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the early evolutionary history of protein 
biosynthesis. 

In the beginning 
As the complexity of the protein synthesis 
apparatus is entirely built from genetically 
coded macromolecules that can be read 
and compared, it represents a treasure 
trove of information for phylogenetic 
studies that has, for instance, enabled the 
discovery of Archaea as a third domain 
of life half a century ago. Uniquely, it 
enables researchers to go even further, 
beyond the common root of conventional 
phylogenetic trees, the last universal 
cellular ancestor (LUCA). 

Phylogeny tells us that LUCA already 
possessed a complex translation 
apparatus similar to the one that is still 
around in bacteria. On the assumption 
that this ancestral set of molecules 
evolved from duplications of a smaller 
set, research into tRNA synthetases, for 
instance, has led to deeper roots beyond 
LUCA, with just two different synthetases 
presumed to be the ancestors of today’s 
diversity. Similarly, the almost universal 
genetic code can be peeled apart into 
layers, with the middle base of each 
codon being more fundamental in its 
meaning and thus presumably older in its 
assignment. 

For the ribosome itself, comparisons 
between the simplest ribosomes in 
bacteria and the more derived versions 
in eukaryotes have enabled researchers 
to identify a ‘common core’ structure that 
was presumably already present in LUCA. 
Based on comprehensive studies of the 
mechanisms by which eukaryotes added 
new layers to the common core, both by 
expanding the RNA backbone and by 
binding additional proteins, Anton Petrov 
from the Georgia Institute of Technology 
at Atlanta, USA, and colleagues have 
extrapolated the evolution of the 
ribosome backwards and identifi ed six 
steps that led up to the common core 
ribosome in LUCA (Proc. Natl. Acad. Sci. 
USA (2014) 111, 10251–10256). 

This extrapolation uses a range of 
methods such as sequence ‘fi ngerprints’ 
of RNA insertions, as well as the 
sequential nature of binding interactions 
whereby, as in the assembly process, 
certain interactions are clearly older as 
their presence is a requirement for other 
interactions to form. 

Based on these analyses, the large 
ribosomal subunit started out as a simple 
branched RNA duplex with one defect 

that may have been an active centre, the 
precursor of today’s P site. In a second 
phase it evolved the second binding 
site, now known as the A site, and the 
pore that became the exit tunnel — a 
feature that kept growing throughout the 
evolution through to the most complex 
eukaryotic ribosomes. A third phase saw 
the pore grow into a tunnel, followed by 
the fourth which saw the arrival of the 
binding interface for the small subunit. 
Phase fi ve enabled the functional 
movements of today’s ribosome, the 
translocation of the peptidyl-tRNA, which 
returns the growing chain to the P site 
once the new peptide bond has been 
made. In accordance with that, binding 
sites for the elongation factors were 
also added. Phase six produced further 
extensions and stabilisations leading to 
the common core ribosome. 

In further studies of the very early 
evolution of the ribosome, the groups of 
Loren Dean Williams and Jennifer Glass 
at the Georgia Institute of Technology 
have looked into the role of metal ions 
that were prevalent during the origin and 
early evolution of life (Proc. Natl. Acad. 
Sci. USA (2018) 115, 12164–12169). 

Today’s ribosomes depend heavily 
on the presence of magnesium ions 
for their structural integrity. Before the 
atmosphere became oxic between 2.5 
and 1.8 billion years ago, ferrous iron 
(Fe2+) and manganese (Mn2+) ions were 
more widely available than magnesium 
ions, however. With the advent of free 
oxygen, these metals were oxidised to 
less soluble forms and mostly ended up 
in rocks, such as banded iron formations, 
with much smaller amounts left available 
for biology. The requirement of ferrous 
iron in certain cofactors such as heme is 
believed to be a relic of early evolution. 

The researchers investigated whether 
early ribosomes may have functioned 
with iron or manganese ions instead of 
magnesium. Using E. coli ribosomes to 
stand in for LUCA’s ancestral ribosomes, 
they could show that both metals can 
replace magnesium in the folding and 
association of the ribosome as well as in 
ensuring its function in translation. 

Thus, a simple RNA duplex and a few 
ions of iron or manganese, this may be 
where the evolution of our overwhelmingly 
complex ribosomes began. 

Michael Gross is a science writer based at 
Oxford. He can be contacted via his web page 
at www.michaelgross.co.uk
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What is the pyrenoid? The pyrenoid is 
a non-membrane-bound proteinaceous 
organelle that mediates approximately 
one-third of global CO2 fi xation. It is 
found in the chloroplasts of nearly all 
algae and a group of non-vascular 
plants. There, it enhances the rate 
of CO2 fi xation into organic carbon 
by supplying the CO2-fi xing enzyme 
ribulose 1,5-bisphosphate carboxylase/
oxygenase (Rubisco) with a high 
concentration of its substrate, CO2. The 
evolutionary history of the pyrenoid is 
presently unclear, and it is possible that 
the pyrenoid evolved independently 
in multiple lineages as a result of 
convergent evolution.

How did it get its name? The pyrenoid 
was fi rst described in 1803 by the 
Swiss pastor Jean Pierre Étienne 
Vaucher, but was only named in 1882 
by Friedrich Schmitz. Its name comes 
from the Greek word ‘pyrene’, which 
means ‘fruit stone’, a reference to its 
appearance as viewed through a light 
microscope. In the fi rst 50 years of the 
20th century, the pyrenoid was used as 
a taxonomic marker, though it is now 
known to be a weak one.

What is the overall architecture 
of the pyrenoid? All characterized 
pyrenoids contain a dense matrix 
where most of the cell’s Rubisco is 
localized (Figure 1A). In most species, 
the pyrenoid matrix is traversed by 
membrane structures that extend 
from the photosynthetic thylakoid 
membranes. In a few species, thylakoid 
membranes penetrate into the pyrenoid 
matrix only if an environmental stress is 
imposed. These traversing membranes 
can form diverse architectures, 
including interconnected star-shaped 
tubule networks or parallel sheets. In the 
unicellular green alga Chlamydomonas 
reinhardtii, the traversing membranes 
enter the pyrenoid matrix as tubules and 
then form a reticulated network in the 
center of the matrix. In many species, 
the Rubisco matrix is surrounded by 
a sheath made of starch, a polymer of 
glucose.

Quick guide

http://www.michaelgross.co.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2020.02.051&domain=pdf


Current Biology

Magazine

A

B

Rubisco

EPYC1

HCO3
- transporters

Starch sheath

Carbonic anhydrase

HCO3
- CO2HCO3

-

Pyrenoid
CO2

Thylakoid

Chloroplast

Pyrenoid

Starch sheath

Matrix

Tubules

P
er

ip
la

sm
C

yt
op

la
sm

C
hl

or
op

la
st

Current Biology

Figure 1. Ultrastructure and proposed mechanism of the pyrenoid.
(A) Transmission electron microscopy image of a Chlamydomonas reinhardtii cell grown in air (im-
age courtesy of Moritz T. Meyer). The pyrenoid is found inside the chloroplast and contains three 
sub-compartments: a spheroidal matrix, membrane tubules that traverse the matrix, and a starch 
sheath that surrounds the matrix. Scale bars: 1 µm. (B) Simplifi ed model of a pyrenoid-based 
CO2-concentrating mechanism. CO2 outside the cell is converted to HCO3

- (bicarbonate), which is 
transported across several membranes into the lumen of the thylakoid membranes. The thylakoid 
membranes enter the pyrenoid where they form the tubules; in these tubules HCO3

- is converted 
back to concentrated CO2, which enhances the activity of the CO2-fi xing enzyme Rubisco in the 
matrix. Rubisco is held together in the matrix by the linker protein EPYC1.
How does the pyrenoid work? The 
thylakoid membranes that traverse 
the pyrenoid are thought to supply a 
high concentration of CO2 to Rubisco 
in the matrix, increasing the rate of 
CO2 fi xation. CO2 cannot be effi ciently 
concentrated directly because it is a 
small uncharged molecule that diffuses 
easily through membranes. Therefore, 
instead of directly concentrating 
CO2, cells fi rst convert CO2 to the 
intermediate HCO3

- (bicarbonate), which 
is charged and therefore can be actively 
concentrated across membranes 
(Figure 1B).This concentration is 
mediated by the coordinated action 
of HCO3

- transporters and carbonic 
anhydrases, which catalyze the 
conversion of CO2 to HCO3

-. A carbonic 
anhydrase in the periplasm of the algal 
cell facilitates conversion of CO2 to 
HCO3

-, which is then imported through 
the successive action of transporters 
located on the plasma membrane, the 
chloroplast envelope, and thylakoid 
membranes. Inside the thylakoid 
lumen, a carbonic anhydrase converts 
HCO3

- back to CO2, which then diffuses 
across the pyrenoid matrix to feed 
Rubisco. This last conversion step 
appears to be directly energized in the 
thylakoid lumen by the high proton 
concentration, which is produced from 
light energy by the photosynthetic 
electron transport chain. When a starch 
sheath is present around the matrix, it 
may serve as a barrier to minimize CO2 
leakage from the pyrenoid. Although a 
few organisms appear to have CO2-
concentrating mechanisms but no 
pyrenoid, the pyrenoid appears to 
provide a signifi cant growth advantage 
by producing a point source where CO2 
is released, and by densely clustering 
Rubisco around this point source.

What is the molecular structure 
of pyrenoid? The molecular 
structure of the pyrenoid has been 
most extensively characterized in 
Chlamydomonas. Approximately 
100 proteins were identifi ed in the 
Chlamydomonas pyrenoid proteome, 
and the sub-pyrenoid localization and 
protein–protein interactions of many 
of them have been identifi ed. Current 
work is focused on determining 
how these proteins work together to 
form the overall pyrenoid structure 
and enable its function. The best-
characterized sub-compartment of 
the pyrenoid is the matrix, which 
is primarily composed of Rubisco 
holoenzymes linked together by a 
disordered protein called ‘essential 
pyrenoid component 1’ (EPYC1). 
The matrix was long thought to be 
a crystalline solid; however, we now 
know that, at least in Chlamydomonas, 
the matrix behaves as a phase-
separated liquid-like body, which 
mixes internally, divides by fi ssion, 
and dissolves into the surrounding 
compartment under certain conditions. 
Purifi ed Rubisco and EPYC1 are 
both suffi cient and necessary to form 
phase-separated liquid droplets in 
vitro, suggesting that the matrix arises 
from co-condensation of these two 
components. 

How is pyrenoid formation 
regulated? The pyrenoid in 
Chlamydomonas is not a static 
structure; it dissolves and condenses 
in response to environmental cues. The 
pyrenoid condenses in light conditions 
when CO2 availability is low. It dissolves 
Current 
when CO2 is abundant, during cell 
division, and at night for cells grown in 
a day–night cycle. 

How is the pyrenoid inherited during 
cell division? During vegetative growth 
of Chlamydomonas, pyrenoids typically 
divide by fi ssion; the pyrenoid appears 
to be bisected by the contracting 
cleavage furrow of the dividing 
chloroplast. However, a few minutes 
before this event, a substantial portion 
of the pyrenoid matrix dissolves into 
the surrounding chloroplast, and this 
material condenses back into the 
pyrenoid after chloroplast division 
is completed. In rare cases where 
pyrenoid fi ssion fails and one of the 
daughter chloroplasts does not inherit 
a pyrenoid, it still inherits dissolved 
pyrenoid building blocks, which appear 
to condense de novo into a pyrenoid 
after chloroplast division is complete. 
This dissolution and condensation 
may therefore serve as a backup 
mechanism to ensure inheritance of 
a pyrenoid even when fi ssion fails. 
Biology 30, R451–R520, May 18, 2020 R457
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Which protists have eyes? A group of 
dinofl agellates, the warnowiids, carry a 
unique structure that resembles a lens 
and a retina (Figure 1). The eye-like 
structure is called an ocelloid and is 
obviously surprising to see in a single-
celled organism. The lens clearly refracts 
light and it is placed such that it will 
pass light to the retina-like structure. 
These facts, along with the shape of 
the whole structure, and its orientation 
during directional swimming strongly 
suggest that the ocelloid is a visual 
organ guiding behaviours in a unicellular 
organism. This says something about 
how constrained eye evolution is. Animal 
eyes are made of many different types of 
tissue that form the essential structures 
for catching pictorial information. In 
warnowiid dinofl agellates, almost 
identical structures have evolved as 
organelles within the single cell.

What are dinofl agellates? They are a 
diverse phylum of unicellular eukaryotes 
that are ecologically important 
components of phytoplankton. Some 
species cause red tides and others, 
such as Noctiluca, make water glow 
with bioluminescence at night. Many 
are armoured with cellulose plates 
that give the cells species-specifi c 
shapes, whereas other groups, such 
as the eye-bearing warnowiids, 
belong to the naked dinofl agellates. 
A distinctive feature of dinofl agellates 
is their fl agellar arrangement with one 
ribbon-like transverse fl agellum and 
one longitudinal fl agellum of more 
conventional appearance. Many species 
contain chloroplasts and are autotrophic, 
whereas others are heterotrophic or 
mixotrophic.

In which ways are warnowiids 
special? Apart from containing the 
unique ocelloid, warnowiids possess 
various types of mechanical equipment 
of extreme complexity in their cells, 
such as pistons for propulsion and 
harpoon-like nematocysts for impaling 
other cells. The nematocysts, which 
are also found in a sister group to 
warnowiids, are at least superfi cially 

Quick guide
Observations of other algal species 
suggest that their pyrenoids have 
similar properties.

Can the pyrenoid be engineered into 
other organisms? Modeling studies 
suggest that the transfer of a pyrenoid 
into C3 crops such as wheat and rice 
could improve water and nitrogen-
use effi ciencies, and increase yields 
by up to 60%. Pyrenoid engineering 
efforts are still at an early stage; but 
already, encouraging results have been 
obtained. First, nearly all algal proteins 
tested localize to the correct sub-
cellular compartment in higher plants 
without any changes to their protein 
sequence, suggesting that transferring 
the pyrenoid will not require extensive 
protein-engineering work. Second, the 
fi rst steps of reconstituting a pyrenoid 
matrix in higher plants are well 
underway. In order to form a pyrenoid 
matrix, it is thought that the small 
subunit of Rubisco found in higher 
plants needs to be exchanged for the 
Chlamydomonas homolog to enable 
its binding to the EPYC1 linker protein. 
Excitingly, this exchange of Rubisco 
small subunits is tolerated by the 
vascular plant Arabidopsis. These early 
advances may pave the way for crops 
with synthetic pyrenoids that produce 
more food with fewer resources to 
enable a more sustainable world.

What major questions remain 
unanswered? Despite recent 
progress, we are only beginning 
to understand how the pyrenoid 
works at a molecular level. What 
is the structural basis for pyrenoid 
matrix formation? How are the phase 
transitions of the matrix catalyzed and 
regulated? How are pyrenoid tubules 
shaped and what are their molecular 
functions? How is the starch sheath 
nucleated and shaped? How are 
proteins targeted to the pyrenoid? 
How are the pyrenoid’s three sub-
compartments held together? How 
is the pyrenoid positioned to its 
canonical location? What is the full 
set of proteins required for a minimal 
pyrenoid to operate? If pyrenoids 
evolved multiple times through 
convergent evolution, what common 
structural and functional principles 
do they share? These and other 
questions are sure to yield exciting 
discoveries over the coming years 
R458 Current Biology 30, R451–R520, May 
as this fascinating organelle emerges 
from obscurity.
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