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50 YEARS AGO
In order to study the influence 

of the fat content of food on 

the occurrence of thrombosis 

in the arterial and venous 

system, a group of 133 hospital 

patients aged 65–90 years were 

treated with a diet in which 

butterfat, margarine and lard 

were replaced by vegetable oils 

(unhydrogenated corn oil and 

soybean oil) … For comparison, 

a control group of the same size 

and composition who received an 

ordinary hospital diet containing 

about 80 gm. animal fats 

(including about 40 gm. butterfat, 

margarine and lard) was used … In 

the treated group only 4 cases of 

thromboembolism were observed 

… In the control group 15 cases of 

thrombosis were observed.    

From Nature 30 January 1960.

100 YEARS AGO
The special quest of Dr. Sven 

Hedin in his last and greatest 

journey of geographical 

exploration in Tibet was that 

hitherto unexplored range of 

mountains, which was believed to 

rise within the unsurveyed white 

patch of desert on the “Roof of 

the World” to the further side 

of the Tsangpo or Brahmaputra, 

behind the Himalayas. Although 

this immense chain, stretching 

for about 600 miles, is one of 

the mighty mountain ranges of 

the earth … its very existence, 

even, was largely the subject of 

conjecture … This, then, is the 

range to which Dr. Hedin now 

assigns the appropriate name 

of “Trans-Himalaya” … For the 

first time … he has been able to 

penetrate beyond the desolate 

deserts and reach a portion of 

what he truly terms “Tibet proper, 

that is the part chiefly inhabited 

by a settled population.” For this 

good fortune and for the more 

friendly treatment generally 

which he experienced at the 

hands of the Tibetans he is 

indebted directly to the amicable 

relations established with Tibet 

by the British mission of 1904, 

none the less real and genuine 

though cultivated at the point 

of the bayonet.

From Nature 27 January 1910.

Figure 2 | Proposed mechanism of a C–C bond addition. Sattler and Parkin11 report a reaction in which 
a tungsten complex (M) inserts into a C–C bond of quinoxaline, and suggest the following mechanism. 
a, The tungsten complex inserts into a C–H bond next to one of quinoxaline’s nitrogen atoms, a C–H 
bond addition reaction. b, A second C–H bond addition takes place at the adjacent C–H bond, a 
reaction known as a β-hydrogen elimination. c, The two hydrogen atoms that came from the C–H 
bonds are lost as a molecule of hydrogen. d, Finally, the C–C bond bridged by the tungsten complex 
breaks, yielding the observed product.

metal-isocyanide groups. These groups are 
thermodynamically quite stable, and their 
formation undoubtedly provides much of 
the force that drives this unusual C–C addi-
tion process. Overall, the authors’ proposed 
mechanism suggests that a C–H addition at a 
relatively inert C–H bond initiates a chain of 
events leading to the cleavage of an even more 
unreactive C–C bond.

Sattler and Parkin’s reaction11 is a molecular 
tour de force, although it is probably a long way 
from seeing any useful applications. One might 
imagine a reaction of this type being exploited 
as an initial step in a tungsten-catalysed trans-
formation; however, once formed, the metal-
isocyanide groups are unreactive, which will 
make it difficult to incorporate them into a cat-
alytic cycle. Nevertheless, the potential impli-
cations of the new reaction11 are great. The 
unusual mechanism may inspire new routes to 
a more general cleavage of C–C bonds, applica-
tions of which can be envisaged ranging from 
the syntheses of pharmaceutical compounds 

to the development of new catalysts for the 
hydrodenitrogenation of fossil fuels. ■
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CELL BIOLOGY

Stability in times of stress
Ibolya Horváth and László Vígh

Damaged lysosomes, the principal degradative organelles, can kill a cell. 
A stress-induced protein controls lysosome stability, providing a potential 
target to treat lysosome-related diseases and cancer.

A striking study in this issue (page 549) by 
Kirkegaard et al.1 provides a working model 
explaining how heat-shock protein 70 (Hsp70), 
a ‘molecular chaperone’ that supports the fold-
ing of newly formed polypeptides, also promotes 
cell survival. Heat-shock proteins (Hsps) have 
a pivotal role in regulating the life and death of 
cells. Hsp70 is thought to achieve this in part 
by inhibiting the breakdown of lysosomes — 
intracellular vesicles that contain degradative 

(hydrolytic) enzymes. In their study, Kirkegaard 
et al. report the mechanisms of Hsp70’s lyso-
some-stabilizing effect and highlight a possible 
therapeutic target for the treatment of diseases 
involving lysosomal dysfunction.

Tissières and co-workers2 first discovered 
Hsps in 1974 as proteins that are induced in the 
salivary glands of the fruitfly Drosophila mela-
nogaster during heat-induced stress. About 
a decade later, their function as molecular 
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chaperones was elucidated3. Not only do 
chaperones support polypeptide folding, 
they also assist protein transport and prevent 
protein aggregation. This set of functions 
suggests that Hsps should be located in the 
cytosol. Unexpectedly, however, a subpopula-
tion of Hsps was found to associate with spe-
cific membrane lipids, and with membrane 
domains (known as rafts) that are enriched 
with cholesterol and sphingolipids4. Thus, the 
recently recognized5 ‘moonlighting’ activities 
of Hsps in cellular membranes might pre-
serve the structural and functional integrity of 
membranes under conditions of stress.

Hsp70 has been shown6 to prevent the death 
of cancer cells by inhibiting the permeabiliza-
tion of lysosome membranes. This finding 
prompted Kirkegaard et al.1 to investigate how 
Hsp70 achieves the membrane-stabilizing 
effect. The authors reveal that when recom-
binant Hsp70 is added to cancer cells, it is 
transported to the lysosome by a process called 
endocytosis (Fig. 1). At the lysosome, Hsp70 
interacts with bis(monoacylglycero)phosphate 
(BMP) — a membrane-bound, anionic phos-
pholipid that is predominantly localized to the 
inner lysosomal membrane. The authors’ work 
clearly confirms that it is the pH-dependent 
(the interiors of lysosomes are highly acidic) 
and high-affinity BMP–Hsp70 interaction that 
promotes cell survival.

Kirkegaard et al.1 also identified the ATPase 
domain of Hsp70 as a major determinant of 
this lipid–protein interaction and hence of 
lysosomal stabilization. They found that a 
point mutation in the ATPase domain of 
Hsp70 decreases its binding to BMP and 
abolishes lysosome stabilization, despite the 
retention of the Hsp70 structure and its chaper-
one activity. Interestingly, the authors observed 
that recombinant Hsc70 and Hsp70-2 (Hsps 
with amino-acid sequences more than 80% 
identical to Hsp70 that are also transported 
to lysosomes by endocytosis) do not interact 
with BMP or stabilize lysosomal membranes 
when added to cells. Whether these two pro-
teins are naturally located in lysosomes is not 
known. In support of their working hypothesis 
of Hsp70 function, Kirkegaard et al. also found 
that preventing Hsp70–BMP binding abolishes 
Hsp70’s cytoprotective effect.

So how does Hsp70 stabilize lysosomal 
membranes? The authors demonstrate that 
the Hsp70–BMP interaction enhances the 
association of BMP with acid sphingomyeli-
nase (ASM), an enzyme that breaks down the 
lipid sphingomyelin. ASM is deficient in the 
lysosomal storage disorder Niemann–Pick 
disease (NPD); BMP is a cofactor for ASM. 
When Kirkegaard et al. engineered cells to 
overproduce Hsp70, the cells were protected 
against stress-induced lysosomal damage and 
had higher ASM activity than did their normal 
counterparts. Furthermore, the authors found 
that normal cells in which ASM is depleted, 
and cells from patients with NPD, are sensi-
tive to lysosomal damage induced by oxidative 

stress. But when the authors added Hsp70 to 
these cells, both ASM activity and lysosomal 
stability were enhanced. Importantly, when 
they added ASM with or without Hsp70 to 
cells from patients with NPD, this normalized 
the size of the lysosomes (which are typically 
enlarged in the diseased cells).

The above findings bring us a step closer to 
defining the molecular mechanism of Hsp70-
mediated lysosomal membrane stabilization, 
especially in NPD. But we are still far from a 
clear understanding of how increased ASM 
activity could ultimately result in increased 
lysosomal stability and survival in cancer 
cells. In particular, the role of ceramide — a 
compound that accumulates in cells as a result 

of increased ASM activity — is quite contro-
versial. Ceramide is a common intracellular 
second messenger in apoptosis (a type of 
programmed cell death). It specifically binds 
to and activates a hydrolytic enzyme called 
cathepsin D, the activity of which requires a 
decrease in cytosolic pH. Such a drop in pH 
is a consequence of lysosomal proton efflux, 
which, in turn, leads to cell death7. The proton 
efflux is caused by enhanced lysosomal mem-
brane permeabilization; given the potentially 
fatal outcome of this boost in permeabiliza-
tion, it is not surprising that cancer cells have 
developed strategies to counteract it.
In fact, the role of ceramide is even more 

complicated: ASM-mediated increases in the 
concentration of lysosomal ceramide facilitate 
the fusion of lysosomes with other intracellular 
vesicles and with the cell membrane7, through 
modification of the conformation of lysosomal 
membranes. This effect might contribute to the 
Hsp70-mediated increase in lysosomal sta-
bility. Conversely, various apoptotic stimuli 
induce the translocation of ASM to the outer 
leaflet of the cell membrane, where ceramide 
can form lipid microdomains that act as sites 
for the activation of membrane-associated 
signalling molecules involved in apoptotic sig-
nalling, thus triggering cell death7. Ceramide 
may therefore have opposing effects on cell 
survival depending on whether it is produced 
inside the lysosome or in the cell membrane.

Kirkegaard and colleagues’ finding1 that 
Hsp70 interacts with BMP reveals exciting pos-
sibilities for treating lysosomal storage disorders 
such as NPD by increasing the amount of lyso-
somal Hsp70. The work also reveals a potential 
strategy for treating cancer by inhibiting the 
lysosome-stabilizing effects of Hsp70 in tumour 
cells, thereby promoting lysosome-dependent 
autophagic cell death, in which the cell digests 
itself. (Autophagy has emerged as a key pro cess 
that is deregulated during carcinogenesis.) So 
molecules that either inhibit Hsp70-related 
signalling cascades (such as the PI3K/Akt/
GSK pathway, which is linked to upregulated 
Hsp70 transcription in cancers8), or agents that 
directly block lysosomal localization of Hsp70, 
might prove useful in anticancer therapy. 

Interestingly, the ‘moonlighting’ Hsp70 
has been found to localize to the cell mem-
brane in certain tumour cells by anchoring 
to a glycosphingolipid (Gb3) in membrane 
raft domains9. This renders the tumour 
cells more susceptible to being killed by the 
immune system’s natural killer cells. When 
treating cancer using an Hsp70-modifica-
tion strategy, one therefore faces a dilemma: 
although high levels of Hsp70 expression 
might confer protection against apopto-
sis, they could also trigger tumour-specific 
immune responses. Presumably, primary 
tumours need to express sufficient Hsp70 
to promote tumour-cell survival, but at low 
enough levels to escape immune surveillance. 
It is intriguing that the same Hsp70 that can 
protect tumour growth might also aid immune 

Figure 1 | A protein–lipid interaction stabilizes 
lysosome membranes. Heat-shock protein 70 
(Hsp70) is expressed in the cell under conditions 
of stress, when it can function as a molecular 
chaperone. But it also promotes cell survival, 
in part by stabilizing the membranes of 
lysosomes — organelles in cells that contain 
degradative enzymes. Kirkegaard et al.1 
propose the following stabilization mechanism. 
a, Circulating Hsp70 enters cells by receptor-
mediated endocytosis. b, Hsp70 in the cytosol is 
taken up by vesicles called late endosomes. c, The 
endosomes transfer Hsp70 to lysosomes. d, In 
the acidic environment of the lysosome lumen, 
Hsp70 interacts with bis(monoacylglycero)
phosphate (BMP), an anionic phospholipid 
bound to the inner lysosomal membrane. BMP is 
a cofactor for the enzyme acid sphingomyelinase 
(ASM). e, The Hsp70–BMP interaction enhances 
the association of BMP with ASM, activating 
the enzyme so that it breaks down the lipid 
sphingomyelin to form ceramide. The increased 
production of ceramide in lysosomes protects 
lysosomal membranes from rupturing. The exact 
role of ceramide remains to be determined. 
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responses that cause tumour elimination. 
Most anticancer drugs bind to proteins 

and regulate their activity, but lipid-binding 
drugs can be used in a new anticancer strat-
egy, termed membrane-lipid therapy10.  This 
approach targets membrane lipids as a means 
of regulating cell functions that are control-
led by proteins associated with those lipids. 
The BMP–Hsp70 interactions proposed by 
Kirkegaard et al.1 are potential targets for 
membrane-lipid therapy: Hsp70 ultimately 
stabilizes lysosomal membranes by associat-
ing with a specific lipid (BMP) at a specific 
cellular location, which stimulates the activity 
of an enzyme (ASM). The precise mechanism 
whereby ASM activation stabilizes lysosomal 
membrane integrity awaits further experi-
mentation. Nevertheless, the search for novel 

BPM modulators constitutes a new avenue of 
investigation for drug discovery.  ■
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CARBON CYCLE

Degrees of climate feedback
Hugues Goosse

A probabilistic analysis of climate variation during the period 
ad 1050–1800 refines available estimates of the influence of temperature 
change on the concentration of carbon dioxide in the atmosphere.

One impact of an increase in the atmospheric 
concentration of carbon dioxide and other 
greenhouse gases is a global warming at Earth’s 
surface1. The climatic effect influences the 
carbon cycle and thus, in turn, the concentra-
tion of CO2 in the atmosphere. Elsewhere in 
this issue (page 527), Frank and colleagues2 
describe an analysis designed to reduce the 
large uncertainty in estimating the scale of this 
feedback loop by quantifying more precisely 
the sensitivity of the carbon cycle to climate. 

The two-way interactions between climate 
and atmospheric CO2 concentration lead 
to both negative and positive feedbacks. For 
instance, a warm, drying trend in regions 
where water availability limits plant growth 
will tend to reduce net primary production (the 
amount of new organic matter produced by 
photosynthesis) and thus the carbon uptake by 
vegetation. By contrast, a temperature increase 
will tend to enhance primary production and 
carbon uptake in cold regions. By contrast 
again, warming may induce acceleration in 
the respiration of soil organisms, so releasing 
more CO2 to the atmosphere. Overall, however, 
the net effect of these interactions is generally 
considered to be a positive one that amplifies 
variations in both CO2 and temperature3,4.

Computer models of the interplay between 
climate and the carbon cycle include represen-
tations of those feedbacks. But there are large 
differences in the results of the various models. 
This means that there are significant uncer-
tainties in climate projections of the response 
to CO2 emissions and in estimates of the 

levels of emissions required to meet some target 
for maximum warming5. Take, for example, a 
comparison3 of the results of 11 models driven 
by anthropogenic emissions of CO2: when cli-
mate–carbon-cycle feedbacks were taken into 
account, the simulated CO2 concentration in 
the atmosphere by 2100 was higher by as little 
as 20 p.p.m.v. (parts per million by volume) or 
as much as 200 p.p.m.v. compared with ideal-
ized experiments in which the feedbacks were 
not taken into account. 

To reduce those uncertainties, Frank et al.2 
compared changes in temperature (drawn 
from various forms of proxy data) and in 
atmospheric CO2 concentration (as recorded 
in three ice cores) for the period ad 1050–1800. 
Over this period, anthropogenic emissions of 
carbon were relatively weak and CO2 varia-
tions had only a minor impact on temperature 
changes6. Assuming that the carbon cycle was 
mainly influenced by climate variations, it is 
relatively straightforward to obtain estimates 
of the influence of temperature changes on the 
atmospheric CO2 concentration. By contrast, 
over the past 200 years the perturbation of 
the carbon cycle by anthropogenic activities 
has been much larger, and the CO2 rise has 
been a major cause of global warming, at least 
over the past 50 years1. This leads to complex 
inter actions and larger uncertainties for the 
magnitude of any individual process.

In a global approach to the system, the 
authors2 derived estimates of γ, the sensitiv-
ity of the carbon cycle to temperature. This is 
defined as the increase in atmospheric CO2 

concentration associated with an increase in 
Northern Hemisphere mean temperature of 
1 °C. Applying a formal and thorough inves-
tigation of the uncertainties, Frank and col-
leagues obtain a range for γ of 1.7–21.4 p.p.m.v. 
CO2 per °C. 

This range may seem large, and most current 
models have values within it. However, Frank  
et al.2 confirm that the probability of negative 
values is very low. Given that about 50% of the 
carbon emitted by anthropogenic activities 
has remained in the atmosphere4, this means 
that, in a warmer climate, we should not 
expect pleasant surprises in the form of more 
efficient uptake of carbon by oceans and land 
that would reduce the fraction of the anthro-
pogenic CO2 remaining in the atmosphere and 
limit the amplitude of future climate change. 
Frank et al. also attribute low probability to 
very high values for γ, at least in the range 
of temperatures covered by the period that 
they studied. 

A particularly intriguing feature is the appar-
ently different behaviour of the system when 
two periods, 1050–1549 and 1550–1800, are 
analysed separately. For 1550–1800, the cor-
relation between CO2 and temperature and 
the value of γ are relatively high, whereas both 
values are much lower for 1050–1549. The dif-
ference might simply be related to biases and 
larger uncertainties in the data for the first part 
of this 750-year interval. Or it might also indi-
cate that CO2 variations are a function not only 
of hemispheric mean temperature, but also of 
finer-scale geographical variation, and that 
additionally we should take into account the 
effects of precipitation, and of ocean circula-
tion, as it affects the marine carbon cycle. 

Given this broader framework, reproduc-
ing and reaching a precise understanding of 
the factors responsible for changes in atmos-
pheric CO2 concentration during the whole of 
the past millennium is quite a challenge. Some 
simulations using relevant climate–carbon-
cycle models are available7, however, and more 
are expected in the near future; not least, the 
past millennium is one of the key periods to 
be investigated in a recently launched initiative 
(the Paleoclimate Modelling Intercomparison 
Project Phase III)8. 

More generally, the work of Frank et al.2 and 
of others9 shows that the period 1050–1800 
constitutes a unique natural laboratory for 
studying climate variation. More accurate, 
high-resolution reconstructions of variations 
in temperature and levels of CO2, as well as 
additional model simulations, will help to bet-
ter constrain feedbacks between climate and 
the carbon cycle. Such work will also help to 
improve understanding of natural climate 
variability on longer timescales than can be 
investigated using only the instrumental data 
over the past 150–200 years. It should also help 
in understanding the response to natural fac-
tors such as changing solar irradiance and large 
volcanic eruptions. 

In this perspective, models and data do 
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