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Abstract

Knots in proteins are increasingly being recognized as an important structural concept, and the folding of
these peculiar structures still poses considerable challenges. From a functional point of view, most protein
knots discovered so far are either enzymes or DNA-binding proteins. Our comprehensive topological analysis
of the Protein Data Bank reveals several novel structures including knotted mitochondrial proteins and the
most deeply embedded protein knot discovered so far. For the latter, we propose a novel folding pathway
based on the idea that a loose knot forms at a terminus and slides to its native position. For the mitochondrial
proteins, we discuss the folding problem from the perspective of transport and suggest that they fold inside the
mitochondria. We also discuss the evolutionary origin of a novel class of knotted membrane proteins and
argue that a novel knotted DNA-binding protein constitutes a new fold. Finally, we have also discovered a knot

in an artificially designed protein structure.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Topological structures are an emerging field in
modern chemistry [1]. Indeed, one of the laureates of
the Nobel Prize for Chemistry in 2016, J.-P. Sauvage,
not only pioneered the synthesis of catenanes [2],
which were later used in the construction of nano-
machines, but also constructed the first artificial
molecular trefoil knot in 1989 [3]. Knots also play an
important role in biochemistry and have been observed
to occur naturally in DNA [4—7] and proteins [8—13].

The study of knots in proteins in particular is a
rather novel area of research because for a long time
biologists thought it impossible to fold a protein into a
knot. A trefoil in a carbonic anhydrase was the only
known exception to the rule [14], but this knot is
rather loose and dissolves when a few amino acids
are cut from the C-terminus. Apart from that, the first
systematic scan of the Protein Data Bank in 1994 [8]

did not yield any novel knots, and it took two more
years until the first deeply knotted structure was
located in S-adenosylmethionine synthetase [9].
This discovery was rather remarkable as it is difficult
to identify knots in proteins with the naked eye (see,
e.g., Fig. 1). Most protein knots (like the ones in
this manuscript) have indeed been identified by
computer programs [10-13,15], some of which were
ironically written to dismiss knotted structures in
homology modeling. In recent years, however, the
rather challenging task of identifying knots has
become accessible to non-experts with the emer-
gence of dedicated web servers [16—18].

Although knots are only mathematically well defined
in closed curves, termini of proteins are typically
located at the surface and can be connected in an
unambiguous way [11,19]. So far, about a dozen
distinct families of knotted proteins have been
identified [13,20,21]. Most protein knots are simple
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Fig. 1. Cartoon representation of the protein Tp0642 with the deepest knot discovered so far. As an inset, a reduced
schematic representation of the protein backbone is shown (PDB code: 5jir, chain A). Colors change from red (N-terminus)

to blue (C-terminus) to guide the eye.

trefoils (34) [18]; that is, they exhibit three minimal
crossings in an appropriate projection onto a plane.
Two proteins contain the figure-eight (4,) knot, there is
one 5, knot [11,15], and one knot with six crossings
(64) [12]. Note that the number of protein knots is
small, especially if contrasted with 1221 different folds
in the current version (2.06) of SCOPe [22].
Although protein knots are rare, they appear in all
kingdoms of life and tend to be preserved throughout
evolution—pointing to an origin, which goes back
hundreds of millions, potentially billions of years [13].
In recent years, significant progress has been
achieved, like the first creation of an artificial protein
knot [23] as well as experimental [24-33] and
numerical studies [12,34—42] on folding. The latter
in particular suggests that the folding of complicated
protein knots can typically be achieved in a few or
even a single global movement of a subchain [43] or
as recently suggested directly on the ribosome [44].
Little is still known about the function of the knot in
particular proteins. The only knotted protein, to which
an unknotted homolog exists [11,45], a transcarba-
mylase [46], catalyzes a chemical reaction quite
similar to its unknotted counterpart. For these

proteins, simulations indicate that the knotted one is
more mechanically resistant [34]. A few pairs of
proteins that are analogous in function but have a
different topology have been identified in methyltrans-
ferases [47]. The comparison of knotted and unknotted
proteins responsible for methylation of tRNA has
shown that, although the knot is thought to be a rigid
part of the structure, it responds to the motions of the
whole protein [48]. The trefoil knot in the TrmD protein,
for example, is capable of transfering the signal coming
from the substrates further through the protein by its
internal movements. Mutations of key residues in the
knot suppress its motion and make the protein unable
to conduce the methyl transfer. Knot's involvement
in the enzymatic function suggests that the search for
its role should lay beyond the structure-induced
durability. Apart from that, there have been specula-
tions [11,13,34] and supporting numerical simulations
[13,34,49-51] that knotting in proteins induces resis-
tance to thermal and proteasomal degradation. Corre-
sponding experimental investigations have, however,
only been started recently " [31,32].

In this paper, we discuss in depth novel protein
structures, which contain knots using topological and
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structural analysis, numerical simulations and bioin-
formatic tools. After providing a comprehensive table
of knotted proteins, we report the discovery of
knotted mitochondrial proteins and propose potential
folding pathways based on extensive numerical
simulations. We argue that the folding into the
knotted native state happens after the proteins are
transported to the mitochondrion. We also report the
discovery of a novel knotted protein from Treponema
pallidum. This protein contains the deepest embed-
ded knot known to date, which persists even when
100 amino acids are cleaved from both termini.
Based on our numerical simulations, we suggest a
novel folding pathway for this protein: A loose knot
forms at one of the termini and then slides to its
native position during folding. In addition, we discuss
in detail two novel knotted membrane structures.
These structures belong to two subbranches of Ca2*
antiporters but share barely more than 10% of their
sequence. A reconstruction of a phylogenetic tree
suggests that all members of this fold should be

knotted. Also, we argue that a novel knotted fold in a
DNA-binding protein constitutes a novel fold distinct
from the knotted ribbon—helix—helix (RHH) super-
family. Finally, we show a new example of an
artificially knotted protein, a single-chain TFIIA
protein that retained its function, although its
topology has changed.

Novel Protein Knots

Table 1 provides a non-redundant list of protein
knots classified according to their function, with
recent additions being marked in bold.* The table
includes a representative PDB code, the length of
the chain, the knot type and the length of the knotted
core, that is, the minimum chain segment, which still
contains the knot [19]. This range together with chain
length indicates how deeply a knot is embedded in
the structure. We also provide information on the
chirality of the knots. A knot can either be left

Table 1. A comprehensive list of knotted protein families with representative structures

Protein family PDB code Chain length Knot (fingerprint) Knotted core
Enzyme
Methyltransferase (a/ knot) 1ns5A 153 3+ 71-119
tRNA methyltransferase 1uakA 243 31+ 87-130
rRNA methyltransferase 2egvA 229 3+ 161-205
protein methyltransferase 5h5fA 224 31+ 83-131
Carbonic anhydrase || 1lugA 259 31+ 27-256
SAM synthetase 1fugA 383 31+ 11-266
Transcarbamylase fold 1js1X 324 31+ 172-237
N-acetylglucosamine deacetylase 5buBA 264 31+ 45-294
Pyridine synthase 5wadA 310 3+ 168-350
ClIl Ketol acid reductoisomerase 1yvelL 513 4,(31+) 320-525
Chromophore binding domain 209cA 319 4,(44) 33-274
Ubiquitin C-terminal hydrolase 2etlA 223 5, - (31-,31-) 5-219
a-Haloacid dehalogenase | 3bjxA 311 6, + (61+,44,31+) 63-276
(Mitochondrial apoptosis-inducing factor 1%) 5fmhA 486 31 -(31-) 509-580
DNA binding
Zinc-finger fold 2k0aA 109 3 - 22-70
RHH superfamily
MJO366 2efvA 82 3,- 16-81
VirC2 2rh3A 121 31— 88-191
DndE 4irvA 107 3:- 9-100
Unknown function
Protein from T. pallidum 5jirA 413 31+ 202-313
Artificial proteins
Artificially (designed) knotted protein 3migA 169 3,- 32-133
Single-chain TFIIA 5m4dsA 209 3+ 50-172
Ribosome subunits
Mitochondrial ribosomal protein 4viaw 387 31 -(31-,31-,3¢-) 226289
Membrane proteins
Calcium exchanger protein:
NCX 5hwyA 300 31+ 44-230
CAX 4kppA 395 31+ 78-274

Novel knotted protein families are depicted in bold. PDB code includes the chain identifier the last letter. The first (bold) entry in the knot

fingerprint column refers to the knot type of the whole chain including its handedness (+ for right handed, — for left handed). In brackets, we

depict additional slipknots, which occur (and disappear) when certain subchains are considered (compare with the fingerprint matrix in

Fig. 3). Knotted core positions are taken from the KnotProt [18] and renumbered in agreement with indices from PDB. Chain length

indicated here is the length of the structurally resolved part of the protein and may be significantly shorter than the whole known sequence.
@ Likely knotted, but 5fmhA is missing 15 amino acids in the center of the knot.
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handed (-) or right handed (+) or achiral as
described, for example, in Ref. [20].

A complete picture of knotting along the protein
backbone chain is visual via the so-called fingerprint
matrix introduced in Refs. [13,52]. This matrix
represents the length of the knotted core, types,
chirality and probability of forming knots in all
subchains of a given protein backbone (see, e.g.,
Fig. 3). For example, the whole chain in protein with
PDB code 4viaw forms a trefoil knot. Embedded in
the structure are, however, three additional trefoil
knots (denoted in brackets in Table 1), which can be
located if certain subchains are considered. Such
chains are referred to as internal slipknots [49,53]
and dissolve when the chain as a whole is taken into
account. This happens, for example, when the ends
of a slipknot are extended in a way that they are fed
back into a loop of the knot, dissolving it in the
process. So far, only knotted structures acting as
enzymes and DNA-binding proteins were known. In
the following, we also discuss novel knotted struc-
tures appearing in the ribosome and membrane
proteins.

Topologically Knotted
Mitochondrial Proteins

We identify for the first time two mitochondrial
protein families, which both contain a left-handed
trefoil knot.

In the following, we discuss in detail structures and
folding pathways based on numerical simulations

and argue that the proteins likely fold to their knotted
native state inside the mitochondrion.

The apoptosis-inducing factor 1

The first new knotted fold is observed in the
apoptosis-inducing factor 1 (Aifm1) PDB code:
5fmh, $ which is a mitochondrial flavoprotein located
in the inner membrane that, after cell death
induction, is distributed to the nucleus to mediate
chromatinolysis [54].

Folding

Based on our coarse-grained structure-based
folding simulations [55,56], Aifm1 can be divided
into four domains [including the knotted C-terminal
domain (CTD)] that fold independently (proposed
folding pathway is presented in Fig. 2). Interestingly,
it was shown experimentally that Aifm1's import to
the mitochondrion can occur only for a non-native
state and the folding occurs after the transportation
into the intermembrane space [57]. Aifm1 contains
(near the N-terminal end) a short transmembrane
motif which is responsible for anchoring the protein
to the inner membrane [58].

Such immobilization of one of the ends of an
unfolded protein reduces its conformational sam-
pling and likely affects the folding. Moreover, our
results, regarding the folding pathway of Aifm1,
indicate that the CTD can fold into the knotted
structure independently from the N-terminal part of
the protein. This suggests that the whole folding

KNOTTING

(d)

Fig. 2. Proposed folding pathway of a mitochondrial apoptosis-inducing factor (PDB code: 5fmh, chain a). Based on
folding simulations, this protein can be divided into three trivial domains (colored white, medium gray, dark gray from
N-terminus) and the C-terminal knotted one (colored red to blue from the N-terminus). All these domains fold
independently, with the knotted one first forming a nucleation site consisting of a S-sheet and a-helices* with a freely
following loop (b), which then covers this nucleation site, thus forming the knot (c). Domains then join together to form the
native conformation (d). *Note that simulations were performed with a coarse-grained structure. Thus, here, we indicate
that helix- and sheet-like structures were formed by regions of the protein natively involved in the formation of

corresponding secondary structure elements.
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process of this protein is performed in the intermem-
brane space of the mitochondrion, including knotting.

Importance of the knotted region

Aifm1 is released from the mitochondrion after a
proteolytic cut (see Fig. 4 in Sl), and this truncated
form was shown to be apoptogenic [57]. Interesting-
ly, the CTD domain, which is also knotted, plays a
crucial role in this process [59—61] via DNA-binding
motifs: K510 and K518 [62], and an extended
proline-rich sequence (from amino acid 544 to 555
[63]), which both are part of the knotted core,
specifically the loop covering the knot. Deletion or
mutagenesis of the proline-rich binding motif dis-
rupts interaction of Aifm1 with histone H2AX and
stops the apoptosis [63]. Knots are often tied to the
stabilization of otherwise flexible domains [34,64]
(which is in agreement with the B-factor of the Aifm1
crystal structure). Because the important binding
motifs can be found in the knotted CTD domain, its
knot-induced stabilization could also facilitate the
proper alignment of the functionally crucial elements.

It is also worth noting that Aifm1 as a flavoprotein
binds to flavin derivatives FAD, although binding
regions do not coincide with the knot (as shown
in the Sl Fig. 4). We believe that this departure
from the usual active site-knot relationship may be
due to Aifm1 being a signaling protein, and not an
enzyme.

The human mitochondrial ribosome

The second knotted fold is found in two homolo-
gous proteins from the human mitochondrial ribo-
some type L37 and S30 (respectively, PDB codes:
4via, chain w and 5aj4, chain Bw). Mitochondrial
ribosomes are responsible for the synthesis and
insertion of membrane proteins that are critical for
energy conversion and ATP production inside
mitochondria [65].

The atomistic structures for both of these proteins
came from de novo tracing, since the ribosome
structure was obtained with cryo-electron microsco-
py and there were no homologous structures for
either of these proteins in the PDB [65,66]. This is the
first knotted protein predicted de novo (based on our
review of the structures predicted during the CASP
competition). Matrix representations of the knot
reveal a complex topological fingerprint (see Fig. 3)
for these proteins. Each protein forms a left-handed
34 knot as the whole, and moreover, three distinct
regions in the fingerprint matrix represent subchains
with (other) 34 knots.

The main 3¢ knot is rather shallow from the C-
terminus, with only 5 excessive amino acids. To see
whether the knot can untie due to thermal fluctuations,
we have performed a few all-atom explicit solvent
molecular dynamics simulations. Over the time of

every simulation (the longest for 1 us), the C-terminus
remains stable (Fig. 5 in Sl), which is an indication for
the stability of this knotted topology, although some
loops unfold spontaneously (Fig. 6 in Sl).

Potential folding pathways of the human
mitochondrial ribosomal protein

It is difficult to imagine how the protein with such a
complex topological fingerprint (as can be seen in
Fig. 3) could fold into a stable structure. Current
theoretical results [12,36,38—-40,43,67,68] indicate
that proteins can self-tie in a single movement, which
simplifies the folding landscape significantly [10].
This move corresponds to threading one of the
protein termini across the native twisted loop [38]. In
the case of deeply slip knotted proteins, two folding
pathways are observed. In one, the loop is threaded
across the knotted loop, giving rise to a slipknot,
similarly as in the unfolding mechanism [49]. In
another one, both the knot and the slipknot are
formed almost simultaneously due to rotation of the
loop by almost 360° [38]. This one move makes the
protein structure nontrivial. In all of the studied
examples, knotting is one of the latest steps during
folding. These results suggest that the mitochondrial
ribosomal protein with the complex topological
fingerprint could fold just in two steps: a knot
formation and then rotating (threading) one loop
over/through another loop.

Based on our molecular dynamics folding simula-
tions with a structure-based coarse-grained model of

knot tail

2711 knot core | 289

348} .
426 =—!

40 117 194 271 348 426
Residue index

Residue index

knot tail

Fig. 3. Protein from the large subunit of the mammalian
mitochondrial ribosome (PDB code: 4v1ia, chain w). Cartoon
representation of a protein, a matrix of protein knotting
determined by KnotProt and as an inset, a reduced
schematic representation of the protein backbone is shown.
Colors change from red (N-terminus) to blue (C-terminus) to
guide the eye. The matrix shows how clipping the C-terminus
and/or N-terminus from the entire polypeptide chain (with a
global trefoil knot) leads to the formation of subchains that
form three internal 3; slipknots.
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mitochondrial ribosomal protein (PDB code: 4via,
chain w), we propose its potential folding pathway,
as schematically drawn in Fig. 4.

As can be seen there, whether the final structure is
correctly knotted depends on the position of the N-
terminus. If the N-terminal end does not thread
through at the beginning of the outer knot-forming
loop formation, the protein ends up in a topological
trap, where this terminus cannot be threaded to form
the knot (see Fig. 4e). This configuration, however,
leads to the native slipknot topology. On the other
hand, if the N-terminus does thread (Fig. 4b), a
native 3; knot is formed soon (Fig. 4c) by threading
of the C-terminus (shorter knot tail). Thus, this
intermediate configuration is quite stable. The
ultimate step, that is threading of the last of the
inner loops, turns out to be the rate-limiting step in
the simulations. Consequently, it was only possible
to fold the knotted structure in the simulation time
frame once we have shortened the N-terminus by 34
amino acids (full statistics from simulations are
available in Table 1 in Sl). Based on the analysis
of this data, we think that removing 34 amino acids
(which are present only as excluded volume
interactions in the structure-based model) from the
freely moving N-terminus makes it less motile and
leaves more space for the final loop threading.

(b) Unknotted (c
intermediate state

Residue index

Residue index

Intermediate knotted
state

We do not observe spontaneous knotting at the
early stages of folding. However, probably due to
complexity of the topological fingerprint of this
protein, we observe a significant number of topolog-
ical traps during folding. These traps decrease the
probability of folding this protein in the simulations.
(Types and frequency of topological traps are
available in Table 2 in SI.)

Import to mitochondria

Interestingly, mitochondrial proteins from this study
contain a transit peptide on the N-terminus and are
therefore produced outside the mitochondrion and
have to be transferred through the mitochondrial
membranes. Only small natively folded proteins are
eligible for such a transport, most of the proteins
should be in an (at least partially) unfolded state [69].
Since the knotted mitochondrial proteins from this
study are at least 400 amino acids long, they cannot
be transported in their native state. However, two
different methods of transportation for such proteins
are feasible. In the first scenario, the protein is being
transported in an unknotted state to the mitochondrion
either cotranslationally or with aid of the chaperones to
avoid aggregation (as was shown for other proteins
[70,71]).

(d) Native structure

Knot core

Residue index

Residue index

Topological tra
(e) polog P

3, knot

Slipknot loop
Knot core

Residue index

Unknot

Residue index

Fig. 4. Proposed folding pathways of mitochondrial knotted protein (PDB code: 4via, chain w), based on numerical
simulations. Pathway | (which leads to the proper structure) starts by wrapping the outer loop around the N-terminus (B),
then C-terminus is threaded, which forms the 34 knot (C), and finally another loop threads through the outer knot loop,
which results in the expected complex topological fingerprint K 3;34313+. (D) Pathway Il, in which the N-terminus does not
thread through the outer knot loop, results in a topological trap (E), S3:3434. The letters K and S followed by knot type
notations indicate whether the entire polypeptide chain of this protein forms a knot K or a slipknot S, respectively, and the
knot types formed by the subchains of this protein [13]. Colors change from red (N-terminus) to blue (C-terminus) to guide
the eye. Approximate knot fingerprint matrices for each non-trivial state are shown.
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Our results suggest that the mitochondrial proteins
from this study follow this pathway and are unknotted
prior to entrance and folding in mitochondrion.
Numerical simulations indicate that Aifm1 is a protein
with a downhill folding pathway that can easily knot
from the C-terminus, and in agreement with other
studies [57], we suggest that folding occurs after its
transportation to the mitochondrion.

The second approach to mitochondrial transport
assumes that the folded knotted protein unfolds due
to the encounter with the membrane. After reaching
its location in the mitochondrion, it folds to the native
structure. Movement of a protein chain through a
membrane pore is mediated by an import motor,
which applies force to unfold and pull the protein. In
case of an already knotted protein, pulling would
tighten the knot [72], thus enabling the passage
[49,50]. Such import method is possible only if the
membrane channels will not be occluded by a knot
existing on the polypeptide chain. A tightly knotted
protein chain has a radius of gyration of 7.2 + 0.2 A
(84 knot [73]), whereas mitochondrial channels'
diameters vary from 13 A for TIM23 (translocase of
the inner membrane [74]) to 22 A for TOM (translo-
case of the outer membrane [75]). Moreover,
knotted proteins can easily refold when starting
from the unfolded state with the knot present [38].
All of the above suggests that this approach is in
principle feasible, but unlikely at least for proteins
analyzed here (due to their topological complexity).

The mitochondrial ribosomal protein has a rather
complicated knotting pathway that requires precise
structural configurations. If the protein was knotted
(with all of the inner loops threaded) in the
cytoplasm, it would have to unfold substantially to
cross the membranes, since it seems that only the
tightly knotted structure is eligible for transport. We
therefore suspect that this protein is also unknotted
during import in order to avoid the necessity to
repeat the complicated folding pathway.

The Most Deeply Embedded Knot Is
(Tp0642) from T. pallidum

An interesting novel fold with a trefoil knot appeared
in the crystal structure of a not yet annotated protein
from T. pallidum (Fig. 1). While its function has not
been ascertained yet, it has been suggested [76] that
it can contribute to the unusual cell envelope structure,
which in turn can be important for the pathogenesis for
this syphilis-causative bacterium.

There are no homologous structures deposited yet,
and all of the known sequential homologs, which are
also composed of the three domains found in this
protein, belong to species from genera Treponema.
Especially interesting from the perspective of knotting
of this protein are the aforementioned three domains.
The structure of this protein is highly modular [76], with

the knot appearing in the middle domain. Our review
of all knotted proteins has shown that this protein has
the deepest knot (in depth notes on that can be found
in SI), with tails consisting of at least 138 amino acids
(Fig. 1). Currently, it is believed that knot formation is
always tied to the last stages of protein folding
[20,35,43]. However, in the case of this protein, knotting
should occur rather early in the folding process, as it is
unlikely to tie a knot after folding the two external
(terminal) domains. Our extensive coarse-grained
structure-based simulations indeed indicate that when
terminal domains are formed first, the length of
backbone between them is too short to tie the middle
domain. More precisely, itis impossible to thread one of
folded domains through the twisted loop of the middle
domain, without unfolding significant part of folded
domain. Hence, folding should start from one of the
terminal domains. The middle domain is under constant
tension, so no stable nucleation site can be formed. An
almost perfectly folded protein with a slipknot topology
in the middle domain is shown in Fig. 11 in SI.

Surprisingly, when the starting structure contains a
large loop with one of the termini close to threading, it
is possible for the protein to fold correctly. As a first
step, a shallow knot is formed (through aforemen-
tioned threading). Then, the knot slides toward its
native position in the center of the protein. At this
point, all the domains fold independently in random
order. A full pathway is presented in Fig. 5. Note
that although in Fig. 5 the folding occurs from
the C-terminus, a folding from loosely formed very
shallow knot at the N-terminus would be just as
likely from a computational point of view. For
simulations starting from unfolded conformation
containing a knot around the native position, the
probability of attaining the native structures is around
80% (see Sl Table 2).

The geometry and depth of the knot of Tp0642 can
be compared to knotted proteins YibK and YbeA
fused to ThiS domain (92 residues long) on each
terminus [77]. It was suggested [77] that YibK and
YbeA can form the correct topology even when
encumbered with an additional ThiS domain on each
terminus. As the ThiS domain is expected to fold as
soon as possible, this would suggest the necessity of
threading a fully folded domain through the loop of
the forming knot. The simulation presented in this
paper however suggested that such knotting at least
for Tp0642 is unlikely. Instead, a recent publication
suggests that the key to correct folding of such
proteins may lie in the interaction with the translating
ribosome, and the folding process of the knot itself
may be co-translational [44].

Knotted Membrane Proteins

An exciting discovery is the first occurrence of a
deep trefoil knot in a membrane protein, namely, H*
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Fig. 5. Example of the simulated folding pathway of a knotted protein (PDB code: 5jir, chain A) composed of three
domains. The knot is located in the middle domain (colored red to blue from N-terminus); N-terminal domain shown in light
gray, C-terminal in dark gray. Starting from an unfolded state with a loop, a shallow knot is formed, which then slides to its
native position in the middle domain. All domains fold independently, and are then joined into the final, native-like

conformation.

[78] (Fig. 6a) and Na* [80] (Fig. 6b) calcium
antiporters."

Ca®*/cation (CaCA) antiporters are transmem-
brane proteins, with most members of this family
regulating the calcium level in the cytosol, through
enabling the exchange of Ca®* and various cations
across membranes. CaCA proteins are highly
diverse in terms of both function (with examples of
H*/Mn?* and H*/Mg?* also classified there [82]),
and sequence—with the proteins studied here barely
sharing more than 10% of their sequence [83].

Even with aforementioned high variability of the
sequence, CaCA proteins can be classified into five
major groups: apart from H*/Ca®* (CAX) and Na*/
Ca®* (NCX) exchangers, there are also K*-
dependent Na*/Ca®* exchangers (NCKX), cation/
Ca®" exchangers (CCX) (which exchange cations

other than Na*, H* and K*) and the bacterial
homologous gene (YrbG). In addition, two more
subfamilies can be isolated: NCX-related H*/Mg?*
(MHX) exchangers, and, possibly due to convergent
evolution, Na*/Ca®* (NCL) exchangers [80], which
nevertheless are more closely related to CAX.
Differences between CAX- and NCX-related fam-
ilies remain even when the internal domains are
analyzed separately—that is when both repeats
of the a-helical domain from each protein are aligned
as a separate entity—both domains from CAX group
closely together. The only group that breaks the CAX/
NCX barrier are the NCL exchangers, for which—
appropriately to their NCX-like function and CAX
relatedness—the N-terminal domain gets grouped
with the N-termini from CAX, and the C-terminal one
with CTDs of NCX and similar proteins (full results

Fig. 6. Structure of knotted transmembrane proteins—CaZ?*/cation (CaCA) antiporters. CAX (a) [79] (PDB code: 4k1c)
and NCX (b) [80] (PDB code: 5hwy) antiporter. As an inset, a reduced schematic representation of the protein backbone is
shown. Colors change from red (N-terminus) to blue (C-terminus) to guide the eye.
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including phylogenetic tree in Sl). All this, coupled
with disappearance of some CaCA proteins in
selected lineages, occludes the phylogenetic rela-
tionships within this family.

There are currently four known CaCA exchanger
structures, three H™ antiporters (PDB codes: 4kic,
4kjr, 4kpp) and one Na* antiporter (PDB code:
5hwy), all of them exhibiting a deep right-handed
trefoil knot in the preserved core region—that is
10 transmembrane helices present in all members
of the family [82]. Figure 7 shows a phylogenetic
tree of the CaCA superfamily constructed (following
Ref. [82]) from an alignment of the conserved
core domains from antiporters from rice and
Arabidopsis and selected other species (as per
Ref. [82]). Highlighted are the locations of the known
structures.

NCX(MHX)_300
NCX_1496
NCX_1483
NCX_1652
NCX_1639

One of the known structures is missing from the
tree—the H*/Ca®* from Archaeoglobus fungidus
(PDB code: 4kpp), as its placement on the tree may
be somewhat controversial (full tree is shown in Fig.
12 in SI). While it has been shown experimentally
[78] to functionally belong to the CAX subfamily,
sequential alignment, and the following phylogene-
tical tree, cluster it to the NCKX group. Based on
bioinformatical analysis and study of the literature,
we believe this placement to be correct and that the
similarity in function to the CAX proteins is due to a
convergent evolution. A. fungidus is an archaeal
species, and it has been suggested [84] that
Archaea/Bacteria split predates the emergence of
CAX antiporters. In addition, there are no confirmed
CAX proteins in UniProt belonging to any archaeal
species. Similarly, database search using the
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Fig. 7. Phylogenetic tree for Ca®* antiporters. Subfamilies are shown with different colors. Known structures are

indicated amongst tree leaves by a larger font. As all of the

known structures contain a topological knot and they are spread

throughout the tree, a reasonable conclusion, to be confirmed or rejected as new structures are found, is that the common
ancestor of the family, and the root of the tree, was also knotted, and as such, all other members of this family will contain a

knot.
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sequence of the studied protein yields almost
exclusively sodium-calcium exchangers.

Even with these phylogenetical complications, one
thing appears to remain constant throughout this
group of cation exchangers—aforementioned con-
served core of transmembrane helices. There are
noticeable distinctions in helix shapes in the func-
tional canal between H* and Na™* antiporters, which
further shows that these two groups should be
classified as two separate main branches of the
phylogenetical tree. Since the general shape of the
conserved core remains the same (with RMSD of 4 A
over 270 residues), currently known structures can
be used to reliably model other CaCA exchangers
(including, in Ref. [82], an MHX protein from
Arabidopsis thaliana, other examples described in
Sl). Consequently, since the knotted topology is
conserved between the two divergent subgroups,
this similarity is an indication that the formation of the
knotted structure occurred early in evolutionary
terms and can be traced back to the common
ancestor of all CaCA antiporters and may thus be
present in all members of the superfamily (assuming
that it was not lost again in some of the sub-
branches). This hypothesis will of course be con-
firmed or rejected as soon as more structures of the
CaCA superfamily are determined.

A Small Knotted Protein with a New Fold

DndE belongs to the class of DNA-binding proteins
and is involved in the phosphorothioation of DNA. In
this physiological process, which is widespread in
bacterial genomes, the canonical structure of DNA is
modified by incorporating sulfur into the backbone as
part of the restriction modification system. DndE
folds into a tetramer conformation and is believed to
bind nicked DNA [85]. The backbone of this protein
has a left-handed trefoil knot (PDB code: 4lrv [85],
Fig. 15 in Sl). The crystallized form of DndE consists
of only 110 amino acids and is one of the shortest
known knotted proteins.

Structure-wise, DndE is very similar to the trefoil-
knotted members of the RHH superfamily (MJO366,
PDB code: 2efv; VirC2, PDB code: 2rh3) as
classified by SCOPe [22]. In particular, all three
knotted proteins DndE, MJO366 and VirC2 share a
similarity with an unknotted homodimeric transcrip-
tion regulator SvtR (PDB code: 2kel)—also with the
RHH motif. Further analysis of available sequential
and biological data, however, shows some key
differences that highlight the novelty of DndE fold.

One major difference between typical RHH
proteins and DndE is the structure—function corre-
spondence, that is, the binding mode. Double-
stranded (B-sheet created by two RHH motifs fits
into the major groove of the DNA molecule. On the
other hand, it was shown [85] that DndE forms a

tetramer, which binds the nucleic acid through a
positively charged cleft made up from a-helices from
all subunits (Fig. 15 in SI).

This relocation of the function along the structure
corresponds to changes in sequence—sequence
alignment shows that residues, corresponding to the
binding ribbons from RHH motif, appear in an a-helix
in DndE (Fig. 16 in Sl). In particular, the two §-strands
that are responsible for DNA binding in RHH proteins
are all but absent in the DndE structure (Fig. 15 in Sl).

Clear sequential and structural similarities be-
tween DndE and RHH proteins, when combined
with aforementioned functional differences, may
suggest that proteins here described exemplify
consecutive steps in the evolution of a DNA-
binding protein. Two dimerizing RHH subunits
(SvtR), which by domain duplication form a knotted
monomer (VirC2), then, through oligomerization,
gain a new, as of yet unknown [85] function.

Artificially Knotted Protein

Single-chain TFIIA (PDB code: 5m4s) is an artificially
knotted version of the human TFIIA protein, which in its
native state consists of three separate polypeptide
chains (a, B, y). The single-chain structure was
obtained by connecting the chains using two linkers.
The way the linkers connect the chains results in the
formation of the trefoil knot. Moreover, the single-chain
structure perfectly reconstructs the mutual arrange-
ment of the chains in the multi-chain TFIIA, implicating
that the presence of the knot did not distort the
conformation of the protein or its function [86]. In fact,
the formation of the single chain enforced the close
contact between the motifs and possibly facilitated the
correct folding. Note that this protein is only the second
artificially created protein, which contains a knot. While
in Ref. [23] the protein was designed to contain a knot,
the presence of the knot in TFIIA was not noted in the
original publication [86].

Conclusions

In this paper, we provide a comprehensive
overview of knotted protein structures and discuss
in detail new additions by combining topological
analysis, numerical simulations and bioinformatics.
These novel folds include two mitochondrial proteins
(an apoptosis-inducing factor and a ribosomal
subunit), both of which are expressed in the
cytoplasm and must therefore cross a membrane
to get to their designated location (likely in an
unknotted state as indicated by our simulations).
Based on structure analysis, we suggest that the
knot topology in an apoptosis-inducing factor on one
hand stabilizes flexible CTD domain and on the other
hand aligns the crucial DNA-binding elements.
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We also present the most deeply knotted structure
known to date in T. pallidum and suggest a folding
pathway in which a loose knot forms at a terminus
and slides across the protein to its native location.
Another exciting discovery is the occurrence of a
deep trefoil knot in a membrane protein, namely, the
cation/calcium antiporters, which, based on our
phylogenetic analysis, is likely present in all mem-
bers of this family. Finally, we present arguments for
a DNA-binding protein DndE to be considered as a
new type of knotted fold and show new artificially
knotted protein.

In summary, we believe that such an interdisci-
plinary approach is required to advance our under-
standing of these peculiar structures to understand
the role of entanglement for hosting organisms.
Knotted proteins appear in all kingdoms of life and,
as demonstrated in this paper, are not limited to
certain functional classes. Topological structures
hold great promise not only in synthetic chemistry,
and a better understanding of topology in proteins
may initiate similar trends in bio-engineering.

Methods

Knot detection

To determine whether a protein is knotted and
possesses a complex topological fingerprint, the knot
detection from the KnotProt [18] has been used."
Several hundreds of random closures are chosen in a
way that the end points are connected to two randomly
chosen points on a sphere encompassing the whole
protein. The two new end points are connected on the
surface of the sphere. The closed backbone is then
reduced using a KMT algorithm [87], and the
Alexander polynomial [88] is computed. The most
frequently occurring knot type is the proteins dominant
knot type [89]. To determine the chirality of the knot,
the HOMFLY polynomial [90] is calculated.

To determine the size of a knot in a protein with
N C,-atoms, all subchains S(j, k) are analyzed with
1 < j< k < N. Thessize of the knot is then given by the
smallest distance of k and j for which the knot still
exists and is presented via the matrix presentations of
protein knotting [13]. KnotProt renumbers the residues
so that the first amino acid in the crystal structure has
number 1, but to give a clearer picture, all plots within
this paper were annotated with actual, sequence-
based residue numbers.

Molecular dynamics simulations

All molecular dynamics simulations were per-
formed in GROMACS 5.0.2 package (details are
summarized in the Sl). To study thermal stability of
the protein, we used all-atom, explicit-solvent

simulation with CHARMM force field. Folding kinet-
ics were studied with a structure-based Ca model
[91] with various strengths of the attractive potential
implemented in the SMOG server [55]. Details
regarding each simulation are presented in the S,
including the changes we made in the potential.
Other simulation parameters were kept default as in
the SMOG server. The simulations were conducted
using leap-frog stochastic dynamics integrator and
time step equal to 0.00057. The cutoff distance for
the short-range neighbor list was setto 2 nm, as well
as the cutoff for both the electrostatic and van der
Waals interactions. The folding pathways were
studied based on unknotted and unfolded confor-
mations obtained in unfolding simulations.

Phylogenetic analysis

Phylogenetic analysis was done using ClustalO
to create a multiple sequence alignment, from which
the tree was found with ParsimonyTreeConstructor
from BioPython (only columns populated in at least
60% of sequences were used). Additional informa-
tion on the method, as well as other phylogenetic
analyses for this data, can be found in SI.
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§As this structure is not complete (15 amino acids from
the knot forming loop were not crystallized), the topology
cannot be determined with certainty. Regardless, the most

natural position of this loop (around the protein, as we
believe it could not be threaded through the structure),
coupled with aforementioned extended C-terminus, in-
dicates the presence of a shallow 34 knot (Fig. 3 in Sl).

[IThe occurrence of a knot in the CAX antiporter (PDB
code: 4kpp) and the DNA binding protein (PDB code: 4lrv)
was first reported in a presentation by one of us (P.V.) at

the Banff workshop on entanglement in biology in
November 2013. These knots were discovered indepen-
dently by the group of J.I.S. and listed shortly afterward
online on their webserver [18]. Likewise, the NCX
exchanger was also listed online directly after deposition.
The membrane knots were mentioned in a review by Lim
and Jackson [81] with reference to the webserver. A recent
review by Jackson et al. [35] also lists (PDB code: 4lrv).

{IThe researchers from Mainz have used a different closure
method and algorithm to determine knots and their sizes as
explained in Ref. [11]. All data in the paper refer to the
analysis with KnotProt.

Abbreviations used:

Aifm1, apoptosis-inducing factor 1; CTD, C-terminal domain;
CaCA, Ca®*/cation; CAX, H*/Ca®* exchanger; NCX, Na*/
Cca?t exchanger; RHH, ribbon—helix—helix.
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