
either non-doped or conventionally doped  
spiro-OMeTAD. More importantly, CO2 
bubbling decreases the doping time to just 
one minute. Having such a short doping time 
will be essential for the commercial produc­
tion of perovskite solar cells.

Because the lithium carbonate by-product 
is removed by filtration, the density of lithium 
ions in the resulting HTL is lower than that in 
HTLs made using conventional doping. Kong 
et al. show that solar cells prepared using their 
method are much more stable than are control 
devices prepared using conventional doping, 
consistent with the smaller amount of lith­
ium in the HTL. The authors’ solar cells retain 
about 80% of their initial power-conversion 
efficiency after 500 hours of continuous oper­
ation, whereas the efficiency of the control 
devices rapidly drops to less than 75% after 
just 6 hours. 

Even more excitingly, Kong and colleagues 
report that their CO2-bubbling method is 
not limited to small-molecule organic semi­
conductors such as spiro-OMeTAD — the 
conductivity of a broad range of polymeric 
organic semiconductors (mixed with LiTFSI) 
is between 2 and 100 times greater than that 
of polymer–LiTFSI films not treated with CO2. 
The power-conversion efficiency of perovskite 
solar cells made using the resulting doped 
polymeric HTLs is also substantially increased.

Perovskite solar cells show great prom­
ise, and have the potential to find industrial 
applications in the next few years. However, 
mass-manufacturing methods must first be 
developed that produce devices with long-
term stability. This means that any compounds 
that reduce performance must be rigorously 
removed from HTLs during manufacturing. 
Kong and colleagues’ work is important 
because it shows the feasibility of removing 
stability-lowering compounds using poten­
tially scalable doping methods. So, although 
the power-conversion efficiency and stability 
of the authors’ devices are not the best in the 
field, the new findings will inspire the develop­
ment of other advanced doping strategies for 
rapidly producing clean films of organic semi­
conductors — thereby accelerating the pace of 
commercialization of perovskite solar cells.
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Intracellular bacteria such as Salmonella 
are a major threat to human health. These 
disease-causing microorganisms enter human 
cells cloaked in a host-derived membrane, 
which forms a structure termed a vacuole. To 
proliferate, Salmonella then need to access 
the cytoplasm, a feat that they typically man­
age through vacuole rupture. On page 111, 
Otten et al.1 reveal the host’s front-line mode 
of attack against invading Salmonella — a pre­
viously unknown mechanism and machinery 
that marks Salmonella with the host protein 
ubiquitin. This tagging sets in motion events 
that lead to the degradation of the microbial 
invader.

It was already known that this destruction 
process involves coating Salmonella with 
ubiquitin2. The presence of ubiquitin-tagged 
Salmonella in the cytoplasm launches a 
defence response when signalling proteins 
bind to the tagged microbe. This triggers the 
formation of a double-membraned organelle 
called an autophagosome, which envelops the 
bacterium3,4. The autophagosome then fuses 
with the destruction machinery — an organelle 
called the lysosome5,6. Many of the steps in this 
process are understood, but the contributors 
to the initial step, the bacterial molecule mod­
ified by ubiquitin and the enzyme that directly 
marks Salmonella, were previously unknown. 

Ubiquitin is typically joined to target pro­
teins through covalent links to amino (and, 
in rare cases, hydroxyl) groups on proteins. 
These ubiquitylation reactions are catalysed 
by what are termed E3 ligase enzymes. Indeed, 
many bacterial and host proteins are ubiq­
uitylated during infection by Salmonella7. 
Various E3 ligases have been proposed as hav­
ing a role in combating Salmonella5. Unexpect­
edly, however, Otten and colleagues reveal not 

only that the ubiquitylation of Salmonella is 
catalysed by a different mechanism from 
that used by a classic E3 ligase, but also that 
the ubiquitylation target itself is not even a 
protein.

From microscopy and biochemical 
studies, the authors gathered evidence 
pointing to the bacterial target for ubiqui­
tylation as a lipid component of the surface 
of the bacterial membrane — the molecule 
lipopolysaccharide (LPS). LPS consists of 
lipid A in the bacterial outer membrane, sug­
ars and what are termed O-antigen molecules 
(Fig.  1). Armed with Salmonella mutants 
that had altered versions of LPS, and using 
super-resolution imaging to track distinct 
stages of ubiquitylation, the authors analysed 
the ubiquitylation of Salmonella purified from 
host human cells. They found that these ubiq­
uitylation targets were soluble after boiling. 
This result is consistent with a ubiquitylation 
target that is not a protein.

To confirm unequivocally that LPS is the 
target of ubiquitin tagging, Otten et al. used 
chemical and genetic methods that ruled out 
amino groups of proteins or other macro­
molecules as being sites of modification by 
ubiquitin. Next, using extracts from human 
host cells as the source of ubiquitylation 
enzymes, and bacteria from strains with either 
lipid A alone or shortened forms of LPS on the 
bacterial surface, the authors reconstituted 
the ubiquitylation event in vitro. This identi­
fied lipid A as the minimal form of LPS subject 
to ubiquitylation, potentially on its hydroxyl 
groups, its phosphate groups, or both.

This reconstitution of LPS ubiquitylation 
provided the authors with a way to identify the 
E3 ligase enzyme. Through skilful biochemical 
purification, Otten and colleagues identified 
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the enigmatic enzyme as being the protein 
RNF213. This large enzyme contains domains 
of known function (a dynein-like AAA+ motor 
domain and a zinc-binding RING domain) and 
others of unknown function8. Mutations in the 
gene encoding RNF213 are associated with a 
cerebrovascular disorder called moyamoya 
disease9. The deletion of this gene in cells 
elicits diverse effects — such as ameliorating 
lipid-associated toxicity or affecting signalling 
associated with cell death or immune-system 
function  — indicative of RNF213 having 
multiple functions10,11. 

Otten and colleagues tested versions of 
RNF213 lacking specific domains or with 
alterations in known functional amino-acid 
residues. This demonstrated that the dynein-
like AAA+ domain has a role in ubiquityla­
tion, but no obvious such role was found 
for the RING domain. This is surprising 
because the RING domain is a hallmark of most 
E3 ligases, although the authors’ finding is con­
sistent with a structural study reporting that 
the RING domain is not required for RNF213 
to ubiquitylate itself8. Otten and colleagues 
identified a molecular motif in RNF213 that is 
typical of zinc-binding domains of proteins, 
consisting of four cysteine (C) and two histi­
dine (H) amino-acid residues (CHC3H) as being 
required for LPS ubiquitylation in vitro. 

How does LPS ubiquitylation enable host 
cells to get rid of Salmonella? Previous 
studies3,4 indicate that an E3 ligase known 
as LUBAC assembles what are called linear 
ubiquitin chains, which form by linking the 
carboxy terminus of one ubiquitin to the amino 
terminus of the adjacent ubiquitin in the chain. 
These chains have dual roles in combating 
bacteria. They recruit signalling proteins to 
activate immune responses and they enlist 
autophagy receptor proteins that promote 
autophagosome formation. 

Given that LUBAC recruitment to bacteria 
requires a previous ubiquitylation event to 
initiate linear-chain assembly3,4, the authors 
tested whether RNF213 drives this previous 
event. Indeed, the authors report that cells 
lacking RNF213, or containing mutations 
corresponding to the CHC3H motif of RNF213, 
failed to recruit LUBAC and to accumulate lin­
ear ubiquitin chains (the bacterial target  for 
LUBAC-mediated ubiquitylation remains to 
be identified). As a consequence of this, these 
cells also failed to recruit ubiquitin-binding 
autophagy receptors. These findings confirm 
RNF213-dependent LPS ubiquitylation as a key 
initiator of bacterial clearance from host cells. 

Although the ubiquitylation of proteins is 
well established, the transfer of ubiquitin to 
a lipid is, to our knowledge, unprecedented. 
This study raises numerous questions for 
future investigation. Could there be other 
non-protein ubiquitylation targets, including 
lipids or carbohydrates? Given that RNF213 
is connected to moyamoya disease, it would 

be worth investigating whether alterations 
in bacterial ubiquitylation have a role in this 
poorly understood disorder. Interestingly, 
Otten et al. found that mutations in RNF213 
associated with people who have moyamoya 
disease do not cause a defect in ubiquitylation 
of bacterial LPS, suggesting that other func­
tional defects — potentially involving uncon­
ventional ubiquitylation — cause the disease. 

The full details of the mechanism of ubiq­
uitylation that targets LPS remain a mystery. 
The event involves the protein UBCH7, which 
typically transfers ubiquitin to a cysteine 
amino-acid residue on an E3 ligase in prepara­
tion for subsequent transfer of that ubiquitin 
to the target12. However, identifying candidate 
cysteine residues on RNF213 is tricky because 
the structure of the motif involved in ubiqui­
tylation is not captured in the cryoelectron 
microscopy structural data8 for RNF213. It 
seems likely that RNF213 will not be alone in 
using unconventional ubiquitylation mech­
anisms. Precisely how it recognizes LPS, and 
how the dynein-like AAA+ motor domain con­
tributes to RNF213 function, are interesting 
questions for the future. The answers might 
help to determine whether there are other 
non-protein targets of RNF213. Otten and 
colleagues’ work provides a key step forward 
in our understanding of the ubiquitin system, 
and points to yet more secrets waiting to be 
uncovered.  
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Figure 1 | A human defence response to infection tags a bacterial lipid.  A Salmonella bacterium can 
invade human cells, in which it is surrounded by the host membrane in a structure called a vacuole. Vacuole 
rupture enables the microorganism to access the cytoplasm. Host cells mount a defence response to clear 
the infection, which relies on tagging the bacterium with the protein ubiquitin (Ub). Otten et al.1 reveal 
that the initial ubiquitylation event is mediated by the enzyme RNF213 and targets the bacterial lipid 
lipopolysaccharide (LPS). Until now, proteins rather than lipids have been identified as ubiquitylation 
targets. LPS consists of lipid A, sugars termed the inner core and outer core, and O-antigen molecules. 
Otten et al. report that RNF213 tags lipid A with ubiquitin. The protein LUBAC, which can also add ubiquitin 
to targets3,4, is then recruited and builds a chain of ubiquitin molecules attached to an unidentified bacterial 
substrate (which might be an unknown protein, possibly one bound to LPS or even the ubiquitin molecule  
linked to LPS). Formation of a ubiquitin chain triggers signalling that drives defence responses, and the 
bacterium is degraded.   
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