
a dimming. This increase has been found to

be significant at the 99% level of confidence.

The satellite-based record of surface solar

fluxes from 1983 until 1992 does suggest

some dimming, followed by an increase after

1992, as seen in numerous ground observa-

tions. It was also shown that tendencies over

land and over ocean can differ in sign and

magnitude, and that in order to obtain a glob-

al view of the dimming phenomena, there is a

need for comprehensive and global observa-

tions that are possible only from satellites.

There is a need to be aware of calibration is-

sues regarding both ground-based and satel-

lite data that might affect the interpretation of

long-term observations. The best available ap-

proach to calibration was used to produce

the satellite observations used in this study,

and the most comprehensive global coverage

achievable by combining geostationary and

polar-orbiting satellites was used. The magni-

tudes of the observed tendencies in S at a

global scale were much smaller in magnitude

than those reported from ground observations.
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The Holocene Asian Monsoon:
Links to Solar Changes and

North Atlantic Climate
Yongjin Wang,1 Hai Cheng,1,2* R. Lawrence Edwards,2 Yaoqi He,1

Xinggong Kong,1 Zhisheng An,3 Jiangying Wu,1 Megan J. Kelly,2

Carolyn A. Dykoski,2 Xiangdong Li4

A 5-year-resolution absolute-dated oxygen isotope record from Dongge Cave,
southern China, provides a continuous history of the Asian monsoon over the
past 9000 years. Although the record broadly follows summer insolation, it is
punctuated by eight weak monsoon events lasting È1 to 5 centuries. One
correlates with the ‘‘8200-year’’ event, another with the collapse of the
Chinese Neolithic culture, and most with North Atlantic ice-rafting events.
Cross-correlation of the decadal- to centennial-scale monsoon record with
the atmospheric carbon-14 record shows that some, but not all, of the
monsoon variability at these frequencies results from changes in solar output.

The impacts of decadal- to centennial-scale

solar variability on the climate system during

the Holocene have been reported from mid to

high northern latitudes (1–3) to low-latitude

regimes (4–6), including the Asian monsoon

(AM) (4, 5). To test the degree to which the

Holocene AM may be linked to solar varia-

bility, a high-resolution, precisely dated, con-

tinuous record of the monsoon is needed. Such

a record could also be used to test the degree

to which changes in the interglacial AM are

related to climate change elsewhere. For exam-

ple, a number of studies have demonstrated

close ties between the glacial AM and the cli-

mate in the North Atlantic region (7–9). The de-

gree to which such links extend into interglacial

periods is an open question. We have previously

reported on a Chinese Holocene record of the

AM that addresses some of these issues (10).

Here, we build on that work with a higher reso-

lution absolute-dated Holocene AM record from

Dongge Cave, southern China, which we com-

pare in detail with the atmospheric 14C record

(as a proxy for solar output) and climate records

from the North Atlantic region (2, 11–13).

Stalagmite DA was collected from Dongge

Cave (25-17¶N, 108-5¶E, elevation 680 m) in

southern China. Today, the cave site has two

distinct seasons: a cool, dry season during the

boreal winter when the Siberian high establish-

es a strong anticyclone on the Tibetan Plateau

and a warm, wet season during the summer

months when the intertropical convergence zone

(ITCZ) shifts northward and monsoonal convec-

tive rainfall reaches its maximum. Our previous

studies have shown that shifts in the oxygen

isotope ratio (d18O) of the stalagmite from the

cave largely reflect changes in d18O values of

meteoric precipitation at the site, which in turn

relate to changes in the amount of precipitation

and thus characterize the AM strength (10, 14).

Chronology of the 962.5-mm-long stalag-

mite DA is established by 45 230Th dates (table

S1), all in stratigraphic order, with a typical age

uncertainty of 50 years. Sample DA grew con-

tinuously from approximately 9000 years before

the present (ky B.P., where the Bpresent[ is de-

fined as the year 1950 A.D.) until 2002 (when

the stalagmite was collected), with a nearly

constant growth rate of È100 mm per year. A

total of 2124 d18O measurements were obtained
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from along the growth axis, with an average

temporal resolution of 4.5 years (table S2). We

present two time scales, one of which is based

on linear interpolation between the 230Th dates

and is independent from all of the chronologies

to which we compare our data (Fig. 1). Another

is tuned within dating error to INTCAL98 (15)

(Fig. 1) and is used to determine the extent to

which fine-scale dating errors may affect our

correlations with other records.

The d18O values vary between –9.2 and

–6.5 °, with a typical amplitude of somewhat

less than 1 ° over time scales of decades to

centuries. As verified by our previous studies

(10, 14), Dongge Cave d18O becomes lower as

Asian summer monsoon intensifies, and vice

versa. Such anticorrelation is also observed in

the modern precipitation records near the cave

site (16).

DA d18O data shows a strong AM interval

from 9 to 7 ky B.P., followed by a gradual

weakening. This overall temporal pattern re-

sembles high-resolution Holocene precipitation

records from a southern Oman stalagmite (5),

titanium concentration data from the Cariaco

Basin, tropical Atlantic (17), and our earlier

work (10), which suggests that shifts in mean

position of the ITCZ may control temporal var-

iability of precipitation throughout the entire

low-latitude region (18). This general weaken-

ing of the Asian monsoon during the Holocene

corresponds with orbitally induced lowering of

Northern Hemisphere summer solar insolation

during this interval, which indicates that the

broad trend is caused by insolation change.

The general trend is punctuated by eight weak

AM events, each lasting È1 to 5 centuries,

centered at 0.5, 1.6, 2.7, 4.4, 5.5, 6.3, 7.2, and

8.3 ky B.P., with a temporal spacing averaging

È1.2 ky (Fig. 1). These events are, within dat-

ing error, in phase with weak southwest AM

events recorded in marine cores from the Ara-

bian Sea (19) and are possibly linked to Holo-

cene ice-rafting events in the North Atlantic (2)

(Fig. 1). Among those events, the two at 8.4 to

8.1 and 4.5 to 4.0 ky B.P. are longer in dura-

tion and larger in magnitude. They are similar

in terms of the abrupt transitions and magni-

tude (0.8 to 1.0 °), and they have one or two

brief reversions within the events. The event at

8.4 to 8.1 ky B.P. correlates with the strongest

Holocene cooling/drying event recorded at high

northern latitudes (1, 20) and subtropical tem-

perate regions (21) and in tropical ocean and

terrestrial records (4, 5, 19); it also coincides

within error with the 8.2-ky event recorded in

the Greenland ice cores (11, 12), possibly re-

lated to abrupt outflow from a Laurentide ice-

margin lake (22). Another major event at È4.4

to 3.9 ky B.P., although not clear in Greenland

records, has been reported in various localities

in China (23). Among the most abrupt events

in the Holocene Dongge record is the abrupt

lowering of AM intensity at È4.4 ky B.P. over

several decades (Fig. 1 and table S2), which

supports the idea that this sharp hydrological

change might be responsible for the collapse

of the Neolithic culture around Central China

about 4.0 ky ago (23). Strongly enhanced arid-

ity at this time is also a main feature of the

Indian monsoon as recorded in western China

(24) and is in phase with the Mesopotamian dry

event in western Asia (25).

To assess the link between solar activity and

AM intensity, we compared the detrended DA

d18O (D18O) record to the detrended atmospher-

ic 14C record (D14C), a proxy for solar activity

(15) (Fig. 2), using the tuned time scale for DA

(26). As the time scale is tuned, we consider the

resulting correlation to be a Bbest case[ scenar-

io. Visually, (Fig. 2) the larger amplitude fluc-

tuations in the AM (9T0.2 ° in the Dd18O

record) broadly agree with D14C events on cen-

tennial time scales, similar to the relation ob-

served in the record from a southern Oman

stalagmite (5). The correlation coefficient for the

full record is r 0 0.30, which indicates that some

of the variability in the AM can be attributed to

solar changes. The main discrepancy between

the two records comes at decadal time scales,

plausibly reflecting fine-scale errors in chronolo-

Fig. 1. (A) d18O time
series of the Dongge
Cave stalagmite DA
(green line). Six verti-
cal yellow bars denote
the timing of Bond
events 0 to 5 in the
North Atlantic (2). The
Chinese events that
correlate with Bond
events 3 and 5 coin-
cide within error with
the collapse of the Neo-
lithic Culture of China
(NCC) (23) and the
timing of an abrupt
outflow event from a
Laurentide ice-margin
lake (22), respectively.
Two vertical gray bars
indicate two other
notable weak AM events that can be correlated to ice-rafted debris
events (2). (B) DA age-depth (mm, relative to the top) relations. Black
error bars show 230Th dates with 2s errors (table S1). We use two

different age-depth curves, one employing linear interpolation between
dated depths and the second slightly modified by tuning to INTCAL98
(15) within the 230Th dating error (26).
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gy or, alternately, indicating that at these fre-

quencies other factors may be more important

in controlling AM variability, such as changes

in atmospheric and oceanic circulation.

Power spectral analysis of the tuned DA

d18O record shows statistically significant cen-

tennial periodicities centered on 558, 206, and

159 years (fig. S1A). These periodicities are

close to significant periods of the D14C record

(512, 206, and 148 years) (27) and to previous-

ly reported findings from spectral analysis of

another Chinese speleothem (10). Cross-spectral

analysis of the DA record and the 14C record

further shows some common periodicities (232,

129, 116, 104, 89, 57, and 54 years) (fig. S1B).

Our data, together with the other Chinese work

(10) and two Oman stalagmite d18O records

(4, 5), support the idea that solar changes are

partly responsible for changes in Holocene AM

intensity (28).

We have previously demonstrated a close

correlation between last glacial period AM

variability and the temperature change over

Greenland on millennial time scales (9, 14).

The present high-resolution DA d18O record

enables a more precise correlation between

the AM and Greenland climate on centennial

time scales and under interglacial conditions.

The smoothed, detrended DA D18O record

shows a broad similarity to the d18O records

of Greenland ice—Greenland Ice Core Project

(GRIP) (11) and Greenland Ice Sheet Project 2

(GISP2) (12)—in terms of frequent decadal-

scale and centennial-scale fluctuations (Fig.

3). Similar to Greenland ice core records, the

centennial- and multidecadal-scale AM var-

iations during the Holocene are considerable

(È0.2 to 0.7 ° in d18O) but not as large as

glacial millennial-scale variability (È1 to 2 °

in d18O) (9). Because of fine-scale uncertain-

ties in dating of records from both sites, it is

not possible to determine whether decadal-

scale variations correlate. However, the gen-

eral correlations between DA and Greenland

records are apparent on the multicentennial

scale (Fig. 3). This broad correlation is also

noticeable between DA and the new d18O re-

cord of Greenland ice ENGRIP (13)^, which

also has a long-term trend similar to DA be-

tween 0 and 3.8 ky B.P. (fig. S2). Over this

time interval, the Pearson correlation coeffi-

cient of the records reaches its highest value

of 0.57 when setting a 150-year-phase lead of

the tuned DA d18O record over the NGRIP

d18O time series (fig. S2). A lead of this mag-

nitude in this time interval would be larger

than the combined uncertainty in the DA 230Th

dating and the Greenland layer-counting chro-

nology, but not by a large amount, because

both records have errors of up to several dec-

ades. If the lead is real, given that we can

attribute at least some of the variability in the

AM to solar changes, it is plausible that the AM

responds almost immediately to solar changes

by rapid atmospheric response to solar forcing.

Because Greenland_s climate is closely tied to

the rate of production of North Atlantic Deep

Water, it is plausible that Greenland tempera-

ture lags solar forcing because of the time con-

stants involved in changing ocean circulation.

Alternatively, it is plausible that the apparent

lead is not a Btrue[ lead and that the high

Pearson correlation coefficient is simply, by

chance, higher with a 150-year offset. We note

that the DA record has significant power at

both 159-year and 206-year periods (fig. S1).

Thus, the lead could plausibly represent an off-

set of one period at one of these frequencies.

In summary, the broad decline in AM in-

tensity through the latter part of the Holocene

correlates well with other northern low-latitude

records and results directly from the orbitally

induced lowering of summer insolation affect-

ing ITCZ position and low-latitude precipitation

patterns. The centennial- and multidecadal-scale

events that characterize the AM record through-

out can, in part, be ascribed to responses to

changes in solar output. There are similarities

and correlations between the Holocene AM and

the North Atlantic climate, including both the

ice-rafted debris record and the Greenland ice

core records. Some of these correlations result

from solar forcing affecting climate in both re-

gions. It is also possible, with the 8200-year

event as the main example, that oceanic cir-

culation changes in the North Atlantic triggered

changes in the AM. Thus, changes in the Holo-

cene AM result from a number of factors, in-

cluding orbitally induced insolation changes,

changes in solar output, and changes in oceanic

and atmospheric circulation.
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Computational
Thermostabilization of an Enzyme

Aaron Korkegian,1,2 Margaret E. Black,4

David Baker,3 Barry L. Stoddard1*

Thermostabilizing an enzyme while maintaining its activity for industrial or
biomedical applications can be difficult with traditional selection methods.
We describe a rapid computational approach that identified three mutations
within a model enzyme that produced a 10-C increase in apparent melting
temperature Tm and a 30-fold increase in half-life at 50-C, with no reduction
in catalytic efficiency. The effects of the mutations were synergistic, giving an
increase in excess of the sum of their individual effects. The redesigned en-
zyme induced an increased, temperature-dependent bacterial growth rate under
conditions that required its activity, thereby coupling molecular and meta-
bolic engineering.

Enzymes are the most efficient catalysts of

chemical reactions known, enhancing reac-

tion rates by as much as 23 orders of mag-

nitude (1, 2). However, there has been little

evolutionary pressure for them to become more

thermostable than is required by their native

environment. Many studies indicate that en-

zymes (like most proteins) exhibit closely bal-

anced free energy profiles for folding and

unfolding, thereby allowing functionally impor-

tant dynamic motions and appropriate degra-

dation in vivo (3). However, in a laboratory or

industrial setting, this lack of thermostability

can lead to undesirable loss of activity (4).

The physical principles of protein folding

that result in a balance of stability and flexi-

bility, while maintaining function, are not per-

fectly understood and have been difficult to

exploit for the development of thermostabilized

enzymes (4). For hyperthermophiles, se-

lective pressures have generated proteins

with denaturation temperatures upwards of

110-C (5). Their proteins exhibit topologies and

stabilizing interactions similar to those from

mesophilic and thermophilic organisms (6, 7),

leading to diverse hypotheses regarding their

relative behaviors (8). However, a key mech-

anism for thermostabilization appears to be the

optimization of interactions between amino

acids within a protein_s core (5), complement-

ing computational design methods that opti-

mize a sequence for a given fold (9–13).

The thermostabilization of an enzyme

presents additional challenges for computa-

tional protein design methods, because the

active-site substrate geometry and the molec-

ular dynamic behavior during an enzymatic

reaction often appear fine-tuned for maxi-

mum catalytic efficiency (2, 3). Therefore, the

design method must be capable of predicting

thermostabilizing mutations within a given

fold while minimizing any shift in the back-

bone that might structurally disrupt the active-

site structure or quench its flexibility.

In the past several years, methods for com-

putational protein structure prediction and de-

sign have improved substantially (10, 11, 14).

Recently, computational design has been used

successfully in thermostabilizing noncatalytic

proteins (15–18), redesigning binding pockets

(19–23), creating a protein fold (24), and de-

signing catalytic activity into a bacterial recep-

tor (25). We use the program RosettaDesign

(26), which uses an energy function for eval-

uating the fitness of a particular sequence for

a given fold and a Metropolis Monte Carlo

search algorithm for sampling sequence space.

The program requires a backbone structure as

input and generates sequences that have the

lowest energy for that fold.

We picked the homodimeric hydrolase en-

zyme yeast cytosine deaminase (yCD), which

converts cytosine to uracil, as a target for com-

putational thermostabilization. yCD was cho-

sen because its high-resolution crystal structure

is available (27), its catalytic mechanism is well

characterized (27), it is thermolabile (28, 29),

and it has potential use in antitumor suicide

gene applications (27, 29–31). As do many

commercially useful enzymes, yCD displays

irreversible unfolding behavior at high temper-

atures (presumably because of aggregation)

rather than the more simple, fully reversible be-

havior common among model systems for the

study of protein folding. The problems inherent

in engineering such catalysts have been recently

reviewed (4). We used computational redesign

to predict a series of point mutations in the

enzyme core that might lead to thermosta-

bilization of the enzyme without losing cat-

alytic efficiency. We then prepared a series of

designed enzyme variants and determined

their folded thermostability, catalytic behav-

ior, ability to complement metabolic cytosine

deaminase activity, and three-dimensional

crystal structures.

Our general computational strategy was

largely unchanged from that described by

Kuhlman and Baker (26, 32). An energy func-

tion evaluated target sequences threaded onto

a template backbone (12, 13, 26, 33). Sequence

space was searched with an iterative Metrop-

olis Monte Carlo procedure, starting with a

random sequence, replacing a single amino

acid rotamer with a rotamer from the Dunbrack

backbone-dependent rotamer library (34), and

reevaluating the energy. Sequences with lower

energy were automatically adopted, whereas
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