
What are the mechanisms by which the relay-
controlled pool of PP2A-B55 and PP2A-B56 
is inactivated during early mitosis, and exactly 
how are these complexes activated in late mito-
sis? Because PP1 is implicated in the activation 
process, it seems likely that these mitotic PP2A 
complexes are activated by dephosphorylation 
of their B subunits4, but the authors did not 
define the sites at which these modifications 
occur. Studies in other model organisms5 
indicate that mitotic PP2A can be restrained 
by inhibitory proteins that are removed by 
dephosphorylation at mitotic exit, but it is not 
known whether this applies to fission yeast. 

How can the B55 and B56 subunits form a 
complex with PP1, given that their PP1-bind-
ing sites are buried deep in the hydrophobic 
core of well-folded protein domains6? With 
the structural data available6, it is difficult to 
envisage how this can be achieved without 
disrupting the folding of the B subunits. The 
authors speculate that B55 and B56 can adopt 
alternative conformations that expose their 
PP1-binding sites. Some proteins are indeed 
known to undergo substantial conforma-
tional changes following ligand binding7,8, 
but it is unclear whether this also applies to 
the PP1–PP2A-B55 and PP1–PP2A-B56 
interactions. Furthermore, given the strong 
associations between PP1 and the PP2A com-
plexes, it is somewhat counterintuitive that 
PP2A activation coincides with dissociation 
from PP1. How is this achieved? One possi-
bility is that PP1 release occurs because of a 
reversal of the conformational change in B55 
or B56, burying the PP1-binding sites in the  
hydrophobic core once again. 

The elegance of the reported phosphatase 
relay is that it functions as a timer for the 
orderly dephosphorylation of proteins at 
the end of division. The cascade may be 

evolutionarily conserved, because Grallert and  
colleagues demonstrated that PP1 and 
PP2A-B56 can also interact in human cells. 
The relay affects only part of the cellular pool of 
PP1 and PP2A, explaining why other sources 
of these phosphatases fulfil independent func-
tions throughout cell division5. In fact, recent 
data9 hint at the existence of another relay 
system, which controls a cell-division step 

that occurs before chromosome separation,  
and which involves the recruitment of a chro-
mosome-associated pool of PP1 by PP2A-B56. 
In animals, an additional layer of regulation 
of phosphatase relays may come from ‘scaf-
folding’ proteins that bind and coordinate 
local pools of both PP1 and PP2A5. Overall, 
this research implies that although budding 
yeast and other organisms, including fission  
yeast, employ distinct phosphatases to 
co ordinate the mitotic exit, control of this  
process in the different organisms shares a 
similar precision. ■
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Figure 1 | A mitotic enzyme relay. Grallert et al.2 report that during early mitosis, the kinase enzyme 
Cdk1 adds a phosphate group (P) to PP1, a phosphatase enzyme, thereby inactivating it. Active and 
inactive phosphatases are indicated by an open (half circle) or closed catalytic site, respectively. Cdk1 
is inactivated just before the beginning of chromosome separation, causing PP1 that is bound by 
another phosphatase, PP2A-B55, to dephosphorylate and activate both itself and the bound PP2A-B55. 
Subsequently, PP2A-B55 dephosphorylates an amino-acid residue in the B56 subunit of PP2A-B56 
phosphatase. This dephosphorylation is inefficient during chromosome separation, because Plk1 kinase 
opposes the action of PP2A-B55. At the end of chromosome separation, Plk1 is inactivated, and the 
resulting efficient dephosphorylation of B56 enables this subunit to recruit PP1, which subsequently 
activates PP2A-B56. Activation of the PP2A phosphatases results in their dissociation from PP1.

E L L E N  E .  M A R T I N

Data from ice cores drilled on Green-
land in the 1980s revealed alternating 
warm (interstadial) and cold (stadial) 

intervals embedded within the last glacial 
period1, which occurred from about 70,000 to 
17,000 years ago. Subsequent studies suggested 
that these millennial-scale climate variations 
were linked to changes in the formation and 
export of deep water in the North Atlantic2, 
which is associated with ocean transport of 
heat to high northern latitudes. Three modes 
of circulation of deep water were identified 
and correlated to climate regimes3. These 
modes include: formation and flow of North 

Atlantic Deep Water, the dominant water mass 
in the Atlantic, during interstadials; a slower, 
shallower circulation system during stadial 
events; and a shutdown of North Atlantic 
Deep Water formation during extreme cool-
ing and ice-rafting events known as Heinrich  
stadials (Fig. 1). On page 73 of this issue, 
Böhm et al.4 present high-resolution data sets 
of ocean palaeocirculation that call into ques-
tion the existence of three distinct modes and 
challenge our understanding of the coupling 
between climate and ocean circulation on  
millennial timescales.

The concept of multiple modes of ocean  
circulation during the last glacial period devel-
oped from nutrient-based proxy data, such as 

E A R T H  S C I E N C E

Ocean circulation and 
rapid climate change
High-resolution data on ocean circulation during the last glacial cycle suggest 
that the formation of North Atlantic Deep Water and associated heat transport 
may be more stable than previously thought. See Letter p.73
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carbon isotopes in ancient marine sediments, 
which indicate that deep waters in the North 
Atlantic were young, and therefore locally 
sourced, during interstadial events. This young 
water was confined to shallower depths during 
cooler, stadial events, and was replaced by older 
water, presumably sourced from the Southern 
Ocean, during Heinrich stadials. Although 
nutrient proxies provide information about 
the age of a water mass, they can be altered 
by biological processes and cannot be used to 
identify water-mass sources or the strength of 
circulation. By contrast, the ratio of isotopes of 
neodymium (143Nd/144Nd) — reported as εNd, 
the deviation of this ratio from a mean chemi-
cal composition, known as the Chondritic 
Uniform Reservoir, in parts per 10,000 — are 
quasi-conservative tracers of water mass that 
clearly distinguish between North Atlantic 
Deep Water (εNd about −13.5; ref. 5) and water 
sourced from the Southern Ocean (εNd about 
−9; ref. 6). In addition, the ratio of protactinium 
to thorium isotopes (213Pa/230Th) monitors the 
strength of circulation, such that higher ratios 
indicate slower circulation.

Both these proxies have been applied to 
studies in the North Atlantic for the last glacial 
maximum (the peak of the last glacial period, 
around 20,000 years ago) and into the Holo-
cene epoch (11,700 years ago to today), illus-
trating the expected patterns for warm, cold 
and shutdown (or ‘off ’) circulation modes7,8. 
The high-quality, high-resolution data sets 
produced by Böhm et al., from a site on Ber-
muda Rise in the northeastern Sargasso Sea, 
extend these records back through the last 
glacial and interglacial periods into the pen-
ultimate glacial maximum (140,000 years ago). 
The data allow the authors to study ocean cir-
culation and its relationship to climate change 
throughout the last glacial cycle.

Böhm and colleagues’ data reveal two  
surprising findings. First, the cold-mode 

circulation — southern-sourced deep water 
accompanied by relatively rapid, northern-
sourced flow in a shallower ocean layer that 
delivers less heat to high northern latitudes 
— existed only during glacial maxima that 
occurred at the end of each glacial period (see 
Fig. 1b of ref. 4). Second, the off mode of circu-
lation, expected during all Heinrich stadials and 
defined by the increased presence of southern-
sourced deep waters and sluggish circulation 
rates, occurred only during Heinrich stadi-
als that, again, coincided with maximum ice 
extent (see Fig. 1c of ref. 4). Contrary to expec-
tation, most of the cool stadials and Heinrich  
stadials coincided with intermediate values 
of εNd and 213Pa/230Th, suggesting that they 
occurred during gradual transitions between 
warm interstadial and off modes, rather than as 
a distinct cold mode of circulation and oceanic 
heat transport as previously thought.

The significance of this transitional  
configuration is the implication that the North 
Atlantic continued to produce deep waters 
despite evidence that the region of modern 
deep-water formation was covered by ice, 
and, more surprisingly, when massive ice-
berg discharge is expected to have freshened  
surface waters in the deep-water source 
regions. Such freshening is thought to reduce 
ocean-density contrasts that lead to transport  
of North Atlantic surface waters to depth. 
Böhm et al. point out that the continued 
strength of North Atlantic Deep Water for-
mation and its flow throughout climate vari-
ations indicate that this mode of circulation 
may be more stable in response to freshwater 
inputs than models imply9. On the basis of this  
stability, the authors suggest that North  
Atlantic Deep Water formation may also be 
less susceptible to shutdown in response to  
freshening by glacial meltwaters during  
modern global warming, a process that, if  
carried to the extreme, could eliminate  

oceanic northward heat transport and produce 
icy scenarios similar to that in the Hollywood 
film The Day After Tomorrow.

One word of caution, however, is that the 
climate-system response to freshening in a 
cold climate may be very different from that 
in a warm climate. The view of continuous 
North Atlantic Deep Water formation and 
flow during the last glacial period presented 
by Böhm et al. requires a re-evaluation of the 
relationship between ocean circulation and 
climate over millennial timescales. This may 
ultimately help us to understand the funda-
mental causes of short-term climate variability.

Finally, another intriguing observation that 
emerges from this study is that, during past 
interglacials and interstadials, the εNd value of 
North Atlantic Deep Water was often much 
lower than that today (−15 to −18, compared 
with −13.5 today). Modern North Atlan-
tic Deep Water is composed of a mixture of 
North Atlantic water masses, with the rela-
tive proportions of each responding to local 
climate impacts. Most of these waters have εNd 
values higher than −13.5, but water from the 
Labrador Sea region has lower values and thus 
explains why North Atlantic Deep Water is the 
major water mass with the lowest εNd value5; a 
low εNd indicates weathering contributions of 
old continental material to the source regions. 

The past composition of North Atlan-
tic Deep Water is crucial for reconstructing 
changes in the relative proportions of north-
ern- and southern-sourced waters through 
time. Previous studies10,11 have argued for a 
stable North Atlantic Deep Water Nd isotopic 
composition across intervals of glacial climate 
variability. The  εNd values identified by Böhm 
and co-workers for past interglacials and 
interstadials suggest a variable, rather than a 
stable, North Atlantic Deep Water Nd isotopic 
composition, prompting a revision of the rela-
tive proportions of northern- and southern-
sourced waters through time and their impact 
on heat transport. ■
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Figure 1 | Icebergs raft past Augpilagtoq, Greenland. Böhm and colleagues’ study4 suggests that 
massive ice rafting associated with climate events known as Heinrich stadials reduced ocean-density 
contrasts in the North Atlantic enough to shut down deep-water formation only during the few events 
that coincided with the most extreme glacial maxima. This unexpected result may have implications for 
the climate-system response to glacial meltwater associated with high-latitude anthropogenic warming.
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