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Abstract

Topologically knotted proteins are tantalizing examples of how polypeptide chains can explore complex free
energy landscapes to efficiently attain defined knotted conformations. The evolution trails of protein knots,
however, remain elusive. We used circular permutation to change an evolutionally conserved topologically
knotted SPOUT RNA methyltransferase into an unknotted form. The unknotted variant adopted the same
three-dimensional structure and oligomeric state as its knotted parent, but its folding stability was markedly
reduced with accelerated folding kinetics and its ligand binding was abrogated. Our findings support the
hypothesis that the universally conserved knotted topology of the SPOUT superfamily evolved from unknotted
forms through circular permutation under selection pressure for folding robustness and, more importantly, for

functional requirements associated with the knotted structural element.

© 2019 Elsevier Ltd. All rights reserved.

Topologically knotted proteins are exquisite exam-
ples of how evolution can fold and thread intricate
protein knots with efficiency and precision [1]. To date,
over 1000 knotted protein structures have been
deposited in the protein databank [2]. The SPOUT
RNA methyltransferase superfamily is one of the best-
known examples of knotted protein structures. SPOUT
proteins exist in all kingdoms of life. All reported SPOUT
protein structures contain a trefoil (34) knotted structural
element that binds to the cofactor S-adenosyl-L-
homocysteine (SAH), which acts as a donor for
methyltransfer reactions [3]. The knotted cofactor-
binding motif provides conformational constraints to
activate the enzymatic activity.

YibK from Haemophilus influenzae, also known as
TrmL, specifically modifies tRNA by 2'-O-methylation of
the wobble nucleotide. It is also one of the best-studied
knotted proteins in terms of the mechanisms underlying
the folding and knotting [4,5]. YibK is a homodimeric o/
protein with a long C-terminal helix that threads through
the knotting loop that binds the SAH co-factor,
rendering it one of the most deeply knotted proteins
known [6]. YibK can fold and knot spontaneously
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without the aid of molecular chaperones [7]. It forms
several well-defined folding intermediates along its
bifurcated folding pathway [4]. Correct folding and
dimerization of YibK are essential for cofactor binding
[8]. Remarkably, there is good experimental evidence
to suggest that YibK remains topologically knotted
under highly denaturing conditions [9], despite
the lack of appreciable secondary structure content
[10] and conformational compaction [11]. That raises
the question of whether the knotting occurs co-
translationally or post-translationally through a different
folding pathway than the ones deduced from in vitro
refolding experiments.

Bioinformatics survey of the SPOUT superfamily
revealed that the trefoil knotted element is universally
conserved. It was postulated that the trefoil protein knot
may have evolved through circular permutation (CP) of
unknotted parent proteins [3]. A circularly permuted
protein pair has the same amino acid composition, but
the termini are shifted such that the segment that forms
the C-terminus in one protein is shifted to the N-
terminus in the other protein by becoming concatenat-
ed to the original N-terminus of the second protein [12].
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Proteins that arise naturally as a result of CP adopt
three-dimensional (3D) structures identical to those of
their parent proteins. Engineered CP has been used to
study the effect of reshuffling long-range native
contacts in one-dimensional sequential terms, known
as the contact order [13], on the folding kinetics while
maintaining the nature and number of native contacts in
3D space. The folding kinetics of topologically knotted
proteins are generally slower and more complex than
those of the small globular proteins that exhibit two-
state folding behaviors. All of the knotted proteins that
have been experimentally examined so far exhibit
highly populated kinetic folding intermediates, which
are thought to be rate limiting [14-20]. We asked
whether it is possible to generate an unknotted CP
variant of YibK with the same 3D spatial arrangement of
structural elements as the parent protein (i.e., the same
native contacts, but different sequential order) and how
CP and the consequential unknotting impact on the
folding and function of YibK.

Using the structure-based CP predicting algorithm
CPDB [21], we introduced nine CP sites into the
knotted region of YibK to either open the knotting loop
or shift the C-terminal helix to become the new N-
terminus and thereby alleviate the need for threading
(Supplementary information, Table S1 and Fig. S1).
When we expressed each of the nine CP variants in
Escherichia coli, CP82 (opening the threading loop at
residue position 82) was expressed predominantly in
the soluble fraction that can be purified using the same
procedure used to purify the wild-type YibK (WT). The
far-UV circular dichroism (CD) spectrum of CP82 is
very similar to that of WT, indicating that the secondary
structure content was preserved despite the reorga-
nized sequential order (Fig. 1A). Size-exclusion chro-
matography-coupled multiple angle light scattering
(SEC-MALS) confirmed the dimeric quaternary struc-
tures of both WT and CP82 with the expected
molecular weights (Fig. 1B). Nevertheless, CP82 had
a significantly reduced melting temperature (Ty,; T,
wr = 64.5 °C versus T, cps2 = 50.0 °C; Table S2), as
revealed by the CD signals at 222 nm as a function of

< B
£
S 1.0
E 2
< | 372
S 0.5+
> 3 34.5
)
w 0.0 T ¥
S 200 220 240 26 25 3.0 35 4.0

Wavelength (nm) EV (mL)

temperature (Fig. 1C) and differential scanning calo-
rimetry (DSC; Fig. S2). Urea-based equilibrium unfold-
ing analysis by intrinsic fluorescence and far-UV CD
spectroscopy revealed that compared with those for
WT, the transition urea concentrations ([Dlsge.) for
CP82 were reduced by 2.94 + 0.01 and 1.54 +
0.05 M, respectively (Fig. 1D). Fluorescence and CD
data yielded the same unfolding isotherms for WT;
however, there was a clear difference for CP82, with
fluorescence data yielding a much lower stability than
CD data, suggesting a loss of folding cooperativity in
CP82. That was corroborated by the presence of an
additional DSC profile of CP82 that was not detected by
CD-based thermo-unfolding (Fig. S2). Further optimi-
zations of refolding parameters (Supplementary infor-
mation) enabled the recovery of CP118, CP124,
CP128, and CP132 in their soluble forms, albeit with
lower abundances and solubility than CP82. Those CP
variants exhibited marginally different far-uUv CD
spectra that indicated reduced secondary structure
content (Fig. S3A) with much lower melting tempera-
tures (reduced T,, by 14-21 °C; Table S2) and lower
thermo-unfolding cooperativity (Fig. S3B). Those re-
sults demonstrated that we could obtain unknotted CP
variants of YibK with different reductions in folding
stability.

To investigate how CP perturbs the structure of YibK,
we solved the crystal structure of CP82 to a resolution
of 1.65 A (deposited under the PDB accession code:
6AHW; Fig. 2 and Table S3). CP82 adopted the same
3D structure and dimeric assembly as WT, with an
overall backbone Ca atomic positional RMSD of 0.40 A
forthe dimer as a whole. The only discernable structural
difference lies in a2 and a3 (a4 and a5 in CP82) and the
N- and C-termini (Fig. 2C). Structural analysis indicated
a reduction in the dimer interface area (from ca.
1600 A2 per chain in WT to ca. 1440 A? per chain in
CP82; Fig. S4 and Table S4), which we ascribed to
differences in inter-molecular hydrogen bonding and
salt bridges around the periphery of the stable
hydrophobic dimer interface (Fig. S5 and Table S5).
We confirmed the quaternary structure of CP82
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Fig. 1. Comparisons of structures and folding of WT (blue) and CP82 (red). (A) Far-UV CD spectra and (B) SEC-
MALS profiles showing the same secondary and quaternary structures, respectively. The corresponding molecular
weight (MW) distributions are shown as horizontal lines in the elution peaks, indicated with the averaged MW values in
kDa on the left. Normalized fractions of unfolding derived from far-UV CD thermo-unfolding (C) and equilibrium urea
unfolding (D). Intrinsic fluorescence and far-UV CD data points in panel D are shown in open and filled circles,

respectively.
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Fig. 2. Crystal structures of WT (A) and CP82 (B) shown in cartoon representations color-ramped in a reversed rainbow
scale from the N-termini to the C-termini, indicated by blue and red spheres, respectively. The identities of individual
secondary structure elements are indicated. (C) Superposition of the structures of dimeric WT in light gray and CP82 in
light cyan. The Ca atoms of the N- and C-termini are shown in sphere and indicated accordingly. (D) SAXS profiles of WT
(blue) and CP82 (red) superimposed with the back-calculated profile based on the WT structure (black line; the
corresponding fitting x-values for WT and CP82 are indicated on the upper right corner) and that of a model derived from
MultiFoXS (white dashed line). Inset: Superposition of the crystal structure of CP82 (transparent gray) and the MultiFoXS-

derived model (red).

in solution by SEC-coupled small-angle X-ray scatter-
ing (SEC-SAXS). The SAXS profiles and the corre-
sponding Kratky plots of WT and CP82 were
superimposable (Figs. 2D and S4), yielding identical
radii gyration (Ry) of 21.2 + 0.1 A based on Guinier
approximation (Fig. S6); the theoretical value based on
the crystal structure of WT (PDB entry: 1MXI)is 19.2 A.
To account for the deviations between the experimental
SAXS profile and back-calculated SAXS profile based
on the WT crystal structure in the mid-q range
(momentum transfer, q ~ 0.2), we generated a model
using MultiFoXS [22] that yielded a theoretical SAXS
profile that showed much improved match with the
experiment profiles (Fig. 2D). The RMSD between the
model and the crystal structure of CP82 was 1.63 A,
primarily due to marginal translational movements
between the two (inset in Fig. 2D).

Despite the loop opening as a result of the
introduction of the CP site on the threading loop, the
SAH-interacting residues in apo CP82 were aligned in
the same spatial arrangements as those in SAH-bound
WT. Superposition of the two structures indicated that
the SAH-binding pocket in CP82 is poised to form an
extensive hydrogen bonding network with the adenine
and ribose moieties of SAH. The only exceptions were
the backbone carbonyl oxygen of Leu160 in CP82
(Leu78in WT) that was displaced by ca. 0.5 A from the
2’ hydroxyl oxygen of SAH, and the side-chain hydroxyl
oxygen of Ser130 (Ser50 in WT) that was pointing
away from, instead of toward, the solvent exposed
hence more flexible amino oxygen of the homocysteine
moiety of SAH (Fig. 3). To examine how CP may impact
the SAH-binding capacity of CP82, which is functionally
required for the tRNA methylation activity of YibK and
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Fig. 3. Structural comparison of the substrate-binding motifs of WT and CP82. (A) The knotted structural element is
involved in SAH recognition. The knotting loop and the C-terminal threading helix are colored in blue and red, respectively.
SAH is shown as spheres with carbon, nitrogen, oxygen, and sulfur atoms colored green, blue, red, and gold, respectively.
(B) Stick representation of the structural alignment of the SAH-interacting residues in WT (light gray) and the
corresponding residues in CP82 (light cyan). Hydrogen bonds mediating SAH binding are shown as gold dashed lines.

SAH is colored in the same scheme used in panel A.

all other SPOUT family members, we performed
isothermal titration calorimetry to characterize SAH
binding to WT and CP82. Consistent with previous
findings, WT exhibited an SAH dissociation constant
(Ky) of 24.5 + 1.0 uM [8], whereas CP82 showed no
appreciable binding to SAH, indicating that while the
crystallographic analysis revealed only marginal struc-
tural perturbations within the SAH-binding moitif, the
loop opening (and unknotting) resulted in profound loss
of SAH-binding affinity (Fig. S7).

To understand the loss of the SAH-binding affinity of
CP82, we performed comparative native folding
dynamics analysis of WT and CP82 using hydrogen—
deuterium exchange mass spectroscopy (HDX-MS).
Structural mapping of the differential deuterium uptakes
of backbone amide groups showed that the most
affected regions were the SAH-binding motif and the C-
terminal residues of WT, which were moved to the N-
terminus in CP82 (Fig. 4). In fact, almost half of CP82,
particularly at the dimer interface, showed markedly
enhanced HDX, indicating pronounced local fluctua-
tions that were not reflected in the crystallographic
study [23]. In keeping with the equilibrium thermo-
chemical unfolding analyses (Fig. 1D), the HDX-MS
analysis underscored the stabilizing effect of the
knotted structural motif, but with much more detailed
structural information, as in the case of the trefoil-
knotted ornithine transcarbamylases [23]. It also
suggested that the loop opening caused not only the
immediately consequential unknotting but also long-
range perturbations to the dimer interface, echoing the
earlier mutational study of YibK that demonstrated the
causal relationship between dimer interfacial disruption
and the loss of SAH-binding capacity.

We next sought to investigate the impact of CP on
the folding kinetics of YibK. On the one hand, the
topological rearrangement increases the contact order
of CP82 was to 12.3% compared 10.7% for WT, which
is expected to lower the folding kinetics of CP82
relatively to that of WT [13]. On the other hand, untying
the knotted topology of the unknotted CP82 may
simplify and accelerate the folding kinetics compared to
that of WT, which exhibits a complex bifurcated
pathways linking the denatured state and two distinct
monomeric folding intermediates followed by the
formation of a native-like monomeric intermediate
before assembling into a native dimer [4,5]. We carried
out stopped-flow fluorescence measurements of CP82
and observed three distinct unfolding phases and four
refolding phases (Fig. 5 and Table S6). While such a
multiphasic folding behavior was similar to that of WT,
most of microscopic reaction rate constants of CP82
were faster than their counterparts in WT with
significantly larger m-values (note that an assumption
was made that the unfolding and refolding arms could
be paired in ascending order for CP82 in the same way
as it was analyzed for WT. Consequently, the fastest
refolding arm did not have a corresponding unfolding
arm for chevron plot analysis). Complete delineation of
the folding pathways of CP82 was limited in part by the
exceedingly small amplitudes of the two fast refolding
phases (Fig. S13). While it remains to be seen as to
how CP-induced untying of the knotted topology of
YibK remodels the associated free energy landscape, it
is conceivable that CP effectively alleviates the
topological frustration in the associated free energy
landscape manifested in the accelerated the folding
kinetics between the individual states.
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Fig. 4. HDX-MS analyses of WT (A) and CP82 (B). Structural mapping of the relative deuterium uptakes after incubation
in deuterated buffer for 1 h at 25 °C. The hydrophobic core and the dimer interface (facing out of plane) were relatively
more stable in WT (indicated by the blue patches), whereas the corresponding regions in CP82 were more susceptible to
HDX. (C) Relative deuterium uptake of CP82 with respect to WT by subtracting the results in panel B from those in panel A.
The dimeric structure of YibK is shown in the lower panel to highlight the long-range perturbations to the dimer interface.
Dark red coloring corresponds to more destabilization caused by CP. The lack of common peptides between WT and
CP82 in some regions, especially those within the dimer interface and the central 3-sheet, precluded the ability to derive
the relative deuterium uptakes. These regions are highlighted in dark gray (cf. Supporting Information and Figs. S8—S12 for
details).

10'2 Fig. 5. Folding kinetic analysis of CP82 as a
function of urea concentration. CP82 exhibited
three unfolding kinetic phases and four refolding
kinetic phases. The unfolding and refolding arms
were paired in ascending orders (except for the
fastest refolding phase) and fit to a two-state folding
model to generate the chevron plots in solid,
dashed, and dotted red lines. For comparison, the
previously reported folding kinetic phases of WT
were shown in solid, dashed, dotted, and dash-
dotted blue lines in ascending order.
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In summary, we reconfigured the sequence of the
trefoil-knotted YibK from H. influenzae to create
unknotted CP variants that can fold into the same 3D
structure as YibK by forming the same native contacts
as those in the parent protein. Our results suggest that
the knotted structural element in the SPOUT super-
family is not essential in terms of proper protein
structure and folding. Nevertheless, the knotted ele-
ment provides enhanced thermo-chemical stability that
might be evolutionarily advantageous. While untying
the trefoil knot significantly accelerates the folding
kinetics, opening the knotting loop abrogates the
substrate binding capacity of the protein, possibly by
removing the topological constraint required to maintain
the strained knotting loop, which in turn bends the
substrate into a strained, activated configuration. Our
findings underscore the thermodynamic, kinetics and
functional importance of the universally conserved
protein knot in the SPOUT superfamily [3]. Considering
the existence of other highly conserved knotted
proteins, such as ubiquitin C-terminal hydrolases in
eukaryotes, that utilize their knotted structural elements
for substrate recognition and also for additional
mechanostability [24], it is conceivable that protein
knots were evolutionarily selected because of the
synergistic relationship between folding stability and
functionality despite the apparent frustrations across
their free energy landscapes.

Accession numbers

The X-ray crystal structure has been deposited
under the PDB accession code: 6AHW
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