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The issue of how a newly synthesized polypeptide chain folds to form a
protein with a unique three-dimensional structure, otherwise known as the
‘protein-folding problem’, remains a fundamental question in the life sci-
ences. Over the last few decades, much information has been gathered
about the mechanisms by which proteins fold. However, despite the vast

hydrolase topological diversity observed in biological structures, it was thought

improbable, if not impossible, that a polypeptide chain could ‘knot’ itself
Correspondence to form a functional protein. Nevertheless, such knotted structures have
éB; 1'\42”36*"(' StJohn’s College, Cambridge  gince been identified, raising questions about how such complex topologies

can arise during folding. Their formation does not fit any current folding
models or mechanisms, and therefore represents an important piece of the
protein-folding puzzle. This article reviews the progress made towards dis-
covering how nature codes for, and contends with, knots during protein
folding, and examines the insights gained from both experimental and com-
putational studies. Mechanisms to account for the formation of knotted
structures that were previously thought unfeasible, and their implications
for protein folding, are also discussed.
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The protein-folding problem continues to be a major
challenge for structural, molecular and computational
biologists. The past two decades have seen the folding
pathways of many proteins characterized in detail
using experimental and computational approaches.
Current theories suggest that proteins can collapse,
rearrange, form intermediates and even swap parts of
their structure in order to reach their native conforma-
tion [1,2]. Yet, it was once thought impossible that a
polypeptide chain could fold to form a knot in a pro-
tein. It was somewhat surprising, therefore, when a
group of proteins possessing this entirely unexpected
structural property was identified [3-7]. Such knotted
structures were completely unpredicted as, because of
the apparent complexities involved, it was thought
unfeasible for a protein to fold efficiently in this way.
To determine how these proteins knot represents a
fundamental and exciting new challenge in the protein-
folding field. This review highlights some of the most

Abbreviation
MTase, methyltransferase.

complex knotted structures identified to date and sum-
marizes the recent developments made towards under-
standing the mechanisms involved in their formation.

Why are protein knots so unexpected?

In its simplest form, the protein-folding problem can
be broken down into two parts: first, how a given
amino acid sequence specifies the final functional struc-
ture of a protein and, second, how a protein reaches
this native state from an initially unfolded (or dena-
tured) chain. Answers to these questions will have
practical consequences in medicine, drug development
and bio- and nanotechnology [8-10]. A wealth of data
on protein-folding mechanisms has been acquired since
the first reported high-resolution, three-dimensional
protein structures prompted research into the field
nearly five decades ago [11]. Presently, the majority of
protein-folding studies have focused on easily manipu-
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lated, single-domain monomeric proteins, as they rep-
resent simple folding systems [12]. These have led to
many models being proposed and tested for the differ-
ent mechanisms by which small proteins fold [1,13].
Currently, the combination of experimental data and
all-atom molecular dynamics simulations means that it
is possible to monitor the folding of a small protein at
atomic resolution [1]. It is hoped that information
gained from such studies will be applicable to larger
proteins with more complex topologies.

The final structure of a protein is of particular
importance compared to other biological polymers
since it is this specific three-dimensional shape that
allows it to perform its function. As the number of
solved protein structures continues to grow, an increas-
ing variety of unique protein topologies have been
observed [14,15]. The likelihood of a protein develop-
ing a knotted structure was first reflected on over
30 years ago [16], but it was thought improbable that
folding could occur efficiently in this way [17]. Assum-
ing that a polypeptide chain cannot pass through itself,
a knot in a protein would have to nucleate at one
terminus and a threading event would be required at
some stage during folding. Current protein-folding the-
ories do not anticipate such an event and therefore
imply that proteins should generally be knot free. For
example, evolved proteins tend to fold co-operatively
in an all-or-none fashion; in the simplest case, mole-
cules fold with a two-state mechanism and exist only
in native or denatured forms [18]. As a result, folding
is assumed to occur spontaneously and in a single step
under conditions in which the native state of the pro-
tein is favoured. It is difficult to imagine how a precise
knot could form during folding in this manner; when
considering human-scale examples, specific knots are
unable to self-assemble spontaneously and any thread-
ing must be performed with intent. Further to this,
many recent protein-folding models involve the con-
cept of folding energy landscapes (Fig. 1) [19,20]. It is
thought that, for folding to take place efficiently and
on a biological time scale, a protein must have a fun-
nel-shaped energy landscape under folding conditions.
The width of the funnel at a particular energy repre-
sents the chain entropy, resulting in a broad top that
indicates the large number of conformations available
to the denatured state. Natural proteins have evolved
to have relatively smooth funnels so that their low-
energy native configuration can be approached effi-
ciently from a wide ensemble of denatured states
(Fig. 1). Folding is assumed to occur with an increas-
ing degree of ‘nativeness’ as the protein progresses
down the funnel; the native topology of a protein
determines its folding mechanism [20]. This notion
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Fig. 1. Cross-section of a protein-folding energy landscape that
describes folding from the denatured to the native state of a pro-
tein. Such folding landscapes are thought to be robust and funnel
like [20]. In simple terms, the system can be described by a config-
urational entropy term on the x-axis, whereas the y-axis represents
the energy of the conformation and also the fraction of native
contacts, or the 'degree of nativeness'.

would effectively preclude knotting of the polypeptide
chain if non-native interactions are required to initiate
a threading event. Furthermore, the necessity for knot
formation during folding would significantly reduce
the number of denatured conformations that could
successfully reach the native state and, consequently,
restrict the folding landscape. Interestingly, a protein
with knotted topology was thought to be so unlikely
that protein structure prediction studies sometimes
make use of algorithms that rapidly detect and discard
any protein models containing knotted conformations,
as they are deemed ‘impossible structures’ [21,22]. It
was quite unexpected when, contrary to all existing
protein-folding models, a group of proteins possessing
a knot in their structure was identified [3,4].

Protein knots - a surprising case of
topological complexity

Knots and other entanglements occur frequently in
biological polymers. Knotted DNA molecules were
observed as early as 1976 [23], and have since been
studied extensively [24-28]. Long strands of DNA can
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form loose random knots of varying complexity. Simi-
larly, RNA can adopt knotted conformations [29]. In
the case of proteins, structures with a range of intricate
assemblies have been reported [14,15]. Interlocked
topologies can occur when two protein chains inter-
connect and subsequently become inseparable. Exam-
ples include natural and engineered catenanes that
consist of two interlocking rings [30-33] and pseudo-
rotaxanes that comprise a chain threaded through a
ring [34]. Knots in proteins are fairly common if the
entire covalent network is considered; disulfide cross-
links or metal-atom bridges often create ‘covalent
knots’ that can form either during or after folding
[35,36]. A cysteine knot occurs when two disulfide
bonds and their connecting backbone segments form a
ring that is threaded by a third disulfide bond. Exam-
ples of this include the cyclotide family of plant-
derived miniproteins that are approximately 30 amino
acids in size. These contain a cyclized backbone, pre-
sumed to arise from a post-translational modification,
and a knotted arrangement of three disulfide bonds
[15,35,37]. ‘Protoknots’ have been observed in small
peptides when a linear segment loops back and threads
through a cyclic component formed by a backbone
side-chain linkage [38,39]. Such structures do not pres-
ent an obvious folding problem as a covalent knot can
be introduced after the backbone folds; a specific
threading event is not necessarily required. Finally,
protein ‘slip-knots’ can exist if the protein chain forms
a knot, but then folds back to effectively untie itself
and render the structure unknotted when considered in
its entirety [40].

The path of the backbone polypeptide chain exclu-
sively defines protein ‘topological knots’. The first of
these to be identified nearly 15 years ago were only
‘shallow’ knots, with one end of the chain extending
through a wide loop by just a few residues. Examples
include carbonic anhydrase B from Neisseria gonor-
rhoeae [17] and Escherichia coli S-adenosylmethionine
synthetase [41,42]. It is easy to see how such knots
might form from a wandering chain during folding,
and they only exist because a few residues at a termi-
nus pass on one side of a neighbouring strand rather
than another. Often these structures become unknotted
if viewed from a different angle [3,6]. This brings
about the issue of what defines a knot in a protein,
and how they can be identified [6]. Detecting protein
knots is often not straightforward, and sometimes
impossible simply by examination of the structure by
eye [3]. From a mathematical viewpoint, formal knot
theory defines knots as closed paths; no unspliced ends
are allowed by which the knot can untie [43]. In this
strict sense, an amino acid chain can never form a true
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knot. However, the ends of the protein chain can be
theoretically joined by a long loop. This can often be
done unambiguously, as protein termini, because of
their charged nature, tend to lie on the surface of the
structure. The polypeptide backbone then becomes a
closed path and the knot state of the resulting struc-
ture can be determined by its Alexander polynomial
[43-46]. Problems still occur if the termini of a protein
do not lie on the surface, and an algorithm developed
by William Taylor offers an alternative approach to
the detection of knots [3]. The algorithm ‘shrinks’ the
protein in on itself, whilst the termini are left fixed by
repeatedly replacing the coordinates of the a-carbon of
each residue with the average of itself and its two
neighbours. If this is continued indefinitely, unknotted
strings are reduced to a straight line connecting the
termini, whilst those containing knots become blocked.
Using this algorithm, Taylor detected the first deeply
embedded knot in a protein approximately 8 years ago
— an intricate figure-of-eight knot in the plant protein
acetohydroxy acid isomeroreductase — that had not
been identified visually beforehand because of its struc-
tural complexity (Fig. 2A). The method allows the
location of the knotted core to be pinpointed and the
‘depth’ of the knot to be calculated from the smallest
number of residues that can be removed from each
side before the structure becomes unknotted [3,44].
‘Deep’ knots have more than 20 amino acid residues
on either side of the knot core [4]. Improvements in
detection methods, together with the growing number
of solved protein structures, has led to the identifica-
tion of an increasing number of knotted proteins [44—
47]. To date, over 250 knotted structures have been
discovered in the Protein Data Base, equivalent to
approximately 0.5% of all entries [46]. As well as the
figure-of-eight knot in acetohydroxy acid isomero-
reductase, notable examples include a knot with five
projected crossings in human ubiquitin hydrolase
(Fig. 2B) and a significant number of o/ proteins
containing deep trefoil knots (Fig. 2C). The advanta-
ges of such knotted topologies remain unknown,
although it has been suggested that they may confer
stability and/or functional benefits [7,14,46].

A deep topological trefoil knot was first seen in the
catalytic domain of the hypothetical RNA 2’-O-ribose
methyltransferase (MTase) from Thermus thermophilus
(RrmA), an o/f protein and a member of the SpoU
family [48]. Since then, over 15 o/ proteins containing
similarly structured trefoil knots have been reported
[5,44,49-56]. These knotted proteins share some com-
mon features. All are likely to function as MTases, a
type of enzyme involved in the transfer of the methyl
group of S-adenosylmethionine to DNA, RNA,
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Fig. 2. Example structures of complex knotted proteins. (A) Plant protein acetohydroxy acid isomeroreductase [Protein Data Bank (PDB)
code 1YVE] boasts a very complicated figure-of-eight knot and the most deeply embedded natural knot observed to date, with over 200 resi-
dues on one side and 70 on the other [4]. (B) Human ubiquitin hydrolase (PDB code 1XD3) contains the most complex protein knot discov-
ered, with five projected crossings. (C) Haemophilus influenzae tRNA(M'G37) methyltransferase (TrmD) (PDB code 1UAJ) has one of the
deepest natural trefoil knots identified, with 92 residues on its shortest side. Crystal structures are coloured pink to red from amino to car-
boxy terminus, respectively. Reduced representations of the various knots generated using KNOTPLOT (http://www.knotplot.com) are shown
below each structure. Protein structures were produced using pymoL (http://www.pymol.org).

proteins and other small molecules [57]. The knot
region comprises part of the S-adenosylmethionine-
binding site [5,48-53,55]. In addition, all form dimers
in solution, with the knot structure also involved in
the dimer interface. In recognition of the above simi-
larities between MTases with knotted topologies, a
new superfamily of proteins was defined, known as the
o/B-knot superfamily of MTases [49,58]. The charac-
teristics of members of this family include dimer for-
mation and the presence of a deep trefoil knot that
provides the S-adenosylmethionine cofactor-binding
site. Trefoil knots have been identified in proteins
other than o/B-knot MTases, the most recently
reported example being a zinc finger protein containing
a new trefoil-knot fold [59].

Since these structures are unaccounted for by pres-
ent-day folding models, proteins that contain a knot
represent a unique protein-folding conundrum. Unlike
the random unstructured knots observed in DNA
molecules that can be compared with accidental tan-
gles, proteins adopt specific topologies and have
defined folding mechanisms. It is not obvious how,
during folding, a substantial length of polypeptide
chain manages to spontaneously and reproducibly
thread itself through a loop. Several important

advances have been made in the last few years to
address the question of how a knotted protein folds.

How does a knotted protein fold?
Experimental and computational
insights

The mechanisms involved in protein knotting have been
probed using a combination of in vitro and in silico
techniques. Experimental studies have primarily exam-
ined the folding of two of the smallest homodimeric
o/ MTases identified, YibK from Haemophilus influ-
enzae and YbeA from Escherichia coli (Fig. 3). Both
YibK and YbeA can be unfolded reversibly in vitro
using the chemical denaturant urea, which demon-
strates that their complicated knotted structure has not
hindered their folding efficiency [60,61]. Their folding
pathways have been characterized using kinetic single-
jump and double-jump mixing experiments. The fold-
ing of YibK is complex because of its dimeric nature
and the existence of heterogeneous species in the
unfolded state that cause multiple folding pathways
[62]. The kinetic mechanism most consistent with the
experimental data involves two different intermediates
from apparent parallel folding channels that fold via a
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Fig. 3. The a/B-knot MTases YibK and YbeA. (A-C) The X-ray crystal structures of YibK from Haemophilus influenzae (top, PDB code 1MXI)
and YbeA from Escherichia coli (bottom, PDB code 1NS5). Both proteins contain a topological trefoil knot formed by the polypeptide back-
bone; a substantial length of polypeptide chain (approximately 40 residues) has threaded through a loop during folding. (A) Ribbon diagram of
a monomer subunit, showing the deep trefoil knot at the C-terminus. Structures are coloured to show the knotting loop highlighted in red
and the knotted chain in dark blue. (B) Dimeric structures coloured as in (A). YibK is a parallel homodimer, whereas YbeA dimerizes in an
antiparallel fashion. (C) Topological diagrams indicating the knot region and structural elements common to members of the o/p-knot super-
family, which are shown in grey. (D, E) Structures of the knotted fusion proteins ThiS-YibK-ThiS and ThiS-YbeA-ThiS, respectively, obtained
from small-angle X-ray scattering experiments. These artificial constructs contain the deepest knots known, with over 125 residues on either
side of the knot core. Knotted domains are coloured as in (A), and ThiS domains are highlighted in green. Ribbon diagrams were generated
using RIBBONS [78] and pymoL (http://www.pymol.org).

third sequential monomeric intermediate to form formation in both proteins may be related (Fig. 4B)

native dimer in a slow rate-limiting dimerization reac-
tion (Fig. 4A). Although YbeA appears to fold via a
simpler pathway with only one observable monomeric
intermediate, similarities between the folding of YibK
and YbeA imply that the mechanisms involved in knot

[61]. Both show considerable resistance to denaturation
and share a common equilibrium unfolding mec-
hanism involving a populated monomeric intermediate.
Strong dimerization appears to be a characteristic of
o/B-knotted proteins, and there is no evidence for
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Fig. 4. The proposed folding pathways of the knotted proteins YibK (A) and YbeA (B) most consistent with kinetic experimental data [61,62].
(C) A mechanism for the knotting and folding of YibK based on data from mutational studies [66]. The mutations made in the knot region to
probe the folding mechanism are highlighted. Mutant kinetic data were consistent with independent knotting and folding events. It has been
suggested that heterogeneous loosely knotted conformations in a denatured-like state (D, and D,) fold via parallel channels to form interme-
diates Iy and |,. The knotted region of the protein remains relatively unstructured until it forms during the folding of I3 and subsequent dimer-
ization. The exact nature of the heterogeneity in the denatured state, leading to the apparent parallel folding channels, and the structure of
the intermediate species remain unknown, and so the representations shown here are for illustrative purposes only. Arrows are coloured to
match those in (A). Ribbon diagrams were generated using pymoL (http://www.pymol.org). Figure adapted from [66].

dissociation of either protein in buffer at near-neutral
conditions. Furthermore, both fold via sequential
mechanisms that involve the slow formation of a
kinetic monomeric intermediate, followed by an even
slower dimerization step [61]. Perhaps somewhat sur-
prisingly, investigations have revealed no folding attri-
butes that can be directly linked to knot formation;
the apparent intricacies involved do not seem to cause
a folding problem. In addition, it has been shown that
the dimerization of YibK is essential for maintaining
its native structure and function, as cofactor-binding
experiments indicate that the knotted region is not
fully structured in a monomeric version of the protein
[63]. The folding of YibK has also been studied using
molecular dynamics simulations [64]. These suggest
that formation of the knotted structure is only possible
when specific, non-native, attractive interactions are
introduced during folding simulations. The results indi-
cate that knot formation occurs before dimerization of
the protein and, in agreement with experimental data,
that parallel folding pathways exist to the native
structure [64].

The events that occur during the folding and
knotting of YibK and YbeA have been probed by the

construction of a set of novel multidomain proteins
that involve the fusion of another small protein, Arche-
oglobus fulgidus ThiS, to either YibK or YbeA at their
amino terminus, carboxy terminus or both termini
(Fig. 3D,E) [65]. ThiS is a 91-residue monomeric pro-
tein that was used as a ‘molecular plug’ in an attempt
to hinder the threading motions of the polypeptide
chain or to prevent it from knotting altogether. Inter-
estingly, cofactor-binding and small-angle X-ray scat-
tering experiments indicated that the artificial
multidomain constructs were all able to knot and fold
[65]. Furthermore, their folding kinetics were compara-
ble with those of the equivalent wild-type protein,
despite the fact that a considerably longer segment of
chain must be threaded through a loop. These results
suggested that a threading event was not the rate-
limiting step during the in vitro folding of these pro-
teins. The fusion proteins with ThiS attached to both
termini contained the most deeply embedded protein
knots observed to date, as over 125 residues can theo-
retically be removed from each side before the struc-
ture becomes unknotted (Fig. 3D,E). In order to
account for the ability of an additional protein domain
to thread during folding, it was concluded that the
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formation of o/B-knotted proteins probably propa-
gates from a loosely knotted, denatured-like state [65].
Whether the knot becomes completely untied in the
urea-denatured state of a knotted fusion protein
remains to be determined; however, the existence of a
rapid pre-equilibrium between unknotted and loosely
knotted conformations was proposed [65].

Most recently, the folding pathway of YibK has
been examined using single-site mutants [66]. The
effect of mutations made in the knot region was inves-
tigated to provide information on its formation along
the folding pathway. Data were consistent with a fold-
ing mechanism for YibK in which loose knotting of
the polypeptide backbone occurs very early on in fold-
ing, but formation of the native structure in the knot-
ted region of the protein happens late and is relatively
slow. These results suggest that the threading and fold-
ing of the protein chain are therefore successive events,
and a preliminary folding model for YibK was pro-
posed (Fig. 4C). The idea that the heterogeneity
observed in the denatured state of YibK is a result of
the knotting mechanism, and caused by multiple
unfolded knotted conformers, was also suggested [66].
This unusual folding model raises questions about the
relative importance of early folding events in predict-
ing how a given polypeptide chain will fold.

Other strategies have been used to probe knot for-
mation in protein molecules. For example, experiments
on engineered interlocking protein complexes have
provided information on the possible mechanisms
involved in the knotting of a polypeptide chain. To
investigate the kinetics of protein threading directly, a
designed protein catenane based on the small p53
tetramerization domain was engineered into a protein
pseudo-rotaxane [32,34]. In order to fold, a linear
portion of protein chain was required to thread
through a cyclic segment; this was found to be a slow
but highly efficient process [34]. Studies have also been
undertaken to investigate the effect of a knot structure
on the mechanical response of a protein. A protein can
be mechanically unfolded at the single-molecule level
using atomic force microscopy [67]. In these experi-
ments, the protein of interest is attached between two
surfaces and a force is applied by increasing the dis-
tance between the tethered ends. It is interesting to
consider what would happen to a knotted protein as it
is ‘pulled’. Presumably, the presence of a knot would
cause the molecule to become tightened rather than
loosened if it is pulled from both ends; after the struc-
ture is completely destabilized, the protein would
remain as a straight chain with a single knot. The
mechanical properties of bovine carbonic anhydrase B,
a protein that contains a shallow trefoil knot at its
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carboxy terminus [68], have been examined [69,70]. On
unfolding, the protein extends to a distance much
shorter than its theoretical stretching length, which
indicates that the knot structure has indeed become
taut on mechanical unfolding. The effect of pulling
knotted structures has also been examined theoreti-
cally, and stretching simulations suggest that, on tight-
ening, knots in proteins will behave differently from
those in homopolymers [71]. Atomic force microscopy
studies on proteins with deeper knots, to discover
more about their folding and unfolding pathways,
remain an exciting prospect for future research, and a
preliminary description of the first successful unfolding
of a protein with a deep figure-of-eight knot has been
reported [72].

Although the current understanding of protein fold-
ing mechanisms implies that productive knot forma-
tion during folding should be a rare, or impossible,
event, a significant number of simulation studies sug-
gest that protein chains are likely to frequently become
entangled [45,73-76]. The number of knots expected in
a protein-like homopolymer has been investigated
using polyethylene models [73]. These simulations indi-
cate that both the frequency and complexity of knotted
structures ought to increase with chain length; a poly-
mer that is equivalent in length to a few thousand
amino acids should almost certainly be knotted. In
addition, the presence, size and type of knot were
found to depend on the solvent conditions. These ideas
suggest that large protein chains have a high chance of
becoming knotted of their own accord, that more com-
plex knotted topologies should arise from longer poly-
peptide chains and that the solvent could have a
notable effect on the folding mechanism of a knotted
protein. Interestingly, a study comparing the knotting
probabilities in proteins with those in random poly-
mers has shown that native protein conformations
have statistically fewer knots than random compact
loops, which suggests that proteins have evolved to
specifically avoid knotted topologies [45]. The develop-
ment of knotted structures during the collapse of poly-
mer chains has been investigated using simulation
techniques [74,75]. These experiments indicated that
knotting occurs by the tunnelling of the ends of the
polymer chain in and out of the polymer globule. This
knotting mechanism may not be applicable to proteins
since, because of their charged nature, protein termini
favour the solvent-exposed surface; it has been sug-
gested that this could account for the apparent lack of
knots in protein structures [75]. Furthermore, it was
noted that the model is not applicable to the folded
state of a protein where the chain is immobile. The
knotting properties of a simple piece of string as it is
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agitated inside a cubic box have also been examined
[76]. In agreement with polymer simulations, these
experiments suggest that long flexible strings are
almost certain to become knotted after being rotated
for only a few seconds. The results allow a simplified
model for knot formation to be proposed based on the
stiff string forming a coil in the box; when multiple
parallel strands are situated near the termini of the
string, knots can form as the end segment weaves
under and over adjacent segments [76].

Towards solving the folding puzzle of
knotted proteins

The insights gained from investigations into the knot-
ting properties of homopolymers are more likely to be
relevant to the flexible state of a denatured protein, or
perhaps a partially folded ‘molten-globule’ intermedi-
ate, rather than the final rigid native structure. Such
studies may therefore suggest that knotting of a suffi-
ciently long polypeptide chain in the denatured state is
a frequent event, consistent with the model of folding
for the o/B-knot MTases proposed from experimental
data that involves knotting early on in the reaction
(Fig. 4A) [65,66]. Experiments to establish the exis-
tence of such denatured knotted conformers and the
mechanisms involved in their interconversion are an
area for future research.

The prospect that productive knotting to form a
functional protein originates in the denatured state
raises some interesting issues: given that long flexible
strings similar to polypeptide chains appear to have a
high chance of becoming entangled, it may be that
knotted denatured conformers are a folding feature of
all sufficiently large proteins [65]; where the native
state structure is unknotted, productive folding would
only be possible from an untangled chain. Such knot-
ting could preclude successful folding and result in
kinetic traps, parallel folding channels and complex
protein-folding kinetics — large proteins are often over-
looked as candidates for folding experiments because
of their complicated or irreversible folding. The
relevance of the knot state of a chemically denatured
protein to folding events in the cellular environment
remains to be addressed; it is possible that one role of
molecular chaperones is to prevent or reverse unpro-
ductive knotting events in the cell [65].

The mechanisms discussed in this review suggest that
nature may have overcome the problem of knotting a
protein by separating the processes of threading and
folding, so that they occur as successive events. Experi-
ments are consistent with early threading in a loose,
denatured-like state, and simulations suggest that
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knotting is not a problem for polymers similar to the
denatured state of a protein. If threading and folding
occur sequentially, the inconsistencies between knotted
protein structures and current protein-folding models
cease to exist. Knotted and unknotted proteins could
be considered to fold in a similar fashion, the former
differing only with an initial knotting event in a dena-
tured-like state. Should this theory prove to be correct,
the challenging task to determine the interactions
responsible for knotting in a denatured-like state pre-
sents itself. Denatured states are inherently difficult to
characterize because of their flexible heterogeneous
nature [77]. However, it may be necessary to focus on
events that occur early on in folding rather than native
structure formation to predict whether a given poly-
peptide chain will fold to a knotted structure. Further
studies to establish the early folding interactions that
are required to productively knot a polypeptide chain
will likely prove to be essential for protein structure
prediction, simulation and design.
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