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The ice-core record of local temperature, dust accumulation and air composition at Vostok
station, Antarctica, now extends back to the penultimate glacial period (~140-200 kyr ago)
and the end of the preceding interglacial. This yields a new glaciological timescale for the
whole record, which is consistent with ocean records. Temperatures at Vostok appear to have
been more uniformly cold in the penultimate glacial period than in the most recent one. Concen-
trations of CO, and CH, correlate well with temperature throughout the record.

I~ 1985 Lorius et al.' presented the first ice-core climate record
spanning a full glacial-interglacial cycle. The record, which went
back to the end of the penultimate glacial period about 150,000
years ago (150 kyr before present, BP) was based on ice drilled
at Vostok, the Russian station in central East Antarctica
(78° 28’ S and 106° 48’ E, mean annual temperature — 55 °C, ele-
vation 3,490 m). The Vostok records show that East Antarctica
was colder and drier during glacial periods than during the
Holocene' *, demonstrate that the large-scale atmospheric circu-
.lation was more vigorous during glacial times™°, support evi-
dence from deep-sea sediment studies for orbital forcing of
Pleistocene climate®’ and reveal direct correlations of carbon
dioxide and methane concentrations with temperature. The last
point suggests that variations in greenhouse gas concentrations
have contributed to glacial-interglacial changes in climate® "'
Most of this work was based on the study of ice from the surface
to 2,083 m depth in the 3T core.

Here we extend the record of Vostok geochemistry to the .

bottom of a new core, 4T, drilled down to 2,546 m. We includé
details of deuterium and dust concentrations measured in the ice
and three parameters measured in the air bubbles entrapped in
the ice: CO,, CH, and the oxygen isotope ratio (given as §'%0)
of O,. Each parameter contains climate-related information. The
new results (Table 1) are plotted against depth in Fig. 1, along
with data from the bottom part of core 3I'. The shallowest depth
plotted, 1,500 m, corresponds to the end of the last interglacial
period (LIG) and is dated at about 110 kyr Bp. In addition, we
will use information on changes in accumulation rate at Vostok
contained in a new '°Be profile also measured down to 2,546 m.
Details on experimental procedures may be found
elsewhere®®®*'>'3 The depth profiles of CO,, CH, and "0 in
O, will undoubtedly evolve as a/dodltlonal samples are analysed.

We first describe a new timescale for the entire Vostok core.

1 J.J. is also at the Laboratoire de Glaciologie et Géophysique de I'Environnement. M.B. is on
sabbatical leave at the Centre des Faibles Radioactivités, CNRS-CEA 91198, Gif-sur-Yvette
Cedex, France.
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After discussing the reconstructed Vostok temperature record,
we test our chronology by comparing various Vostok climate
records with climate records from deep-sea sediments and, where
relevant, curve of insolation. We then discuss the climate infor-
mation contained in our new data set which covers the entire
penultimate glacial period and extends through a part of the
next to last interglacial down to ~220 kyr sp.

Extending the glaciological dating approach

To interpret the Vostok data, we need a chronology for the
ice, expressed as a curve of age against depth. We derive this
chronology from the following four assumptions. First, the accu-
mulation rate at Vostok has varied in the past as the derivative
of the water vapour saturation pressure with respect to tempera-
ture at the level where the precipitation forms; that is, above the
inversion layer'®. Second, the accumulation (4) upstream of
Vostok, where ice found at depth originates, increases with dis-
tance upstream according to 4(x)/A4(x=0)=1.00+0.65(x/X),
where x is distance upstream of Vostok and X is distance of site
Dome B upstream of Vostok (320 km). This equation invokes
the observation that the Holocene as reflected by the 6D or §'°0
records starts at a depth of ~300 m at Vostok and ~500 m at
Dome B'S. Third, ice at a depth of 1,534 m has an age of
110 kyr p'%"". Finally, the strain-induced thinning of annual
layers with depth is accurately described by the two-dimensional
glaciological model of Ritz'®.

With these assumptions, we calculate the accumulation rate

at Vostok today to be 1.98 gcm ™ yr~', 13% lower than the
value of 2.3 gem ™ * yr ' (ref. 1) based on estimates over the past
10 years, but in good agreement with the value of
2.00+£0.4 gem ?yr ' estimated over the past 170 years using
the Tambora eruption as a marker'”, Back to 110 kyr Bp, the
biggest discrepancy with the chronology of Lorius er al!
3.5 kyr (Fig. 2). The age of the bottom of the core is 220 kyr BP.
We refer to our age-depth curve as the ‘extended glaciological
timescale’ (EGT). The uncertainty in the age of the bottom of
the 4T core (2,546 m), largely dominated by the uncertainty in
the current accumulation rate'®, is estimated to be £20 kyr.
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Raisbeck er al.”® obtained '°Be concentrations in Vostok and
have subsequently analysed the 3T and 4T cores in higher resolu-
tion (Raisbeck er al., manuscript in preparation). We have used
these data to calculate a curve of accumulation rate against
depth for Vostok, assuming that the '°Be deposition rate is con-
stant and the same as the average value observed over the top
1,534 m (as above, we assume an age of 110 kyr B for this
depth). Complications that might introduce errors in such an
estimate of accumulation are discussed in refs 20 and 21. Combi-
ning this accumulation rate with the flow model used above, we
can calculate a '°Be chronology which differs by no more than
~5 kyr from the EGT (Fig. 2). Although we belicve this con-
cordance tends to support the overall correctness of the EGT, it
does not preclude significant differences in detail, particularly
over periods when there were important climatic changes. For

1500 1700 1900 2100 2300 _ 2500
- - R L T _

= 500 -
i
j=2} -
- 400
£
© 300+ -
i
g 200+ -
g e W »\1_
D i
0 420
2
kS
S~
o=z
-0
=
Ec/)
E
>
=8
a=
3
Q
a
=
£
Q
a
N
o)
(@]

620
580
540
500
460
420
380
340

=R

[ R R Y S o o o
CHy4 (p.p.b.v.)

5180 in air (%. deviation
from SMOW)
o

Qoo 1700 1800 2100 2300 2500
Depth (m)

FIG. 1 Depth profiles a, Dust concentration. Data are from core 3T
down to 2,200 m (6) and from core 4I" below {discontinuous measure-
ments every ~8 m). b, Deuterium content (8D in %o deviation from
SMOW). in core 4I", 6§D was measured continuously below 1,920 m on
1-m ice increments down to 2,200 m (~150 yr), at higher resolution
(0.5 m, ~70 yr) down to 2,414 m, and on 1-m increments from this
depth down to 2,546 m. Data from 3I' are reported for the 1,800~
2,083-m depth interval. The agreement between 3I" and 4I" profiles is
excellent over their common part. The comparison shows that there is
no sizeable age difference between similar depth horizons in the cores
despite small differences in the inclination of the two holes. ¢, d, e,
Concentrations of CO,, CH, and 880 of O, within air bubbles. Individual
measurements are indicated by symbols: open symbols correspond to
published data, and filled symbols to new data; for CH,4, squares and
triangles correspond to different sets of measurements. Filled symbols
are joined by a dotted line because the bottom part of the profile will
undoubtedly evolve as additional samples are analysed.
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example, this '’Be chronology gives a duration for the Holocene
~30% shorter than that given by the EGT.

The isotope temperature record

Precipitation is isotopically enriched with respect to atmospheric
water vapour, and the vapour remaining in a given air mass is
depleted at each condensation step both in §D and §'°O. Simple
models®>?* predict that § should vary linearly with temperature,
T, in mid- and high latitudes. This predicted dependence is well
documented from observations of present-day Antarctic
precipitation®*?*, We use the modern §-7 relationship to trans-
late the & change observed going back in time, at one given
location, into a curve of temperature against age. This approach
is supported by results from the general climate model
studies®®”” and independent glaciological estimates of glacial-
interglacial temperature changes™

Temperature reconstructed from the isotopic profile is piotted
against EGT age in Fig. 3 (curve 3b). We calculate the change
from the present temperature using the equation AT,=(1°C
per 9%o) X (6Dice — 85 %04y} T, is the temperature 1mmed1ately
above the inversion layer where Antarctic precipitation forms'*
The first term on the right is the inverse of the dependence of
8D on temperature observed for this sector of East Antarctica®,
and the 85'%0,,, term corrects for the variation of §D with ice
volume®. The variation of §'0,, as a function of Vostok age
is taken from Sowers et al.'’.

The new record shows a long cold period from ~140 to
200 kyr Bp. During this cold period, the amplitude of tempera-
ture variation is smaller than during the last ice age. In central
Antarctica this entire period was nearly as cold as the Last Gla-
cial Maximum (LGM) (~6 °C colder than the Holocene). Tem-
perature is warmer before ~200 kyr Bp, w1th a well marked peak
around 215 kyr BP.

Correlating Vostok and oceanic records

We now extend to the bottom of the core the previous efforts to
correlate the Vostok and the SPECMAP timescales by curve-
matching records of temperature'”*°, dust®, and §'*0 of O, and
sea water'>'®. We plot changes in the isotopic composition of
sea water, and hence inferred continental ice volume, against age
(curve 3e).

The Vostok temperature record compares well with sea sur-
face temperature (SST) in various Indian ocean cores'”*. For
example, in the summer SST record of RC11-120 (ref. 31), stages
7.1 and 7.3 are colder than the Holocene and much colder than
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FIG. 2 The depth-age relationship for the EGT, together W|th differences
between this and (a) the original timescale of Lorius et alt, and (b) the
410’ timescale derived assuming a constant *°Be flux and assigning
the 110-kyr Bp level at 1,534 m. Differences (right scale) are negative
when the EGT gives older ages.
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TABLE 1 Carbon dioxide, methane and oxygen

CO, (p.p.m.v.) CH. (p.p.b.v.) 580 (%)

Depth  Age Depth  Age Depth  Age
(m) (kyr) Mean (m) (kyr) Mean (m) (kyr) Mean
2078 150.1 197.7 2089 1515 356 2089 1516 0.60
2116 155.4 1926 2102 153.6 400 2101 1534 0.74
2157 160.3 189.7 2127 1567 395 2109 1545 0.82
2164 1614 186.2 2153 159.8 382 2129 157.0 0.98
2203 1669 2051 2177 1635 403 2139 15681 0.89
2225 169.6 1923 2196 1661 376 2158 160.5 0.88
2047 1729 1845 2225 1696 405 2167 161.9 0.80
2080 177.8 1986 2273 1769 478 2188 165.0 0.87
2302 180.9 1985 2302 1809 456 2198 166.3 0.79
2325 184.1 1910 2325 1841 468 2220 1690 0.66
2333 185.3 190.8 2348 1875 503 2233 1707 0.38
2348 187.5 2085 2373 1911 464 2251 1736 0.09
2363 189.6 2140 2425 199.8 440 2278 1776 0.11
2372 190.9 2185 2475 207.5 460 2290 1792 -013
2386 193.1 2005 2501 2115 558 2298 1804 —0.10
2399 1952 204.2 2525 2149 612 2309 1819 0.04
2414 197.9 2115 2543 2175 482 2329 1847 -0.01
2425 199.8 232.2 2338 186.1 0.24
2437 201.6 2323 2350 1879 0.47
2451 203.7 218.8 2369 1905 0.88
2475 207.5 2209 2388 1934 0.87
2499 2112 2435 2402 195.7 0.72
2525 2149 251.9 2413 1976 0.53
2533  216.0 240.0 2423 199.4 0.47
2543 2175 248.6 2433 201.0 0.38
2441 202.2 0.12
2452 2039 011
2462 2055 —0.03
2469 2066 —0.11
2489 209.7 -0.14
2500 2113 -—0.06

2510 2127 0.04
2518 213.8 0.20
2528 2153 0.39
2544 2176 0.66

The deuterium and dust data are available from the authors on request.

the Last Interglacial (curve 3a), in agreement with the Vostok
temperature record. Correlating the Vostok temperature peak at
215 kyr BP with the RC11-120 peak at 218 kyr P suggests that
the bottom of the Vostok core corresponds to marine stage 7.4.
The comparison with RC11-120 thus supports our glaciological
timescale.

The dust concentration is plotted against EGT age in curve
3g. High values are observed throughout the penultimate glacial
period (140-200 kyr Bp). There is a small maximum at about
160 kyr Bp and a broad minimum between 170 and 190 kyr BP.
Low values are recorded before 200 kyr BP, consistent with our
interpretation that this depth interval lies in the stage 7 intergla-
cial period. We compare dust concentration at Vostok and the
mass accumulation rate (MAR) in core RC27-61 from the
Indian Ocean which gives a good record of acolian input®. Both
(curve 3f') are highest during glacial stages (2, 4 and 6), and low
during the interglacial stages (1, 5 and 7). The two records are
almost always in phase to within +10kyr; the exception is
between 170-190 kyr, where the low values in Vostok have no
parallel in the RC27-61 record. At around 200 kyr BP, dust rises
at Vostok 10 kyr before MAR rises at RC27-61, and at 145 kyr
BP decreases at Vostok again about 10 kyr before the MAR
decreases at RC 27-61. It is not clear whether these differences
reflect errors in the chronologies or true differences in phasing.

The "0 of past atmospheric O, is plotted against EGT age
in curve 3d, after correction for differences between gas age and
ice age™, and for gravitational fractionation™. Variations of
5'%0 of O, are governed mainly by processes associated with
oxygen isotope exchange of O, and sea water due to photosynth-
esis and respiration®®. These variations are thought to be closely
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related to variations in the §'®0 of sea water: when the composi-
tion of sea water changes, the composition of O, produced by
photosynthesis changes, transmitting the sea water variations to
the atmospheric O, reservoir’®. For the sake of simplicity, we do
not consider the small additional variations in the §'*0 of O,
associated with glacial-interglacial variations in oxygen isotope
fractionation by biogeochemical and hydrologic processes'
(that is, changes in the Dole effect).

The record of variations in 80 of O, looks similar to the
record of variations in 8'%0 of sea water (curve 3e). It also
resembles the curve of June insolation at 20° N (curve 3c¢),
because variations in 6'%0 of sea water and variations in the
Dole effect are both linked to insolation. We therefore test the
EGT chronology by comparing §'*0 of O, with §'°0 of sea
water and with insolation. Uncertainties restrict the comparison
to about £10 kyr; within this uncertainty, variations in §'°0 of
0, as dated by the EGT chronology are consistent with sea water
§'30 and insolation curve. Thus the §'%0 measurements, as well
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FIG. 3 Variations with time. a, Summer sea surface temperature (SST)
at Indian Ocean site RC11-120 (16° 37’ N, 59° 52’ E). b, Atmospheric
temperature change at Vostok (above the inversion) as derived from
the deuterium profile. We used published deuterium data down to
1,920 m (ref. 2) and extended this record down to 2,083 m by averaging
3" and 4T data and to 2,546 m using 4T data alone; we then smoothed
the entire record. ¢, Summer insolation at 20° N (ref. 49). d, §*%0 of
0, measured in the air bubbles on the EGT. e, Change in the isotopic
composition of sea water derived from the V19-30 520 foraminifera
record and extended back to 250 kyr 8p*®; the record is normalized so
that the average Holocene value is 0%. f, Mass accumulation rate
(MAR) in the Indian Ocean site RC27-61 (adapted from ref. 32). g, The
dust concentration in the Vostok ice. The Vostok records are reported
using the EGT and the deep-sea records using the SPECMAP*" time-
scale. Horizons in the Vostok and deep-sea cores which are believed to
be correlative are joined by dotted lines (see text).
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as dust and temperature comparisons, support the EGT
chronology.

The duration of the Last Interglacial, now highly controver-
sial, is crucial for new insights on the causes of glacial-intergla-
cial cycles’ . Relevant information is summarized in Fig. 4.
Here we plot the Vostok temperature record using the adopted
EGT and other timescales which would be derived from different
starting assumptions. In the figure, we also show the §'0 of sea
water, the curve of sea surface temperature derived from core
MD 84-551 (ref. 17) and the recently published®” isotopic record
of vein calcite from Devils Hole (Nevada). The LIG lasts twice
as long at Vostok in the chronology of Lorius ef al. than in the
deep-sea record of the sea-level change'?.

Both the use of air §'%0 (ref. 16) and the correlation with
Southern Ocean SST'7 have recently confirmed that the tempera-
ture at Vostok rose before (~5 kyr at mid-transition) sea level
rose for this termination (termination 2). As the EGT is, at mid-
transition, ~4 kyr younger than that of Lorius et al., the EGT
and SPECMAP timescales now appear in agreement for this
termination 2 (but differences of up to 6 kyr still exist at the LIG
peak). The EGT timescale supports the observation, now well
documented, that the duration of this interglacial is longer in
the Vostok temperature and Southern Ocean SST records than
in the record of sea-level change. This conclusion is fairly insensi-
tive to our assumption about Vostok age at 1,534 m depth (a
5% change in age at 110 kyr Bp will modify the duration by only
1 kyr or so0). The duration which would be derived from the '°Be
chronology is similar, within 2 kyr, to that obtained with the
EGT (but note the uncertainties of the '°Be method mentioned
above). Finally, the Vostok and Devils Hole records®” agree less
convilncingly with the EGT than with the timescale of Lorius
etal. .

Climate Interpretation

We now examine how the extension of the records, and the new
information they contain, complement or modify our current
climatic interpretation of Vostok data. In turn, we discuss the
dust record, the link between orbital forcing and climate, and
the record of greenhouse-gas concentrations.

The dust throughout the Vostok record begins to increase
rapidly when Vostok atmospheric temperature drops by more
than ~4 °C below its modern value. We interpret this result as
indicating that the penultimate glacial period, like the last glacial
period, was characterized by more extensive deserts, more
intense surface winds in the desert source regions and/or more
efficient meridional transport. The isotopic composition from
the LGM dust in the Dome C core* suggests that the Patagonia
desert might be the main contributor to dust fallout in East
Antarctica. During the end of the previous interglacial, as during
the LIG and today, dust fallout was very low.

An intriguing feature of the records is that dust at Vostok
covaries so closely with Vostok isotopic temperature whereas
MAR at RC27-61 covaries so closely with sea water §'0. The
dust record is similar to the record of mass accumulation rate
for the Northern Hemisphere Indian Ocean core RC27-61. Over
the entire Vostok record, there are similarities between dust and
indicators of dust source strength in Central Asia analysed in
Chinese loesses*'*>. These similarities indicate that large-scale
changes in dust fallout reflect global changes in climate.

We examine the link between Vostok temperature and orbital
forcing through spectral analysis using a multi-taper method”*,
The analysis was done (1) for the entire 2,546-m record, and (2)
for the same series limited to 2,083 m using either the EGT or
the Lorius et al. timescale. Using the EGT instead of the chronol-
ogy of Lorius et al. causes a slight shift in the period of the
obliquity peak (from 41.7 to 40.3 kyr), retains the strong signifi-
cance of this peak and makes the significance of the precessional
peak stronger, probably because of the shortening of the LIG.
Using the full time series (EGT chronology) leads to a decrease
in the amplitude of the obliquity peak (41.01 kyr) which is even
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more significant; but the precessional peak (24.6 kyr) is now
weaker and less significant. This decrease in amplitude of orbital
frequencies is the quantitative expression of uniformly cold tem-
peratures throughout the period between 140-200 kyr Bp. Dur-
ing most of the record there is a strong relationship between
local annual insolation, which primarily reflects obliquity, and
temperature’. This relationship is absent, however, between 140
and 200 kyr Bp: the insolation maximum at ~170 kyr Bp has no
clear temperature counterpart.

Polar ice cores provide the most direct evidence of past
changes in greenhouse gas concentrations. These changes are
well documented for CO, and CH, and to a lesser degree for
N,O (ref. 44 for a review). Previously published results obtained
on Vostok and other ice cores highlight the correlation between
CO;, concentration, CH, concentration and temperature
throughout the last climate cycle. Results from Vostok also
reveal phase differences between CO, and temperature. At the
end of the penultimate interglacial, for example, the CO,
decrease lags behind the Antarctic cooling leading to glacial
conditions.

The CO, and CH, concentrations for the entire Vostok core
profiles are plotted against age in Fig. 5 using the EGT after
correction for the difference between gas age and ice age®*.
CO; concentrations are low during the penultimate glacial
period, from 140 to 190 kyr Bp. These values are similar to the
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FIG. 4 The Vostok temperature record on various timescales for the
100-150 kyr Bp period encompassing the LIG. Upper curve: the Devil's
Hole record; middle curves: Vostok temperature using three different
timescales (' *°Be’, EGT and Lorius et al.); lower curves: Vostok tempera-
ture (using the timescale obtained by Sowers et al.*® in correlating sea
water 520 with %0 of 0,); the sea surface temperature estimated
from core MD84-551"7; and the sea water 5280 (similar to 3e with an
arbitrary scale chosen in such a way this curve is comparable to the
temperature records). The three vertical lines correspond to: a, mid-
transition in sea water 520, a proxy of sea-level and ice volume change
(128 kyr 8p); b, mid-transition in Vostok temperature using the Lorius et
al. timescale (138 kyr 8p); and ¢, mid-transition according to the EGT
reference timescale (134 kyr Bp).
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concentrations observed during the last glacial period between
~60 and 18 kyr Bp. Before 190 kyr Bp, the CO, values are higher.
At the very bottom of the core, the CO- concentration is about
250 p.p.m.v., intermediate between full glacial concentrations
and preindustrial values. The lowest CH, concentrations are
similar to, or slightly lower than, those in the LGM, and are
observed only during the final stage of the penultimate glacia-
tion. The measurements are too scarce to discuss in detail this
new part of the CH, record. Nevertheless, the increasing trend
towards the bottom should be noted, especially the marked peak
at the bottom with a maximum concentration of 610 p.p.b.v.
Again, the concentrations measured near the very bottom are
intermediate between full glacial and preindustrial values. This
is consistent with the dating, indicating that the bottom ice is
from the end of the previous interglacial period.

The strong covariation between CO, and temperature and
CH, and temperature observed for the last 160 kyr is also present
in the new part of the Vostok record. The CO,-temperature
correlation coefficient (r”) over the past 220 kyr is 0.81 (0.76 for
CH.,) instead of 0.78, in each case, over the last 160 kyr. In
contrast to the lag of CO, behind temperature observed around
110 and 70 kyr sp, the CO, decrease between 220 and 190 kyr Bp
is in phase with the temperature change. A notable feature of
the CH, results is the absence of clear oscillations during the
penultimate glacial period. These would be expected from the
link between the methane record and a monsoonal precipitation
index largely dominated by the precession cycle*® which was
suggested for the past 160 kyr (ref. 9). This feature is directly
reflected in the CH, spectrum: the amplitude and significance of
the precession peak are smaller for the full record than for the
last 160 kyr. The CO, spectrum also differs between the longer
and shorter records, although in a different way. The 220-kyr
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CO; record now shows significant peaks at obliquity and both
precession periodicities, whereas only the precession peak was
present for the last climate cycle’. This also reflects, in the spec-
tral domain, what is clearly seen in the CO, record: the long
penultimate glacial period and the last ice age have different
characteristics. Obviously, all these features would need to be
confirmed by further measurements.

Conclusions

Our new chronology appears to correlate well with oceanic
records. In particular, the EGT chronology resolves half of the
10-kyr discrepancy in the duration of the LIG that arose when
the previous Vostok chronology was compared to the deep-sea
record. With the EGT chronology, the duration of the LIG at
Vostok is still 5 kyr longer than its duration in deep-sea sedi-
ments. We believe that this important difference reflects the fact
that, during termination 2, Antarctic temperatures rose ~5 kyr
before the Northern Hemisphere ice sheets began to melt'>'7. In
general, matching Vostok climate records with deep-sea sedi-
ments records and insolation curves supports our entire chronol-
ogy to £10 kyr.

The isotopic temperature record shows that there is a long
cold period in East Antarctica which we date from about 140 to
200 kyr Bp. The coldest isotopic temperatures measured during
this period are similar to those measured during the last glacial
maximum, but the duration of the cold period is much longer.
Isotopic temperatures rise in the bottom of the Vostok 41" core
corresponding to interstadial-interglacial periods of marine stage
7. The overall covariation of climate variables in the newly exam-
ined section of the Vostok ice core is similar to that observed
for the last glacial-interglacial cycle®®. Thus concentrations of
CO, and CH, are lowest during the penultimate glacial period,
where their values are comparable to those of the LGM. CO,
and CH, are positively correlated with isotopic temperatures
with correlations similar to those found during the last climate
cycle. Throughout the record, dust concentrations at Vostok rise
during cold periods, and are very low when temperatures are
less than ~4 “°C colder than modern values.

There is still much more climate information to extract from
Vostok drilling. There is more than 1 km of ice below the
2,546 m reached by core 4I" (the ice thickness is ~3,700 m),
which may represent more than 500 kyr of time. At the same
time, the new data discussed here, together with the results of
the GRIP*" and GISP2*® cores, will allow comparison of climate
change in Antarctica and Greenland beyond 200 kyr Bp. [l
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Co-crystal structure of the HNF-3/fork head
DNA-recognition motif resembles

histone H5
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The three-dimensional structure of an HNF-3/fork head DNA-recognition motif complexed with
DNA has been determined by X-ray crystallography at 2.5 A resolution. This a/f protein binds
B-DNA as a monomer, through interactions with the DNA backbone and through both direct
and water-mediated major and minor groove base contacts, inducing a 13° bend. The transcrip-
tion factor fold is very similar to the structure of histone H5. In its amino-terminal half, three
a-helices adopt a compact structure that presents the third helix to the major groove. The
remainder of the protein includes a twisted, antiparallel f-structure and random coil that

interacts with the minor groove.

MEeMBERS of the HNF-3/fork head family of eukaryotic
transcription factors share a highly conserved DNA-binding
domain and occur in various organisms ranging from yeast to
man (reviewed in ref. 1). Hepatocyte nuclear factor-3 (HNF-3)
proteins were first identified as activators of liver-specific gene
expression in rat”. Initial evidence for a new DNA-binding motif
came when HNF-3¢, 8 and y were found to share a novel,
highly conserved DNA-binding region®* with the nuclear protein
product of the Drosophila homeotic fork head gene, involved in
the formation of terminal structures of the early fly embryo™®.
Functionally significant HNF-3 binding sites were identified
in the promoters of a large number of genes expressed in mam-
malian hepatocytes (for example, albumin’, phosphoenolpyruv-
ate carboxykinase® and two liver-specific transcription factors,
HNF-1a (ref. 9) and HNF-3§ (ref. 10)), indicating roles for
HNF-3 in both cell differentiation and tissue-specific gene
expression. Other members of the HNF-3/fork head family have
also been implicated in development; fork head mutant embryos
lack structures contributing cells to the fore- and hindgut of
the fly’. The sloppy paired proteins (slpl and sip2) affect fly
segmentation''. XFKH]1 is expressed in the blastopore-lip of
Xenopus embryos and is essential for normal axis formation'”.
We now report the X-ray crystallographic structure determin-

§ To whom correspondence should be addressed.
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ation of a canonical HNF-3/fork head DNA-recognition motif
bound to its target DNA sequence. The three-dimensional struc-
ture of the DNA-binding domain of HNF-3y bound to its
cognate DNA, obtained at 2.5 A resolution, reveals a mono-
meric a/f protein structure interacting with B-DNA. The N-
terminal half of the polypeptide chain adopts a compact three-
helix structure, which presents its third a-helix to the major
groove. The carboxy-terminal half of the protein consists of f-
strands and random coil and makes various DNA contacts.
Elucidation of this DNA-recognition fold provides a three-
dimensional scaffold with which to understand the DNA-
binding properties of members of the HNF-3/fork head family
of transcription factors. Structural comparisons demonstrate a
striking similarity to an unrelated, DNA-packaging protein
histone H5 (ref. 13).

Structure determination and refinement

A fragment of HNF-3y, HNF-3y(107-223), containing the con-
served DNA-binding region, was expressed, purified and co-
crystallized with a 13-base-pair (bp) duplex oligonucleotide
bearing a sequence derived from its transthyretin (TTR) promo-
ter binding site* (Fig. 1 and Table 1). Quantitative electrophor-
etic mobility shift (EMS) assays” documented specific
nanomolar-affinity DNA binding of the purified recombinant
protein with the sequence used for co-crystallization at a protein:

NATURE - VOL 364 - 29 JULY 1993

© 1993 Nature Publishing Group



