folding routes: a plugging route and a slipknotting route. We
present, as well, new data for VirC2, a protein that has the
same fold as 2EFV, but with a deeper knot and only 33%
sequence similarity. Figure 2 shows that the two proteins
have analogous free energy profiles with clear pre-knotted
intermediate states. The analysis shows the dominant effect
of topology on the folding route.

Artificial knots through protein design
The first detailed in vitro experimental characterization
of equilibrium protein folding/knotting was achieved by
designing a novel knotted protein based on genetic fusion
of the tandem repeat of a gene of an unknotted dimeric
protein [40]. This designed protein reversibly ties itself into
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Figure 2 Comparison of free energy landscapes of a structurally similar hypothetical protein MJ0366 (A) and VirC2 (B) (PDB codes 2EFV

and 2RH3 respectively)

The proteins fold the β-sheet first, which defines the twisted-loop intermediate that precedes threading of the

C-terminus. The broken line in (A) shows the contour where the probability of having a knot in the simulation is 50%.

This indicates that the knot is threading at the top of the free energy barrier, the rate-limiting step to folding. The contours

in (A and B) define steps of 1.5 kBT.

the intended natively knotted configuration. Its folding time
was shown to be 20-fold slower than that of a twin protein,
which was designed to have an analogous tertiary structure,
but to be unknotted. This reversibly foldable knotted protein
is amenable to simulations, and showed close qualitative and
quantitative agreement between experimental and theoretical
results, suggesting further that SBMs (and simulations in
general) are an important tool for explaining the tying process
that is still hidden from experimental resolution. Simulation
with SBMs was possible since the native topology was known
from X-ray crystallography [40]. Key conclusions from the
simulations were that (i) knotting occurs in the transition
state ensemble, (ii) kinetics data reflect the experimentally
observed rollover in the folding limbs of chevron plots, (iii)
correct folding or tying is restricted to a narrow range of
temperatures in comparison with the unknotted protein [11],
and (iv) the presence of a dead-end intermediate that lacks
the knot suggests the importance of backtracking events [41].
Moreover, the results [11] suggest that gene fusion coupled
with evolutionary optimization of the stiffness and size of
the knotted protein core is a feasible process for creating
small knotted proteins that can fold reversibly.

Proteins with complex knotted fingerprints
Identified in 2010, the 61 knot in DehI [37] represents the
most complex knot known [11]. Hints of how this protein
can fold were obtained from SBM simulations. Even though
the folding rate was very low (even lower than for YibK [29]),
successful folding trajectories showed a simple tying process.
DehI first folds two aligned unknotted loops then ties a knot
by (i) threading the C-terminus through the smaller loop
(through a slipknot conformation), and (ii) flipping the larger
loop over the smaller loop, where the order of the steps (i)
and (ii) can be reversed. Flexible regions with glycine and
proline are involved in flipping the loop, the twisted arc
and the temporary slipknotted configuration.

In 2006, a shallow 52 knot [7] was identified in the UCHs
(ubiquitin C-terminal hydrolases) UCH-L1 and UCH-L3,
whose function is the degradation of proteins. Available
in vitro data on UCHs suggest reversible folding/knotting
under chemical denaturation [42]. The kinetics suggest
parallel pathways with two intermediate states. Such a
landscape is plausible because of the very shallow knot that
allows spontaneous knotting through thermal fluctuations
after folding the core of the protein. However, verification
of an unfolded/unknotted state is still required in order to
confirm this interpretation of the kinetic data.

Natively slipknotted proteins [3,11], although untied when
pulled from their termini [43,44], create a very interesting
class of proteins with non-trivial folding processes. Currently,
it is known that several slipknots in tandem can create
complex knotted motifs that are conserved despite low
sequence similarity [3,11]. Results suggest a reversible
unfolding and folding process composed of multiple routes
for alkaline phosphatase, a protein with a simple slipknot
motif [3,11]. SBM simulations of a protein with the same
slipknot motif, thymidine kinase, explained the folding
process by a ‘flipping mechanism’, in which the slipknot
formation is initiated by rotation of the slip-loop over the
unknotted native core of the protein [29]. Glycine and proline
are found in the hinge regions that probably support this
rotation. The flipping mechanism represents the simplest way
to fold a slipknot; however, the small number of successful
folding events suggests participation of external help to
overcome deep topological traps.

Analogous knotting mechanisms for other complex
knotted proteins were suggested by considering sequence
and knotted motif conservation [3,11]. It was shown
that families with a conserved knotted fingerprint, despite
having low sequence similarity, show a preference for the
conservation of glycine in the hinge regions. These amino
acids can facilitate folding and suggest a knotting mechanism
composed of the steps observed in smaller proteins. Much
shorter slipknotted proteins, such as those encoded by
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crenarchaeal virus AFV3 (Acidianus filamentous virus 3) open
reading frame 109, fold employing only the first three steps
in Figure 1 [29]. This provides strong support for a common
knotting process between knotted and slipknotted proteins.

Discussion
In summary, numerical simulations suggest a set of related
folding mechanisms for knotted proteins. It consists of
twisted loop formation, and then threading by either slipknot
configurations or flipping motions. This general knotting
mechanism is robust across all knotted or slipknotted protein
topologies that can be untied in one step (which is the case
for all known proteins) as suggested in [22]. Combination of
experimental and theoretical results shows that small knotted
proteins can be reversibly self-tied, whereas proteins with
deep or complex knots may need some external guidance to
fold, for example from chaperones [25]. The precise action
of these chaperones remains unknown, but their general
role would be to enable protein conformations to overcome
topological traps and to facilitate the proposed folding
mechanisms. In the future, detailed methods such as single-
molecule fluorescence need to be incorporated into in vitro
studies in order to strengthen the combined experimental
and theoretical efforts to elucidate the driving force for tying
knots in proteins.
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