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Comprehensive analysis of knots in proteins

student: Yan-Long Lai Advisors: Dr.Jenn-Kang Hwang

Department ( Institute ) of Bioinformatics
National Chiao Tung University

ABSTRACT

Knotted proteins are more commonly observed in recent years due
to the enormously growing number of structures in the Protein Data
Bank(PDB). Studies show that the knot regions contribute to both ligand
binding and enzyme activity iniproteins, such as the chromophore-binding
domain of phytochrome; ketol-acid reductoisomerase or SpoU
methyltransferase. However, there are still many misidentified knots
published in the literature due to'the absence of a convenient web tool
available to the general biologists:iHere, we present the first web server
to detect the knots in proteins as well as provide information on knotted
proteins in PDB—the protein KNOT (pKNOT) web server. In pKNOT,
users can either input PDB ID or upload protein coordinates in the PDB
format. The pKNOT web server will detect the knots in the protein using
the Taylor’'s smoothing algorithm. All the detected knots can be visually
inspected using a Java-based 3D graphics viewer. We believe that the
PKNOT web server will be useful to both biologists in general and

structural biologists in particular.
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1. Introduction

The proteins with knotted conformations become more common in the
Protein Data Bank (PDB). We carried out comprehensive search of all protein
structures from PDB as of 2006/5/3 and identified all knotted proteins. We
found that the formation of a knot can be roughly classified into two types in
terms of its origin: one type of knot can be clearly identified to arise from a local
knotting structural motif, while the other type arises from the global dispositions
of the structural elements. In the X-ray structures, the proteins with a knot of
type I are (1) methyltransferase and (2) transcarbamylase; the proteins with a
knot of type II are (1) carbonic anhydrases, (2) ketol-acid reductosiomerase, (3)
ubiquitin hydrolase (4) methionine adenosyl transferase, (5) the chromophore
bining domain of bacterial phytochrome and (6) the inner core shell component
protein of bluetongue virus. We found.a number of knotted hypothetical proteins,
all of which have a knot of the first types i.e., aknot arising from a local knotting
structural motif. Interestingly,. we found the presence of both knotted and
unknotted states in the solution structures of two proteins - one is a chimeric
protein comprising LIM domains of LMO?2 and the LID domain of 1db1, and the
other is a microbial protein belonging to the family of superantigens. Together
with another recent study that knotted protein can fold efficiently and behaves
remarkably similarly to other unknotted proteins under equilibrium conditions,
our results suggest that the knotted and unknotted conformation may

dynamically transform from one state to the other in some proteins.

Though, mathematically, the identification of a general knot is a difficult
problem, it is relatively easy to detect knots in proteins, since only 3 types of
knots are currently being identified in the PDB: the trefoil knot, the figure-eight
knot and a knot type with 5 crossings (denoted by 5,) 2. Still, the knots in

proteins were sometimes erroneously identified in the case of, for example, the



SET domain2,3. The reasons may be due to the presence of mobile loops or
hydrogen-bonded loops, missing residues, or just visual error in tracing the

entangled protein chains.



2. Datasets

We used the PDB dataset dated 03 May 2006. This dataset consists of
36646 proteins including 4350 NMR protein structures. We scan every chain of
X-ray structures and every model of NMR structures for the knots. The chains
with breaks of discontinuities are visually checked for their relevance in knot
formation. If the proteins have a missing gap so large that it is improper to
simply connect the two ends of the missing fragment to complete the chain,

these proteins will not be taken into consideration.



3. Method

The pKNOT web server detects the knot in a protein by smoothing the
protein chain using the Taylor’s algorithm . The algorithm first fixes both N and
C termini in space, then repeatedly smoothes and straightens the protein chain.
The chain is reduced in such a way that, with details of the chains eliminated,
the knot can be easily detected. If the protein does not contain a knot, the chain
will simply shrink into a straight line. The Taylor’s algorithm formally goes as
follows: Let the protein chain of length N be described by (r,15,. . .,rx), Where r;
is the coordinate of the i-th C, atom. A new coordinate r'; is taken to be r'; = (1. +
i+ 1i41)/3, where 2<i<N-1. The termini remain fixed, i.e. r;=r; and r';= r,. The
iterative procedure will continue to progressively smooth the chain. The main
idea is to prevent the chains from passing through each other. This is done by
checking that the triangles defined by {rifi1;, r';} and { r;, r'; ,1;.;} do not intersect
any line segments defined by {ri;.rj}-for j<iand {r,r;:;}for j>1. In practice, most
protein chains reduce to a straight line defined either by two termini or to an
obvious knot in less than 50-iterations.“However, there are cases that will take
500 or more iterations to converge. Figure 1~3 shows a typical example of a
chain-smoothing  procedure from the original structure of the
chromophore-binding domain of bacterial phytochrome (1ZTU) to the final

smoothed chain that can be easily identified to contain a figure-eight knot.

3.1 Data set and pre-computed knots

To speed up the web server, we pre-computed all proteins in the PDB as of
January 12, 2007, which consists of 41013 proteins comprising 34971 X-ray
structures and 6042 NMR protein structures. The crystal structures of
homologous protein chains (even those with identical sequences) as well as the
solution structures of the same protein were checked for the presence of knots.
The chains with breaks or discontinuities are visually checked for their
relevance in knot formation. If the proteins have a missing gap so large that it is
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improper to simply connect the two ends of the missing fragment to complete
the chain, the identified knots will be disregarded. All final smoothed chains that
appear to form a knot, i.e. not a simple straight line, were visually examined to
decide whether these knots are authentic knots, slipknots or artificial knots
caused by large breaks in the chains. The knots in proteins are quite simple in
that they can be visually identified, and no sophisticated analysis [such as the
Jones polynomials or others] is required. In summary, pKNOT provides
information about all knotted proteins, such as their protein classes, their knotted
types and the cores and depths of the knotted regions. The core is the smallest
region that will remain knotted when the residues are successively deleted from
both ends, and the depth is the product of the number of residues that must be
deleted from both ends in order to free the knot. Users can also upload the
protein structure coordinates in_the/PDB format and the pKNOT server will
progres-sively smooth the chains on the fly and then present the final smoothed
chain as well as the origmal chain-in a JAVA-based 3D graphics viewer

AstexViewer for users to inspect.

3.2 Input format

The web page of the pKNOT web server is shown in Figure 4. The users
can either type in the PDB ID or upload a structural file in the PDB format. In
the latter case, the default iteration number is set to 500 and the collision
threshold, to 0.5A ° . The user can either ignore or preserve the breaks in the
chain when smoothing the chain. The former option will close the breaks by
using the shortest line segment connecting the breaks, while the latter option
preserves the breaks in the chain and smoothes each individual segment, keeping
the endpoints of each segment fixed. The default is set to ignore the breaks in
the chain. The users can also choose from the pull-down menu the number of
iterations to smooth the chain. The collision threshold is the distance threshold

to determine whether a line segment will intersect the triangle during the
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smoothing procedures.

3.3 Output format and visualization of chains and knots

Upon query, pKNOT will return a table of the CHAIN, LENGTH, KNOT
TYPE and DISPLAY STRUCTURE Figure 5~7. When clicking on the column
of KNOT TYPE, the server will return a list of all the proteins of the given knot
type. PKNOT also provides the molecular viewer AstexViewer so that the users
can visualize and manipulate in real time the protein structure and the knot in the
protein. Both the original structure and the knot are shown in the same graphics

window and the user can toggle on and off one of them for easy inspection.



4. Results

We found that the formation of a knot can be roughly classified into two
types in terms of its strorigin: one type of knot can be clearly identified to arise
from a local knotting structural motif, while the other type arises from the global
dispositions of the structural elements. In the X-ray structures, the proteins with
a knot of type I are (1) methyltransferase and (2) transcarbamylase; the proteins
with a knot of type II are (1) carbonic anhydrases, (2) ketol-acid
reductosiomerase, (3) ubiquitin hydrolase (4) methionine adenosyl transferase,
(5) the chromophore bining domain of bacterial phytochrome and (6) the inner

core shell component protein of bluetongue virus.

4.1 The:trefoil knot

The trefoil knot (or the threefoil ‘or overhand knot) is the simplest knot of
all, which is characterized by 3, cressings. It is mathematically denoted as a 3,
knot, where the subscript 1 indicates that there is only one prime knot with 3
crossings. The proteins with a trefoil knot are (1) methyltransferase, (2)
transcarbamylase, (3) methionine adenosyltransferase, (4) carbonic anhydrase

and (5) YMPa supantigen.

4.1.1 Methyltransferase

The S-adenosyl-L-methionine (AdoMet)-dependent methyltransferase
(MTase) can be grouped into the knotted type and the unknotted. The majority
of MTases, like the classical MTase (1vid and 1mwi), the SET domain' (1ml9)
or others (1nth and 1msk), do not have a knot’. But other MTases like SpoU*”
and TrmD>® (or collectedly called as SPOUT) are known to have a 3; knot at the
AdoMet-binding site””. We have identified 23 knotted MTases or MTase-like
hypothetical proteins in the PDB (Table 1). Interestingly, 43% of them (i.e., 10

-



out of 23) are annotated as 'hypothetical protein' in PDB. We clustered them into
8 cluster groups using BLASTClust® with 30% sequence identity as the
similarity threshold. The knot of MTase arises from a local structural motif
that is of a Baf topology. The knot motif is made up of 3 parallel B-strands
arranged in the order of [3,, B; and ;. A typical example is shown in Figure
8~11. Because of the right-handedness of the PBaf motif, the helix a,,and
o3 occur on the opposite sides of the plane spanned by f;, B, and ; strands.
The unique feature of this motif is that the peptide segment comprises ; and its
entailing loop threads through the peptide hoop comprising 31, a;, and the loop
between them and this results in a 3; knot. We refer to this motif as the
Bap-knot motif. This knot motif is important in contributing most of the

AdoMet-binding and catalytic activity®.

CATH’ and SCOP' define an alpha/betaknot superfamily for MTase. Both
data sets currently containzidentical sets of “proteins (19) in alpha/beta knot
superfamily. Interestingly, there 1S one protein, loy5'', which does not have a
knot. Though 1oy5 belongs to the TrmD MTase family known to have a knot, its
structure does not have a knot. 1loy5 has a BaPknot-like as that of a typical
knotted MTase 1mxi:A” Figure 12, but its chain segment composed of B5 and its
entailing loop fails to thread through the hoop formed by B, a;, and the loop
between them. However, there is concern’ that the absence of a knot in loy5
may be due to its poor structural quality or its misfolded inactive structure'’. At
present, there are 5 knotted MTases (1x70, 1x7p, 1zjr, 1v6z and 2cx8; see Table
1) that have not yet been included in SCOP or CATH data sets.



4.1.2 Transcarbamylase

There are only 3 transcarbamylases (1yh0O, 1yhl and 1js1) have a 3; knot.
The knot of transcarbamylase arises from a local structural motif similar to that
of MTase. The knot motif is also of the Baf topology, as in the case of
methyltransferase. An example (1yhl) is shown in Figure 13. In this particular
example, the knot motif comprises 4 parallel B strands arranged in the order of
BsB2P1PBs. The segment composed of P, strand and its entailing loop goes
through the hoop made up of B;, o, and the loop between them. Another unqiue
feature is that the loop between [, and oy, contains lots of prolines. It is
instructive to compare the knotted region of the knotted transcarbamylase with
that of the unknotted one. One of the conspicuous differences between these two
structures is that 1yhl has a muchilonger, proline-rich loop (TYHPKPLN)'
while lals has a much: shorter loop: (GDGN). The other knotted
transcarbamylase (1yhO or dyhl), which has 31% sequence identity with 1js1,
also have a long proline-rich loop (TWAPHPRPKPQ) . The proline-rich loop
is rather rigid and, due to its longer-length, forms a much larger hoop for a
peptide segment to thread through it to form a knot. Additionally, the
proline-rich loop also functionally important since it forms part of the active

., 13,12
site 7.

4.1.3 Sunperantigen YPMa — the dynamic knot

YPMa'? is a microbial protein belonging to the family of superantigens,
which are able to excessively activate T cells by binding to the T cell antigen
receptor (TCR). Both the solution structure (1poq) and the crystal structure
(1pm4) of YPMa have been solved'. Thought the crystal structure does not
contain a knot, we found that one of its solution structures contains a 3; knot. It

will be interesting to see how the knot comes about in the solution structures.



We compare the different NMR structures of YPMa. In the knotted
conformation, the N ad C termini thread through the loop (in cyan), creating 3
crossover points characterics of a 3 knot. If any one of them is missing, the knot
will not form. This type of knot is different from what we have considered so far
and may be termed as the transient knot, since its formation depends on the
conformational fluctuation. The knots in MTase, transcarbamylase or proteins in
the later section may be termed as the intrinsic knots, since they do not depend
on the dynamics of the protein conformation. Since X-ray structure of YPMa
does not contain a knot, one may tend to rule out the possibility of a knot in the
solution structure. However, since YPMa packs as a trimer in the crystal
structure, but behaves as monomer in solution'®, the crystal structure may not
reflect some distinguished features inherent in the solution structure. On the
other hand, though, topologicallysspeaking, this knot is a real one, whether a
knot physically exists in YPMa depetids‘on the quality of its solution structures.

Obviously, further experimental work is tequired to resolve this issue.

4.1.4 Methionine-/Adenosyltransferase

Methionine Adenosyltransferase (MAT) is the solely enzyme that is
responsible for the synthesis of AdoMet, the most important methyl donor
present in living organisms. MAT contains a 3, knot'>'®. The knot is due to the
global fold of MAT, instead of a local knot motif like MTase or
transcarbamylase. There are 12 MAT proteins (or 26 chains) in the PDB (see

supplementary material).

4.1.5 Carbonic anhydrase

Carbonic anhydrase has long being recognized to contain a 3, knot'’ Figure
14. We have identified 230 chains of carbonic anhydrase in PDB. Like MAT,

carbonic anhydrase has a knot due to its global fold instead of a isolated knot
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motif.

4.2 The figure-eight knot

The figure-eight knot is characterized by 4 crossover points, alternately
under and over. There is only one prime knot with 4 crossings and is denoted as
the 4, knot. The proteins with a 4, knot are (1) bacterial pyhtochrome, (2) the
core protein of bluetongue virus, (3) ketol-acid reductoisomerase and (4) a

LIM-1dbl-LID chimeric protein.

4.2.1 Bacterial phytochrome

Recently, Wagner et al.'® have identified a light-sensing trefoil knot in the
chromophore-binding domain (€BD) of phiytochrome. This knot originates from
the N-terminal peptide fragment passing through a lasso-like loop. The knot
region was implicated in chromophore binding and in protein folding. The
unique topology of the knot-region 1s shown to be common to all red/far-red
photochromic phytochromes and plays ‘a key role in light sensing. However, we
found the knot in CBD is in fact a figure-eight knot instead of a trefoil knot. The
N-terminal segment (in blue) is seen to pass through the lasso-like loop (in
orange). But it is a bit harder to discern other crossover points in the protein.
There are disordered missing residues in the model, but these residues play little
role in the cause of the knot. It is interesting to investigate why the figure-eight
knot in BCD i1s mistaken for a trefoil knot. The figure-eight knot is characterized
by 4 crossover points, alternately under and over. If we trace the protein chain
from the N terminus, the chain first goes under at the 1* crossing, goes over at
2" then again goes under at the 3™ and finally goes over at the 4™. It will be
relatively easy to trace the chain at the 1* and 2™ crossover points, but, since the

other part of the protein chain is rather entangled, the chain may be incorrectly
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traced at the 3™ and 4™ crossover points. Consequently, if the chain is incorrectly
traced to go over at the 3™ crossing and under at the 4", the total crossing
number will reduce by 1. The knot in BCD will then be misidentified to be a

trefoil knot, which is characterized by 3 crossover points.

4.2.2 The inner layer core protein of bluetongue virus

The inner core proteins of bluetongue virus presents an interesting example
that, of the two chains A and B with identical sequences in the protein complex,
only chain A has a knot while chain B does not. The inner core, VP3(T2), of
bluetongue virus is an icosahedral shell'”, which consists of 60 copies of two
sets, 2btv. A and 2btv_B. Both X-ray structures have been solved (2btv_A:
residues 57-901 and 2btv_B: 1-803, 814-901). Give that these two chains have
identical sequences, their .structures .are. significantly different and the
root-mean-square deviation for-Cas is-around 3.0 A. Most interestingly, 2btv._ A
does not have a knot, while 2btv B has-a figure-cight knot or a 4, knot'’. In
2btv_B, the last 7 residues (895-901) of the C terminus threads through the hoop
consisting of residues 228-267, but in 2btv_A, the C terminal chain only lie on
the same side of the corresponding hoop region. It has been pointed out that the
structural differences between 2btv_ A and 2btv_B are due to their completely
different structural environments'”. Our results have an intriguing implication:

the same protein may adopt both knotted and unknotted structures.

4.2.3 The LIM-1db1-LID chimeric protein

FLIN2 (PDB ID: 1j20) is a chimeric protein® comprising the 80-residue
LIM domains of LMO2, followed by an 11-residue flexible linker
(GGSGGHMGSGQG), and then the 40-residue 1db1-LID. Its structure has been
solved by the NMR method®. We find that there is a 4, knot contained in one of

-12-



the solution structures. The knot originates from both Idb-LID domain and the
linker threading through the loop comprising the residues 40-47. This loop is
highly dynamic and undergoes certain chemical exchange process on the
microsecond-millisecond time scale’®. We observe that, 6 out of 20 solution
structures, the 1db1-LID domain threads through the loop. At present, FLN2 as
well as 1YPMa are only two examples of the so-called 'transient knot' in the
PDB. The figure-eight knot of FLN2 is mathematically authentic, though
whether a knot physically exists in FLN2 depends on the quality of its solution

structures — this is similar to the case of 1 YPMa.

4.2.4 Ketol-acid reductoisomerase

Ketol-acid reductoisomerase (KARI) is a key enzyme involved in the
biosynthesis pathway of the branched chain amino acid such as valine, leucine
and isoleucine®'. KARI exists'in 2 forms: the short form (class I)** and the long
form (class 1), which 1s "150-160 " residues longer. Both forms have a
NADPH-binding N-terminal domaintand an all-helical C-terminal domain. The
C-terminal domain is important.in-contributing most of the ketol-acid
substrate-binding site. The long form has a duplication of the C-terminal
domain found in the short form*. The dimeric C-terminal domain of the long
form gives rise to a 4; knot Figure 15 in the long form'’. The short form does
not have a knot but may form a knot if its C-terminal domain is fused with that
of another short form®. It has been suggested'***  that the C-terminal domain
of the long form is derived via domain duplication. There currently are 3 knotted

KARIs currently in the PDB: 1gmg, 1yve and 1yrl.

4.3 The 5, knot

There are 2 types of knot with 5 crossings: the 5, and 5, knots Figure 16. Only
the 5, knot has been identified in the protein structure and, as of writing, no
proteins with 6 or more crossings have been identified in the PDB.

-13-



4.3.1 UbiquitinC-terminal hydrolase

Ubiqutine C-terminal hydrolase (UCH) is the only protein that has a knot with 5
crossings, which is a 5, knot (Fig. 10)(18). UCH possess the sequence signature
of cysteine protease: a conserved catalytic triad of cysteine, histidine and
aspartic acid® . The knot region is important in bringing the catalytic residues
into popper relative positions in space: the fragment (in orange) where both
catalytic histidine and aspartic acid are located threads the hoop (color ramped
from cyan to green) where the catalytic cysteine is located, thus bring these three
catalytic residues close together into a triadic formation.We have identified 4

knotted UCH (1cmx, luch, 1xd3 and 2etl) in the PDB.
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5. Discussion

It will be interesting to compare our results with those of the recent work
by Lua and Grosberg”. This work identified 19 knot proteins using the
RANDOM method from the PDB-REPRDB?. This data set contains 4716
representative protein chains whose pair sequence identity < 30% and 3D
structural similarity index D, >30A. The structural similarity index D, is
defined as the maximum Ca distance between the corresponding residue pairs in
the compared structures. However, we believe that 5 of the identified 19 knotted
proteins (i.e., 1tOh:B, 1gku:B, 1u2z:C, Im72:B and 1xi4:C) are questionable
due to very large structural breaks in these proteins (for example, in some case,
the structural gap is around 50 A wide). The knots in fact arises from arbitrarily
connecting the structural discontinuities. with virtual bonds: (1) The X-ray
structure of 1t0h:B has missing residues 414:=424. A knot will be created if we
simply connect a straight virtual bond between 413 and 425 with a distance of
around 32 A between them. (2) The X=ray structure of 1gku:B has many missing
residues near the N terminus (7, 13; 22-32), and, if these ends are simply
connected to each other, a knot will be created. (3) Though lu2z catalyze
AdoMet-dependent methylation of histone H3 Lys79”’, it does not have a typical
Bof knot motif. The X-ray structure of 1u2z:C has missing residues 570-573
and 575. If these structural gap (around 52 A in distance) are simply connected
by virtual bonds, a 4, knot arises. Furthermore, the 1u2z:A, which has
identical sequence and similar missing residues in the X-ray structure with
1u2z:C, does not have a knot even with the structural gaps connected by virtual
bonds. (4) The structure of 1m72:B misses residues 192-199, creating a gap of
around 58 A in the structure. The knot arises from connecting the Argl91 and
Thr200. (5) The PDB file of 1xi4T contains unusual format which will give a
distance of around 150 A between Leu838 and GIn839 and around 150 A

between His1279 and Ala2780 for the chain C. If these unrealistic connections
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are removed, the knot disappears.
In general, we have identified two types of knots existing in the structures

in PDB. The first type is referred to as the intrinsic knots. The second type is

referred to as the dynamic knot.
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Table 1. The proteins with a knot in the PDB

Protein

PDB ID

The

3; knot

Methyltransferase or

methyltransferase-like

Transcarbamylas

YPMa superantigen

Methionine
adenosyltransferase

1to0_A 1to0_B 1to0_C 1to0_D 1toO_E 1to0_F
1to0_G 1to0_H 1o6d_A 1vhO_A 1vhO B 1vhO _C
1vhO_D 1vhO_E 1vhO_F 1ns5 A 1ns5_B 1x70_A
1x70 B 1x7p_A 1x7p_B lipa A 1gz0 A 1gz0 B
1gz0_C 1gz0 D 1gz0O_E 1gz0O_F 1gz0_G 1gz0_H
luaj_A luak_ A lual_A luam_A 1p9p_A 1zjr_ A
1v2x A 1J85 A Imxi_A 1v6z_A 1v6z B 2cx8 A
2cx8_B 1k3r_A 1k3r_B 1vhk_A 1vhk B 1vhk_C
1vhk D 1vhy A 1vhy B 1nxz_A 1nxz_B 1z85 B

1yhO_A 1yhl A 1js1 Y 1jsi Z 1jsl X

1pog_A

1090 A1090 B 1092 _A 1092 B 1093_A 1093 B
109t _A o9t B 1gm4_A 1gmd4_B 1fug_A 1fug_B
Imxa- Imxb_ 1mxc_ 1p71_A 1p71_B 1p71 _C
1p71 D 2rg9 A 1rg9 B 1rg9 C 1rg9 D 1xra_
Ixrb s Axrc_
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Carbonic anhydrase

1ly7w_A 1y7w B 1z93 A 1z97_A 1znc_A 1znc B
l1jcz Aljcz B 1jdO A 1jdO B 1rj5 A 1rj5 B

1rj6_A 1rj6 B 1v9i_C 2cab_ 12ca_ lavn_
lazm_ 1bcd_ 1bic_ 1bv3 A 1bzm_  1ca3_
lcah_ 1cai_ 1caj_ 1lcak_ 1cal_ 1cam_
lcan_ 1cao_ 1lcay_ 1lcaz_ 1lcnw_ 1cnx_
lcny_ 1cra_ 1crm_ 1lczm_ 1dca_ 1dcb_

leou A 1Flj A 1fql A 1fgm A 1fgn_A 1fgr_A
1frd4 A 1fr7_A 1fr7_B 1fsn_A 1fsn B 1fsq_A
1fsq_B 1fsr_A 1fsr_B 1g0e A 1gOf A 1g6v_A
lhca_ 1hcb_ 1lhea_ 1heb_ 1lhec_ 1hed_

lhug_ 1huh_ 1hva_ 1j9w_A 1j9w B 1jvO_A
1jv0 B 1kwq_ A 1kwr_ A 11g5 A 11g6 A 1lgd A
1lzv_A 1moo A 1ray_ 1lraz_ 1rza_ 1rzb_
1rzc_ 1rzd_ 1rze_ 1t9n_A 1tbO X 1tbt X
1te3 X 1teq_X lteu_ X 1tg3 A 1tg9 A 1th9 A
1thk_A 1xeg_A 1xev_A 1xev_B 1xev_C 1xev_D
1yo0_ A 1lyol A 1lyo2 A 2ax2_ A 2cba_ 2cbb_

2cbc_ 2cbd_ 2cbe
2fov_A 2foy A 2foy B 4ca2_
5cac_ 6ca2_ 7ca2_
lam6_ 1bnl_ 1bn3_
lbng_ 1bnt_ 1bnu_
lccs_ 1lcct_ lccu_
lcnb_ 1cnc_ 1cng_
lenk 1cva_ 1cvb

2foq_A 2fos_A 2fou A

8ca2__
1bn4_
lbnv_
lcil_
lcnh_
lcvc_

4cac_

9caz2_
1bnm_
lbnw_
lcim_
lcni_
lcve_

5caz_
lad2_
1bnn_
lca2_
lcin_
lcnj
levf_

12w A 1g1ld A 1g3z_A 1g45 A 1g46 A 1g48 A
194j A+1gd4o A 1g52 A 1g53 A 1g54 A 1h4dn_
1h9n. ' 2h9g_ 1li8z_A 1i90_A 1i91_A 1i9l_A
L19m A 299n_A 1i90_A 1i9p_A 1199 _A lif4d A
1ifs5 Azaf6 A 1Lif7 A L1if8 A 1if9 A llug A

Tokd . JTokm_ 1lokn_ 1log5 A 1ttm_A 1v9e A
1v9e:B-1xq0 A 1lyda 1lydb 1ydc_ 1lydd
1ze8:A lzsa_ 1zsb_ 1lzsc_ 2abe A 2ca2_
2h4dn_ 3ca2_ 1luga_ lugb_ 1lugc_ 1lugd_
luge_ 1ugf_ 1ugg_ 1xpz_A 2znc_ 3znc_
Imua_ 1cvd_ 1lcvh_ 1dmx_A ldmx B ldmy A

1dmy B 1keq_A 1lkeq_B lurt_
1kog_A 1koqg_B

1kop_A 1kop_B

The 4, knot

The core proteins of bluetongue virus

Phytochrome

FLIN2

2btv_B

1ztu A

1j20 A

ketol-acid reductoisomerase

1gmg_A 1gmg_B 1gmg_C 1gmg_D 1lyve 1 lyve J
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lyve Klyve L 1yrl_A 1yrl B 1yrl C 1yrl D

The 5; knot

Ubiquitin Hydrolase

lcmx_A 1cmx_C luch_ 1xd3_A 1xd3_C 2etl_A
2etl B
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[ PDBID: 1ztu |

Structure Viewer

Chains

Qrignal

[0 Srnoothed fwhite)
[[] Smoothed {rainbow)

[ Antialias
M Backaround

[] Gradient |

[18pin

o

Figure 1 A Ye=m F
A typical example of a chain-smeothing procedure(orignal).
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[ PDB ID: 1ztu |

Structure Viewer

Chains |Help

Qrignal

Smoothed fwhite)
v Smoothed {rainbow

| Antialias
M Eackground

Gradient B

Spin

o

Figure 2
A typical example of chain-smoothing procedure(smoothed).
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| PDB ID: 1ztu |

Structure Viewer

Chains -

Orignal

Smoothed fwhite)
[ Smoothed {rainbow)
Antialias

M Eackground

[] Gradient B
[ 5pin

o

R i
s b i

Figure 3 , . NErrTE S
A typical example of chain-srﬁqqfnhingﬁ procedure(original & smoothed).

LR
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MBC Molecular Bicinformatics Center

MNational Chiao Tung University

PKNOT:q: the protein KNOT web server

QUERY PROTEINS IN PDB

Enter PDB ID: [1ztu SUBMIT |

QUERY PROTEINS ON THE LOCAL MACHINE

& Ignore breaks in the chain Iteration number |500 |
' Preserve breaks in the chain collision threshold |D.SD 'I

Residue {specify the starting and the ending residues): |D - |D
Submit protein structure {in PDB format): | . | SUBMIT |

Lai ¥L, ¥en SC, ¥u SH, Hwang JK. pKNOT: the protein KNOT web server. Mucleic Acids Research (2007) [Accepted].

Figure 4
The web page of the pKNOT web server.
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3-1 knot

PDEB ID CHAIN METHOD LENGTH CORE DEPTH PROTEIN CLASS
[ 1to0 || A || X-Ray | 157 | 73-125 || 2442 || Methyltransferase or methyltransferase-like |
[ o0 | B | X-Ray 157 [ 73125 | 2442 | Methyltransferase or methyltransferase-like |
T A X-Ray [ 1558 [ 744125 [ 2325 | Methyltransferase or methyltransferase-like |
[ o0 | D | X-Ray [ 157 [ 73125 | 244z | Methyltransferase or methyltransferase-like |
[ o0 || E | X-Ray [ 153 | 73426 || 2146 || Methyltransferase or methyltransferase-like |
[ w0 || F X-Ray [ 154 [ 74-125 ][ 2250 | Methyltransferase or methyltransferase-like |
[ o0 [ & | X-Ray 157 [ 734125 || 2442 | Methyltransferase or methyltransferase-like |
[ o || H X-Ray [ 157 [ 78125 ][ 2442 | Methyltransferase or methyltransferase-like |
[ 1e8d | A | X-Ray [ 147 ][ es-117 [ 20T || Methyltransferase or methyltransferase-like |
[ v [ A X-Ray 157 | 744126 || 2475 || Methyltransferase or methyltransferase-like |
[ wno || B | X-Ray [ 157 [ 73-125 ][ 2442 | Methyltransferase or methyltransferase-like |
[ v [ ¢ X-Ray 157 [ 734125 || 2442 | Methyltransferase or methyltransferase-like |

Figure 5
PKNOT will return a table of the CHAIN, LENGTH, PROTEIN CLASS and
DISPLAY STRUCTURE by clicking PDB(3-1 knot).
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4-1 knot

PDB ID CHAIN METHOD LENGTH CORE DEPTH PROTEIN CLASS
[ 2btv || B | X-Ray || 901 | 209895 | 1470 ||  The core proteins of bluetongue virus |
[ 12w [ A X-Ray [ 225 | 24803 || 805 | Phytochrome |
[ gee [ A& NMR(14) | 114 || 4385 |[ B0 | FLIN2 |
[ 1gmg [ A& X-Ray [ 595 | 827526 || 22960 | ketol-acid reducteisomerase |
[ 1gmg [ B | X-Ray [ 595 | 327526 || 22860 | ketol-acid reducteisomerase |
[ 1qmg || c ] X-Ray [ 595 | 327628 || 22960 | ketol-acid reducteisomerase |
[ 1gmg [ D X-Ray [ 595 | s27626 || 22960 | ketol-acid reductoisomerase |
[Cwwwe [ 1 X-Ray [ 595 | 927626 || 22960 | ketol-acid reductoisomerase |
[Cwwe [ g X-Ray [ 595 | 327526 || 22960 | ketol-acid reducteisomerase |
[ ywe [ K X-Ray [ 595 | 327526 || 22960 | ketol-acid reducteisomerase |
[ ywe L X-Ray [ 595 | 327526 || 22860 | ketol-acid reducteisomerase |
[y [ A X-Ray [ 489 || 225422 || 15368 || ketol-acid reducteisomerase |
[y B X-Ray [ 488 | 228432 || 13053 || ketol-acid reducteisomerase |
[y [ ¢ X-Ray [ 489 ][ 196416 || 14578 || ketol-acid reductoisomerase |
[y [ o X-Ray [ 489 | 228366 || 28396 | ketol-acid reductoisomerase |

Figure 6
PKNOT will return a table of the CHAIN, LENGTH, PROTEIN CLASS and
DISPLAY STRUCTURE by clicking PDB(4-1 knot).
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5-2 Enot

PDB ID CHAIN METHOD LENGTH CORE DEPTH PROTEIN CLASS

[ temx | & ]|  XRay || 234 | 10231 || 44 |  UbiquitinHydrelase |
[ 1emx || ¢ X-Ray [ 238 ][ 10230 | 77 Ubiquitin Hydrolase |
[ ueh Il X-Ray [ 230 | 6226 | 35 | Ubiquitin Hydrolase |
[ 1xaz [ A X-Ray [ 230 | s-226 | a5 [ Ubiquitin Hydrolase |
[ 1xa3 || ¢ ] X-Ray [ 230 | 8226 | 45 || Ubiquitin Hydrolase |
[ zen [ A X-Ray [ 223 [ s=217 | a8 [ Ubiquitin Hydrolase |
[ 2ett || B ] X-Ray [ 223 [ s217 49 [ Ubiquitin Hydrolase |

Figure 7
PKNOT will return a table of the CHAIN, LENGTH, PROTEIN CLASS and
DISPLAY STRUCTURE by clicking PDB(5-2 knot).
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1V6ZA
methyltransferase

Figure 8 g{ = E(S), S \kﬁ
The knot of MTase arise fror aJroVanSE’r’f eturéE motif that is of a
topology(1V6ZA). ".:_5__ :*‘ BT J_.-_r._;;
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1V6ZA
methyl transferase

2 intertwined Paf motifs C-terminal
Figure 9 Fd=¢ SHr g
There are 2 intertwined Ba[?)__m'othi‘s__j.n;the-kno’q.iof Mtase.

ok e T HSE f o
i Tt b

R 2

4 M - "
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1V6ZA

Two right-handed pap

motifs:
Bl-al-p2
B2—a2—p3
Figure 10 &> “%
The knot motif is made Up Of!?’ dardlle f'l3 S"Uanpls arranged in the order of B,
Biand Bs. - |,;-,x;¢:" d
W L Bo6 4 :,
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1CX38B

Two right-handed Baf
motifs:

Bl-al—32

B2—a2—p3

Figure 11

Because of the right-handedness of the:Bafs motif, the helix o, ,and a3 occur on
the opposite sides of the plane‘spanned by 1, B, and B; strands. The unique
feature of this motif is that the peptide segment comprises 33 and its entailing
loop threads through the peptide hoop comprising B4, a; , and the loop between
them and this results in a 3; knot.
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IMXI:A
Methyltransferase

Figure 12
Methytransferase(1MXI:A)
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Acetylornithine Transcarbamylas
1yhl A

Figure 13

There are only 3 transcarbamylasesi(LyhO, 1yhl and 1js1) have a 3; knot. The
knot of transcarbamylase arises from.a localstructural motif similar to that of
MTase. The knot motif is also of the Bapitopology, as in the case of
methyltransferase. = i " il -

|
i P
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Compound
— Carbonicanhydrase

Conforrmation

Knots

Figure 14
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Compound

— ketol-acid reductoisomerase
— Release 2005

Conformation

— C-domain & N-domain
+ C-domain comprising mainly helices

Knots

— C-domain

— The figure-eight knot

— 210-381:279-350+413-486

Homologues
« 1yrl_A1yrl_B1yrl_C 1yrl_D

Figure 15 e ™
The dimeric C-terminal domain of the long form gives rise to a 4, knot.
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Compound
— Ubiquitin Hydrolase

Conformation

[ ]
AN\
-
Q
PN
/7]

Homologues

* Temx_A 1Temx_C 1uch_ 1xd3_A 1xd3_C
2etl_A2etl B

Figure 16
There are 2 types of knot with:5 crossings: the 5; and 5, knots
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