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factor productivity for agriculture by around
21% since 1961.

Although crop yields are determined by
the cumulative result of daily weather condi-
tions over the course of a growing season, a
few shocks such as floods or droughts at cru-
cial growth stages can cause severe damage
or total loss, affecting gross agricultural pro-
ductivity. All of these factors suggest that the
agricultural sector is vulnerable to extreme
rainfall. The fact that Kotz and colleagues
estimate the climate dependence of the agri-
cultural sector to be lower than expected
might indicate the need for new measures of
climate.Improved metrics might capture, for
example, an awareness of the importance of
growth stages, or consideration of irrigation
and other factors that partly mitigate the
negative effects of deficient rainfall and high
temperature extremes. Land drainage could
be another factor that complicates theimpact
of excessive rainfall.

The causal mechanisms behind these statis-
tical relationships are yet to be determined.
Kotzet al. defined extreme daily rainfall as the
annual sum of rainfall on days exceeding the
99.9th percentile of the distribution spanning
1979 to 2019. This amounts to counting only
the rain that fell on the rainiest of 1,000 days.
How do theserare and local events cause sub-
stantial economic shocks and cascade into
long-term effects across all sectors at regional,
national and global scales? Is it because they
are linked in time and space and, together
with other climatic anomalies, produce per-
sistentand widespread impacts on economic
activities?

The 2021 floods in Europe and China
occurred at around the same time, and it is
tempting to assume they were connected.
But what about the snow, sleet and freezing
rain that accompanied low-temperature
extremes five months earlier in Texas? These
compound effects resulted ina massive power
failure, leaving more than 4.5 million homes
and businesses without electricity. In fact,
extreme rainfall events are linked through
complex networks of global climatic patterns’,
and might also be related to heatwaves, cold
surges, droughts, storms and other weather
extremes. Theintegrated result of these com-
pounded factors could lead to substantial eco-
nomic impacts worldwide. Rainfall extremes
mightalsobe related to worldwide economic
changes through the globalization of trade —a
natural disaster in one location can affect the
economy of another if their economies are
interdependent. These mechanisms could
change local impacts of climate extremes
into indirect positive or negative economic
effects elsewhere.

The frequency and intensity of precipita-
tion extremes have been increasing in recent
decades, and this trend is projected to con-
tinue with global warming®. In attempting to
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forecast theimpact of theseincreases, amajor
problem is that most climate models under-
estimate extreme precipitation, and so projec-
tions are associated with large uncertainties.
Such models therefore provide unreliable
estimates of the economic effect of events
resulting from excessive rainfall. With the help
of numerical modelling and machine-learning
techniques, further research might uncover
the physical mechanisms behind theincrease
in precipitation extremes, and offer ways to
mitigate them®. Until then, improved under-
standing of the uncertainties associated with
climate models will enable policymakers to
estimate rainfall extremes more accurately
and to manage the related economic risks
more effectively.
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Structures show how
saltgetsasweetride

David Drew

Proteins spanning the membranes of cells of the intestine and
kidney use sodium-ion gradients to take up glucose, enabling
water absorption, too. The structures of these transporter
proteins have now been observed in detail. See p.274 & p.280

Iwas close — oh, so close — when I collapsed
just outside the stadium with less than
one kilometre of the marathon to go. As a
biochemistry student, I should have known
better, butlhad made the mistake of selecting
water instead of the electrolyte drinks offered,
and so ended up inside an ambulance dehy-
drated and embarrassed. The discovery that
thetransport of glucose and sodiumions from
thedigestive tractinto thebodyis coupled and
facilitates the absorption of water was abreak-
through of the twentieth century’. A simple
salt-glucose mixture has since saved millions
of lives, and kept runners from collapsing —
well, mostly. Now Han et al.? (page 274) and
Niu et al.® (page 280) present structures of
the membrane-spanning transporter pro-
teins that carry sodium and glucose across
cell membranesin humans.

The protein known as sodium-coupled
glucose cotransporter 1 (SGLT1) was first
shown*? in the 1980s to be responsible for
the active transport of glucose across the
brush-border membrane that lines the small
intestine. The movement of sodiumions down
their concentration gradient (fromwhere they
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are highly concentrated to where they are less
concentrated) enables SGLT1 to transport
glucose into cells against its concentration
gradient, in contrast to other glucose trans-
porters (called GLUTSs) that shuttle the sugar
passively into the bloodstream®’. SGLT1 also
carries water along for the ride — in total,
roughly5litres aday for anadult human —and
thusis essential for oral rehydration therapy®®.

Acloselyrelated protein called SGLT2 works
with SGLT1 in the kidney to reabsorb about
99% of the glucose that the kidney filters out
of the blood, to prevent this glucose from
being excreted in the urine’. Several SGLT2
inhibitors have been approved as drugs to
lower blood glucose levelsinindividuals with
type 2diabetes’. Although the structures and
computational modelling of a bacterial SGLT
(VSGLT) have provided an overall framework
for the transport mechanism®, the structures
of the transporters in humans needed to be
defined for researchers to fully understand
how they act in people and how they can be
selectively inhibited by drugs.

The structures of human SGLT1 and SGLT2
were resolved using a technique called
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Figure 1| Transporter proteins that move salt, sugar and water across cell membranes. a, The
membrane-spanning protein SGLT1 couples the transport of two sodium ions (Na*) and a glucose sugar
molecule (Gluc) into cells of the intestine and kidney. This transport also facilitates the movement of water
(H,0) into the cell. SGLT1 contains two structural domains, known as the scaffold domain and the transport
domain. Han et al.’* resolved the structure of human SGLT1 with the transport domain oriented against the
scaffold domain such that a cavity was open towards the inside of the cell (inward-facing state), and mapped
the likely route by which water enters the cell. Gates represent the two half-helices TM1a-b and TMé6a-b.

b, Niu et al.® determined the structure of a related transporter, SGLT2, which transports one sodium ion for
every glucose molecule absorbed. The authors resolved the structure of human SGLT2 in its outward-facing
state in complex with a protein called MAP17 (which interacts with a peripheral helix in the transport
domain of SGLT2), and bound by a drug called empagliflozin. The drug stops the outside-gate portion of the
transporter from shutting, thereby halting the protein’s transition to the inward-facing state.

cryo-electron microscopy. Because they are
relatively small proteins, they needed to be
madelarger, as well asmorerigid, for this pro-
cedure. Han et al. generated SGLT1 variants
that had specific changes to the amino-acid
sequence to stabilize the protein, and
attached an antibody molecule toreduce the
protein’s flexibility and to facilitate the align-
ment of images of the protein particles. Niu
etal. replaced a flexible loop in SGLT2 with
green fluorescent protein (GFP). They then
tethered an antibody that binds to GFPto a
membrane-spanning protein called MAP17,
which associates with SGLT2 to enhance the
transporter’s activity’.

Han et al. found that, although SGLT1
includes an extracellular ‘lid” domain not
present in VSGLT, its overall architecture is
much like that of the bacterial transporter®™,
Indeed, nature has a habit of sticking with a
winning formula:both SGLT1and SGLT2 adopt
whatisknown as aLeuT-fold structure®. The
LeuT-fold is so named because it was first
described for the structure of a transporter
protein that couples sodium transport with
that of theamino acid leucine, but it has since
been observed in many other transporter
families®™.

The LeuT-fold is defined by two main struc-
tural regions —a ‘scaffold’ domain and a“‘trans-
port’domain. LeuT-fold transporters operate
according to the ‘rocking-bundle’ alternat-
ing-access mechanism™. In brief, after sodium
has bound the protein in its outward-facing
state, its interaction with the sugar molecule
lying between the two main domains catalyses

the rearrangement of the transport domain
so that it moves against the scaffold, thereby
exposing the sugar and sodiumto the inside of
the cell*™. The transport domain contains two
unwound helices (TM1a-b and TMé6a-b) that
actasgatesinthetransport mechanism. Only
when the sodium and the glucose molecule
are bound do these helices move inwards to
close access tothe sugar-bindingsite fromthe
outside; when the cavity of the protein faces
the inside, the gating helices move outwards
again to enable the release of sodium and
glucose®™. Hanet al. determined the structure
of SGLT1inits inward-facing state, whereas
Niu et al. resolved the structure of SGLT2 in
its outward-facing state (Fig. 1).

SGLT1cantransportglucose oranothertype
of sugar called galactose, whereas vSGLT trans-
portsonly galactose®. Tounderstand this differ-
ence,Hanetal. compared the SGLT1structure
with the previously reported™® galactose-bound
structure of VSGLT. They found that a single
substitution of one of the amino-acid
residues in SGLT1 abolished its ability to bind
to glucose, highlighting how finely tuned the
transporter’s selectivity for sugar is.

Han et al. also determined the structure
of SMCTI1, a more distant family member of
the SGLT transporters that, instead of sugar,
transports monocarboxylate molecules'.
Theauthorsresolvedits structurein complex
with one such monocarboxylate (butyrate),
demonstrating how the shape and chemistry
of the binding site of this family of transport-
ers are modified to accommodate non-sugar
substrates.
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It has not been clear how SGLT1 can carry
water across the membrane. Using compu-
tational simulations, Han et al. identified a
water-filled passageway through the SGLT1
structure, and showed that SGLT1variants with
substitutions of amino-acid residues along
this route transport less water than does wild-
type SGLTI1. Although the identification of this
waterway is exciting, future experiments are
required to tease out why water flows through
SGLT1only when the transporter is active®®,

Compounds that have been developed to
inhibit SGLT2 bind preferentially to the trans-
porterinits outward-facing state,and are sim-
ilar toaplantmolecule called phlorizin, which
comprisesasugar group attached toamolec-
ular ‘tail’ (an aromatic aglycone)’. Niuand col-
leagues’ structure of SGLT2 in complex with
the inhibitor empagliflozin, a diabetes drug,
reveals how the sugar part of the molecule is
coordinated in a similar way to galactose in
VvSGLT™, but with the aglycone tail extending
towards and interacting with the extracellular
TM1b and TMé6a gates. The SGLT2 inhibitor
elegantly blocks the gates from shutting and
thus halts transport. Niuand co-workers’ bio-
chemical assays confirmed that the binding
preference of empagliflozin for SGLT2 over
SGLT1was due to afew amino-acid-residue dif-
ferences in the extracellular gate compared
with SGLTI.

The SGLT2 structure should help to guide
the development of inhibitors that are more
specific for SGLT2, as well as those that more
broadly blockboth SGLT1and SGLT2. Intrigu-
ingly, Niu et al. show that the way in which
empagliflozin inhibits SGLT2 resembles the
way antidepressant drugs inhibit another
LeuT-fold transporter called SERT, which uses
sodium to transport the neurotransmitter
molecule serotonin into neuronal cells in the
brain®. Targeting gating regions might prove
to be a fruitful strategy for developing drugs
thatactonother small-molecule transporters.

The SGLT structures in their outward- and
inward-facing states provide much-needed
details with which to unravel how these trans-
portersoperate. Nevertheless, the structures
of other states — for example, those with gates
fully opened and closed —and an understand-
ing of how all the states are dynamically con-
nected, areneeded, too. Inreality, transportis
anintricate process involving finely coupled
interactions, and single amino-acid pertur-
bations can have dramatic consequences.
Indeed, Niu et al. mapped the effects of muta-
tions of the gene encoding SGLT1 that cause
the inherited metabolic disorder galactose—
glucose malabsorption (GGM)¢, and found
that the changes in amino-acid sequence
caused by these mutations are distributed
across the entire SGLT1 protein.

The composition of the membrane itself,
and possibly the composition of other mem-
brane proteins, are also known to influence
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the conformational preferences and dynamics
of transporters. Han et al. found that a cho-
lesterol-based molecule could bind to SGLT],
and Niu et al. observed the interaction of the
protein MAP17 with one of the helicesin SGLT2,
providing astarting point for addressing how
the transporters might be regulated by other
factors.

Finally, onesodiumionis absorbed forevery
glucose molecule in SGLT2, whereas in SGLT1
two sodium ions are absorbed®. Although
the structures described by Han et al. and by
Niu et al. pinpoint the sodium binding sites,
abetter dissection is needed of exactly how
sodium-ion and sugar binding are intimately
coupledtoenable these differences. And with
that, anew marathon begins.

David Drew is in the Department of
Biochemistry and Biophysics, Stockholm

Biogeochemistry

University, Stockholm 10691, Sweden.
e-mail: david.drew@dbb.su.se

1. Lancet 312, 300-301(1978).

2. Han, L. et al. Nature 601, 274-279 (2022).

3. Niu, Y. et al. Nature 601, 280-284 (2022).

4. Hediger, M., Coady, M. J., lkeda, T. S. & Wright, E. M.
Nature 330, 379-381(1987).

5. lkeda, T.S. et al. J. Membr. Biol. 110, 87-95 (1989).

6. Wright, E. M., Ghezzi, C. & Loo, D. D. F. Physiology 32,
435-443 (2017).

7. Wright, E. M. Kidney360 https://doi.org/10.34067/
KID.0002772021 (2021).

8. Loo, D.F., Zeuthen, T., Chandy, G. & Wright, E. M.
Proc. Natl Acad. Sci. USA 93, 13367-13370 (1996).

9. Coady, M. J. etal. J. Am. Soc. Nephrol. 28, 85-93 (2017).

10. Faham, S. et al. Science 321, 810-814 (2008).

11. Drew, D. & Boudker, O. Annu. Rev. Biochem. 85, 543-572
(2016).

12. Miyauchi, S., Gopal, E., Fei, Y.-J. & Ganapathy, V.
J. Biol. Chem. 279, 13293-13296 (2004).

13. Coleman, J. A., Green, E. M. & Gouaux, E. Nature 532,
334-339 (2016).

The author declares no competing interests.
This article was published online on 8 December 2021.

A microbe thatuses
crude oil to make methane

Guillaume Borrel

A microorganism that dwells in an underground oil reservoir
has been found to degrade various petroleum compounds
and use them to produce methane through a previously
unreported biochemical pathway. See p.257

Microbial communities tend to use the most
energy-rich and most easily metabolized
compounds that they have at their disposal.
Thisleadsto a progressive enrichment of com-
pounds that are difficult to break down and
that provide little energy, particularly in the
absence of oxygen or other inorganicelectron
acceptors. Under these conditions, the use of
hydrocarbons — molecules consisting of car-
bonand hydrogen, suchas alkanes —has been
thought to rely entirely on a collaboration
(known as syntrophy) between bacteria that
break down these compounds into acetate
and molecular hydrogen (H,), and microor-
ganisms called methanogenic archaeathatuse
the molecules to produce methane (CH,), the
simplest hydrocarbon'. On page 257, Zhou
et al.* overturn this long-standing account
of a division of labour in the methanogenic
degradation of hydrocarbons by report-
ing that a single type of microorganism can
degrade various large hydrocarbons into
methane (Fig.1).

Whereas many microorganisms can use a
large range of substrates to obtain energy,
methanogenic microorganisms (methano-
gens) are highly specialized. Most of them can
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obtainenergy only by reducing carbon dioxide
into methane using molecular hydrogen as
an electron donor, and a few others can use
acetate and methylated compounds (such as
methanol and methylamines). Over the past
five years, genomics studies have described
several lineages of previously unknown and
not-yet-cultured methanogenic microbes
from various oxygen-free environments,

“Thefindings shed lighton
apreviously unappreciated
source of methane
production.”

including marine sediments, hot springs
and subsurface oil reservoirs> .

Although most of these newly discovered
methanogens were inferred also to rely on
simple compounds, mainly methylated
compounds reduced by hydrogen®’, a great
surprise was the prediction of a previously
undescribed pathway for generating meth-
ane from multi-carbon alkanes and, possi-
bly, long-chain fatty acids>'°. This metabolic
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pathway was initially predicted from genomes
belonging to a class of uncultured archaea
named Candidatus Methanoliparia®, because
members of this class mostly occur in oil res-
ervoirs or environments contaminated with
petroleum.

Zhouetal. collected crude oil from Shengli
oilfield (northeast China), and found that
Ca. Methanoliparia represented about half
of the archaeal community in these samples.
When the samples wereincubated at between
35°C and 65 °C, without oxygen or other
inorganic electron acceptors, long-chain
alkanes (linear chains of13-38 carbons) were
completely depleted, and a large amount of
methane was produced. The authors similarly
observed reductions in the levels of hydro-
carbon molecules composed of acarbonring
bound to along-chain alkyl group.

Because Ca. Methanoliparia are far from
being the only microorganisms in these cul-
tures, one might ask at this stage whether
the production of methane from petroleum
compounds might have resulted from the
activity of conventional bacteria—archaea
associations. Indeed, bacteria known to break
down hydrocarbons were present, evenifthey
represented only 4% of the total microbial
community in the original culture. However,
after several transfers of the culture into fresh
medium, interspersed by weeks of incubation,
the proportion of these bacteria dropped to
less than 0.1%. By contrast, the abundance of
Ca.Methanoliparia (around 40% of the micro-
bial community) and the rate of methano-
genic degradation of long-chain alkanes was
maintained over these transfers.

Further supporting the absence of syn-
trophic associations involving Ca. Methano-
liparia, Zhou et al. used microscopy to reveal
that these archaea generally occurred alone
and not in aggregates of multiple species
(as had been shown previously'™®). Moreover,
Ca. Methanoliparia genomes lack genes
encoding enzymes and nanowire structures
thatareinvolvedinelectrontransfer between
syntrophic partners*°, corroborating the
idea that Ca. Methanoliparia work alone.
In Ca. Methanoliparia, as in the syntrophic
partnerships between alkane-oxidizing bac-
teria and methanogenic archaea, electrons
released by the alkane-oxidation pathway are
used by the methanogenesis pathway. But, in
Ca. Methanoliparia, the two pathways occur
within one cell.

The predicted metabolic route for methano-
genic degradation of long-chainhydrocarbons
by Ca. Methanolipariainvolves acombination
of enzymes that are otherwise partitioned
between syntrophic archaea and bacteria, as
well as enzymes specific to Ca. Methanoliparia
(Fig. 1). Among the enzymes that are used
both in the Ca. Methanoliparia route and in
the route mediated by syntrophicarchaeaand
bacteriaisthe methyl-coenzyme M reductase





