able 1. Experimental (28) and theoretically es-

ted (Brownian dynamics) bimolecular rate
stants k, (M~' s7) for the cytochrame by
i-exchange ET as a function of ionic strength .

ky (M71s7)

Experiment Theory
26 x 10° 10 x 107
4.6 x 103 2.4 x 104
1.6 x 104 76 x 10*
2.8 x 104 1.1 % 10°
4.5 = 104 1.7 = 10°

nded-Hiickel approach to electronic cou-
iy calculation is certainly dependent on its
mrmeterization.

The existence of multiple tunneling regimes
4o provides msight into several recent (and
therwise puzzling) experimental and theo-
wlical observations in biological ET reaction
fmetics. Winkler, Gray, and co-workers found
fhat ET across protein-protein interfaces in
protein crystals mediated by three water mol-
ccules 1s nearly as rapid as unimolecular ET
15 over the same distance (7). Canters and
co-workers showed that water dimers be-
tween covalently cross-linked azurin complexes
could substantially enhance the intermolecular
ET kinetics (/). Similarly, Klinman and co-
workers investigated the copper-to-copper ET
over about 7 A in the hydroxylating domain
of peplidylglycine a-amidylating monooxy-
| genase and found an unusually large elec-

tronic coupling mediated, apparently, by water

rather than by the protein or substrate (/7).
ng Pathways-level analysis, Onuchic and
co-workers found that water molecules me-
diate the dominant ET coupling routes be-
tween cytochrome ¢, and the photosynthetic
reaction center (/8). Cave and co-workers
showed that water molecules between model
D and A pairs substantially enhance intermo-
lecular ET rates as well (/9). All of these re-
cent observations support our conclusion that a
small number of structured water molecules
interposed between the donor and the acceptor
cofactors can substantially enhance ET rates.

The influence of aqueous tunneling path-
ways on interprotein ET kinetics has remained
a key open issue in biological ET for some
time. Single-exponential decay models fail to
describe water-mediated ET reactions proper-
ly. The existence of multiple tunneling medi-
ating regimes identified above is evinced by a
body of recent experimental and theoretical
observations, Most importantly, the structured
water coupling regime may provide an im-
portant mechanism to facilitate ET reactions
in the critical near-contact distance range rel-
evant to biological ET kinetics. We hvpothe-
size that water may be a particularly strong
tunneling mediator when it oceupies a sten-
cally constrained space between redox cofac-
tors with strong orgamzing forces that favor

www.sciencemag.org  SCIENCE VOL 310 25 NOVEMBER 2005

constructively interfering coupling pathways. It
will be particularly interesting to use both the-
ory and experiment to explore how the water-
mediated coupling between proteins varies
with protein-protein shape complementarity,
surface charge and polarity, and dynamical
fluctuations of the proteins and of the orga-
nized water at the interface.
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Stable Carbon Cycle-Climate
Relationship During the
Late Pleistocene

Urs Siegenthaler,’ Thomas F. Stocker,'* Eric Monnin,’
Dieter Liithi," Jakob Schwander,’ Bernhard Stauffer, '
Dominique Raynaud,” Jean-Marc Barnola,? Hubertus Fischer,?
Valérie Masson-Delmotte,* Jean Jouzel®

A record of atmospheric carbon dioxide (CO,) concentrations measured on the
EPICA (European Project for Ice Coring in Antarctica) Dome Concordia ice core
extends the Vostok CO, record back to 650,000 years before the present (yr
B.P.). Before 430,000 yr B.P., partial pressure of atmespheric CO, lies within the
range of 260 and 180 parts per million by volume. This range is almost 30%
smaller than that of the last four glacial cycles; however, the apparent
sensitivity between deuterium and CO, remains stable throughout the six
glacial cycles, suggesting that the relationship between CO, and Antarctic

climate remainad rather constant aver this inuecsal

The European Project for Ice Coring in Ant-
arctica (EPICA) recovered two deep ice cores
from East Antarctica. One of the cores, located

at Dome Concordia (Dome C) (75°06S,
123°21°E, altitude of 3233 m above sea level,
and mean annual accumulation rate of 25.0
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Fig. 2. CO,, results of entire MIS 17, including end of MIS 12. Dome C CO, Bem data (solid circles) from
EPICA community members {7) and this work; eror bars, o of the mean. Dome C CO, Grenoble data are

indicated by open circles; error bars, accuracy of 20

3 ppmiv. High-resolution deuterium record is shown

as a black line (78). Vostok CO, Grenoble data are indicated by gray open diamonds; error bars, accuracy

of 26 = 3 pprmv on the corrected time scale (28).

in biomass (25). At the end of
15.5, CO, attains its local maximum of

to large char

MIS

about 260 ppmv, which is the highest concen-

tion in the record before MIS 11 but
substantially lower than the interglac
centrations measured during the last four
alacial cycles. At MIS 15.4 and MIS 15,2, the
deuterium record indicates near-glacial con-
ditions, only interrupted by two peaks at MIS
15.3. During the time interval of MIS 15.4 to
15.2, CO, shows rather large variations, with
values between 207 ppmv and 250 ppmv and
with two peaks during MIS 15.3 that are very
similar to the deuterium peaks. The lowest
values are close to glacial CO, concentratic
which raise the question of whether MIS
was a single continuous interglacial or multi-
ple ones.

Ihe increases of CO, and 8D inta MIS
15.1 are very uniform and take 4 to 5 ky for
each component. An unexpected feature is the
very stable and long-lasting MIS 15.1. In con-
trast to the increasing global ice volume sug-

il con-

gested by the benthic records of marine
sediments (Fig. 1) (/9), all indicators from
Dome C exhibit almaost constant values during
MIS 15.1. This is observed in the records of
deuterium (1), of CH, (26), and of aerosols
(27) of the Dome C ice core but is most pro-
nounced in our CO, results, We find a stable
251.5 £ 1.9 ppmv (=1 standard deviation) CO,
concentration from 585 kyr B.P. to 557 k_\-';’
B.P. on the EDC2 time scale, which is un-
precedented in any other time interval covered
by previous CO, measurements on ice cores.
This result suggests that the global carbon

www.sciencemag.org  SCIENCE

cycle operated in an exceptionally stable mode
for many millennia, The current estimate for
the duration of MIS 15.1. on the basis of the
EDC2 time scale, is 28,000 years. According-
ly, this interval is a prime t

et for developing
a better understanding of the influence of or-
bital geometry on climate and the global
carbon cycle. However, we cannot, at this
. exclude the possibility that at least part
of the exceptionally long duration of stable
conditions could be due to an exceptionally
low thinning rate of the corresponding ice
layer.

The decrease in 8D from the end of MIS
15.1 to the start of MIS [4.2 is interrupted by
a double peak, the older of which is most
pronounced with a corresponding peak in the

Sl

CO, record and with elevated
more than 20 ppmv. The ph:
between CO, and deuterium for this event is
dicussed later in the text. The deuterium
increase to the maximum value of MIS [3.3
(“termination™ VI) evolves in two steps, with
a rather stable concentration in between and
a difference between glacial and interglacial
values that is smaller in comparison to any
other termination during the past 650 ky. The
C0O, increase can be divided again into two
mtervals, as for termination VII. The first
increase of 30 ppmy takes 3 ky, whereas the
duration for the second increase of 20 ppmvy
is more than 8 Ky, During MIS 13, CO,
values are in the range of about 230 1o 250
ppmv, with a minimum at 481 kyr B.P. This
minimum lags the deuterium minimum by
about 10 ky. The decrease to MIS 12.2 is

ues by

= relationship

REPORTS

interrupted by another prominent set of
deuterium and CO, double peaks. During
MIS 122 (and also MIS 16.2) we find
pronounced millennial CO, Nuctuations of
10 to 20 ppmv. They are comparable in
duration and amplitude to the distinet CO,
four Ant-
arctic warm evenis (Al to A4) during the last
glacial (4, &).

A detailed comparison with Vostok data
(28) during MIS 11, an inte
that occurred some 400,000 vears ago and
lasted for about 30,000 v is shown in
Fig. 2 in order to examine the consistency of
€0, values measured in this deep ice. Both

peaks observed during the ps

rlacial period

records agree within the error limits and
show interglacial CO, concentrations in MIS
11 similar to those found in the Holocene.
Accordingly, we are confident that the Dome
C data in the pre-Vostok era reflect true
atmospheric CO, concentrations.

The coupling of CO, and 8D is strong.
The overall correlation between CO, data
and Antarctic temperature during the time
period of 390 w 650 kyr B.P. is »* = (.71,
Taking into account only the period 430 to
650 kyr B.P., where amplitudes of deuterium
and CO, are smaller, the correlation is »*

0.57. Corrections for changes in the temper-
ature and 8D of the water vapor source,
which also affect D of the ice, have not
been made yet. The strong coupling of CO,
o Antarctic temperature earlier
observations for the last glacial termination
(9) and the past four glacial cycles (7) and
supports the hypothesis that the Southern
Ocean played an imporant role in causing
o,
8D as a function of CO, from the Vostok
(MIS 1 to MIS 11) and Dome C ice cores
[MIS 12 to 16, Holocene (1), and termina-
tion 1 (¢)] is shown in Fig. 3. The offset in
the deuterium values of Dome C and
Vostok is due to the different distances to
the open ocean, elevations, and surface tem-
peratures of the two sites (29). It is re-
markable that the slope of the three records
is essentially the same., This suggests that
the coupling of Antarctic temperature and
CO, did not char
last 650 ky.
Another important parameter elucidating
the coupling of atmospheric CO, and Antare-
tic temperature is their I'n.‘ldti\-v.j‘lm_' Be-
cause of the enclost ss of air in ice,
the phase relationship of CO, and 8D is as-
sociated with uncerainties, Because the en-
closed air is younger than the surrounding
ice (30), CO, is plotted on a gas age
chronology, whereas deuterium is plotted
on an ice age chronology, For Dome C and
the period under investigation, the gas age
lee age difference (A age) is in the range of
1.9 to 5.5 ky (fig. S1). The
uncertainty of A age in the upper 800 m of

confirms

rations

substantially during the

& proc

estimated
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The CO, record from the EPICA Dome C
ice core reveals that atmospheric CO, var-
iations during glacial-interglacial cyeles had
a notably different character before and after
430 kyr B.P. Before MIS 11, the amplitude
of temperature was lower, and the duration
of the warm phases has been much longer
since then. In spite of these differences, the
significant covariation of 8D and CO, is
valid in both periods. Before MIS 11, CO,
concentrations did not exceed 260 ppmv.
This is substantially lower than the maxima
of the last four glacial cycles. The lags of
€O, with respect to the Antarctic tempera-
ture over glacial terminations V to VII are
800, 1600, and 2800 years, respectiv
which are consistent with earlier obsel
tions during the last four glacial cycles.

Our measurements have revealed an un-
expected stable climate phase (MIS 15.1)
during which the atmospheric CO, concen-
tration was 251.5 + 1.9 ppmv for many
millennia (28,000 years, based on the EDC2
time scale), although the duration of MIS
15.1 is uncertain because of possible inac-
curacies in the Dome C EDC2 time scale
between MIS 12 and 15. However, the
roughly 30,000-year duration of MIS 11
(and possibly MIS 15.1) demonstrates that
long interglacials with stable conditions are
not exceptional. Short interglacials such as
the past three therefore are not the rule and
hence cannot serve as analogs of the Holo-

cene, as postulated recently (24). Examining
63 as a function of CO,, we ohserve that the
slope during the two new glacial cycles
compared to the last four cycles is essentially
the same. Therefore, the coupling of Ant-
aretic temperature and CO, did not change
significantly during the last 650 k 3
indicating rather stable coupling between
climate and the carbon cycle during the late
Pleistocene.
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Atmospheric Methane and Nitrous
Oxide of the Late Pleistocene
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The European Project for Ice Coring in Antarctica Dome C ice core enables us to
extend existing records of atmospheric methane (CH,) and nitrous oxide (N 20)
back to 650,000 years before the present. A combined record of CH, measured
along the Dome C and the Vostok ice cores demonstrates, within the resolution
of our measurements, that preindustrial concentrations over Antarctica have not
exceeded 773 + 15 ppbv (parts per billion by volume) during the past 650,000

years. Before 420,000 years ago, when interglacials were cooler, maximum CH,

4

concentrations were only about 600 ppbv, similar to lower Holocene values. In

contrast, the N,O record shows maximum concentrations of 278 +

7 ppbv,

slightly higher than early Holocene values.

Earth's climate during the late Pleistocene
was characterized by ice age cycles with
relatively short warm periods (interglacials)
and longer cold periods (glacials) (/). The

Vostok ice core provided an archive of

climate and atmospheric composition over

the past four climatic cycles back to marine
isotope stage (MIS) 11, about 420 thousand
years before the present (420 kyr B.P.) (2).
That record demonstrated the high correla-
tion of temperature changes with greenhouse
gas concentration changes in the atmo-
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sphere in the past. The European Project
for Ice Coring in Antarctica (EPICA) Dome
Concordia (Dome C) core (75°06'S,
123°21'E, 3233 m above sea level) provides
an ice core archive much longer, spanning
eight c¢limatic cycles over the past 740
thousand years (ky) (3). It demonstrates that
the oldest four interglacials were cooler but

ice

lasted longer than the younger interglacials.
Such findings raise the question whether the
greenhouse s CH, and N,O behaved
differently before MIS 11, Here, we present
CH, and N,O records derived from the
EPICA Dome C ice cores reaching back to
650 kyr B.P.
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highly resolved Holocene. This supports our
assumption that other interglacials are also
likely free from artifacts.

The Dome C CH, data over the last two
glacial cyeles (Fig. 1) are in good agreement
with the Vostok CH, record (15, 19), as well
as Greenland CH,, records, when taking into

account the interpolar difference (7, 21 and

the signal attenuation at low accumulation
55

sites (22). The Dome C CH, data over the
last glacial period confirm the close relation
with the 25 Dansgaard/Oeschger (D/O)
events as recorded in the North Greenland
Ice-Core Project (NGRIP) temperature proxies
In addition, we find that N,O also
varied during the last glacial period in
parallel with the most prominent D/O events
(Fig. 1), in agreement with previous results
(6, 13, 14, 16). N0 reaches Holocene con-
centrations of 253 to 272 ppbv (parts per
billion by volume) (single values) (§) during
the maximum of some of these events and
during the last interglacial (/4, /7). The
lowest values found, about 200 ppby, are
similar to those in records published earlier
(13, 14). Because the CH, and N,O mea-
surements were performed on the same ex-
tracted air samples, a direct comparison
without relative time uncertainty is possible
between the two gases. The start and end
points of single D/O events in CH, and N,0
do not necessarily coincide (/3): e.g.. the
MN,O concentrations at /O event 21 start to
rise more than 1000 years earlier than CH,
concentrations. Furthermore, N,O remains
at interglacial values for this specific event,

Fig. 3. (A) Dome C

when CH, has already dropped to glacial
values at the end of the event. The am-
plitude of some events differs substantially
between the two gases as demonstrated by
D/O events 19 and 20, also shown in the
GRIP record (/3) (Fig. 1).

The depth interval from 2700 to 3060 m
in the EPICA Dome C core permits us to
make reconstructions of climate and atmo-
spheric composition for the interval 390 1o
630 kyr B.P, most of which precedes the Vostok
record (). CH, and N,O measurements per-
formed over this depth interval are shown in
Fig. 2, together with high-resolution 38D mea-
surements (24).

To better characterize warm and cold
intervals during the past 650 ky, we refer to
“interglacial™ as a period during which &D
exceeds ~403%0 (per mil) (3). The use of this
definition marks MISs 1, 5.5, 7.3, 7.5, 9.3,
and 11.3 as interglacials, which is consistent
with the marine records (/). In the following,
we describe the individual counterparts of
the marine stages (25) from MISs 16.2 to
15 et

Al 624 kyr B.P., at the end of MIS 16.2,
CH, falls to a value of 368 ppbv (mean over
7 ky), comparable to the low CH, concen-
tration during MIS 6 and MIS 2 in the Dome
C record. The increase (termination V1) into
MIS 15.5 by about 250 ppbv is smaller than
at the younger terminations 1, II, IV, and V
(15), While CH, only reaches the mean
Holocene (0.3 to 10 kyr B.P.) level of 608
ppbv during MIS 15.1 (600 ppbv, mean over
27 ky) and 15,5 (617 ppbv, mean over 7 ky),

CO, (26) (green line),
CH, (purple line), and
N,O [red line) records
aver the period of MISs
13 to 14 as shown in
Fig. 2, together with
high-resolution 6D da-
ta from Dome C (24)
(black line). Vertical
dashed lines high
light the coincidence
of local CO,, CH,, and
N.O maxima. Data are
plotted on the EDC2
time scale (3). (B) CH,
records from Dome C
(purple line) and Vostok
(75, 30) (blue line),
together with high-
resolution D data from
Dome € (24) (black
line) covering MIS 11
(labeled at the bottorn).
The data from MIS 1 are
shown as gray lines

REPORTS

the corresponding mean N,O concentrations
of 272 ppbv and 274 ppbv are higher than
the Holocene mean (262 ppbv) but similar to
early Holocene values. Both records, CH,
and N,O, show the distinet separation of
MISs 15.1 and 15.5 (Fig. 2) by lower
concentrations and three shorter events each
during the colder near-glacial periods of
MISs 15.2 to 15.4, MIS 15,1 is a surprisingly
stable climatic period (1 8D: = 15 pphv CH,,
£ 6 ppby N,0), Its duration is about 27 ky on
the EDC2 scale. A similar duration is
seen in the records of 8D (24) and CO, (26);
related uncertainties are discussed in (26)

In Fig. 3A, 8D is plotted together with
CO, (26), CH,, and N,O, showing the
transition from M 14 to 13, During
MIS 14, the three :s are closely linked
in terms of their timing: Relative maxima
{dashed lines) oceur at the same time with-
in the data resolution. One of these max-
ima corresponds to MIS 14.3, CO,, CH,.
and N,O seem to lead the 8D record and
thercfore, Antarctic temperature, by about
2000 £ 500 years. However, this could be
due 1o an artifact in the EDC2 time scale, as
discussed in Siegenthaler e al. (26). During
MIS 13, the relative CO,, CH,, and N,O
maxima are slightly out of phase. In contrast
to younger glacial terminations (2), the
temperatures do not rise directly to a local
maximum. Instead, the 80, CO,, and CH,
records reveal a transition to the warmest
phase (MIS 13.1), which evolves in steps
with relapses in between, Nevertheless,
sequences of the CO, and CH, increases to

[time axis on top) for
comparison; the curves
are aligned by syn-
chronizing the two
glacial-interglacial CH,
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increases. Error bars represent the 1 SD measurement uncertainty. Data are plotted on the EDC2 age scale (3).
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of hydrocarbon emissions from the terrestri-
al biosphere, could have been considerable
(34).
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Assistance of Microbial Glycolipid
Antigen Processing by CD1e

Henri de la Salle,"* Sabrina Mariotti,>* Catherine Angenieux,"*
Martine Gilleron,* Luis-Fernando Garcia-Alles,* Dag Malm,”
Thomas Berg,® Samantha Paoletti,? Blandine Maitre,’
Lionel Mourey,* Jean Salamero,” Jean Pierre Cazenave,®
Daniel Hanau,' Lucia Mori,? Germain Puzo,3f Gennaro De Libero®t

Complexes between CD1 molecules and self or microbial glycolipids represent
important immunagenic ligands for specific subsets of T cells. However, the
function of one of the CD1 family members, CD1e, has yet to be deter-
mined, Here, we show that the mycobacterial antigens hexamannosylated
phosphatidyl-myo-inositols (PIM,) stimulate CD1b-restricted T cells only after
partial digestion of the oligomannose moiety by lysosomal «-mannosidase
and that soluble CD7e is required for this processing. Furthermore, recom-
binant CD7e was able to bind glycolipids and assist in the digestion of PIM,.
We propose that, through this form of glycalipid editing, CD7e helps expand
the repertoire of glycolipidic T cell antigens to optimize antimicrobial immune

responses,

Particular subsets of T cells recognize lipidic
and glycolipidic antigens presented by CDla,
b, ¢, or d proteins, which are antigen
presenting molecules structurally similar to
major histocompatibility complex (MHC)
class | proteins (/). However, unlike classical
MHC molecules, CD| proteins are function-
ally nonpolymorphic and expressed in a
restricted number of cell types, including
myeloid dendritic cells (DCs) (2). Each CDI1
1sotype can be characterized by a distinet
intracellular trafficking pathway, which al-
lows the capture of lipid antigens either in
late or early endosomal compartments (2), In

particular, CD1b binds glycolipid antigens in
MHC class Tl-enriched lysosomes (3) and
returns to the plasma membrane to stimulate
antigen-specific T cells.

CDl-presented lipid antigens can be of
self (4-7) or microbial (§-/4) origin and can
include one or more acyl appendages that
anchor into the hydrophobic pockets of
CD1 protein, as well as a polar moiety di-
rected out toward the T cell receptor (TCR).
Exposed amino acids present in a helices
of CDI molecules, together with polar
groups of the antigen, directly interact with
the TCR and thus constrain the space be-

REPORTS
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tween CD1 and TCR (7, 12, 15, 16). Because
such constraint is likely to prevent accom-
maodation and recognition of antigens with
large polar heads, it is generally accepted
that antigenic glycolipids and lipoglycans
with large oligosaccharide moieties are first
processed so that T cell recognition can take
place.

Relatively little is known about the mo-
lecular mechanisms of glycolipid processing.
However, previous work has demonstrated
that, to be recognized, the oligosaccharide
moiety of Gal(ul—2)GalCer must first be
cleaved by the lysosomal u-galactosidase (/7)
in the presence of lipid transfer proteins (LTPs)
known as saposins, which are involved in the
catabolism of endogenous glycolipids (/8),

Some species express a particular CD1
isoform, CDle, which has remained the only
member of this protein family with un-
determined funetion. CD1e molecules main-
ly localize within Golgi compartments of
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