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Chemists have been harnessing the 
properties of toroid-shaped molecules 
for many years. These molecules 

have found applications in molecular 
recognition, catalytic transformations of 
encapsulated molecules, and, very excitingly, 
for obtaining molecular rotors by threading 
them onto linear molecules (so-called 
molecular rods)1. It has, for instance, been 
shown that movement of the rotor through 
several ‘stations’ on the molecular rod 
can be achieved in a reversible manner2. 
Nonetheless, examples of catalysis with 
such nanosystems are rare and limited to 
synthetic molecules3,4.

A processive catalyst performs several 
catalytic cycles without dissociating from 
the substrate. This is markedly different 
from a distributive catalyst, which 
dissociates from the substrate after each 
catalytic event. Nature uses processive 
catalysts frequently, and processivity is used 
as a means to increase efficiency; however, 
no examples of a synthetic catalytic rotor 
that is able to catalytically transform 
its partner biopolymer in a processive 
manner have been reported. Now, writing 
in Nature Chemistry, Roeland J. M. Nolte, 
Alan E. Rowan and colleagues have 
designed a semisynthetic, biohybrid 
catalyst that oxidatively cleaves plasmid 
DNA processively5.

The catalyst was obtained by conjugation 
of a trimeric ring-shaped clamp protein 
(called gp45, which slides along DNA) to 
three catalytic units based on a synthetic 
manganese tetramethyl pyridinium porphyrin 
complex. In the presence of an oxygen 
donor, the manganese porphyrin complex 
can selectively cleave double-stranded DNA 
through oxidation at sequences containing 
three consecutive adenosine–thymine base 
pairs. This oxidation creates a nick — a break 
in a DNA duplex — in which only one strand 
of DNA is continuous while its opposite is 
interrupted by the cleaved bond. In nature, 
the bacteriophage T4 employs gp45 proteins 
to associate a polymerase enzyme to DNA. 
This enhances the efficiency of the enzyme by 
enabling it to operate in a processive manner. 
The gp45 protein alone is catalytically inactive.

So how do you prove that catalysis 
occurs in a processive manner? A catalyst 
that clamps onto a polymeric substrate and 
operates through a processive mechanism 
is expected to result in several clusters of 
catalytic events that are grouped along 
the polymer. In contrast, a distributive 
catalyst would be expected to cause cleaving 
events that are randomly distributed. Gel 
electrophoresis, which is conventionally used 
to detect cleavage of plasmid DNA, is not 
suitable for revealing any clustering of strand 
breaks because it is unable to report the 
relative distances between multiple cleavage 
events. To tackle this challenge, Nolte, 
Rowan and colleagues brilliantly envisaged 
that atomic force microscopy (AFM) could 

be used to monitor not only the number of 
cleavage events but also their location along 
the DNA polymer. However, AFM cannot 
be used to directly identify a cleavage site 
because the technique scans the surface and 
recognizes changes in the topology. Therefore, 
a further modification of the cleaved 
substrate was required to render cleavage 
sites ‘visible’ in the AFM scans. To achieve 
this, Nolte, Rowan and colleagues took 
advantage of an established procedure for 
functionalizing DNA6. A biotin-terminated 
linker was attached to the cleavage site, which 
then attracted streptavidin, a relatively big 
protein. On a surface, streptavidin has an 
apparent height of ~4.4 nm, compared with a 
typical height of ~1.2 nm for double-stranded 
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Thread and cut
Processive catalysis is frequent in nature, but much less common in synthetic systems. Now, a semisynthetic 
biohybrid catalytic system is reported that oxidizes DNA in a processive manner.
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Figure 1 | The catalytic assembly is formed from the trimeric ring-shaped clamp protein gp45 
(represented in red) attached to three copies of a synthetic manganese tetramethyl pyridinium porphyrin 
complex (green). The catalytic assembly cleaves one of the two DNA strands through an oxidative 
process while sliding along the DNA duplex. The cleavage sites (red spots) occur in clusters, which is 
clear evidence of processive catalysis. The red arrows indicate the direction the catalyst is sliding.
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plasmid DNA. This difference in height 
enables the bulky streptavidins bound to the 
DNA substrate to be imaged by AFM, thus 
indicating where the cleavage has occurred.

The semisynthetic catalyst was assembled 
onto DNA through nonspecific binding or 
by using a clamp-loader protein complex 
(gp44/62) that (as the name implies) loads 
the clamp protein onto a DNA plasmid. 
After oxidation and binding of biotin and 
streptavidin, the DNA plasmids were then 
analysed by AFM to count the number of 
bound streptavidins per plasmid. Oxidized 
plasmids were observed to have an average of 
2.3 bound streptavidins, corresponding to the 
same number of cleavage events. Individual 
analysis of plasmids that presented more than 
a single cleavage event revealed that bound 
streptavidin molecules were often found in 
clusters (shown schematically in Fig. 1). This 
is a strong indication of a processive catalytic 
process. If only distributive oxidation was 
taking place, the cleavage sites would have 
been distributed randomly over the substrate.

Nolte, Rowan and colleagues then 
moved on to study the direction of clamp 
movement. In natural bacteriophage T4 the 
clamp-loader complex binds specifically 
to one end of the nick and remains bound, 
whereas the clamp itself is free to slide over 
the DNA in the other direction.  The clamp-
loader effectively determines the direction 

in which the clamp will translocate, because 
it acts as a physical barrier that blocks 
one direction. Analogous behaviour was 
observed with the semisynthetic catalyst. 
Engineered restriction enzymes were used 
to create nicks close to either adenosine-
poor or adenosine-rich potential reaction 
sites. A high number of oxidation reactions 
occurred only in cases where the clamp was 
loaded such that it could move towards the 
adenosine-rich sites, whereas loading in 
the opposite direction resulted in a lower 
number of oxidation events. This is further 
evidence of processive catalysis.

The presented system is not yet perfect, 
as the extent of processive oxidation (that is, 
the number of nicks that occur in clusters) is 
relatively low — around 17%. Although the 
authors have carried out a rigorous statistical 
analysis to assess the reliability of the results, 
they have not achieved the high efficiency 
that characterizes natural processive catalysts. 
Furthermore, the manganese porphyrin 
complex cleaves DNA in an oxidative manner. 
DNA-cleaving enzymes operate hydrolytically, 
therefore the resulting DNA fragments are not 
toxic and can easily be re-ligated, if required. 
Admittedly, an efficient synthetic hydrolytic 
catalyst has not been reported so far and the 
design of the catalytic site remains one area 
for development7; however, this approach of 
conjugating a synthetic catalyst to a sliding 

clamp protein could be adapted to work with 
other synthetic catalysts.

The beauty of these results lies in the 
astonishing similarity between the behaviour 
of natural catalysts and the semisynthetic 
counterpart. The ability to add synthetic 
elements to a biological system and generate 
a new functional entity is a powerful route 
towards innovative catalytic systems. The 
results from Nolte, Rowan and colleagues 
lead us towards future systems that exploit 
biological mechanisms but rely solely on 
synthetic catalysts. ❐
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It’s the classic chicken-and-egg problem: 
Which came first, RNA or proteins? The 
genome or the metabolome? A genomic 

material without the ability to transduce 
energy via some sort of chemical metabolism 
cannot perform the basic functions of 
life: growth, replication and adaptive 
response. Likewise, a chemical system with 
no capacity to store information cannot 
convey the information required by the next 
generation. The RNA world hypothesis1 
provides an appealing solution to this 
conundrum in that it assigns the functions 
of information storage (via the sequence of 
bases), catalytic chemistry (in the form of 
ribozymes) and regulatory activity (in the 
form of riboswitches) to a single biopolymer, 
namely RNA. The hypothesis gained traction 

with both the characterization of naturally 
occurring ribozymes and riboswitches as well 
as the development of selection procedures 
for plucking an active ribozyme or riboswitch 
from an evolving pool of RNA strands2,3.

The structural similarities between 
vitamins and the components of RNA led 
H. B. White to propose4 that some coenzymes 
are “fossils of an earlier metabolic state”. 
This proposal provided a link between early 
metabolic processes and the complicated 
present-day networks, such as those found 
in glycolysis, the citric acid cycle, fatty acid 
biosynthesis, and so on. Many vitamins 
look like small bits of RNA — NADH and 
FADH2 are 5ʹ-5ʹ-linked dinucleotides, 
acetyl-Coenzyme A is a mononucleotide 
derivative and thiamin diphosphate (ThDP) 

contains a thiazolium ring attached to a 
pyrimidine base. In modern metabolic 
processes coenzymes assist enzymes by 
providing enhanced catalytic functions not 
provided by the 20 common amino acids. 
This coupling enables reactions such as 
nicotinamide- and flavin-mediated redox 
chemistry, and the C–C-bond-breaking 
chemistry of thiamin (vitamin B1) to be 
partnered with the specificity and efficiency 
offered by enzymatic catalysis. Although 
ribozymes that use NADH and NAD+ 
have been developed, these ribozymes use 
the cofactor stoichiometrically5,6, with the 
cofactor then being recycled by coupling 
it to a process that uses flavin. There were, 
until now, no examples of the catalytic use of 
a vitamin in a ribozyme-catalysed reaction. 

PREBIOTIC CHEMISTRY

Ribozyme takes its vitamins
Selection of an RNA catalyst that can use the vitamin thiamin to catalyse a key metabolic decarboxylation reaction 
has broad implications for understanding the role of RNA in the early stages of chemical evolution.
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