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Transmission electron microscopic studies on CS, hydrolase
provide direct evidence for the existence of the
hexadecameric catenane and octameric ring topologies.
Reconstructions of both protein assemblies are in good
agreement with crystallographic analyses of the catenane
and ring forms of CS; hydrolase.

Molecular topology, the organisation of molecular structure in
three dimensional space, often determines the physico-chemical
properties of molecules and molecular systems.! Molecular
topology has most notably been recognised in biochemistry by
providing the link between the function and structure of
biomolecules.? Naturally-occurring and designed protein
assemblies that exist in a diverse set of supramolecular
topologies, including catenanes, knots, tubes, cages, and rings
have been identified and characterised.®*

CS, hydrolase from hyperthermophilic Acidianus A1-3
archaeon appears in two well-defined oligomeric states, namely
the hexadecameric catenane and the octameric ring assemblies.
The active site of both assemblies contains the zinc ion cofactor,
which is chelated by two cysteines and one histidine. Both forms
of the enzyme are catalytically active for the conversion of CS,
into CO, and H,S5’ The non-covalently maintained
hexadecameric catenane and octameric ring assemblies have
been detected in the crystal state, gas phase and dilute aqueous
solutions.>” High-resolution structural analyses of both
assemblies illustrated that the ring form exhibits a square-shaped
geometry and that the two mechanically-interlocked rings in the
catenane architecture are positioned perpendicularly (i.e. the
angle between both octameric rings is exactly 90°).°
Comparative biochemical analyses of the catenane and ring
forms of CS, hydrolase demonstrated that the catanene is
enzymatically more active then the ring (per assembly), whereas
the ring is overall more active (per monomer).” A decreased
enzymatic activity for the catenane can be attributed, at least in
part, to the compact organisation of both rings in the catenane,
that makes some of its sixteen active sites partially inaccessible
for binding of CS, substrate.”

To date, the catenane topology of protein assemblies has only
been demonstrated by X-ray structural analyses. The catenane
quaternary structure has been verified for: (i) CS, hydrolase,® (ii)
bacteriophage HK97,% ° (iii) citrate synthase,’® (iv)
mitochondrial peroxiredoxin I1I,'* (v) recombinant protein
RecR,* and (vi) ribonucleotide reductase (RNR).*® In addition to

crystallographic support, there have been limited additional
so biophysical and bioanalytical data that support the existence of

the unique catenane topologies in the protein world. Most

solution state data have only provided complementary indirect
support of catenane topology. Few catenane proteins have been
examined by transmission electron microscopy (TEM), and only
s5 in low resolution 2-D images.” ™ In the case of peroxiredoxin

111, interestingly, TEM preparation caused the catenane form of

the protein to almost completely disassemble into rings.**

Nevertheless, the presences of catenane forms of RecR'? and

RNR® in the crystals were resulted from high protein
g0 concentration or high crystallisation precipitant concentration.
Indeed, the high protein concentration and crystal contacts which
hold molecules in the symmetric crystal lattice in the crystal may
influence and alter the organisation and topology of the assembly
when compared to the assembly in solution, especially in
proteins that have multiple conformations. Therefore, it is
important  to provide independent high-resolution
characterisation of these protein assemblies.

Herein, we report the TEM-based 3-D reconstruction of the
catenane and ring assemblies of CS, hydrolase. To the best of
our knowledge, this study presents the first 3-D TEM
reconstruction of a non-covalent catenane protein. CS, hydrolase
was expressed in E. coli.® 7 Catenane and ring forms of CS,
hydrolase were then purified by two rounds of size exclusion
chromatography (SEC) in sodium phosphate buffer (20 mM, pH
757.5)." Low-dose TEM and single-particle reconstruction

techniques were performed to analyse the spatial configurations

of these two assemblies.

To initially characterize the unique hexadecameric catenane
form of CS, hydrolase, negative stained TEM micrographs were

s collected and 2-D image analysis was performed.”® TEM
specimens were prepared by applying a dilute solution of the
catenane assembly (0.1 mg mL™?) on to a glow-discharged
carbon-coated grid and staining with 2% uranyl acetate (detailed
methods see supplementary information). Images were collected

g5 in low-dose TEM mode to minimize radiation damage caused by
the electron beam.

Though samples were randomly oriented, the majority of
images showed short ladder-like side views and elliptical tilted
views (Fig. 1a) with the measured dimension of approximately

010 nm in length and 16 nm in width. Reference-free
classification allowed identification of typical views of the
specimen (Fig. 1b).1% " These class averages clearly revealed the
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presence of two square-ring elements that interlocked through
the central cavity. However, no class average provided a putative
top view, suggesting that the sample has preferred orientations
on the grid (Fig. S1 and S2).

3-D models were built from the 2-D data using the EMAN
software package.!® An initial 3-D model was built de novo
using 19,243 particles without any symmetry constraints (Fig.
1a, inset). This model had dimensions of 9 nm x 12 nm x 14 nm.
Because of the models shape, it was iteratively refined with D,
symmetry to yield the final 3-D reconstructions (Fig. 1d). The 3-
D electron density map clearly showed a mechanically
interlocked catenane assembly that consisted of two equal ring
structures (Fig. 1c and d). Interpretation of the catenane
assembly as two interlocked square rings was further supported
by fitting the atomic coordinates of a CS, hydrolase catenane
assembly solved by X-ray crystallography into the TEM
reconstruction (Fig. 1e). The structure shows that the rings of the
catenane assembly are approximately perpendicular to one
another. There was no large internal hole hidden between the
two interlocked rings (Fig. 1d and e).

The squares were not uniform. Each square has the
appearance of two dumbbell-shaped components connected by a
narrow contact. This weak connection may be due, in part, to the
paucity of top and bottom images in the raw data; this suggests
that “standing up” on the grid is structurally unfavourable.

The TEM-based 3-D reconstruction of the hexadecameric
catenane form of CS, hydrolase is in good agreement with the
crystallographically-obtained structure (PDB ID: 3TEO, Fig. 1e).
The corners of the ring, the top and bottom of the dumbbell, are
bulbous, consistent with the globular CS, dimer. These dimers
are linked by narrower stretches consistent with the N- and C-
termini of CS, hydrolase (Fig. S3). Both structures, the cryo-EM
and the crystal structure, provide direct evidence for the
catenated quaternary topology. The most important difference
between the two techniques is that the architecture obtained by
TEM, though showing the molecule envelop at the lower
resolution, was observed at very dilute protein concentrations
and without the network of protein-protein interactions required
to stabilize a three-dimensional crystal.

To confirm the octameric quaternary structure of each ring in
the catenane, TEM structures were determined for the individual
octameric ring assembly. A dilute solution of ring (0.1 mg mL™)
was used for the preparation of the uranyl formate-negatively
stained TEM grids. We collected about 15,666 particles of the
putative ring assembly (Fig. 2a). The initial model was generated
de novo without symmetry constrains (Fig. la, inset), to
eliminate bias. The generation of reference-free 2-D class
averages resulted in square ring architecture with 4 blobs of
density at each corner that were connected by narrower stretches
of density (Fig. 2b). These class averages clearly showed the
top/bottom, side, and tilted views of the ring assembly (Fig. 2b,
left, middle, and right, respectively). The top and bottom views
are consistent with D, symmetry for each ring. Class averages
were consistent with re-projections of obtained from the
subsequently calculated 3-D model (Fig. 2c). A final 3-D
reconstruction of the ring was computed to 15 A, somewhat
better than the 23 A catenane form (Fig. 2d and 3).

The TEM-derived structure of the octamer has square ring

topology with a central hole surrounded by four equally-sized

60 assemblies. The ring is about 11 nm from side to side and the
diameter of the central hole was approximately 4 nm (Fig. 2d).
These distances are similar to the dimensions obtained from the
X-ray structures indicating that the negative stain did not unduly
distort the structure. The 3-D density map is well fit by atomic

es coordinates of the ring assembly (PDB ID: 3TEN): four dimers
of CS; hydrolase fit precisely into the volume, with each dimer
positioned at the corner (Fig. 2e). The docked CS, hydrolase
dimers occupy essentially all of the assigned density. This
structure is essentially identical to one ring of the catenane form.

70 Notably, this indicates that this quaternary structure is also
present in dilute protein concentrations.

TOP VIEW s

Side view

Fig.1 Structural analysis of the catenane form of CS, hydrolase. (a) A
representative TEM image of negatively stained catenane assemblies.
Scale bar, 50 nm. Inset shows a de novo built initial 3-D model from

75 these particles. Scale bar, 5 nm. (b) Selected reference-free 2-D class
averages and (c) their corresponding model re-projections. (d) Top view
(left) and side view (right) of the 3-D reconstruction of the catenane
assembly. Note that the structure showed two interlocked rings (pink and
light green). Scale bar, 5 nm. (e) Transparent isosurface rendering of

so catenane assembly fitted with the atomic coordinates (PDB ID: 3TEO,
showed in red and green) revealed a good agreement between the atomic
coordinates and EM density map. Scale bar, 5 nm.

The resolutions of the hexadecameric catenane and octameric

ring forms of CS, hydrolase were found to be 23 A and 15 A,

ss respectively (Fig. 3). The negative stain used in these

micrographs provides contrast, facilitating reconstruction of

lower molecular weight complexes. The negative stain provides

a molecular envelope but masks out most internal features. There

is a slight additional loss of detail in the EM density maps due to

% the thickness of the stain layer. However, even with unstained

cryo-EM data, these resolutions do not provide proteins’

secondary structures. Nonetheless, for our protein complexes,

these resolutions provide the unambiguous proof for the

catenane and ring topologies of CS, hydrolase. Our transmission

o5 electron  microscopy-based  reconstruction data  provide

independent description of well-defined catenane and ring

quaternary structures in the absence of potentially confounding
crystal contacts.

2 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 3



Page 3 of 3

ChemComm

d
(d) Top view

W e

s
— 3
¢ 11nm 3
E ™3
c
"’Iw 4
[Te]
Side view

Fig. 2 Image reconstruction of the ring form CS; hydrolase assembly. (a)
A representative TEM image of negatively stained ring assemblies. Most
particles lay on the carbon-coated grid with either top view or side views.
s Inset shows a de novo built initial 3-D model from the selected particles.
Scale bar is 5 nm. (b) Selected reference-free 2-D class averages and (c)
their corresponding model re-projections. (d) Top view (top) and side
view (bottom) of the 3-D reconstruction of the ring assembly. Scale bar,
5 nm. (e) Transparent isosurface rendering of ring assembly (blue) fitted
10 with the atomic coordinates (PDB ID: 3TEN) revealed a good agreement
between the atomic coordinates and EM density map. Scale bar, 5 nm.
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Fig. 3 Resolution estimation of the 3-D reconstructions. Fourier shell
correlation (FSC) at the 0.5 cutoff was used to estimate the resolutions

15 for the catenane form (solid line, 23 A) and ring form (dashed line, 15 A)
of the CS; hydrolase reconstructions.
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