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Natural supramolecular protein assemblies

Bas J. G. E. Pieters,¥® Mark B. van Eldijk,¥° Roeland J. M. Nolte® and

Supramolecular protein assemblies are an emerging area within the chemical sciences, which combine
the topological structures of the field of supramolecular chemistry and the state-of-the-art chemical
biology approaches to unravel the formation and function of protein assemblies. Recent chemical and
biological studies on natural multimeric protein structures, including fibers, rings, tubes, catenanes,

knots, and cages, have shown that the quaternary structures of proteins are a prerequisite for their
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highly specific biological functions. In this review, we illustrate that a striking structural diversity of protein
assemblies is present in nature. Furthermore, we describe structure—function relationship studies for

selected classes of protein architectures, and we highlight the techniques that enable the characterisation
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Key learning points

of supramolecular protein structures.

(1) An astonishing number of structurally diverse supramolecular protein assemblies exists in nature.
(2) The topology of multimeric protein assemblies is often highly associated with their biological function.
(3) various bioanalytical, biophysical, and biochemical techniques are employed for the identification and characterisation of supramolecular protein

assemblies.

(4) Underlying molecular mechanisms for the formation of many well-defined protein assemblies are not fully understood.
(5) Natural supramolecular protein assemblies provide a strong base for the design of new biomolecular systems that exhibit novel functions and properties.

1. Introduction

Proteins - biologically functional molecules - are involved in all
fundamental processes in life. From transcription and transla-
tion to catalysis, metabolism, transport and structural integrity,
proteins have evolved to be part of the sophisticated and highly
efficient molecular machinery that controls the function of the
cell." Nature builds proteins by a bottom-up approach, in which
the primary sequence of amino acids largely determines the
proteins’ tertiary three dimensional structure. Most of the
characterised proteins, however, are organised in higher hierar-
chical quaternary structures, either by forming homo-oligomeric
assemblies (i.e. proteins made by identical polypeptide chains)
or hetero-oligomeric assemblies (i.e. proteins made by different
polypeptide chains).> Protein homo-oligomerisation exhibits

“ Institute for Molecules and Materials, Radboud University Nijmegen,
Heyendaalseweg 135, 6525 A] Nijmegen, The Netherlands.
E-mail: j.mecinovic@science.ru.nl; Fax: +31 (0)24 3653391;
Tel: +31 (0)24 3652381
b Division of Chemistry and Chemical Engineering, California Institute of
Technology, 1200 East California Boulevard, Pasadena, CA 91125, USA
+ These authors contributed equally to the work.

24 | Chem. Soc. Rev., 2016, 45, 24-39

various advantages over the basic monomeric form of proteins,
including functional control, allosteric regulation, higher-order
complexity, and stability. Hetero-oligomerisation of these bio-
molecules has the advantage that the distinct functions of
individual monomeric forms can be linked and also enables the
formation of properly folded well-defined assemblies that would
be hardly accessible when all protein subunits are covalently
fused. A well-studied example of hetero-oligomeric proteins is
hemoglobin, an a,f, tetrameric assembly that contains four haem
prosthetic groups required for binding of molecular oxygen,
which efficiently transports oxygen from lungs into tissues via
the allosteric regulation mechanism.

How can one visualise the architectures of protein assemblies?
Over the years, many low- and high-resolution biophysical and
bioanalytical techniques for the determination of protein struc-
tures have been developed.>* The majority of the structures has
been solved by X-ray crystallography, nuclear magnetic resonance
(NMR) spectroscopy, and electron microscopy (EM). A recent
examination of three dimensional protein structures showed that
out of about twenty thousand protein structures that have been
determined by X-ray crystallography, the majority was found to
exist in monomeric forms (40%) and as homo-oligomeric
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assemblies (47%).> On the other hand, the NMR solution
structures that have been determined of over four thousand
proteins revealed that monomeric proteins dominate (90%),
while only 5% of homo-oligomeric and the same percentage of
hetero-oligomeric structures were present. Statistical analyses
of the solved EM-based 3D structures of proteins revealed that
the majority exist as hetero-oligomers (52%), followed by homo-
oligomers (35%), and monomers (13%). As can be concluded
from the numbers above, each of the three experimental techni-
ques displays a substantial bias towards the type of the assembly
that is found. This is a result of the fact that X-ray crystallography
and NMR spectroscopy are more amenable for the determination
of 3D structures of small homogeneous proteins, whereas EM is
far more suitable for larger protein assemblies, including both
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homo-oligomeric and hetero-oligomeric complexes. In addition,
scattering-based techniques, such as small-angle neutron scatter-
ing (SANS), small-angle X-ray scattering (SAXS), and static and
dynamic light scattering, also provide precious information
about the shape and size of large protein assemblies. Apart from
the above mentioned solution and solid state-based techniques,
more recently ion mobility spectrometry-mass spectrometry
(IMS-MS) has become a valuable method for exploring the protein
structures in the gas phase. With the substantial advances of all
these techniques, one can expect that several novel structures will
be determined in the coming decades, some of them possibly
having as-yet unexpected topologies.

Most of the oligomeric proteins characterised to date may be
classified as supramolecular assemblies in the broadest sense,
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because they are typically maintained via several weak non-
covalent interactions, sometimes admixed with covalent bonding,
as commonly found in small-molecule supramolecular structures.
The purpose of this paper is to review supramolecular protein
assemblies, and we will focus only on assemblies with topologies
that have also been found in the fields of small-molecule supra-
molecular chemistry and macromolecular chemistry in the past
decades, ie. fibers, helices, tubes, rings, catenanes, knots, and
cages.” In this tutorial review, we aim to illustrate the diversity of
naturally-occurring supramolecular protein assemblies and describe
recent chemical-biological studies that probe the structure-function
relationship in the protein world. In the following sections, we will
systematically describe each type of natural supramolecular protein
assembly, in the order of increasing complexity. A few exemplary
and concise reviews that focus on the design aspects of supra-
molecular protein assemblies, which are not discussed in this
article, are highly recommended for readers with a greater interest
in the area of supramolecular protein structures.”®

2. Linear proteins

Elongated protein structures are prevalent in all forms of life.
Several notable examples, including elastin and silk, have not
been included in this review due to the restriction of space.
Nonetheless, various more prominent structures, such as collagen,
actin and amyloids will be briefly addressed in this section.

2.1 Collagen

Collagen is the most abundant protein in mammals, and its
linear triple helical structure has been well-studied.” It is the
main structural protein in animal connective tissue and a wide
variety of collagen types have been characterised. The main
identifying feature of collagen is its coiled structure in which
three left-handed polyproline II-type (PPII) polypeptide strands
form a right-handed triple helix (Fig. 1A). The tight coil structure
requires each third amino acid to be a glycine residue, with the
first and second residue being any residue, although proline and
hydroxyproline are the most common ones. This variability in
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Fig. 1 Linear protein assemblies: (A) collagen (PDB: 3B0S); (B) F-actin,
Reproduced with permission of Annual Review of Biophysics of Dominguez
etal® © 2011 by Annual Reviews, http://www.annualreviews.org; (C) amyloids
(PDB: 2MXU).
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amino acid sequence results in the possibility for collagen to form
both homomeric (i.e. three chemically equal polypeptide chains)
and heteromeric triple helices (i.e. individual polypeptide chains
in the triple helix are chemically different), with the latter being
more prevalent.

The collagen structure is stabilised via one single hydrogen bond
per amino acid triplet, namely between glycine’s amide NH and
a neighbouring strands’ backbone carbonyl group. Proline and
hydroxyproline residues, located on the first and second position
of the triplet, enable preorganisation of each individual strand in its
PPII conformation, thus resulting in a thermodynamically more
favourable collagen triple helix folding. The hydroxyproline residues
on the second position are of major influence in collagen stability as
the 4R-hydroxyl group imposes a C*-exo conformation on the
pyrrolidine ring via the gauche effect, while prolines on the first
position of the triplet usually display a C*-endo conformation,
which is also believed to help stabilising the triple helical structure.”

The collagen triple helix that is initially formed in vivo is referred
to as procollagen. N- and C-proteinases cleave the procollagen at
both termini in order to form tropocollagen (TC), which is flanked
by short non-helical telopeptides. These TCs can self-assemble into
higher-order structure, which has an even further stabilising effect
on the triple helices. The telopeptides undergo lysyl oxidase-
catalysed cross-linking and become covalently connected dur-
ing fibril assembly, both within and between the microfibrils.
This structure endows collagen with the unusual stability that is
required for its function in tissues, such as cartilage or tendon.

2.2 Actin

Actin is one of the most abundant proteins in eukaryotic cells,
comprising an estimated 15% of the total protein content in
muscle cells. It is involved in a wide variety of cellular func-
tions, such as maintaining the cytoskeleton or muscle contrac-
tion, where actin is part of the myofibril structure. Actin can be
found as two distinct forms: monomeric globular (G-actin) and
as a homopolymeric linear filament (F-actin).

G- and F-actin structures are, although related, not identical.
The crystal structure of G-actin has been well-defined; it is a
55 A x 55 A x 35 A structure, which is folded into two
o/B-domains.® Crystallisation of the filamentous structure has
not been possible, therefore, the F-actin structure has been
elucidated using X-ray diffraction data from concentrated F-actin
solutions, and electron microscopy (EM), although it should be
noted that these structures are still slightly speculative. These
studies have shown F-actin to be a single left handed helical
structure consisting of approximately 13 monomeric units per
6 turns (36 nm, Fig. 1B), with an extensive amount of longi-
tudinal interactions mainly electrostatic and hydrophobic in
nature, where several loop structures form intermolecular inter-
actions. Lateral interactions are not as pronounced, however,
and are governed by a structure dubbed a ‘“hydrophobic” plug
and a variety of hydrogen bonds.

2.3 Amyloids

Another interesting and biologically relevant structure is the
amyloid fibril.” Although opposed to the other structures,
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which have been discussed, these fibrils are detrimental, rather
than useful. Amyloid fibrils are rigid, highly structured protein
polymers, which have been associated with a variety of diseases,
including Alzheimer’s and Huntington’s disease. No apparent
similarities in primary or higher order structures have yet been
identified for amyloid associated proteins and it is postulated
that any protein may be susceptible to amyloid formation. Even
though a variety of proteins can form amyloid fibrils, the fibril
structures are remarkably similar, generally being unbranched
filaments several nanometers in diameter and up to micro-
meters in length. The fibrils are highly ordered and tightly packed
structures, which are mainly composed of cross-B-sheets (Fig. 1C).
It is the peptide backbone, which enables the formation of the
rigid B-sheet structures that encompass the majority of the fibrils
via inter-backbone hydrogen bonds. The space between the
opposing B-sheet is mainly determined by the side chains of
the, now non-native, proteins that make up the amyloid fibril.

An interesting feature regarding amyloids is that increasing
evidence points towards the notion that the amyloid state of a
protein might actually be thermodynamically more stable than
its natively folded counterpart.’ This stability increases with
protein concentration and it may be that the reason why proteins
tend not to form amyloid structures under physiological condi-
tions is due to kinetic barriers, which prevent amyloid formation.
When this kinetic barrier is breached, however, toxic, self-
propagating oligomeric assemblies can form, thus leading to
protein metastasis and disease progression.

3. Ring proteins

The function of numerous ring-shaped proteins (or toroidal
proteins) is highly connected with manipulations on the double-
stranded helical structure of DNA. Most notably, ring proteins are
involved in fundamental biochemical processes in living orga-
nisms, including the enhancement of the processivity of DNA
polymerases, unwinding of DNA to generate single stranded DNA,
homologous DNA recombination, unwinding of supercoiled
DNA and DNA transport (Fig. 2).'° Although many ring proteins
have an unrelated primary sequence of amino acids and have
highly distinguished biological functions, the widespread appear-
ance of this well-defined quaternary structure highlights its intrin-
sic ability to efficiently encode and repair the genetic material of
prokaryotes, archaea and eukaryotes required for the organisms’
viability. In this section, we will describe the role of several ring-
shaped DNA-binding proteins, with a focus on protein clamps,
which are involved in bioprocessive catalysis, and thus resemble
the very popular and extensively studied rotaxane structures in the
field of supramolecular chemistry.

3.1 DNA clamps

Reproduction is essential to the survival of an organism and in
order to effectuate this a large series of complex chemical
events are needed of which the faithful copying of its DNA is
one of the most important steps. The enzymes responsible for
this copying process are the DNA polymerases, which by
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Fig. 2 Ring proteins: crystal structures of (A) the B-clamp of E. coli (PDB:
2POL); (B) the proliferating cell nuclear antigen PCNA of H. sapiens (PDB:
1AXC); (C) bacteriophage T7 gp4 helicase (PDB: 1EOK); (D) bacteriophage
A exonuclease (PDB: 1AVQ); (E) TRAP (PDB: 1QAW); (F) RAD52 (PDB: 1KNO).
Structures are at the same scale (scale bar 5 nm).

themselves are distributive enzymes,"' meaning that they
synthesise only a limited number of nucleotides of comple-
mentary DNA before they dissociate from the DNA template.
In order to allow to this process to proceed for longer periods of
time, ie. to achieve multiple rounds of catalysis, the poly-
merase enzyme has to remain in contact with the DNA strand.
During evolution nature has solved this problem by linking the
polymerase to a ring-shaped protein, called clamp, which
encircles the DNA template and freely slides along it. In this
way the enzyme remains attached and the replication process
continues to go on making it processive. The first crystal
structure of such a ring-shaped protein, the sliding B clamp
of Escherichia coli (E. coli) was reported in 1992." It consists of
two semi-circular protein subunits, which are aligned head-to-
tail forming a ring with an inner diameter large enough to hold
a duplex DNA chain (Fig. 2A). Each subunit consists of three
independent domains connected by long loops, providing the
clamp with a pseudo-sixfold symmetry. The overall charge of
the clamp is negative, but its inner surface, which is lined by
a-helices, has a positive charge and interacts with the DNA
chain via water molecules. The outer surface is covered by
B-sheets. Association of the polymerase with the clamp con-
siderably enhances the replication speed from approximately
20 nucleotides per second to 750 nucleotides per second, while
the processivity increases from some 10 base pairs to more than
50000 base pairs.

The fact that the ring-shaped clamp protein is essential for
DNA replication and hence for the survival of the organism
follows from the fact that its circular architecture and function
have been retained during evolution: it is found in various
species ranging from bacteria and yeasts to Homo sapiens
(H. sapiens). In eukaryotes the functional equivalent of the
B-clamp is the proliferating cell nuclear antigen PCNA (Fig. 2B).
Unlike the B-clamp, this circular protein is a homotrimer of head
to tail aligned monomers each containing two domains, overall
forming a six-domain ring."® The same circular trimeric structure

Chem. Soc. Rev., 2016, 45, 24-39 | 27
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is found in other species, such as the archaeal Pyrococcus
furiosus and Sulfolobus solfataricus. Despite this similarity in
circular shape there is little similarity (<10%) in the sequence
of the amino acids of the constituting proteins. Apparently,
these different sequences can lead to folding patterns that
result in the same overall architecture.

The stabilities of the clamps are regulated by intermolecular
interactions between the subunit interfaces. Despite the fact
that protein rings are under spring tension due to the bending of
the subunits, they remain in most cases stable in solution and only
open in the presence of a clamp loader.”® Detailed mechanistic
studies have shown that this opening and the subsequent loading
of the clamp onto the DNA chain is an ATP-driven process, which
is highly conserved during evolution. In the absence of ATP clamp
loaders have only a weak interaction with the clamp. On binding
ATP, the clamp loader undergoes a conformational change allow-
ing a kind of “hydrophobic plug” to wedge into a hydrophobic
pocket of the clamp forcing it to open (Fig. 3). This process is
facilitated by the release of spring tension in the clamp. Once
formed the clamp loader-open clamp complex recognises a special
site (PT junction) on DNA, while adopting a conformation
(notched screw cap arrangement) that matches the helical geo-
metry of the DNA duplex. On hydrolysis of the bound ATP the
clamp loader loses its affinity for the clamp-DNA complex and is
ejected, after which the electrostatic interactions between the
positively-charged inner surface of the clamp and the negatively-
charged DNA lead to closure of the open sliding clamp around
DNA. The replicative polymerase enzyme subsequently associates
with this complex and the process of DNA replication starts.

ATP

Clamp

Clamp loader

3 1

Fig. 3 Opening and loading of the clamp with the help of a clamp loader:
(1) binding of ATP induces a conformational change in the clamp loader
allowing it to associate with the clamp and forcing the latter to open.
(2) The clamp loader-clamp complex recognises a PT site on DNA and loads
onto it. (3) Hydrolysis of ATP weakens the interaction of the clamp loader
with the DNA-clamp complex leading to its ejection and closure of the
clamp around DNA. Hereafter, the replicative polymerase enzyme adheres
to the clamp, after which the replication process starts. Reproduced from
ref. 13 with permission from Cold Spring Harbor Laboratory Press.
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3.2 Helicases

Interestingly, nature also makes use of ring-shaped protein
architectures for separating the double helix of DNA. Hexameric
helicases are highly conserved proteins that have been found in
bacteriophages, viruses, bacteria and eukaryotes, and are involved
in DNA replication, repair and recombination.'® Bacteriophage
T7 helicase, for example, has an inner diameter of ~20 A and
encircles the single stranded DNA on the 5’ strand during
unwinding the DNA in the 5’-3’ direction (Fig. 2C).

Helicases also take part in replication of prokaryotes. Replica-
tion is initiated at a site on DNA called ori (origin of replication)
and involves a series of proteins, i.e. an initiator protein, a helicase,
a helicase loader, and a primase. The latter protein synthesises the
short RNA fragment (primer) that serves as the starting point for
DNA synthesis. The crystal structure of the helicase of Bacillus
stearothermophilus in complex with the loader protein of Bacillus
subtilis, and the helicase-binding domain of Bacillus stearothermo-
philus has been solved recently (Fig. 4)."* The helicase has a ring-
shaped hexameric structure and interacts with the other proteins
with a stoichiometry of one helicase ring binding to three loader
protein dimers and to three helicase binding domains of the
primase. The overall architecture is that of a three-layered ring
system, displaying a height of 130 A, an outer diameter of 126 A,
and an inner diameter of 50-55 A, which is large enough to allow a
double-stranded or single-stranded DNA chain to pass. The study
reveals that the helicase ring is not completely planar, but has a
helical spring lockwasher structure, which is important for the
translocation process. It, furthermore, suggests that the helicase
undergoes a transformation from an open ring state to an open-
spiral state and finally to a closed spiral state during the process of
loading to the ori-site on DNA. This eventually results in the
dissociation of the loader protein ring from the complex and the
start of the replication cycle.

A T

~primase

helicase

v 0ek

loader

Fig. 4 Structure of the complex between the helicase, the helicase loader,
and the primase proteins: (A) side view, (B) bottom view, (C) top view. Adjusted
from Liu et al'* licensed by http://creativecommons.org/licenses/by/3.0/.
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3.3 Nucleases

DNA damage occurs frequently in cells and is a phenomenon that
must be carefully managed in order to maintain the integrity of
the genome. Nucleases are enzymes that are involved in DNA
cleavage and as such participate in the processes that are used by
the cell to repair its nucleic acid damages. Many of the nucleases
have a ring-shaped structure. An example is the bacteriophage A
exonuclease, which binds to double-stranded DNA and proces-
sively digests the 5’-strand into mononucleotides."® This nuclease
activity is a metal-dependent process with a strong preference for
Mg>" as the metal ion. The X-ray structure of the A-exonuclease
revealed that this enzyme is a toroidal-shaped homotrimer
possessing a central funnel-shaped channel for tracking along
the DNA chain (Fig. 2D). This channel is at one side wide
enough to allow double-stranded DNA to enter, but narrows at
the other end, such that only single-stranded DNA can pass.
Mechanistic studies have revealed that the cleavage of DNA
proceeds via an Sx2 mechanism involving one or more metal-
bound water molecules that act as nucleophiles for the splitting
of the phosphate backbone and as proton donors for the leaving
groups.

To date, several other ring proteins, which are associated
with DNA and RNA, have been characterised.'® For example, trp
RNA-binding attenuation protein (TRAP) from Bacillus subtilis
binds single stranded RNA and is involved in termination of
transcription of the ¢rp operon. Structural analyses revealed that
TRAP forms an undecameric ring structure with a 25 A diameter
of the central hole (Fig. 2E). Non-denaturing mass spectrometric
studies on TRAP showed that the 11-mer ring assembly also
persists in the gas phase, in the absence of bulk water.'® These
studies demonstrated that the ring structure becomes more
stable in the presence of tryptophan, and that binding of RNA
substrate additionally stabilises TRAP. Another example of ring
proteins is human RAD52, which is involved in homologous
recombination of DNA; the full length protein forms a hepta-
meric assembly, whereas the catalytically active N-terminal half
exists in the undecameric form (Fig. 2F).

4. Tubular proteins

The simplest organisms such as viruses make use of tubular
structures for a variety of purposes, including host infection and
storage of their genetic material. The more complex eukaryotes
use these structures to create cellular pores through which mole-
cules can be actively shuttled in and out of a cell. In order to
facilitate such a variety of functions, a strikingly large number of
tubular structures has evolved. Here we take a closer look at a
selection of such structures found in various organisms. For the
purpose of this review, we define tubes as naturally-occurring
elongated structures with a “hollow” core.

4.1 Tobacco mosaic virus

One of the best studied tubular protein structures is the
tobacco mosaic virus (TMV) capsid.'” In the late 19th century,
the TMV virus was the first virus to be discovered by Beijerinck,
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Fig. 5 Tubular protein assemblies: (A) TMV (PDB: 4UDV). The side view
only displays part of the length of the helical TMV assembly; (B) a.-hemolysin
pore complex (PDB: 7AHL); (C) antrax protective antigen pore (PDB: 3J9C);
(D) PhiX174 bacteriophage tail (PDB: 4JPP); (E) Hcpl from P. aeruginosa
(PDB: 1Y12).

when an infectious agent was identified by him as the cause for
disease in tobacco plants. Its general structure had already
been postulated as early as the 1950’s by Rosalind Franklin, and
consists of a helical coat structure encapsulating a single stranded
RNA molecule. The TMV helical coat structure is composed of
2130 identical coat particles (CP), which self-assemble into a right-
handed helix; 300 nm in length, 18 nm in diameter with a 4 nm
inner channel (Fig. 5A).

It is assumed that assembly starts when a two-layered disk
(named 20S disk after its sedimentation coefficient) comprised
of two rings of 17 CPs each recognises an RNA sequence. This
recognition sequence facilitates a hydrogen-bonding pattern
between the RNA bases and the RNA base binding sites of the
20S aggregate causing the RNA loop to fold. The RNA loop is
then pulled through the TMV coat particle as additional short
helix aggregates stack on top of the nucleation disc. TMV has a
remarkably robust structure, displaying stability at temperatures
as high as 90 °C, remaining stable in a pH range of 3.0-9.0 and
it shows resilience to organic solvents such as acetone, ethanol,
and water rich THF and DMSO. Interestingly, the TMV particles
are also able to aggregate into larger units, such as fibers, which
can be induced in vitro by increasing the particle and/or ion
concentration.

4.2 o-Hemolysin

Another well-known tube-like protein is a-hemolysin, a homo-
oligomeric heptameric protein complex secreted by Staphylococcus
aureus. It forms a mushroom-shaped structure composed of a cap,
rim and stem-like architecture (Fig. 5B).'® The structure in total is
100 A in length, with the stem being 52 A and the cap 70 A in
height. Its width spans 100 A at its maximum, whereas the solvent
filled channel, which runs in the longitudinal direction of
the pore has a diameter of 14-46 A and the stem consisting
of 14 B-strands, which possess a B-barrel structure, is 26 A in
diameter. The stem domain of a-hemolysin forms the trans-
membrane channel, whereas the cap and portions of the rim
domain protrude from the phospholipid bilayer. The inside of
the stem is composed of charged residues, alternated with
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several rings of hydrophobic residues. Its outside, on the other
hand, is lined with hydrophobic amino acid residues in order to
facilitate interactions with the phospholipid bilayer. Additionally,
regions of the stem and rim domains are believed to interact with
the head groups of the phospholipids, allowing for the binding of
a-hemolysin to cell membranes. Recently, this protein complex
has received a particular interest because of application as
nanopore for DNA sequencing.

4.3 Anthrax protective antigen pore

One of the more aesthetic structures presented in this review
is the anthrax protective antigen pore (PA pore); indeed, its
structure has been compared to a flower (Fig. 5C)."° Within this
analogy its individual monomers consist of 4 domains repre-
senting the flower’s corolla (domain 1, 3 and 4), calyx and stem
(domain 2). The PA pore is a homo-heptamer consisting of
63 kDa subunits, which assemble into a tubular structure, 180 A
in height, 160 A in width at its widest section and 27 A diameter
wide B-barrel with a predominantly hydrophobic outer surface.
Upon endocytosis, the pore functions as a translocation chan-
nel through which the toxic lethal factor and edema factor
enzymes can be unfolded, translocated and refolded, enabling
the efficient delivery of the toxins into the cytosol. This trans-
location is mediated via the predominantly hydrophilic and
negatively-charged inner surface. Although the opening of the
pore is 30 A in width, the ¢-clamp located below this opening is
only 6 A in diameter, and may only be able to accommodate the
translocation of unfolded primary protein structures. Below the
¢-clamp lie an enlarged chamber and the B-barrel tube, which
are large enough to hold secondary protein structures and may
facilitate refolding of the translocated toxins.

4.4 PhiX174 bacteriophage tail

A more recently discovered protein tube is the PhiX174 bacterio-
phage tail structure. Viruses have developed a variety of mecha-
nisms through which they can infect a host. One of these
mechanisms is the formation of tube-like structures capable of
penetrating the hosts’ cell membrane allowing the genetic
material of the virus to be injected into the host.

The a-helical barrel structure allows the bacteriophage to
infect cells using the PhiX174 DNA pilot protein H in order to
form a DNA translocating channel.”® The protein H has been
shown to exist of 10 a-helical structures, which form a 170 A
long and 48 A wide decameric coiled-coil structure (Fig. 5D).
Because each monomer is kinked at residues Tyr193-Ala194-
GIn195, the assembly can be divided into domains A and B,
each with a specific twist and diameter. Domain A has a 22 A
diameter and a slight right-handed twist, whereas domain B
has an inner diameter of 24 A and a less steep left-handed twist.
Due to the spatial organisation of the protein H coiled-coil
tube, each monomer interacts with its two neighbouring mono-
mers mainly via hydrogen bonds. The inside of the tube is
predominantly negatively-charged, but also contains several
glutamine, asparagine and arginine residues, thus presumably
facilitating the transport of DNA across the bacterial membrane
during infection.
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4.5 Hcpl

The Hep1 protein that has been found in Pseudomonas aeruginosa
is a circular homo-hexamer postulated to be involved in the
bacterial type VI secretion system.>" Its individual subunits are
only 17.4 kDa in mass and assemble into a ring structure of
90 A x 44 A in dimension with a central hole of 40 A in size. It
was observed that these structures were able to further self-
assemble into elongated tubular structures. This structure was
artificially stabilised by introducing cysteine residues at residues
Gly90 and Arg157, allowing for covalent linking of the individual
ring structures (Fig. 5E). Optimisation of assembly conditions
allowed for the generation of reasonably long (up to 0.1 um)
nanotubes which can be capped on both ends. The Hep1 protein
tube does illustrate that subtle mutations may lead to new protein
topologies and suggest that these structures have interesting
potential in the field of protein engineering. Such structures could
serve as carriers for small molecules and may have an ability to be
used as biologically inspired drug delivery systems.

5. Catenane proteins

Catenanes, one of the most widely studied mechanically-interlocked
molecular topologies in chemistry, have been established as
intriguing biomolecular architectures in nature since their
appearance in the literature in 1960s. Pioneering work by Vinograd
and coworkers demonstrated that catenated DNA structures exist
inside living cells. On the other hand, only few examples of
proteins that occur in interlocked catenane form in prokaryotes,
archaea and eukaryotes have been reported in the past twenty years,
most of them being discovered unexpectedly. The majority of
characterised catenane proteins can be classified as [2]catenanes.
Two catenane protein subfamilies include the covalently main-
tained catenanes (ie. there is a covalent linkage between mono-
mers within each of the individual rings) and the non-covalently
maintained catenanes (ie. individual rings are assembled
solely via non-covalent bonds). Herein, we describe examples
of both types.

5.1 Covalent catenanes

5.1.1 Bacteriophage HK97 capsid. The first direct evidence
for the occurrence of protein catenation in nature appeared in
2000. High-resolution crystallographic analyses on the bacterio-
phage HK97 capsid illustrated that the latter possesses a
catenane chainmail structure, formed from 60 hexameric and
12 pentameric rings; the hexamers are almost planar, whereas
the pentamers are slightly concave, thus allowing the assembly
to form a ball-like cage architecture (Fig. 6A).>> The HK97 capsid
catenane is maintained by 420 covalent isopeptide bonds
between Lys169 and Asn356 side chains of the two neighbouring
subunits. The Lys169-Asn356 isopeptide bond formation is
autocatalytic and assisted by Glu363 that is located at the third
subunit. Mutation studies showed that a substitution of Lys169
by Tyr resulted in the formation of a properly assembled capsid
that lacks the cross-linkage. Similarly, the Glu363Ala variant also
assembled without the cross-linkage and displayed a normal
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Fig. 6 Covalent catenane assemblies: (A) bacteriophage HK97 capsid.
Reproduced from Wikoff et al.?? with permission from AAAS; (B) citric
synthase (PDB: 2IBP); (C) lysyl oxidase (PDB: 1N9E). The disulphide bridge
resulting in covalent concatenation is depicted in yellow (in B and C).

cage curvature. Overall, the lack of cross-linkage between Lys169
and Asn356 in the HK97 capsid still enables the formation of the
so-called Head I cage, which cannot undergo the final step of
maturation into the active Head II assembly. The cross-linked
Head II assembly possesses an increased stability relative to
the Head I counterpart against denaturation in the presence of
guanidinium chloride, thus demonstrating that the natural
chainmail structure exhibits an advantage over the highly similar
structure that lacks the presence of the isopeptide bond.

5.1.2 Citric synthase and lysyl oxidase. Citric synthase from
a thermophile Pyrobaculum aerophilum (PaCS) forms a catenane
via the formation of two intramolecular disulfide bonds between
Cys19 and Cys394 (Fig. 6B).>* As in the case of HK97 capsid, the
covalent connection between two monomers in a dimeric struc-
ture increased the stability of PaCS. Absence of the covalent bond
within monomers in a double variant Cys19Ser/Cys394Ser caused
a substantial decrease in melting temperature (by 10.5 °C) relative
to the wild-type PaCS. Enzyme activity studies, furthermore,
showed that both proteins exhibit similar reaction rates for the
formation of citric acid at temperatures up to 90 °C, suggesting
that the disulfide linkage is not solely responsible for the
increased stability of the wild-type PaCS, but that other types
of interactions provide additional stabilisation of the protein.

Determination of the crystal structure of lysyl oxidase
derived from Pichia pastoris yeast also revealed the presence
of the catenane topology. Similarly to PaCS, the dimeric protein
structure is maintained via two disulfide bridges between Cys45
and Cys756 within each of the two polypeptide chains (Fig. 6C).
The functional advantage of the catenated lysyl oxidase remains
to be established, but it is likely that it exhibits an increased
thermal stability when compared to a putative noncross-linked
protein.

5.2 Non-covalent catenanes

5.2.1 RecR. The discovery and characterisation of catenane
proteins that are stabilised solely by non-covalent interactions
has only recently been reported. RecR, an enzyme involved in
the homologous recombinational DNA repair in prokaryotes,
was the first characterised non-covalent catenane protein.>*
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Fig. 7 Non-covalent catenane proteins: (A) RecR (PDB: 1VDD); (B) Cys168Ser
variant of Prx IIl (PDB: 1ZYE); (C) class la RNR (PDB: 4ERP); (D) CS, hydrolase
(PDB: 3TEO).

Dynamic light scattering analyses suggested that RecR exists
as a tetrameric ring at low concentrations in solution, whereas
at higher concentrations it forms a mechanically-interlocked
octameric catenane architecture with both tetrameric rings
intertwined through the central hole. In agreement with solution
data that the catenated structure only persists at high concen-
tration of protein, the determined RecR crystal structure con-
firmed the existence of the catenane form with dimensions of
120 A x 80 A x 60 A (Fig. 7A). The central cavity of the tetrameric
ring assembly has a diameter of 30-35 A, which is a similar
dimension as observed in the DNA-binding clamps (discussed
above). Although it is difficult to confirm the plausible function
of the catenane/ring forms of RecR, it has been suggested based
on the ability of both assemblies to undergo interconversion (i.e.
to be able to open and close in solution) that the ring form might
act as a structure-specific, nonsliding DNA clamp. The observed,
presumably functionally-inactive, catenane form at high concen-
tration of RecR might possess a regulatory role by controlling the
DNA repair.

5.2.2 Peroxiredoxin III. The wild-type mitochondrial peroxi-
redoxin III (Prx III, also known as SP-22) from bovine primarily
forms a dodecameric ring structure with an external diameter of
150 A and a central hole with a diameter of 70 A. Its Cys168Ser
SP-22 variant, interestingly, appears as a mixture of the ring
and double-ring catenane assemblies both in solution and in the
crystal state (Fig. 7B).>®> Both dodecameric rings in the mechanically-
interlocked form are inclined at the angle of 55°. Structural analyses
of the catenane assembly suggested that the dimeric subunits
in the individual dodecameric rings are stabilised predominantly
via hydrophobic interactions (Leu41, Phe43, Phe45, Val73, Phe77,
Leu103, Leul20), whereas the interactions between the two
interlocked rings in the catenane form are primarily electrostatic
in nature (hydrogen bonding Lys88-Thr104, hydrogen bonding
Lys12-Tyr10, salt-bridge Glu67-Arg109). Based on the deter-
mined crystal structure, a suggested mechanism for the forma-
tion of the catenane assembly includes the initial formation of
hydrophobic and polar dimer-dimer contacts, which allow a
simultaneous constitution of two dodecameric rings around
each other. As for many higher-order protein assemblies, the
exact function of the catenane assembly of SP-22 is not clear,
but it seems reasonable that the protein exists in the catenane
form in the highly crowded environment present in mitochondria,

Chem. Soc. Rev., 2016, 45, 24-39 | 31


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cs00157a

Open Access Article. Published on 26 October 2015. Downloaded on 2/8/2026 7:10:57 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

which supposedly contains protein concentrations in the range
of 100-200 mg mL ™"

5.2.3 Class Ia ribonucleotide reductase. E. coli class Ia
ribonucleotide reductase (RNR), the enzyme that catalyses the
conversion of ribonucleotides into deoxyribonucleotides that
are subsequently used for the synthesis of DNA, was observed
to exist in the (o4fB4), catenane form in the presence of the
inhibitor dATP and the crystallisation precipitant in solution,
as well as in the crystal state (Fig. 7C).>° Out of three postulated
mechanisms for the formation of catenated RNR, a combination
of SAXS and EM data suggested that the most likely scenario
involves the opening of the o,f, ring, which embraces the second
a,B, ring, and finally recloses. This hypothesis was supported by
results showing that the o,B, ring assembly was formed pre-
dominantly, with no (o4B,), catenane structure observed, in the
absence or below 10% of the precipitant (a PEG-based mixture),
and that an increased amount of the precipitating agent
gradually afforded the formation of the (04f4), catenane at the
cost of the o4, ring form. It is possible that the enzymatically
inactive (04f34), catenane assembly provides an important regula-
tory function inside cells where the level of dATP inhibitor is high.
Another step in the disassembly pathway of inactive (otyf4),
catenane might proceed through an inactive o,f, ring and then
to the enzymatically active o,3, dimeric assembly, which would
directly control the amount and the rate of the formation of
deoxynucleotide products.

5.2.4 CS, hydrolase. CS, hydrolase, a zinc-dependent enzyme
from hyperthermophilic Acidianus A1-3 archaeon, which converts
carbon disulfide into carbon dioxide and hydrogen sulfide,
is a recent example of the class of catenane proteins.>” CS,
hydrolase exhibits a high degree of homology to B-carbonic
anhydrase: two monomers associate to form a dimer with a
dominated fB-sheet core linked by o-helices. A combination of
X-ray crystallography, analytical ultracentrifugation, SAXS,
multiangle laser light scattering (MALLS), non-denaturing mass
spectrometry and native PAGE gels revealed that purified CS,
hydrolase exists, in the gas phase, in solution and in the crystal
state, as a mixture of an octameric ring with a diameter of
approximately 30 A and a hexadecameric catenane in which two
octameric oligomers are in compact perpendicular orientation
(Fig. 7D).>”*® Closer analysis of the crystal structure unveils
that the basic dimeric core assembles to form an octameric ring
through N- and C-terminal residues, suggesting that these inter-
actions may be a determining factor for the stability of the
catenane and the ring.

Unambiguous experimental evidence for the existence of the
catenane form of CS, hydrolase in solution has been provided
recently.”® A combination of size exclusion chromatography
and non-denaturing mass spectrometry revealed that the ratio
between catenane and ring forms remained unaltered in the
concentration range of 0.1-10 mg mL ™", highlighting that the
unique interlocked catenane structure persists in very dilute
solutions in the absence of precipitating agents. Subsequently,
transmission electron microscopic (TEM) studies on individual
assemblies of CS, hydrolase provided visual evidence for the
protein topologies in high resolution. TEM-based reconstructions
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of the catenane and ring assemblies of CS, hydrolase are in good
agreement with their structures, as obtained by X-ray crystallo-
graphy.”® It should be noted that, in contrast to the catenane
assembly observed in the highly crowded crystalline state, the
TEM structures were solved at dilute protein concentrations and
without potential crystal contacts between monomers/oligomers
that may influence the spatial organisation of the protein
assembly, thus additionally confirming the appearance of the
catenane form of CS, hydrolase under a wide range of experi-
mental conditions. The ability to separate and purify individually
the catenane and ring forms of CS, hydrolase also allowed to
comprehensively examine this special case of the topology-function
relationship in the protein world.>* Asymmetric flow field-flow
fractionation coupled to multi-angle laser light scattering
(AF4-MALLS) and native mass spectrometric studies on indivi-
dual assemblies demonstrated that the catenane form is con-
verted into the ring form at elevated temperatures and that this
equilibrium is completely on the side of the ring. Compelling
experimental data suggest that the ring assembly is the thermo-
dynamically more stable form of the two assemblies, whereas
the catenane is a kinetically trapped form. The catenane and
ring forms of CS, hydrolase not only differ in their thermal
stability, but also in the catalytic efficiency for the conversion of
carbon disulfide into carbonyl sulfide and hydrogen sulfide.
Enzyme kinetics studies showed that the hexadecameric cate-
nane assembly is enzymatically more active than the octameric
ring assembly, but that the ring form is more active than the
catenane form when calculated as the enzyme efficiency per
monomer.*® It is possible that, in contrast to the fully accessible
eight active sites of the ring assembly, the topologically more
complex catenane assembly in which both interlocked rings are
tightly packed, has partially hindered access for CS, substrate
to some of the sixteen active sites, which in turn results in
lowered k.../Km values for the catenane relative to the ring.

6. Knot proteins

Another interesting and quite newly discovered type of protein
structure is found in the class of knotted proteins. It has only
recently come to light that proteins are able to display an
intriguing knotted arrangement; that is, a tertiary structure
which does not disentangle when the protein is pulled at both
N- and C-termini at the same time.*"** The functional implica-
tions of knotted structures are not fully understood from both
chemical and biological perspectives, but such structures do
provide us with interesting models, which can be used to study
the process of protein folding. Due to the complexity of identifying
knots in proteins, however, traditional approaches such as inspec-
tion of structures obtained by X-ray crystallography are imprac-
tical, since all protein structures would need to be analysed
manually. Especially for larger protein structures, the visual
identification of knots becomes increasingly difficult; there-
fore, more computational approaches need to be employed in
the discovery of such biomolecular structures.*® The computa-
tional methods that have been developed can be divided into
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two main categories, namely mechanically and knot theory-
based approaches, although neither of them is perfect.*>

In the past decade, various bioanalytical, biophysical, and
bioinformatics tools have been developed in order to study
knotted proteins in vitro and in silico.>" For example, atomic
force microscopy (AFM) can be employed to physically stretch and
untangle isolated proteins. By employing in vitro transcription—
translation (IVTT) in cell-free expression systems, knotted proteins
can be expressed in the absence of chaperonins, which gives the
opportunity to examine the protein’s intrinsic folding properties.
In addition, recombinantly produced proteins can be chemically
unfolded and refolded in order to investigate their folding path-
ways using urea- and/or pH-jump experiments. An approach has
been devised in which denatured proteins are cyclised using
disulfide bonds, thus allowing to determine whether proteins
can exist in knotted conformations under denatured conditions.
Supporting techniques, such as fluorescence spectroscopy, circular
dichroism, and cofactor binding assays can be employed to
determine correct (re-)folding of the knotted protein structures.**

To date, four types of knots have been identified in various
protein structures: namely trefoil knots (also referred to as
3; knot), figure-of-eight knots (4,), a five-crossings knot (5,) and
a six-crossings knot (6,).>' Additionally, such knotted structures
can be further subdivided into shallow and deep knot structures.
Here the slightly arbitrary denotations shallow and deep refer to
the number of amino acid residues that have to be cleaved from
the proteins termini before the knotted structure untangles.
Finally, knots display chirality, i.e. a certain type of handedness
determined by the direction of each crossing of the protein
backbone, although no apparent preference for knots to fold
into a specific type of handedness has been identified.

6.1 3, knots

The first protein that was identified as a knotted protein is the
well-known carbonic anhydrase.*® Carbonic anhydrase is an
enzyme capable of converting carbon dioxide and water into
bicarbonate and protons; this function is critical in maintaining
the physiological bicarbonate buffer system in biological media.
The protein is a trefoil knot, shallowly knotted at its C-terminus,
where the thread is part of a B-sheet structure (Fig. 8A). Work in
which atomic force microscopy (AFM) was employed in order to
unfold single molecules of carbonic anhydrase has shown that
when the protein is unfolded, by pulling at both termini, the
knot tightens causing the protein to stretch over a shorter
distance than would be expected for the unknotted linear
structure. This implies that the knotted structure persists during
this type of mechanical unfolding and would be supportive of
the suggestion that knot structures may provide some kind of
protection, increasing the protein’s stability.

The most studied knotted proteins, however, do not belong
to the carbonic anhydrase fold family. Instead the Haemophilus
influenzae YibK and E. coli YbeA proteins, which belong to the
RNA methyltransferase family, have been most thoroughly
investigated.>' They were shown to possess a deep 3; &/B-knot
structure. Despite having only 19% sequence similarity, both
proteins do have common characteristics; YibK and YbeA are
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Fig. 8 Structures of various protein knots and their simplified visuali-
sations generated by protein knot server:*> (A) trefoil knot in carbonic
anhydrase (PDB: 1CA2); (B) 3; a/B-knot structure in RNA methyltransferase
YbeA from E. coli (PDB: 1INS5); (C) ketol-acid reductoisomerase with 4;
knot (PDB: 3FR8); (D) 5, knot in ubiquitin hydrolase UCH-L3 (PDB: 1XD3);
(E) Stevedore's protein knot (64) in a-haloacid dehalogenase (PDB: 3BJX).
Note the corresponding colour gradient from blue (N-terminus) to, cyan,
green, yellow and red (C-terminus) between the protein structure and
simplified visualisation.

both homodimeric proteins of 160 and 155 residues, respectively,
and both form the trefoil knot by threading their C-terminal
residues. For YibK the final 40 residues are threaded through
a knotting loop, whereas YbeA threads its final 35 residues
(Fig. 8B). Both proteins fold via folding intermediates before
finally dimerising, with YibK appearing to have a more complex
folding pathway with three folding intermediates, whereas
YbeA has only one intermediate. Interestingly, both proteins
can be fully unfolded (although they retain a knotted “primary”
structure) with urea after which they can readily be refolded
into their native states without the assistance of chaperone
proteins (Fig. 9). This observation indicates that the knotted
structure does not impair proper protein folding, though it has
been shown that the presence of bacterial GroEL-GroES
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Fig. 9 The mechanism for the formation of knotted proteins. Reprinted by permission from Macmillan Publishers Ltd: Nature Chemical Biology, Mallam
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chaperonin does accelerate the folding process significantly,
at least 20-fold at the experimental conditions used for the
examination of the refolding process.*®

6.2 44, 5, and 6, knots

Ketol-acid reductoisomerase (KARI) is the most deeply knotted
protein identified to date, having a 4, knot, which can be
retained until about 240 N-terminal and 60 C-terminal amino
acids have been cleaved off (Fig. 8C).>"*” It is a protein found in
plants, such as spinach and rice, where it is a part of the
branched chain amino acid synthesis pathway, as it is capable
of catalysing the conversion of 2-aceto-2-hydroxybutyrate into
(2R,3R)-2,3-dihydroxy-3-methylvalerate or 2-acetolactate into
(2R)-2,3-dihydroxy-3-isovalerate. Via this pathway, the amino
acids valine, leucine and isoleucine are synthesised, and all
are classified as essential amino acids for humans.

Another protein, ubiquitin hydrolase UCH-L3 contains an
example of a 5, knotted structure (Fig. 8D).*® It is a 26 kDa
hydrolase believed to be involved in the maintenance of cellular
ubiquitin concentrations and has been linked to diseases
ranging from breast cancer to Parkinson’s disease. Despite its
complexity, this protein like YibK and YbeA, is able to fold
properly into its native state without the aid of chaperones. It is
proposed that the knotted topology may provide the ubiquitin
hydrolase with a degree of resistance against degradation by the
26S proteasome.

The most complex knot identified to date is the Stevedore’s
protein knot (6;) in a-haloacid dehalogenase (Dehl).*® Dehl is
an enzyme, found in a Pseudomonas putida strain, capable of
catalysing the cleavage of carbon-halogen bonds of halogenated
organic compounds. The knot present in this protein is relatively
deep, and over 65 residues on the N-terminus and 20 residues on
the C-terminus can be deleted before the knot structure is
abrogated (Fig. 8E). When the knotted structure is examined
more closely, it is evident that it consists of two regions with
similar structures and approximately 20% sequence identity, each
~130 amino acid residues in length. Individually, these two
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regions are unknotted, it is only when taken together that a
knotted structure is formed.

Given the tutorial nature of this review, we are not able to
discuss all aspects of knotted proteins here. Suffice to say that
the scientific literature provides valuable information on other
knotted, knot-like, and knot-related structures. For instance,
the cysteine knot superfamily encompasses various polypeptide
toxins, such as Kalata B1, which has anti-microbial activity. In
addition, knot-related slipknots, including alkaline phosphatase
and thymidine kinase, are strictly speaking not knotted structures,
but can become knotted when one of the termini is deleted.*?
It is envisioned that future studies of knotted protein structures
undoubtedly will greatly contribute to the scientific under-
standing of the fundamental biological principles behind protein
folding.

7. Protein cages

Compartmentalisation is crucial to life by providing spatial
control to biological processes and shielding compartmenta-
lised compounds from the environment and, in turn protecting
the environment from unstable and toxic intermediates. The
importance of compartmentalisation is observed on different
levels of complexity, ranging from the cellular level, as well as
the level of organelles, down to the molecular level of protein
compartments. These protein compartments have been found
both in bacteria and in eukaryotic cells, but also viruses make
use of a protein capsule to encapsulate their genetic material.

These various types of protein cages form a very interesting
class of supramolecular protein complexes with inspiring pro-
perties. Many of the known naturally-occurring protein cages
have a spherical shape, although some more irregular shapes
have also been observed. Most of these sphere-like protein
capsules have the symmetry of icosahedrons. The materials
science community has demonstrated particular interest in
protein cages because of their potential applicability as drug
delivery vehicles. This has also resulted in engineering of
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naturally-occurring capsules to optimise their properties for
specific applications. In this section we will discuss a number
of well-studied naturally-occurring protein cages, with a focus
on homomultimeric protein cages.

7.1 Ferritins

Ferritin protein cages are ubiquitous in almost all forms of life,
and can be divided into three subcategories: classical ferritins,
bacterioferritins and DNA-binding proteins from starved cells
(named Dps). Ferritins are members of ferroxidase family of
enzymes and can sequester iron by concentrating it in their
internal cavities for storage and detoxification. These protein
cages assemble from four-helix bundle monomers (four o-helices,
labeled A, B, C and D). Interestingly, two distinctly different
ferritin architectures with different symmetries and oligomerisa-
tion states have been characterised in different organisms, maxi-
ferritins and mini-ferritins (Fig. 10A and B, respectively). Classical
ferritins and bacterioferritins are maxi-ferritins and are found in
animals, plants and bacteria and form capsules of 24 subunits
(480 kDa) and can accommodate about 4500 iron ions, whereas
the Dps proteins, that are present in bacteria, are mini-ferritins,
consisting of 12 subunits (240 kDa).** Although the DNA and
protein sequences of the different ferritins vary considerably,
the secondary and tertiary structures have been found to be

Fig. 10 Examples of protein cages: (A) maxi-ferritin (PDB: 1BFR); (B) mini-
ferritin (PDB: 1DPS); (C) superimposition of ribbon structures of mini-ferritin
(light) and maxi-ferritin (dark); (D) a surface view of the rat vault shell (PDB:
4HL8); (E) ribbon structure of the major vault protein monomer, showing
the structural repeat domains (green), the shoulder domain (blue), the
cap-helix domain (red), and the cap-ring domain (magenta); (F) surface-
structure of triskelion and zoom showing the a-helical zigzags (PDB: 1X14);
(G) structure of hexagonal barrel. Partially reprinted by permission from
Macmillan Publishers Ltd: Nature, Fotin et al.*> © 2004.
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highly conserved. Superimposing the tertiary structures of the
ferritin subunits from mini- and maxi-ferritin architectures also
shows high degree of similarities (Fig. 10C). However, there
also are several key differences; for example, in maxi-ferritin the
ferroxidase active site is in the centre of the helix-bundle
of each subunit, while the catalytic sites of mini-ferritins are
between two subunits. In addition, the small helix in the loop
between the B and C helix is only found in mini-ferritin. Further-
more, the fifth helix (E-helix) in the maxi-ferritin is not present in
mini-ferritin and is responsible for the four-fold symmetry axis
which is important for the formation of the 24-mer capsule. The
strong interactions between the helices in the helix-bundle motif
and between subunits in the assembled ferritins result in a highly
stable protein structure that can be heated up to 80 °C or exposed
to denaturing conditions such as 6.0 M guanidine at neutral
pH without disassembly.*

The assembly mechanism of maxi-ferritin has been studied
most thoroughly and is quite well understood, whereas the
assembly of mini-ferritins is relatively poorly understood. The
assembly of the apo form of maxi-ferritin from horse spleen
has been shown to go through a number of concentration-
dependent association steps, which occur after folding of the
unstructured monomer (M;*). Through chemical crosslinking,
intrinsic fluorescence emission spectroscopy experiments,
gel permeation chromatography and ultracentrifugation it was
shown that assembly of the 24-mer maxi-ferritin (M,,) proceeds
via several intermediates involving structured monomers (M,),
dimers (M,), trimers (M3), hexamers (M) and dodecamers (M;,).
The hexamer (M) is a transient intermediate as it could only
detected in small quantities. This assembly scheme was further
confirmed via reassociation studies of isolated intermediates
that could be obtained upon reversible chemical dissociation
with 2,3-dimethylmaleic anhydride. Altogether, these experi-
ments resulted in the following self-assembly scheme:*'

24M;* — 24M; = 8M; + 8M,; = 8M; = (4M;) = 2M |, =My

7.2 Vaults

Vaults are ribonucleoprotein cages of 13 MDa which have been
found in various eukaryotic species. Depending on the type of
tissue, up to several thousands of copies can be found per cell.
Even though vault proteins have been a topic of investigation
since their discovery in 1986, their exact function still remains
unclear. It has been suggested that vaults are involved in basic
cellular activities, such as transport, signal transmission and
immune response, because they are highly evolutionary conserved
and because they are present in many different tissue types.

The vault nanocapsule consists of untranslated RNA and
multiple copies of three different proteins; the major vault protein
(MVP) and two minor vault proteins (VPARP and TEP1).** The
assembly of the MVP alone is already sufficient for the formation
vault-like particles. Multiple copies of the two other vault proteins
and the small vault RNAs are packaged inside the MVP shell. X-ray
crystallography of rat liver vault showed that the vault particles
exhibit 39-fold dihedral symmetry, which means that each half-
vault consists of 39 MVP monomers (Fig. 10D). Each monomer
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folds into 12 domains: 9 structural repeat domains, a shoulder
domain, a cap-helix domain, and a cap-ring domain (Fig. 10E).
Most of the interactions that are suggested to drive the assembly of
subunits of one half-vault are located in the cap-helix domain. The
basis of the interaction between the two half-vaults is a relatively
weak anti-parallel B-sheet. Interestingly, the disruption of the
assembled vault therefore results in the formation of half-vaults.**
Recently, a unique assembly mechanism was proposed, in
which clusters of cytoplasmic ribosomes (called polyribosomes)
template the vault assembly by directing nascent MVP poly-
peptides to participate in assembly via spatially coordinated
synthesis.** It was suggested that this assembly mechanism in
which the polyribosomes act as a 3D nanoprinter might also be
involved in the formation of other homomultimeric protein
complexes.

7.3 Clathrin cages

Clathrin-coated vesicles are important vehicles for intracellular
trafficking and are found in all eukaryotic cells. Clathrin cages
differ from the other protein capsules discussed in this review
because in this case the proteins form a lattice coat surrounding a
membrane vesicle. The coat is constructed from three-armed assem-
bly units that radiate from a central hub. Such a triskelion consists of
three heavy chains (180 kDa) and three light chains (25 kDa),
forming legs from o-helical zigzags (Fig. 10F). Triskelions assemble
to form a lattice structure with open hexagonal and pentagonal
faces. Clathrin can form structures ranging from small coats of
28 and 36 assembly units, named mini-coats and hexagonal
barrels (Fig. 10G), up to extended hexagonal arrays. The size of
the clathrin-coated vesicles is dictated by the cargo’s diameter,
and the hexagonal barrel (700 A x 800 A) is probably the
smallest polyhedron that can enclose a transport vesicle.**

7.4 Chaperonins

Chaperonins are cylindrically-shaped protein assemblies which
are members of a set of protein families named molecular
chaperones. Like other members of this family, they assist in
correct protein folding and proteome maintenance. Chaperonins
can be divided into two subtypes; group I is composed of the
cylinder and a detachable cap and is found in bacteria (GroEL-
GroES) as well as in endosymbiotic organelles such as mitochondria
and chloroplasts (HSP60-HSP10).*> Group II chaperonins have
a built-in lid and are found in archaea and in the cytosol of
eukaryotic cells.*’

Both groups of chaperonins consist of two back-to-back
stacked rings. However, in group I the rings are heptameric,
comprised of identical subunits of 60 kDa, whereas the two
rings in group II are more complex eight or nine membered
heteromultimeric assemblies. The bacterial GroEL-GroES
complex (M,, ~ 1 MDa) is the most studied and its very interest-
ing mechanism of action has been unraveled (Fig. 11A and B). The
open internal cavities of the two rings are 5 nm in diameter and
are surrounded by a hydrophobic surface. In this state the rings
are ready to capture polypeptides with exposed hydrophobic
surface. Then upon ATP binding, the GroEL ring recruits a GroES
cap, a protein ring comprised of seven identical 10 kDa subunits.
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Fig. 11 Chaperonin group I: (A) uncapped GroEL (PDB: 10EL); (B) GroEL-
GroES complex (PDB: 1SVT); (C) schematic overview of structural changes
during GroEL-assisted protein folding in which the hydrophobic surfaces
and residues are shown in yellow and the polar residues are displayed in
green. Reprinted by permission from Macmillan Publishers Ltd: Nature
Review Molecular Cell Biology, Saibil*® © 2013.

This initiates a dramatic structural transformation, in which the
open cavity changes into an enclosed chamber with hydrophilic
lining. Folding of the protein can occur in this protected environ-
ment, after which the chamber is re-opened to release the protein
(Fig. 11C).

7.5 Viruses

Viruses need to be robust in order to protect their genomic
cargo from changes in the environment (temperature, pH and ionic
strength), but yet they need to be fragile enough to dissociate and
release the cargo. Virus particles are perhaps the largest class of
protein-based nanocages. In approximately half of them, the capsid
is spherical, and most commonly their coat proteins are arranged
with icosahedral geometry. Even though rod-like viruses, such as
TMV, are also examples of protein cages, we have discussed these
in the section about tubular protein assemblies. Many different
families of spherical virus capsules are known, but structure-wise
viruses can be organised in two different types: nucleocapsids with
and without a proteoglycan layer.

Virus assembly has been studied thoroughly, as understand-
ing of the assembly mechanism could facilitate the design of
antiviral agents. The cowpea chlorotic mottle virus (CCMV) was
the first icosahedral virus that was assembled in vitro and has
served as a model system for investigation of capsid assembly,
disassembly and stability.*® Some viruses require a nucleic acid
scaffold or a scaffolding protein for correct assembling process.
Interestingly, the 180-mer CCMV capsid can also be formed in
the absence of its nucleic acid cargo. Assembly of this virus has
been shown to start with the formation of a pentamer of dimers
which subsequently associates with free dimers to form the
completed capsid (Fig. 12A). In general, assembly of a popula-
tion of virus capsids is characterised by concurrent reactions for
nucleation, elongation and capsid completion. Furthermore,
the subunit-subunit association is weak and assembly goes
through numerous reversible reactions, which allow for correc-
tion of assembly mistakes by dissociation (Fig. 12B). For several
viruses it has been shown that increasing of the association
energy results in kinetic traps and defects in the assembly.*®

7.6 Bacterial compartments

Bacterial nano- and microcompartments are reaction chambers
that enclose enzymes and other proteins. These supramolecular

This journal is © The Royal Society of Chemistry 2016
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Fig. 12 The cowpea chlorotic mottle virus: (A) assembly pathway of
CCMV. Assembly is initiated by formation of a pentamer of dimers, which
then associates with other dimers to form the complete 180-mer capsid
(PDB: 1CWP); (B) assembly kinetics of capsids, in which each individual
capsid must arise from an individual nucleation event (figure based on ref. 46,
Viral Nanotechnology).

architectures protect the bacterial cell by sequestering toxic
intermediates and by shielding delicate processes from the
environment. Encapsulation of enzymatic cascades can also
be advantageous because it can result in increased reaction
efficiencies. In this section we discuss several examples of protein-
aceous bacterial compartments that do not have eukaryotic
counterparts.

Lumazine synthase is an enzyme that occurs in different
topologies. In Bacillaceae, it forms a unique core-shell complex,
consisting of an icosahedral shell of 60 lumazine synthase
subunits and a core of three riboflavin synthase subunits, with
a diameter of 16 nm (Fig. 13A). This supramolecular enzyme
complex is involved in the catalysis of the final steps in the
synthesis of riboflavin (vitamin B,). This compartmentalisation
is suggested to offer protection to intermediates and provide a
reaction rate enhancement as a result of substrate-channelling
between the active-sites, which are in optimal proximity on
the internal surface of the capsid. However, this does not
fully explain the structural complexity, because in many other
organisms lumazine synthase exists as an empty capsule or as a
pentameric or decameric complex, indicating that this remark-
able organisation is not required for the function of these
enzymes. Furthermore, the recombinantly expressed lumazine
synthase from hyperthermophilic bacterium Aquifex aeolicus
has been studied for its thermostability, and with an apparent
melting temperature of 120 °C it is one of the most thermo-
stable proteins known.*’

This journal is © The Royal Society of Chemistry 2016

View Article Online

Chem Soc Rev

10 nm

Fig. 13 Bacterial nano- and microcompartments: (A) lumazine synthase
(PDB: 1RVV); (B) encapsulin 60-mer (PDB: 3DKT); (C) encapsulin 180-mer
(PDB: 4PT2); (D) assembly of monomers of the carboxysome shell bacterial
microcompartment (BMC). In carboxysomes, the BMC shell proteins assem-
ble into hexamers (blue), which are the main building blocks of the shell,
whereas pentameric protein subunits (purple) form the vertices of the shell
assemble. Carboxysomes closely resemble a regular icosahedron (E), while
pdu microcompartments are less geometrically regular (F). Reprinted from
Current Opinion in Structural Biology, Yeates et al.*° © 2011, with permission
from Elsevier.

Encapsulins form another example of a widespread class of
conserved archaeal and bacterial proteins that assembly into a
nanocompartment for the encapsulation of enzymes. These
homomultimeric reaction chambers arise from encapsulin mono-
mers that were shown to assemble around proteins involved in
oxidative stress. Encapsulin nanocompartments consisting of
60 and 180 monomers forming thin icosahedral shells with a
diameter of 24 and 32 nm, respectively, have been reported
(Fig. 13B and C).*® Packaging of enzymes is directed by their
C-terminal peptide sequence that anchors the enzymes to the
interior of the capsules.*’ Despite the very different functions
of encapsulins and viral capsid proteins, there is a striking
similarity in the tertiary structure of the HK97 family capsid
proteins and the encapsulin monomers, which suggest a common
ancestor, although the unique catenation of HK97 bacteriophage
has not been observed.

In addition to these well-defined bacterial nanocompartments,
nature also produces larger very sophisticated proteinaceous
microcompartments, which accommodate two or more sequen-
tially acting enzymes. Carboxysomes (Fig. 13E), propanediol utili-
sation operon (pdu, Fig. 13F) and ethanolamine utilisation (Eut)
microcompartments are well-studied examples of these protein-
based organelles that have been reviewed.>® The Eut microcom-
partment, for example, sequesters the metabolic pathway for
ethanolamine to prevent exposure of the bacterial cytosol to the
reactive acetaldehyde intermediate.>" Bacterial microcompartment
(BMC) shells range from 100 to 150 nm and are composed of a few
thousand BMC shell proteins. BMC monomers assemble into
hexameric discs that form the basic building block of the shell.
In carboxysomes, BMC shell proteins forming pentamers have
been found that occupy the vertices of an icosahedral shell
(Fig. 13D and E).*° In contrast to the encapsulin family, no viral
counterparts are known for this class of bacterial protein cages.
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8. Conclusion and outlook

Nature has built with high precision an astonishing number of
versatile and functionally well-defined protein architectures. The
knowledge on how multimeric protein assemblies spatially arrange
and how the three dimensional structure of a protein affects its
function may stimulate new research endeavours of the next
generation of supramolecular chemists and chemical biologists.
Reflecting on the discoveries in the past few decades, it is striking
to see how many wonderful architectures nature has produced and
one can envision, that with the expected significant advances in
chemical and biological research in the coming decade we will
discover more intrinsically novel and perhaps unimaginable archi-
tectures than currently known in the protein world. The supra-
molecular protein assemblies presented in this review already
exhibit a high level of complexity, but there are even more complex
assemblies that are built on proteins only (such as rotary motors,
e.g. ATP synthase) or on protein-DNA and protein-RNA complexes
(such as the nucleosome and the ribosome).

In science the field of supramolecular protein assemblies has
successfully passed its first vital phase, in which fundamental bio-
chemical discoveries highlight the great natural diversity of protein
structures and a phase in which the examination of the structure-
function relationship has led to a deeper insight in the mechanism
of enzyme action and the properties of protein materials. It has now
entered the era in which our fundamental understanding of protein
assemblies will deepen, such that it can be used for the rational
design of new biomolecular systems that exhibit completely novel
functions and properties. The research on supramolecular protein
assemblies has typically been carried out in simple buffer solutions
at low protein concentrations, whereas the ‘living environment’ of
proteins is the crowded habitat of the cell. It remains to be
established whether the results and conclusions from in vitro experi-
ments on protein assemblies reflect the formation of these assem-
blies in the natural cellular environment, in which concentrations
are high and the medium is much more complex containing many
different species that all interact with each other.> Moreover, it is
currently not clear whether the formation of multisubunit protein
assemblies typically occurs cotranslationally, although there is some
evidence that this might be the case for some of them. Nature will
remain to serve as a vital inspiration for the research activities in the
area of supramolecular protein assemblies.
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