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The 100,000-Year Ice-Age Cycle
Identified and Found to Lag
Temperature, Carbon Dioxide,
and Orbital Eccentricity

Nicholas ). Shackleton

The deep-sea sediment oxygen isotopic composition (3'80) record is domi-
nated by a 100,000-year cyclicity that is universally interpreted as the main
ice-age rhythm. Here, the ice volume component of this 3'%0 signal was
extracted by using the record of 380 in atmospheric oxygen trapped in Ant-
arctic ice at Vostok, precisely orbitally tuned. The benthic marine '20 record
is heavily contaminated by the effect of deep-water temperature variability, but
by using the Vostok record, the 320 signals of ice volume, deep-water tem-
perature, and additional processes affecting air 780 (that is, a varying Dole
effect) were separated. At the 100,000-year period, atmospheric carbon diox-
ide, Vostok air temperature, and deep-water temperature are in phase with
orbital eccentricity, whereas ice volume lags these three variables. Hence, the
100,000-year cycle does not arise from ice sheet dynamics; instead, it is
probably the response of the global carbon cycle that generates the eccentricity
signal by causing changes in atmospheric carbon dioxide concentration.

It has long been apparent that there is an
~100,000-year (100-ky) cyclicity in 8'%0
records from deep-sea cores. The first evi-
dence for the duration of these cycles came
from the use of radiometric dates from uplift-
ed corals on the island of Barbados as a tool
for dating the marine 8'%0 record (/). The
second piece of evidence arose from anchor-
ing the older part of the sequence of cycles to
the radiometrically dated Brunhes-Matuyama
magnetic polarity reversal (2). It is generally
accepted that this 100-ky cycle represents a
major component of the record of changes in
total Northern Hemisphere ice volume (3). It
is difficult to explain this predominant cycle
in terms of orbital eccentricity because “the
100,000-year radiation cycle (arising from
eccentricity variations) is much too small in
amplitude and too late in phase to produce the
corresponding climatic cycle by direct forc-
ing” (4, p. 700). Most published explanations
for the large amount of ice volume variability
at this wavelength draw on the long response
time that is associated with large ice sheets
(5), especially when the response time of the
underlying bedrock is taken into account.
Imbrie and Imbrie (6) devised a simple math-
ematical model in which the slow and non-
linear response of a major ice sheet could
generate an ice volume response with the
100-ky period of orbital eccentricity when the
precession-dominated 65°N summer insola-
tion record is used as a forcing. The nonlin-
earity of the ice sheet response (rapid degla-
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ciation but slow ice growth) is an essential
contribution to the relative success of this
model.

It is difficult to test the proposed mech-
anisms for explaining the 100-ky cycle for
several reasons. In particular, the strong
100-ky cycle has only dominated paleocli-
mate variability over about the past million
years, too short a period to rigorously in-
vestigate with time-series analysis. Alter-
native explanations that have been pro-
posed include forcing by orbital inclination
(7) (which has a single 100-ky period, in
contrast to the mixture of 95 and 125 ky
that characterizes orbital eccentricity) and a
wide range of models [reviewed in (4)] that
seek to generate this cycle with or without
the possibility of free oscillations. None of
these investigations have questioned the
primary association of the 100-ky &'80
cycle with global ice volume.

The time scale for the records that are
used for the investigation of the 100-ky cycle
is based on the existence in these 8'%0
records of variability that is confidently asso-
ciated with variations in axial obliquity (41
ky) and with the precession of the equinoxes
(23 and 19 ky) (8). Within the SPECMAP
project (9, 10), a time scale was developed
for the marine 8'80 record that is based on
locking the phase of the observed cycles to an
orbital template. The validity of this time
scale is supported by the convincing coher-
ence between marine '%0 (and other cli-
mate-related proxies) and the assumed oblig-
uity and precession forcings. With these as-
tronomically based age models, the 100-ky
portion of the variability is significantly co-

herent with orbital eccentricity, but the coher-
ence is not overwhelming. Given the difficul-
ty in successfully explaining the 100-ky sig-
nal (4), doubts remain regarding its associa-
tion with orbital eccentricity.

Atmospheric oxygen exchanges isotopi-
cally with the oxygen in ocean water chiefly
as a consequence of global photosynthesis.
The 880 of atmospheric oxygen differs from
that of the ocean by ~23.5 per mil (%o); this
difference is known as the Dole effect, and its
origin is reviewed in (17). The record of $!80
of atmospheric oxygen trapped in bubbles in
the polar ice sheets must reflect changes in
marine 8'80 with a small delay that is con-
trolled by the balance between the rate of
total global photosynthesis and the size of the
atmospheric oxygen reservoir (/2). Bender et
al. (11) evaluated this balance and derived a
turnover time of ~1 ky. Here, the 100-ky
component of the atmospheric 880 signal is
investigated. This proves to shed light on the
100-ky signal in marine 3'%0.

A time scale for the atmospheric gas
record from Vostok. Petit et al. (/3) pub-
lished 400-ky-long records of three signals
embedded in the air bubbles of the Vostok ice
cores. The concentrations of CO, and CH,
are particularly interesting because these are
both important greenhouse gases. The third
record is of the 880 of atmospheric oxygen,
which varies in response to the 820 of ocean
water as noted above and to changes in the
conditions of global terrestrial photosynthesis
and other factors that change the magnitude
of the Dole effect (11). Petit et al. (13) illus-
trated the obvious similarity between the
380 of atmospheric oxygen on their time
scale and 65°N summer insolation (Fig. 1A)
but did not generate a new time scale based
on this comparison.
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Fig. 1. (A) Vostok air 3'®0 record of (73),
published time scale. (B) The “classic” Milanko-
vitch forcing, June insolation at 65°N. (C)
Benthic 3'®0 record of core V19-30 (78), pub-
lished time scale.

1897


mailto:njs5@cam.ac.uk

1898

Sowers et al. (12) generated a time scale
for the upper part of the Vostok core by
correlating their record of air 3'%0 (at that
time extending to ~130 ky) to the SPEC-
MAP time scale (10). Instead of taking this
approach, the similarity between Fig. 1A and
1B [noted in (/3)] was used here to generate
a more refined time scale that is independent
of SPECMAP (I0). The advantage of this
approach is that the strong amplitude modu-
lation of the precession forcing provides a
very powerful criterion for judging the suc-
cess of the time scale where there is a pre-
cession-related signal (/4). None of the
records used in constructing the SPECMAP
time scale (10) contain such a “clean” pre-
cession signal; therefore, it appears likely that
this procedure will lead to a more accurate
time scale than could be achieved by corre-
lating to SPECMAP. In order to determine
the phase of the record relative to precession,
an independent age is required for at least one
event. The upper part of the Greenland Ice
Sheet Project 2 ice core has an age scale that
is based on annual layer counting and is
accurate to better than +2% (15); the record
of 380 of atmospheric oxygen in this core
(16) shows that the age of the midpoint of the
most recent glacial-to-interglacial transition
is 12,000 years ago (12 ka). The phase lags in
the tuning target, 5 ky for precession and 8 ky
for obliquity, are determined so as to be
consistent with this age (once the precession
phase is set, the phase relative to obliquity is
determined by the record itself). In the final
tuning target, the amplitudes of the preces-
sion and obliquity components are matched
to their coherent amplitudes in the record.
Steps in the processing of the time series are
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available as supplemental Web material (/7).
To minimize “spikes” in the differences be-
tween pairs of records, tuning was carried out
by assigning ages to the midpoints of transi-
tions; Web table 1 (I7) gives the published
and tuned transition ages. The data on the
new time scale, together with the tuning tar-
get, are shown in Fig. 2.

A new time scale for the benthic marine
820 record. In order to construct a strictly
comparable deep-sea chronology, the well-
known benthic foraminiferal 8!%0 record of
core V19-30 (I8) was retuned by using a
procedure analogous to that described above.
The V19-30 record was slightly extended by
using the data from nearby core V19-28 (19)
to make a high-quality record of the same
length as the Vostok record. In designing the
final tuning target for V19-30, an account
was taken of the fact that the target (and
hence the tuned data) should lead rather than
lag the Vostok target, because the Vostok air
380 record must incorporate the history of
the changing marine §'80 record with an
~1-ky lag (1I). In order to satisfy this re-
quirement, the modeled midpoint of the last
deglaciation must be 13 ka, yielding lags of 3
ky with respect to precession and 7 ky with
respect to obliquity. The V19-30 (extended)
record on this time scale is shown in Fig. 2C,
together with its tuning target. This time scale
is very similar (20) to that already published
but differs in detail because the record was
tuned directly to a specially designed orbital
target instead of being tuned with SPECMAP
age controls (/0) and also because only tran-
sition midpoints were used for age controls,
rather than a mixture of controls. The ampli-
tudes and coherent amplitudes and the phase

lags in the obliquity and precession bands of
the two records after this tuning are given in
Table 1.

In the time scales developed under the
inspiration of Imbrie (8, 9), the assumption
was made that the phase lags with respect to
obliquity and precession ought to reflect the
lag of a single-exponent system with a rea-
sonable time constant for the response of a
continental ice sheet. In the present work, this
requirement was relaxed because it is now
known that there are a number of different
components contributing to the 5!80 records,
each with a different time constant. The ap-
proach whereby the tuning target is optimized
to the data enables the difference (in thou-
sands of years) between the lags with respect
to the obliquity and precession components
of midsummer insolation to be estimated;
geological ages for the last deglaciation then
give the absolute lags.

Comparing the Vostok air %0 record
and the benthic marine 5'%0 record. The
linear variance spectra of the air and benthic
3!80 records obtained by cross-spectral anal-
ysis versus their respective orbital tuning tar-
gets are also shown in Fig. 2 (21). In view of
the relatively short (~1 ky) turnover time of
atmospheric oxygen with respect to marine
photosynthesis (1), the amplitude of the ma-
rine 8'80 signal must be fully captured by the
air 8'%0 record, yet at the obliquity frequen-
cy, the foraminiferal signal is clearly larger.
This demonstrates that a substantial part of
the foraminiferal obliquity signal (~0.12%o
coherent amplitude) must derive from chang-
ing deep-ocean temperature, which affects
the isotopic fractionation between water and
carbonate, and not from ice volume. On the

Fig. 2. (A) Vostok air
380 record (73), on
the tuned time scale of
this paper. (B) Tuning
target for the Vostok
air 8'%0 record. (C)
Benthic 8'80 record of
cores V19-30 and
V19-28 on the tuned
time scale of this pa-
per. (D) Tuning target
for the V19-30/V19-
28 benthic %80
record. (E) Linear vari-
ance amplitude spec-
trum for the air 3’0 4t
record, obtained by 5
cross-spectral analysis 1 oo
versus its tuning tar- 5
get; the shaded areail-
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other hand, in the precession band it is evi-
dent that almost half of the signal recorded in
air '80 must arise from changes in the Dole
effect, because at this frequency the air §'%0
signal is twice the amplitude of the forami-
niferal §'%0 signal (22). It is clear from the
elegant and thorough review by Bender ef al.
(11) that there are many potential routes
through which this could arise. However, the
extremely high coherence with precession
(see Table 1) suggests that there must be a
relatively simple dominating mechanism that
yields an almost linear response. Although
part of the phase lag undoubtedly reflects the
1-ky response of the atmosphere with respect
to photosynthesis, the remainder implies ei-
ther a mechanism for changing the Dole ef-
fect that has a long time constant (which is
unlikely) or control centered on a time of year
that is later than midsummer. A relation with
varying monsoon precipitation was suggested
in (/1), and both modeling and observation
suggest that the monsoon precipitation lags
the orbital forcing by a few thousand years
(23), equivalent to an autumn response.

The precession component in air 8'20
must be composed of an ice volume signal
and a Dole effect signal. Because these two
must have approximately the same absolute
phase, the amplitudes may be subtracted
without complication, yielding a maximum
amplitude of 0.22%o for ice volume and a
minimum of 0.21%o relating to the Dole ef-
fect. These values are adopted in the follow-
ing discussion in the knowledge that if a
higher value is assigned, the implication
would be a reduced precession component
allocated to ice volume variability, in which
case a part of the precession-related vari-
ability in the V19-30 record would be re-
allocated to changing deep-water tempera-
ture. The best way to refine this partition-
ing will be to accurately determine the sea
levels at ~90 and 110 ka in comparison
with levels at ~80 and 100 ka, because
these differences reflect the precession con-
tribution to sea level variability.

It is impossible at present to analytically
determine whether any of the 41-ky variance
in the air 8'80 signal is attributable to the
Dole effect or whether it derives from the
ocean water. However, if it is assumed that
the precession variance in the Dole effect is
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related to monsoon precipitation, then there
ought to be an obliquity component that is
commensurate with the contribution of oblig-
uity to the low-latitude insolation spectrum.
In the region and season of the Indian mon-
soon, the proportion of variance arising from
obliquity is ~10% of the total, equivalent to
an amplitude of ~0.02%o, which is negligible
in relation to the overall 0.27%o coherent
amplitude associated with obliquity.

The residual signal and eccentricity. It
has been shown that almost all of the 41- and
21-ky variance in the air 8'80 signal can be
explained as a linear response to orbital forc-
ing. The result of subtracting this linearly
forced component (24) from the observed
record is shown in Fig. 3A. The equivalent
for the V19-30 foraminiferal 8'%0 record,
obtained by subtracting the linearly forced
component of the 41- and 21-ky variance
from the full record is shown in Fig. 3B.
Three features stand out. First, both residuals
display the 100-ky cycle; second, the ampli-
tude of this signal is far smaller in the Vostok
atmospheric 8'80 residual than in the V19-30
foraminiferal 8'20 residual; and third, the
residuals retain “jumps” in value at deglacia-
tions, such as at the base of the Holocene (12
ka) and at the base of marine isotope stage
(MIS) 5 (128 ka).

With regard to the first observation, cross-

spectral analysis versus eccentricity, tilt, and
precession (ETP) parameters (2.5) shows that,
in both cases, the residual is coherent with
eccentricity with small, but different, phase
lags. However, the records are too short to
attach much importance to this observation
on its own.

It is difficult to conceive of a mechanism
that would prevent the atmospheric 3!80 re-
cording the full amplitude of a 100-ky cycle
in ocean water 8'80; thus, the implication of
the second observation must be that a sub-
stantial portion of the marine 100-ky cycle
that has been the object of so much attention
over the past quarter of a century is, in reality,
a deep-water temperature signal and not an
ice volume signal.

The third observation confirms the suppo-
sition that the rapid deglacial “terminations”
cannot be explained as part of the linear
response of the climate system (4). This ob-
servation has the important implication that
the midpoint of the transition in a linear target
cannot be expected to predict the exact age of
the midpoint of one of these deglaciations
(26). On the other hand, the rapid nonlinear
part of the transition must have been close to
this midpoint, or the residual would show an
anomalous overshoot. Experiments were con-
ducted to determine the oldest allowable base
for the last interglacial that is consistent with
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Fig. 3. Components of the 380 records not explained by linear forcing by insolation. (A) The
residual obtained by subtracting the Vostok air 8’80 tuning target from the measured record,
attributed to ice volume. (B) The residual obtained by subtracting the V19-30 benthic 3'80 tuning
target from the measured record, attributed to both ice volume and deep-ocean temperature.
foram, foraminiferal. (C) The difference between these two residuals, attributed to deep-ocean

temperature.

Table 1. Spectral analyses of ETP (25) versus tuned air 3'®0 and tuned foraminiferal 3780, carried out to evaluate the linearly forced components of
the two records (47). Confidence limits for phase lags are at the 95% level.

Air 3'80 Foraminiferal 380
Forcing Total Coherent amplitude Phase lag Total Coherent amplitude Phase lag
amplitude amplitude
(%) % Coherency Deg. ky (%) % Coherency Deg. ky
Obliquity 0.29 0.27 0.95 66 £ 15 72 0.40 0.39 0.98 629 7*x1
Precession 0.39 0.39 0.99 79*7 46 £ 04 0.23 0.21 0.93 61*19 36+ 1.1
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the assumptions involved in the tuning (/7).
‘When Martinson et al. (10) explored the uncer-
tainties in their age model, they were working
with geological data sets containing a much
larger and irreducible proportion of variance
that could not be explained by linear forcing;
therefore, they were obliged to attach a rather
large uncertainty (an average of 5 ky) to their
age estimates. The age model for Vostok air
3180 could not be varied by more than ~2 ky
without substantially reducing the amount of
variance representing a linear response.

Exploring the 100-ky signal of the Vostok
atmospheric CO, records. A long record of
atmospheric CO, has been obtained from the
Vostok core, and it has been noted that its
variance is dominated by eccentricity (/3). Be-
cause the new time scale refers to the air bub-
bles, it can be directly applied to the CO, record
(Fig. 4F). With this time scale, the earlier ob-
servation is confirmed: The record has a coher-
ency of 0.92 with the 100-ky component of
eccentricity and is essentially in phase, and the
coherent amplitude of the 100-ky CO, signal is
equivalent to 30 parts per million by volume
(ppmv). At obliquity, the coherence is 0.94, and
the coherent amplitude of the signal is equiva-
lent to 16 ppmv, with about the same phase as
the 8'80 signals.

The residual from the Vostok air 820
signal, after subtracting the linearly forced
part of the record, is interpreted in terms of
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change in the 3!80 of the ocean. To a first
approximation, it should represent the total of
that part of the ocean 3'%0 (“ice volume™)
variability that is not linearly forced by oblig-
uity or precession (Fig. 3A). At a period of
100 ky, this residual signal is highly coherent
(0.99) with the Vostok CO, signal but lags
CO,.

The residual in the V19-30 foraminiferal
8'80 signal, after subtracting the linearly
forced part (Fig. 3B), must contain contri-
butions from global ice volume and from
changing deep-ocean temperature. Thus, to
obtain the component of the ocean temper-
ature record that is not linearly forced, I
subtracted the Vostok residual (ice volume)
from the V19-30 residual (ice volume and
temperature), taking account of the 1-ky lag
of the air 3'80 record (Fig. 3C). The co-
herent amplitude of this record at the 100-
ky period is 0.26%o, equivalent to ~0.7°C
in temperature. Deep-water temperature is
also highly coherent (0.97) with the Vostok
CO, signal in the 100-ky band. The coher-
ences and phases in the 100-ky band
strongly suggest that atmospheric CO, has
a direct and immediate control on deep-
water temperature (presumably with high-
latitude air temperature as an intermedi-
ary). In addition, temperature has a direct
control on ice volume, mediated by the
long response times of ice sheets.
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Fig. 4. (A) The reconstructed ocean water 3'80 record attributable to ice volume and sea level
changes. (B) The reconstructed ocean water 8'20 record (150 ky), scaled as sea level and compared
with sea level observations (32). (C) The reconstructed record of changes in the Dole effect. (D) The
reconstructed component of foraminiferal 8’0 attributable to changes in deep-Pacific water
temperature. (E) The record of atmospheric CO, (73) on the time scale of this paper. (F) Vostok

D/H (73) on the time scale of this paper.

It could be argued that the data equally
support a model whereby deep temperature
has a direct and immediate control over the
concentration of CO, in the atmosphere.
However, it is hard to envisage a mecha-
nism for generating a 100-ky deep-water
temperature cyclicity directly, whereas the
global carbon system that controls atmo-
spheric CO, includes components with
long time constants, a necessary require-
ment for generating a 100-ky signal from
the orbital forcing. In either case, the im-
portant conclusion that may be drawn from
the examination of the 100-ky part of the
variance in the several signals is that the
prevalent 100-ky signal does not arise from
the long time constant of ice volume re-
sponse. Instead, ice volume responds, with
an appropriate lag that is consistent with
the value derived by Imbrie and Imbrie (5),
to forcing at 100 ky by temperature (it can
be assumed that the temperature of the deep
ocean also reflects in some way the air
temperature at high latitudes).

Important support for this interpretation
comes from the Vostok ice D/H record,
which is thought to reflect high-latitude tem-
perature in the air over Vostok. Assigning a
time scale to the ice itself poses additional
problems that are not addressed here, because
the ice-air age difference varies from ~2 ky
at times of higher temperature and accumu-
lation rate to 6 ky or more at cold times when
snow accumulation is low. The usual proce-
dure is to derive a time scale for the ice and
then compute a time-dependent air-ice age
difference that takes account of the temper-
ature and accumulation rates as a function
of time. Here, the primary time scale has
been developed for the trapped air, so a
complex iteration would be required to for-
mally derive an ice time scale. Instead, the
ice time scale (/3) is simply offset by the
same amounts as the gas time scale was
changed (Fig. 4E). Although this will
slightly affect the high-frequency portion
of the variance spectrum, it will not sub-
stantially affect the 100-ky signal. This
signal has a phase similar to that of the
deep temperature record and a coherent
D/H amplitude at the 100-ky period of
15%o, equivalent to an air temperature of
~3°C.

Testing the partitioning of the 520 sig-
nal. On the basis of the argument above, the
8'80 record of global ice volume may be
reconstructed from three components: the
precession component, from the coherent
precession component of the V19-30 forami-
niferal 8'80 tuning target; the obliquity com-
ponent, from the coherent obliquity compo-
nent of the Vostok air 880 tuning target; and
the nonlinear residual that is obtained by
subtracting the Vostok air $'80 tuning target
from the measured record (27). This recon-
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struction is illustrated in Fig. 4A. Two as-
pects of this reconstruction support its being a
better reconstruction of ice volume and sea
level from 30 than has been previously
achieved. First, the ice volume contribution
to the difference between the Last Glacial
Maximum and the Holocene is ~1.0%o, close
to the reconstruction of 1.0 = 0.1%0 by
Schrag et al. (28) based on direct measure-
ment of the 3180 of relict glacial pore water
[also compare estimates in (29) rather than
the 1.2%o (2), 1.26%0 (30), or 1.4%0 (31)
estimates based on earlier interpretations of
marine isotope records]. Second, the record is
consistent with recent sea level estimates
(32), as shown in Fig. 4B.

With the derived history of the ice volume
component of the foraminiferal §'30 record,
the total temperature component may be ob-
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tained by subtraction as mentioned above. The
resulting record is illustrated in Fig. 4D. Figure
5 shows the total amplitude and coherent am-
plitude spectra of ice volume (Fig. 4A), Pacific
temperature (Fig. 4D), Antarctic air tempera-
ture (Fig. 4E), and atmospheric CO, (Fig. 4F),
together with their estimated phases relative to
ETP (25). Table 2 summarizes the statistical
description of the 100-ky signal in the four
records. The CO, and deep-ocean temperature
records are dominated by variance with a 100-
ky period and vary in phase with eccentricity.
Contrary to previous interpretations, global ice
volume does lag changes in orbital eccentricity,
but eccentricity is not the dominant peak in the
ice volume spectrum (33). The effect of orbital
eccentricity probably enters the paleoclimatic
record through an influence on the concentra-
tion of atmospheric CO,,.

Table 2. Spectral analyses (47) to investigate the 100-ky signal in geological records (Fig. 5). Confidence
limits for phase lags are at the 95% level. For an explanation of the ETP used, see (25).
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Bacterial Rhodopsin: Evidence
for a New Type of Phototrophy
in the Sea
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Extremely halophilic archaea contain retinal-binding integral membrane pro-
teins called bacteriorhodopsins that function as light-driven proton pumps. So
far, bacteriorhodopsins capable of generating a chemiosmotic membrane po-
tential in response to light have been demonstrated only in halophilic archaea.
We describe here a type of rhodopsin derived from bacteria that was discovered
through genomic analyses of naturally occuring marine bacterioplankton. The
bacterial rhodopsin was encoded in the genome of an uncultivated y-pro-
teobacterium and shared highest amino acid sequence similarity with archaeal
rhodopsins. The protein was functionally expressed in Escherichia coli and bound
retinal to form an active, light-driven proton pump. The new rhodopsin ex-
hibited a photochemical reaction cycle with intermediates and kinetics char-
acteristic of archaeal proton-pumping rhodopsins. Our results demonstrate that
archaeal-like rhodopsins are broadly distributed among different taxa, including
members of the domain Bacteria. Our data also indicate that a previously
unsuspected mode of bacterially mediated light-driven energy generation may
commonly occur in oceanic surface waters worldwide.

Retinal (vitamin A aldehyde) is a chro-
mophore that binds integral membrane pro-
teins (opsins) to form light-absorbing pig-
ments called rhodopsins. Rhodopsins are cur-
rently known to belong to two distinct protein
families. The visual rhodopsins, found in
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eyes throughout the animal kingdom (/), are
photosensory pigments. Archaeal rhodopsins,
found in extreme halophiles, function as
light-driven proton pumps (bacteriorho-
dopsins), chloride ion pumps (halorho-
dopsins), or photosensory receptors (sensory
rhodopsins) (2—-5). The two protein families
show no significant sequence similarity and
may have different origins. They do, howev-
er, share identical topologies characterized by
seven transmembrane a-helices that form a
pocket in which retinal is covalently linked,
as a protonated Schiff base, to a lysine in the
seventh transmembrane helix (helix G). Re-
cently, a protein with high sequence similar-
ity to the archaeal rhodopsins has also been
found in the eukaryote Neurospora crassa
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(6). The eucaryal rhodopsin formed a photo-
chemically reactive pigment when bound to
all-trans retinal and exhibited photocycle ki-
netics similar to those of archaeal sensory
rhodopsins (7). To date, however, no rhodop-
sin-like sequences have been reported in
members of the domain Bacteria.

Cloning of proteorhodopsin. Sequence
analysis of a 130-kb genomic fragment that
encoded the ribosomal RNA (rRNA) operon
from an uncultivated member of the marine
vy-Proteobacteria (that is, the “SAR86” group)
(8, 9) (Fig. 1A) also revealed an open reading
frame (ORF) encoding a putative rhodopsin
(referred to here as proteorhodopsin) (10). The
inferred amino acid sequence of the proteorho-
dopsin showed statistically significant similari-
ty to archaeal rhodopsins (/7). The majority of
predicted proteins encoded by ORFs upstream
and downstream of the proteorhodopsin gene,
as well as the rRNA operon, showed highest
similarity to proteobacterial homologs. Given
the large amount of apparent lateral gene trans-
fer observed in recent whole genome studies, it
is not surprising that some predicted proteins
(17 of 74) had significantly greater similarity to
those from other bacterial groups, including
Actinomycetes and Gram-positive bacteria (12,
13). No other ORFs encoding archaeal-like
genes, however, were detected in the vicinity of
the proteorhodopsin gene, verifying the bacte-
rial origin of the 130-kb genome fragment.

The proteorhodopsin gene encoded a
polypeptide of 249 amino acids, with a mo-
lecular weight of 27 kD. Hydropathy plots
indicated seven transmembrane domains, a
typical feature of the rhodopsin protein fam-
ily, that aligned well with the corresponding
helices of the archaeal rhodopsins. The amino
acid residues that form a retinal binding
pocket in archaeal rhodopsins are also highly
conserved in proteorhodopsin (Fig. 2). In par-
ticular, the critical lysine residue in helix G,
which forms the Schiff base linkage with
retinal in archaeal rhodopsins, is present in
proteorhodopsin. Analysis of a structural
model of proteorhodopsin (/4), in conjunc-
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