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SUMMARY

Proteins that contain a distinct knot in their native
structure are impressive examples of biological self-
organization. Although this topological complexity
does not appear to cause a folding problem, the
mechanisms by which such knotted proteins form
are unknown. We found that the fusion of an addi-
tional protein domain to either the amino terminus,
the carboxy terminus, or to both termini of two small
knotted proteins did not affect their ability to knot.
The multidomain constructs remained able to fold
to structures previously thought unfeasible, some
representing the deepest protein knots known. By ex-
amining the folding kinetics of these fusion proteins,
we found evidence to suggest that knotting is not
rate limiting during folding, but instead occursinade-
natured-like state. These studies offer experimental
insights into when knot formation occurs in natural
proteins and demonstrate that early folding events
can lead to diverse and sometimes unexpected pro-
tein topologies.

INTRODUCTION

Haemophilus influenzae YibK and Escherichia coli YbeA are
homodimeric «/B-knot methyltransferases (MTases) (Figures
1A-1C) (Lim et al., 2003; Mallam and Jackson, 2007a). Their
backbone structure contains an unusual, deeply embedded tre-
foil knot that requires at least 40 amino acid residues to have
threaded through a similarly sized loop. Tying equivalent knots
on a human scale involves considerable skill and purpose, but
a protein molecule possessing none of these attributes can man-
age a similar task with complete efficiency and reproducibility.
Despite their intricacy, a significant number of “well-tied” protein
knots have been discovered in recent years (Taylor, 2007; Taylor
and Lin, 2003; Virnau et al., 2006; Yeates et al., 2007); as well as
simple trefoils, a figure-of-eight knot (Taylor, 2000) and a knotted
structure with five projected crossings (Virnau et al., 2006) have
been observed. Both YibK and YbeA unfold spontaneously and
reversibly upon addition of the chemical denaturant urea (Mallam
and Jackson, 2005; 2007a). The folding of YibK is complicated,
primarily due to its dimeric nature and the presence of multiple
proline residues that cause heterogeneity in the unfolded state
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(Mallam and Jackson, 2006). Although YbeA appears to fold
via a simpler pathway, similarities between the folding of YibK
and YbeA imply that the mechanisms involved in knot formation
in both proteins may be related (Mallam and Jackson, 2007a).
By constructing a set of proteins involving the fusion of the
thermophilic protein Archeoglobus fulgidus ThiS to either YibK
or YbeA at the amino terminus (ThiS-YibK and ThiS-YbeA), car-
boxy terminus (YibK-ThiS and YbeA-ThiS) or both termini (ThiS-
YibK-ThiS and ThiS-YbeA-ThiS), we were able to probe the
events that occur during the folding of a knotted structure.
ThiS is a 91-residue monomeric protein that we used as a “mo-
lecular plug” to attempt to hinder the threading motions of the
polypeptide chain or to prevent it from knotting altogether. Char-
acterization of the resultant fusion proteins allowed us to con-
clude that the folding of a/B-knotted proteins likely propagates
from a loosely knotted, denatured-like state, a result that has im-
portant implications for protein folding, simulation, and design.

RESULTS

Fusion Proteins Are Homodimeric and Knotted
The structural properties of the native-state fusion proteins were
examined using small-angle X-ray scattering (SAXS), and both
the radius of gyration (Rg) and the maximum particle dimension
(Dmax) Were determined (see Table S1 available online). Particle
shapes were generated ab initio from the experimental scatter-
ing data using the program GASBOR (Svergun et al., 2001), while
rigid-body modeling of the individual domains to the experimen-
tal scattering data was performed using BUNCH (Petoukhov and
Svergun, 2005) (Figure 1D; Figure S1). Since these are indepen-
dent techniques, the good agreement between the structures
obtained from both gives a high degree of confidence in a partic-
ular solution. The SAXS data are consistent with all fusion
proteins existing as fully folded homodimeric entities, and the
structures generated show the relative positions of the knotted
and ThiS domains. Analytical gel filtration chromatography fur-
ther confirmed the oligomeric state of the fusion proteins; all
eluted as a single peak, indicating a homogenous dimer popula-
tion at the concentrations of protein studied (Figure S2).
a/B-knot proteins such as YibK and YbeA bind the MTase co-
factor S-adenosylmethionine (AdoMet) in a crevice formed by
the knotted region of the protein (Ahn et al., 2003; Lim et al.,
2003; Nureki et al., 2004). Functional studies have shown that
affinity for AdoMet is highly sensitive to changes in the structure
of this binding site, and often only a single mutation can cause
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Figure 1. Structures of Knotted Proteins

Trefoil knot
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ThiS-YbeA-ThiS

(A and B) Monomeric subunits of Haemophilus influenzae YibK (160 residues) (A) and Escherichia coli YbeA (155 residues) (B).
(C) Topological diagram of an a/B-knot MTase. Numbers refer to secondary structure elements. The structures in (A)-(C) are colored to highlight knotting loop

(orange) and the knotted chain (red).

(D) Knotted fusion proteins reconstructed from SAXS data. Results from ab initio modeling are represented as gray dummy residues and are superimposed onto
structures obtained from rigid-body modeling. Knotted domains are colored according to (A) and (B), and ThiS domains are shown in green.

inactivity (Elkins et al., 2003; Mallam and Jackson, 2007b). We
measured the affinity of S-adenosylhomocysteine (AdoHcy),
the product of AdoMet after methyl-group transfer to the sub-
strate has taken place, for the fusion proteins using isothermal
titration calorimetry (ITC) to confirm the integrity of the cofac-
tor-binding pocket and, therefore, the presence of the knotted
structure (Figure 2); the binding of AdoHcy is more straightfor-
ward to examine than that of AdoMet, as the latter is unstable
in vitro (Hoffman, 1986). With the exception of ThiS-YibK-ThiS,
all fusion proteins displayed binding parameters comparable to
those of the equivalent wild-type protein, demonstrating that
the knotted region remains intact (Table S2). While binding is still
observed, the affinity of AdoHcy for ThiS-YibK-ThiS appears
somewhat reduced compared to wild-type YibK; a possible
explanation is that the binding pocket is obstructed by the
ThiS domains in some protein molecules, creating a population
of inactive conformers. The dimeric nature of all the fusion pro-

teins provides further evidence that the knotted structure is un-
disrupted, as this area additionally forms part of the dimer inter-
face (Lim et al., 2003). Thus, regardless of our attempts to “plug”
one or more termini, YibK and YbeA appear able to fold to their
knotted, homodimeric native states.

Knotted Fusion Proteins Remain Stable

and Fold Reversibly

We quantified the effect of additional ThiS domains on the stabil-
ity of YibK and YbeA by using chemical denaturants to perturb
the equilibrium between folded and unfolded states (Figure 3).
Wild-type ThiS is a very stable protein and unfolds at much
higher concentrations of guanidinium chloride (GdmCI) than
either YibK or YbeA (Figure 3A). Denaturation profiles in GdmCI
for the knotted fusion proteins were biphasic, consisting of tran-
sitions corresponding to the unfolding of the knotted and ThiS
domains at low and high concentrations of GdmCI, respectively,
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Figure 2. Affinity of AdoHcy for Wild-Type and Fusion-Knotted
Proteins

The continuous line represents the fit of ITC data to a single-site binding model
using the Origin software package (MicroCal Inc.). Data have been corrected
for the heat of dilution.

consistent with them behaving independently despite being
linked. The separation of these transitions meant that it was pos-
sible to selectively unfold only the knotted protein domains. Far
ultraviolet circular dichroism (far-UV CD) scans of the fusion pro-
teins confirmed that the ThiS domain remained structured in
3.0 M GdmCI and in 6.0 M urea (Figure S3). Urea titrations
were used to calculate an accurate thermodynamic stability of
the YibK and YbeA domains in the fusion proteins (Figure 3B);
the ThiS domains remained folded during these experiments, al-
lowing the structure loss of the knotted domains to be monitored
exclusively (Figure S3). The overlapping denaturation and rena-
turation urea profiles at equivalent concentrations of protein
and the recovery of approximately 100% of native far-UV CD sig-
nal upon refolding (Figure S3) confirmed that the folding of the
knotted domains was fully reversible in the presence of a folded
ThiS domain fused to either or both termini. The free energies of
unfolding (AG”SQD) of YibK and YbeA in the fusion proteins
were calculated from the global fit of the data measured at differ-
ent concentrations of protein to a three-state dimer denaturation
model with a monomeric intermediate (Mallam and Jackson,
2005; 2007a) (Figure 3C). The knotted domains in YibK-ThiS
and YbeA-ThiS had almost identical stabilities to the equivalent
wild-type proteins. This result is significant, as it is the car-
boxy-terminal a-helix of YibK and YbeA that appears the most
likely segment of chain to have undergone threading, and addi-
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tion of a ThiS domain at this terminus might have been expected
to prevent folding altogether. A pattern of stabilities was ob-
served for the other fusion proteins, with any reduction in
AG25?P mainly due to a destabilization of the dimer rather
than the equilibrium monomeric intermediate. Knotted domains
with a ThiS molecule fused to both termini were most destabi-
lized relative to wild-type protein by 5-10 kcal mol ™", while those
with an amino-terminus ThiS were destabilized to a lesser extent
by 4-5 kcal mol~". We suggest that much of this destabilization
is caused by the unfavorable steric effect of a ThiS domain
attached to the relatively solvent unexposed amino termini of
YibK and YbeA.

Additional Protein Domains Do Not Alter the Folding
Characteristics of a Knotted Protein

Wild-type YibK folds in urea with a complex kinetic mechanism
involving four reversible folding phases: two different intermedi-
ates from parallel pathways fold via a third sequential monomeric
intermediate to form native dimer in a slow rate-limiting dimeriza-
tion reaction (Mallam and Jackson, 2006). YbeA exhibits two re-
versible urea-dependent kinetic phases with the dimer forming in
the last step from a monomeric intermediate (Mallam and Jack-
son, 2007a). Kinetic experiments using urea to perturb the equi-
librium were performed on the knotted fusion proteins; the fused
ThiS domains remain folded during these measurements, as
they are resistant to urea denaturation (Figure 3; Figure S3).
Thus, the unfolding and refolding of the knotted domains can
be examined while attached to one or more folded ThiS domains.
There is a remarkable similarity between the kinetic folding data
of the knotted fusion proteins and that of wild-type YibK and
YbeA (Figure 4); the same number of reversible phases is ob-
served, each with comparable kinetic m values that relate to
the solvent-accessible surface area change upon folding (Myers
et al., 1995) (Table S3). Crucially, fusing a ThiS domain to either
or both termini of a knotted protein has surprisingly little effect on
its folding rate; refolding rate constants in the absence of dena-
turant, other than those that correspond to dimerization, vary by
less than 4-fold, equivalent to an energetic change of less than
1 kcal mol~".

DISCUSSION

That all our artificial multidomain constructs can knot and fold is
an unexpected result; even the folding of ThiS-YibK-ThiS and
ThiS-YbeA-ThiS can be described by kinetic parameters com-
parable to those of the wild-type proteins despite the fact that
a considerably longer segment of chain has to be threaded
through a loop. Indeed, these fusion proteins contain the most
deeply embedded protein knots observed to date, as deter-
mined by the number of amino acids that can be removed
from each side before the structure becomes unknotted (Kole-
sov et al., 2007), which is over 125. We estimate that a polypep-
tide “knotting loop” of at least 40 completely unstructured resi-
dues is necessary for a folded ThiS domain to thread through
(see the Experimental Procedures). The fastest kinetic folding
step of the wild-type and fusion proteins, indicated by the red
and green phases from parallel pathways for YibK and the blue
phase for YbeA (Figure 4), involves formation of a compact
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C Analysis of fusion protein urea denaturation data.

ais ¥ AGg:OHZI (keal mol™") AG:I?OD {kecal mol™) AGIT:C? D (keal mol ")
YibK 061+£0.1 18904 6502 319+1.2
ThiS-YibK 049+0.2 146 +0.1 56+0.1 25701
YibK-ThiS 085+0.2 174 +£0.2 74 +0.1 32202
ThiS-YibK-ThiS 0.64+0.1 13702 40+01 21.7+0.2
YheA 0321201 15.2+0.1 25001 202+0.1
ThiS-YbeA 0.74+0.3 13.2+0.2 15201 16.2+0.2
YbeA-ThiS 06503 15.0+£ 0.1 24+£0.1 19.8 0.1
ThiS-YbeA-ThiS 052+01 105+0.1 23+0.1 15.1+0.1

Data for each fusion protein at 1 uM and 5 pM protein were globally analyzed using the equation for a three-
state dimer denaturation model involving a monomeric intermediate as described (Mallam and Jackson, 2005;
2007a). Y, is the spectroscopic signal of the knotted protein monomeric intermediate relative to a signal of 0 for

a native monomeric subunit in a dimer and 1 for a denatured monomer. My_ .y and My values for fusion

proteins, which relate to the solvent-accessible surface area change upon dissociation to the monomeric
intermediate and upon unfolding of the monomeric intermediate, respectively, were fixed to those of the
equivalent wild-type protein as calculated previously (Mallam and Jackson, 2005; 2007a).

AGES™ = AGBS™ + 20T

Figure 3. Denaturation Profiles of Knotted Fusion Proteins

(A and B) Equilibrium denaturation of YibK (top) and YbeA (bottom) fusion proteins with an appending ThiS at the amino (green), carboxy (red), and both termini
(blue) in GAmMCI (A), measured by far-UV CD signal at 225 nm, and urea (B), measured by fluorescence emission at 319 nm. Denaturation profiles are also shown
for wild-type knotted domains (purple) and ThiS (black). Protein concentrations are 5 uM (circles) and 1 uM (squares). Urea renaturation profiles are represented
by open symbols. The continuous lines in (A) below 3 M GdmCI and those in (B) represent the best fit to a three-state dimer denaturation model with a monomeric
intermediate, while those in (A) above 3 M GdmCl represent the fit to a two-state monomer denaturation model. For ease of comparison, data have been nor-
malized relative to a signal of 0 for a folded fusion protein, in (A) to 0.5 for a folded ThiS domain and 1 for an unfolded fusion protein, and in (B) to 1 for a fusion
protein with an unfolded knotted domain.

(C) Analysis of fusion protein urea denaturation data.

monomeric intermediate with significant structure (between a folded ThiS domain to pass through in this intermediate spe-
60%-77 % of a fully folded monomer, estimated using kinetic  cies, especially without a notable decrease in the corresponding
m values) (Mallam and Jackson, 2006; 2007a). We propose rate constant, and, therefore, that the knot is already formed. In
that there would no longer be a knotting loop large enough for  the simplest kinetic model, the initial folding step could take
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place from either a knotted or an unknotted denatured state. If
the latter occurred, the “plugging” of the threading terminus
with a ThiS domain should slow down or prevent folding. Instead,
values of the rate constant in buffer for the red and green folding
phases of YibK and the blue folding phase of YbeA are similar for
the wild-type and fusion proteins (Table S3) and are consistent
with folding taking place from a “preknotted” configuration.
Consequently, we conclude that knotting is not the rate-limiting
step during folding and, therefore, independent of the number of
residues that must be fed through the loop. This is in contrast to
what has been suggested previously, where it was thought likely
that threading would be rate limiting (Taylor, 2007). Whether the
knot becomes completely untied in the urea-denatured state of
a knotted protein remains to be determined; we predict that
a rapid pre-equilibrium exists between unknotted and loosely
knotted conformations. Further research into the relevance of
this concept to naturally unknotted proteins would be of interest,
as polymer simulations demonstrate that a string of beads equiv-
alent to approximately 600 residues has a 50 % probability of be-
ing knotted of its own accord (Virnau et al., 2005), and physical
experiments involving the rotation of a confined string suggest
that long flexible strings are almost certain to become knotted
(Raymer and Smith, 2007); where no native-state knot is present,
productive folding would only occur from an untangled chain. Itis
worth noting that it was speculated some time ago that protein
knots might originate from a knotted denatured state (Mansfield,
1997).
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Figure 4. Urea Kinetics of Knotted Fusion Proteins at 1 uM
Protein

(A and B) V-shaped plots of the natural logarithm of rate constants ob-
served during folding and unfolding at various concentrations of urea for
YibK (A) and YbeA (B) fusion proteins. Folding and unfolding data were
measured using fluorescence and analyzed as described for wild-type
proteins (Mallam and Jackson, 2006, 2007a). Equivalent kinetic phases
are identically colored; the phases that correspond to dimerization are
shown in black, while the red and green phases in (A) represent two
species forming in parallel (Mallam and Jackson, 2006). Continuous lines
denote the fit of each phase to a two-state folding model (Pace, 1986).

We can use kinetic folding data for wild-type ThiS to consider
how the knotted fusion proteins engineered here might knot
and fold in the cellular environment. During synthesis, the elon-
gating nascent polypeptide chain will initially be unknotted.
Wild-type ThiS folds rapidly in vitro with a rate constant of
413 57", equivalent to half the population of protein molecules
forming the native state in the first 2 ms (Figure S4; Table
S3). This is faster than the folding of wild-type YibK or YbeA
and quicker than the rate of translation in Escherichia coli (ap-
proximately 40 amino acids per second). The ThiS domains in
afusion protein will, therefore, likely fold, whether in a cotrans-
lational or posttranslational manner, before they have the op-
portunity to pass through a knotting loop. Consequently, it is
probable that the knotting mechanism of ThiS-YibK-ThiS and
ThiS-YbeA-ThiS invivo involves a natively folded ThiS thread-
ing through a loop, similar to our in vitro kinetic experiments.

The results discussed here suggest that productive knot-
ting occurs from a largely unfolded protein chain early on in

the folding process; however, they do not identify the threading
terminus or establish whether knotting is a cotranslational or
a posttranslational event. One condition for knot formation
must be sufficient elongation of the polypeptide chain to allow
a knotting loop to develop. Moreover, cotranslational knotting
of the polypeptide chain would require threading to take place
from the amino terminus, as the threading of an Escherichia
coli ribosome (approximately 200 A in diameter [Schuwirth
et al., 2005]) would necessitate an unfeasibly large knotting
loop. If knotting of the polypeptide chain occurs in any naturally
unknotted proteins of sufficient length, as suggested by both
physical and simulation experiments (Virnau et al., 2005; Raymer
and Smith, 2007), it could preclude successful folding. It is inter-
esting to speculate that one role of molecular chaperones may
be to prevent such unproductive knotting events in the cell.
The similar behavior of YibK and YbeA when involved in a
fusion protein suggests that loose knotting in a denatured-like
state might be a folding feature of all «/B-knot MTases. Further-
more, it appears that knot formation poses no problems for nat-
ural proteins, as it occurs early on in the folding process, before
that of any significant structure. This explains the existence of
other deeply embedded protein knots, many with additional
amino or carboxy domains (Ahn et al., 2003; Elkins et al., 2003;
Mosbacher et al., 2005; Taylor, 2000). Interestingly, there are
no domain architectures for known sequences that contain inter-
nally positioned YibK-like or YbeA-like knotted domains similar
to ThiS-YibK-ThiS and ThiS-YbeA-ThiS (Bateman et al., 2004).
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More generally, it may be that complex protein topologies, such
as trefoil knots, can only be anticipated by examining early fold-
ing events; interactions that occur before the formation of sec-
ondary and tertiary structural elements, perhaps very different
from those present in the native state as proposed in a recent
computational study on YibK (Wallin et al., 2007), could have
a large effect on a protein’s final structure. The process of
three-dimensional domain swapping is another example of
this, where the interactions present in highly intertwined oligo-
mers have been found to form early on in the folding reaction
(Hayes et al., 1999; Rousseau et al., 2001, 2003). Conversely, if
something as surprising as a trefoil knot remains essentially
silent during the folding process, it is possible that knotted
folds will never be predicted. However, we anticipate that further
study to establish the exact nature of the early-folding in-
teractions required to productively knot a polypeptide chain
will be instrumental to the advancement of protein simulation
and design.

EXPERIMENTAL PROCEDURES

Plasmids and Proteins

The genetic sequences for YibK, YbeA, and ThiS were amplified by polymer-
ase chain reaction (PCR) and introduced into pET-17b (Novagen) to encode
for the appropriate multidomain protein with separate domains joined by a
serine-glycine linker. Resultant fusion proteins were expressed and purified
as described (Mallam and Jackson, 2005, 2007a) with the following modifica-
tions: ThiS-YibK-ThiS and ThiS-YbeA-ThiS were incubated postinduction for
16 hr at 25°C and purified by anion exchange chromatography in a buffer of
50 mM Tris-HCI (pH 8.4), 50 mM KClI, and 1 mM DTT followed by gel filtration
chromatography. The expression rate of all fusion proteins was comparable to
that of the equivalent wild-type protein. While less of YibK-ThiS and ThiS-YibK-
ThiS appeared in the soluble fraction during purification, the solubility of all
other fusion proteins was similar to wild-type, suggesting that this depends
on the individual protein rather than the addition of a ThiS domain to a particular
termini. The identity and purity of the fusion proteins were confirmed by SDS-
PAGE and mass spectrometry. All experiments were performed in a buffer of
50 mM Tris-HCI (pH 7.5), 200 mM KCI, 10 % (v/v) glycerol, and 1 mM DTT at
25°C unless otherwise stated, except for the ITC experiments where B-mer-
captoethanol replaced DTT as the reducing agent. All protein concentrations
are in monomer units.

Solution X-Ray Scattering

Solution X-ray Scattering data were collected at station 2.1 of the Daresbury
Synchrotron Radiation Source, UK, and processed with procedures described
previously (Grossmann et al., 2002). Radius of gyration, Ry, forward scattering
intensity, and the intra particle distance distribution function, p(r), were evalu-
ated with the indirect Fourier transform program GNOM (Svergun, 1992). The
maximum linear dimension, Dnax, Of the particle was evaluated according to
the characteristic of p(r). In order to check the consistency of the results, radii
of gyration were also determined from the very low-angle profiles by using the
Guinier analysis based on the approximation In/(q) = Inly — 4w?R3s? /3. At least
ten particle shapes for each protein were restored from the experimental scat-
tering profiles following ab initio procedures based on the simulated annealing
algorithm using GASBOR (Svergun et al., 2001), and the most probable struc-
ture was found using DAMAVER (Volkov and Svergun, 2003). A homology-
modeled structure of ThiS was generated using MODELER (Marti-Renom
et al., 2000). This, along with the known crystal structures of YibK and YbeA,
was used to perform rigid body modeling with the program BUNCH (Petou-
khov and Svergun, 2005). For all fusion proteins, multiple repetitions of mod-
eling were undertaken to check the reproducibility of a particular solution.
Structures from rigid body modeling and ab initio were superimposed with
the program SUPCOMB (Kozin and Svergun, 2001). Structural figures were
made with PyMOL (www.pymol.org) and Ribbons (Carson, 1997).

Protein Characterization

Analytical gel filtration chromatography, ITC, and thermodynamic and kinetic
folding experiments were carried out as described (Mallam and Jackson,
2005; 2006; 2007a; 2007b). Urea denaturation data were fit to a three-state
dimer denaturation model involving a monomeric intermediate using the m
values calculated previously for wild-type proteins. Individual ITC experiments
were repeated at least twice. The amount of structure formed in the fastest
kinetic phases was estimated by taking the ratio of the kinetic m value, my,,
for this step to the m value for a fully folded monomer subunit, as estimated
previously (Mallam and Jackson, 2005; 2007a). The size of the polypeptide
knotting loop needed for a ThiS domain to pass through was estimated using
the maximum linear dimension of ThiS, as calculated from SAXS data, and an
average interresidue distance of 3.5 A

SUPPLEMENTAL DATA

The Supplemental Data include four figures and three tables and can be found
with this article online at http://www.molecule.org/cgi/content/full/30/5/642/
DC1/.
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