
ratio but lnajor changes in the relative inten- 
sities of the ( loo) ,  (200), and (300) reflec- 
tions, which suggests a different space group 
(1 1).  The  observed unit cell parametersoat 7.9 
GPa are a = 5.30; (2),  c = 8.633 (6) A ,  and 
V = 210.4 (3) A'. A stoichiolnetry of 1 : l  
CH4:H2 yiel~ls a much larger volume of mix- 
ing (12%). The  observed cell parameters and 
cla ratio are consistent with the wurzite struc- 
ture (B4) for t h ~ s  compound. The  spectro- 
scopic signature of thrs transition is the posi- 
tlve shift of the Q,(J) hydrogen vlbron with 
respect to the one in the pure solid at this 
pressure (Flg. 2B). R a ~ n a n  measurements of 
the Hz vibron from this phase up to 30 GPa 
showed no changes, indicating that the c a n -  
po~md is stable to at least 30 GPa (12). 

The methane-rich c o ~ n p o ~ n d  (CH4)2H2 
crystallizes as a needle-shaped crystal (Fig. 
2C). X-ray data were collected on a single 
crystal grown from a starting colnposition of 
40% Hz at 5.6 GPa. The  unit cell was bct 
(space groLip 14/mcm) wrth a = 7:23 1 ( I ) ,  c = 

5.934 (1) A and V = 310.3 (1) A', for Z = 4. 
This structure is similar to the A12Cu-type 
structure (13), with the CH4 lnolecules occu- 
pying the A1 sites and the H2 molec~~les oc- 
cupying the Cu  sltes (Fig. 3B). Based on sim- 
ple consrderations of hard sphere packing, thrs 
is not surprising because the A12Cu family of 
alloys has a similar atomic (molecular) diam- 
eter ratio In the range 1.13 : 1 to 1.61: 1. For 
compositions above 35% HZ, methane froze 
frrst; and above the peritectic pressure of 4 . j  
GPa, the compound (CH4),H2 formed 
through the perrtectic reaction CH4 (S) + L 
+ CH4 (S) + (CH4)2H2 (S). With  a com- 
positloll of 20% H,, the soft (CH4)?H2 medi- 
um provided a quasi-hydrostatic environment 
in which to study the phase transitions in pure 
methane (Frg. 2D). 

Compared to other binary systems such 
as Ar-H, (14) and He-Ne (15),  in which 
only one compound has been observed, four 
solid phases have been documented here. 
Two of the stoicl~lometric solids observed 
fall close to the colnpounds observed 111 the 
Nz-CH4 system (16).  However, in contrast 
to that system, no  unmixing was observed 
in the fluid phase. This comparison reveals 
a number of systematics in the structures of 
these new compounds. T h e  forlnation of 
these van der Waals (molecular) com- 
pounds is essentially dictated by the effi- 
cient packlng of hard spheres (17) used to 
rationalize the  structures of metallic alloys. 
For C H 4 ( H z ) z ,  the structure is similar to 
that of A r ( H z ) 2  (14) ,  as is expected because 
the dianleter ratios are farrly close to 1.22 : 1, 
which satisfies the condition for the forma- 
tion of a MgZn2 (Laves phase) structure (7) .  
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Comparison of Radiative and Physiological 
Effects of Doubled Atmospheric CO, on Climate 

P. J. Sellers, L. Bounoua, G. J. Collatz, D. A. Randall, 
D. A. Dazlich, S. 0. Los, J. A. Berry, I. Fung, C. J. Tucker, 

C. B. Field, T. G. Jensen 

The physiological response of terrestrial vegetation when directly exposed to an increase 
in atmospheric carbon dioxide (CO,) concentration could result in warming over the 
continents in addition to that due to the conventional CO, "greenhouse effect." Results 
from a coupled biosphere-atmosphere model (SiB2-GCM) indicate that, for doubled CO, 
conditions, evapotranspiration will drop and air temperature will increase over the tropical 
continents, amplifying the changes resulting from atmospheric radiative effects. The range 
of responses in surface air temperature and terrestrial carbon uptake due to increased 
CO, are projected to be inversely related in the tropics year-round and inversely related 
during the growing season elsewhere. 

A number of simulation studies have inves- 
tigated the impact of increasing atlnospheric 
CO,  concentration o n  the energy balance, 
precipitatron, and surface air temperature of 
the Earth. A recent assessment of the results 
produced hy different atmospheric general 
c~rculation rnociels IAGCMs) indicates that 
the globally averaged surface air temperature 
could Increase by 1.5" to 4 3 ° C  in response 
to a doubling of atmospheric C02 (1).  In  
allnost all cases, the impacts of increasing 
CO, are conventionallv associated w ~ t h  
cha&es in the ~adiatron and energy balanc- 
es; pl~ys~ologically induced effects o n  clrnlate 
are ignored. In  this report we investgate the 
potential for additional warnllng over the 

P. J. Sellers, G J Colatz, S. 0 .  Los, C. J. Tucker, Na- 
tlonal Aeronautics and Space Admlnistratlon, Goddard 
Space FIqht Center (NASA GSFC), Blospheric Sciences, 

continents as a result of the physiological 
response of terrestrial vegetation when ex- 
posed to an  equilibrium doubling 111 atmo- 
spher~c C02 concentration. 

Terrestrial vegetation takes up CO, for 
pl~otosyntl~esis through small pores in the leaf 
surfaces called stornates. A t  the same trme, 
water vapor from the leaf rnterior diff~~ses out 
through the stolnates to the atmosphere 
(transpiration). Plants continuously adjust the 
widths of their stonlatal apertures, apparently 
to enhance C02 uptake for a given evapora- 
tive loss of leaf water (2). Leaf stolnatal con- 
ductance to water vapor transfer appears to be 
sensitive to variations in net photosynthetic 
rate, and hence to light intensrty, tempera- 
ture, soil moisture, and atmospheric CO, con- 
centration, as well as to changes in hulnidlty 
and CO,  concentration at the leaf surface. 

Code 923, Greenbelt, MD 20771, USA ~eaf-scale models of net photosynthetic as- 
L. Bounoua, Un~vers~t~es Space Research Assoc~atlon, 
NASA GSFC, Blosrsherlc Sciences, Code 923, Green. 

silllilation, A, and stolnatal conductance, g<, 
. .  . . .  

belt, MD 20771, USA, have been formulated to describe these rela- 
D. A. Randal, D. A Dazch, T. G. Jensen, Department of tiolls [see, for example, ( 3 ) ] .  
Atmospher~c Sciences, Colorado State University, Fort 
CoIns, CO 80523, USA. 

T h e  physiological effects o n  climate 
J A. Berry and C. B. Fleld, Department of Plant Biology, cau"ed by increaslllg atlnospheric COz resu1t 
Carnegie Institution of Washington, Stanford, CA94305, from the dependence of photosynthesis and 
USA stomata1 cokductance on CO,  partial pres- 
I. Fung, Department of Earth and Ocean Scences, Uni- 
versty of Victoria, Victoria, Brltish Columbia, V8N 3x3, (Fig. of C3 

Canada. plants to 2 X C02 (a  doubling of the C O z  
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concentration) stimulates photosynthesis 
(Fig. 1, a and b) and decreases stomatal 
conductance (Fig. lc) from C (control) to P 
(physiological response to 2 X CO,). After 
long-term exposure to increased atmospheric 
CO,, plants may reduce their biochemical 
capacity for photosynthesis, V,,,. This re- 
sponse is represented by PV (physiological 
effects due to 2 x CO, with "down-regulat- 
ed" V,,,) in Fig. 1, b and c. The PV case in 
Fig. 1 depicts a maximum down-regulation 
response in which photosynthesis at 2 X 
CO, is adjusted to maintain about the same 
rate as under normal (1 x CO,) conditions. 
Down-regulation has been observed in some, 
but not all, experiments with plants grown at 
elevated concentrations of CO, (4). The 
extent of down-regulation apparently de- 
pends on species, nutritional status, and en- 
vironmental stresses (5) .  Our calculations 
indicate an associated decrease in stomatal 
conductance in the range of 25% (P) to 50% 
(PV), which is consistent with the range of 
experimental observations on trees (6) and 
herbaceous species (7). Analysis of stomatal 
densities on fossil or otherwise preserved leaf 
surfaces (8) also implies that g, has decreased 
in response to past increases in atmospheric 
CO, partial pressure. 

The lines linking the P and PV points in 
Fig. 1, b and c, thus describe the likely range 
of leaf-scale physiological responses to in- 
creased CO, in the absence of other climatic 
effects. Photosynthesis could increase signifi- 
cantly, with a small reduction in stomatal 
conductance (the P case); photosynthesis 
might remain more or less constant and g, and 
transpiration significantly reduced (the PV 
case): or something in between could occur. , , u 

The improved simple biosphere model 
(SiB2) incorporates a coupled photosynthe- 
sis-conductance submodel into its vegetation 
canopy model (3, 9 ,  10) so that the ex- 
changes of energy, water, and carbon be- 
tween the land and atmosphere are modeled 
as tightly linked processes. SiB2 has been 
linked to an AGCM (I 1 ), which also incor- 
porates simple ocean and sea-ice models 
(1 2). Global satellite data for 1987 were used 
to define the type, density, and greenness of 
the vegetation worldwide at monthly inter- 
vals (1 3). The use of these data should cor- 
rect many biases in earlier survey-based de- 
scriptions; for example, overestimation of 
vegetation density in the boreal forest (14). 
The satellite data form the basis for specify- 
ing monthly fields of albedo, surface rough- 
ness, and a canopy light-use parameter that 
is used to scale up the leaf physiological 
model to the canopy scale (that is, to inte- 
grate leaf photosynthesis to canopy photo- 
synthesis) and leaf conductance, g,, to can- 
opy conductance, g, (9). The model also 
calculates the contributions of canoDv inter- 

& ,  

ception loss and soil evaporation to the total 
evapotranspiration flux. The results from 

large-scale field experiments (15) have been 
used to test the scaling assumptions involved 
in the use of area-averaged satellite data to 
describe the vegetation state. The combined 
SiB2-GCM produces plausible fields of 
evapotranspiration, carbon assimilation, and 
surface energy-balance components in addi- 
tion to reasonable climate simulations (I I). 
Simulations produced by the SiB2-GCM 
have been used in other biosphere-atmo- 
sphere studies (1 6). 

We conducted model runs at 7.2" by 9.0" 
spatial resolution and nine layers in the ver- 

Partial pressure of C02 (Pa) 

Fig. 1. Leaf photosynthesis and conductance re- 
sponses to local increases in atmospheric CO, for 
light-saturated conditions, based on leaf-scale 
model results. (a) Dependence of leaf photosyn- 
thesis for C, and C, vegetation on exterior air CO, 
concentration. (b) C, photosynthesis curves for 
unadjusted (C and P cases) and down-regulated 
(PV case) physiology. The down-regulated photo- 
synthetic rate at 2 X CO, is the same as the 
control case (1 X CO,) photosynthetic rate. (c) 
Effects on stomatal conductance. Curves show 
the dependence of stomatal conductance with 
increasing CO, for unadjusted vegetation (P case) 
and down-regulated physiology (PV case). 

tical. First, we ran the model using observed 
climatological sea surface temperatures and 
the current 1 x CO, concentration [350 
parts per million (ppm)] for 10 years to ob- 
tain the implied ocean heat transports (12, 
17) and initial conditions for the experimen- 
tal runs. This was followed bv six 30-vear 
integrations (runs) in which sea surface tem- 
peratures and sea ice were permitted to 
evolve with time (Fig. 2). 

1) The control (C) run. This consisted 
of an integration from the initial conditions 
out to 30 years using 1 X CO, (350 ppm) 
for both the radiative transfer code in the 
AGCM and the vegetation physiological 
model. 

2) The physiology-only (P) run. The 
CO, concentration in the AGCM bound- 
ary layer was maintained at 2 x CO, (700 
ppm) and thus directly influenced the pho- 
tosynthesis-conductance model (see Fig. 1). 
In this run, the biome-dependent physio- 
logical parameter that limits the maximum 
photosynthetic rate V,,, was the same 
("unadjusted") as in the control run. The 
radiation code operated on a 1 x CO, (350 
ppm) CO, atmosphere. 

3) The down-regulated physiology (PV) 
run. The assimilation rates calculated for 
each grid point for the last 10 years of the C 
and P integrations were time-averaged and 
ratios were determined (CIP). These ratios . . , 

were used to reduce proportionally the V,,, 
values at every grid point to simulate a large 
down-regulation effect. The result is that, at 
2 x CO,, the assimilation rates calculated 
by the vegetation model in the PV run 
should approach those produced 'in the C 
case (see Fig. lb). 

4) The radiation-only (R) run. This is a 
conventional 2 X CO, integration in 

Fig. 2. Sequence and type of numerical experi- 
ments performed with the biosphere-atmosphere 
model SiB2-GCM. Each case is described in the 
text. 
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which only the AGCM radiative transfer 
code responds to 2 X C02;  the vegetation 
"sees" only 1 X C02. 

5) The radiation plus physiology (RP) 
run. This is a combination of the R and P 

treatments; the atmospheric radiation code 
works with 2 X CO, as does the (unadiust- 

everywhere. The P and RP runs had signif- 
icantly higher A values than did their 1 X 
C02 (physiology) counterparts, the C and 
R cases, respectively. These results were 
anticipated from an inspection of Fig. 1. 
The down-regulated A values (PV and RPV 
cases) are slightly increased, -lo%, over 
the control case (C). This difference indi- 
cates that the down-regulation of A in the 
PV and RPV treatments was not complete, 
largelv because A is enhanced at elevated 

. , 
ed) physiology. 

6) The radiation plus down-regulated 
physiology (RPV) run. The assimilation 
fields of the last 10 vears of the C and RP 
runs were averaged and their ratios were 
applied to the Vmax fields in the same way as 
for PV. We then ran the RPV case forward 
using these adjusted fields and 2 Y C02 
values for both the AGCM radiation code 
and the atmospheric boundary layer in con- 
tact with the vegetation. 

Table 1 shows assimilation rate (A), can- 
opy conductance (&); evapotranspiration 
rate (E), precipitation, and surface air tem- 
perature (T) values for each run and also the 
changes relative to the control run. 

The impact of the radiation-only (R 
case) treatment on assimilation (A) was 
very small; the assimilation fields generated 
in the C and R cases were almost identical 

cdi2 concentrations in C3 plants at lower 
light intensities; that is, when Vmax is not 
limiting. 

The overall effect of down-regulation 
(PV and RPV cases) was to reduce g, values 
by 35% relative to the C or R cases, whereas 
the unadjusted physiology treatments (P and 
RP cases) gave reductions of -25%. This 
range of responses falls within that observed 
in laboratory and field 2 x C02 manipula- 
tion experiments (4-7). There is little dif- 

Table 1. Summary of results from the six experiments described in the text: C (control; 1 X CO, for 
radiation and physiology); P (1 x CO, for radiation, 2 X CO, for physiology); PV (1 X CO, for radiation, 
2 x CO, for down-regulated physiology); R (2 x CO, for radiation, 1 X CO, for physiology); RP (2 X CO, 
for radiation, 2 x CO, for physiology); and RW (2 x CO, for radiation, 2 x CO, for down-regulated 
physiology). Values are means for the last 10 years of the 30-year simulations. Values in parentheses are 
the percent differences from C, except in the case of surface air temperature where the values are the 
differences from C. Dashes indicate not applicable. 

Assimilation Canopy Evapo- Surface air 
Ex~eri- (pmol ,,-2 conductance transpiration Precipitation temperature 
ment s- l) (mm s-l) (W m-,) (mm day-') 

("C) 

Tropics (1 4.4 OS to 14.4 ON) 
2.79 (-1 100.8 (-1 
2.06 (-26.1) 96.7 (-4.0) 
1.82 (-34.8) 96.5 (-4.2) 
2.81 (0.6) 105.9 (5.1) 
2.12 (-24.1) 102.6 (1.9) 
1.79 (-35.9) 100.0 (-0.8) 

Mid-latitudes (28.8"N to 50.4 ON) 
0.79 (-1 49.6 (-1 
0.61 (-23.4) 49.3 (-0.6) 
0.49 (-38.3) 48.1 (-3.1) 
0.79 (-0.9) 52.3 (5.4) 
0.61 (-23.8) 51.5 (3.8) 
0.51 (-35.9) 50.4 (1.6) 

North latitudes (50.4ON to 72.OoN) 
0.92 (-1 38.6 (-1 
0.68 ('25.9) 37.7 (-2.2) 
0.59 (-35.7) 37.0 (-4.1) 
0.91 (-0.6) 41.2 (6.8) 
0.69 (-24.5) 39.9 (3.4) 
0.62 (-32.4) 39.0 (1 .O) 

All land points 
1.21 (-1 58.9 (-1 
0.90 (25.1) 57.6 (-2.3) 
0.78 (-35.2) 56.9 (-3.5) 
1.21 (0.2) 62.3 (5.8) 
0.92 (-23.8) 60.9 (3.3) 
0.79 (-34.1) 59.1 (0.3) 

Global land and ocean 
96.0 (-1 
95.8 (-0.2) 
96.0 (0.1) 

100.1 (4.2) 
99.9 (4.0) 
99.1 (3.3) 

C 
P 
W 
R 
RP 
RPV 

80 . : . I q ~  

B. 

30 

-aa ' : I '  

-2 0 2 4 
AT(-) 

Fig. 3. Zonal mean T for the last 10 years of the 
simulations for all land points for the experiments 
discussed in the text, expressed as differences 
from the control (1 x CO,) case. (A) January; (6) 
July. 
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ference between the g, values in the R and C 
cases, which is consistent with the A results 
discussed above. Canopy conductance gen- 
erally decreases away from the equator, fol- 
lowing the environmental and vegetation 
density gradients. We therefore expect to see 
the largest physiological impacts of 2 X CO, 
on the E rates in the tropics and smaller 
effects in the high latitudes. 

The physiological effects of P and PV act 
to reduce E as the stomata1 conductance falls 
(see Fig. lc). However, the R runs resulted in 
an increase in available energy (net radiation) 
at the Earth's surface and, in the absence of 
physiological effects, E was boosted. When 
the physiological effects were applied along 
with the radiative effects, E was progressively 
reduced (in the RP and RPV cases) so that 
ultimately the global mean value of E for land 
in the RPV case was about the same as it was 
in the C case. The physiological effects thus 
largely counteracted the radiative effects on E 
in the RPV case. However, the additional 
available energy at the surface (net radiation) 
resulting from the radiative response to 2 x 
CO, was then released as sensible heat, caus- 
ing a further increase in T in the absence of 
nonlocal effects. 

For most places, the effects of the phys- 
iological treatments (P, PV, RP, and RPV 
cases) on precipitation were small com- 
pared with those of radiation (R case). 
There were only small changes in the total 
land precipitation rate in the P and PV 
cases. However, precipitation increased sig- 
nificantly in the R case, in line with most 
other AGCM 2 X CO, studies, then fell off 
slightly in the RP case and was reduced 
further in the RPV treatment. 

The regional and temporal distributions of 
the changes in T due to physiological effects 
are striking (see Fig. 3). The P and PV effects 
were generally small compared with those in 
the R runs and are consistent with the reduc- 
tions in E (Table 1) and our interpretation of 
Fig. 1. The increase in temperature in the R 
run is large in the Northern Hemisphere and 
relatively small at lower latitudes, which is in 
line with results from previous "greenhouse 
effect" (R case) studies. In July, the RP and 
RPV results showed proportionally larger in- 
creases in T in the tropics, which reduced 
the July mean meridional temperature gra- 
dient over land in the Northern Hemi- 
sphere relative to that in the R case (Fig. 
3B). Surprisingly, in January, the RP and 
RPV cases gave rise to a modest reduction 
in temperature in the land boreal zone rel- 
ative to that in the R case (see Fig. 3A), 
which is in contrast to earlier studies (18- 
20). This result implies that nonlocal effects, 
generated by the strong year-round physiolog- 
ical responses in the tropics, can affect the 
high-latitude climate. Thus, the radiative and 
physiological responses to 2 X CO, combine 
in a nonadditive way. 

The R results produced by SiB2-GCM give 
a warming at the low end of the range ob- 
tained from other numerical simulations of 
the equilibrium response to 2 X CO, (1 ): The 
total increase in global T in the R case was 
1.9"C. The effects of physiological responses 
to 2 X CO, alone, in the absence of radiative 
effects, were anticipated from a simple consid- 
eration of the role of physiological processes 
in the surface energy budget (P and PV cases). 
The combination of physiological and radia- 
tive effects produced big impacts in the trop- 
ics, where physiological effects increased the 
R-case temperature increment from 1.7"C to 
between 2.1°C (RP case) and 2.6"C (RPV 
case). The physiologically induced effects are 
concentrated around midday, and so many of 
the effects generated by the RP and RPV 
warnings would be greater than those implied 
by the increases in mean temperatures. The 
projected tropical temperature increase of 
2.6"C (RPV case) is comparable to the results 
of Amazon deforestation simulation studies, 
which typically yield increases of 2" to 4°C 
in T as a result of replacing all of the 
primary tropical forest with C4 pasture. It 
has been suggested that such a climate 
change would have substantial ecological 
effects (21). However, a doubling of atmo- 
spheric CO, is more likely to occur than is 
the complete deforestation of the Amazon 
within the next century. 

Figure 4 compares the changes in global A 
and T resulting from the different treatments; 
the total response to 2 X CO, should lie 
somewhere along the RP-RPV axes for all 
cases. The RP and RPV results in Fig. 4 can be 
compared with the sum of vectors represent- 
ing the results of separate R and P, PV treat- 
ments. We have constructed analogs to the 
RP and RPV cases using (R + P) and (R + 
PV) vectors, respectively, and have plotted 

Fig. 4. Changes in assimilation rate, AA, plotted 
against changes in surface temperature, AT, for 
different land areas for all the experiments de- 
scribed in text. All differences are defined relative 
to the control (1 x CO,) case. The vectors (R) and 
(P, PV) show the separate effects of radiation and 
physiology, respectively. (A) Tropics, 14.4"s to 
14.4"N; (6) northem latitudes, 50.4"N to 70°N; 
and (C) all land points. The dashed line joining the 
RPV and RP points is the axis linking the results of 
the combined radiation and physiology experi- 
ments (RPV and RP cases). The dotted line joining 
the "constructed" vectors (R + PV) and (R + P) is 
the analog of the RPV-RP axis, created by joining 
the points generated from the vector sums (R + 
PV) and (R + P). If the radiation and physiology 
responses were completely additive, the two axes 
(RPV-RP) and (R + PVHR + P) would lie on top of 
each other. This is almost true for the land tropics 
(A) but is obviously not true for the northem lati- 
tudes (B) or for all land points (C). This result indi- 
cates that the physiological response of the trop- 
ics may play a strong role in determining the cli- 
matic response to 2 x CO, at higher latitudes. 

them on Fig. 4. A comparison of the RP with 
(R + P), and the RPV with (R + PV) points 
indicates that the interactions between the 
radiation and physiological effects can be 
nonadditive depending on geographical loca- 
tion; that is, the two vectors cannot be treated 
independently because of nonlocal influences, 
particularly in the northern mid- and high 
latitudes (Fig. 4B). In the tropics, however, 
the results suggest that these effects are ap- 
proximately additive, presumably because lo- 
cal processes dominate in this lone (Fig. 4A). 
This result is relevant to field studies where 
vegetation canopies are exposed to enriched 
CO,. Figure 4 implies that these studies, 
which generally focus on the carbon budget, 
should also include energy budget (radiation, 
water, and heat fluxes) measurements. It will 
be necessary to combine the results from these 
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studies with the anticipated changes 111 the 
energy and water balances from AGCM in- 
vestigations in order for a colnplete picture of 
the total environmental response to increasec-l 
CO, to en1ert.e. 

In the  tropics, it is projected that the 
value of A for the terrestrial biosnhere is 
inversely related to changes in T under 2 x 
COz conditions (see the RPV-RP axis in 
Fig. 4A) .  For the northern latitudes, this is 
true for the growing season but, because of 
the  lower xvinter telllperatures associated 
with the RPV case, the mean annual A and 
T values appear to be correlated (Fig. 4B). 
For the  globe, the net result is that total A 
varies widely for little variation in  the gloh- 
a1 incan value of T (Fig. 4C) .  

\Ve performed these simulations ~lsillg ob- 
served vegetation conditions for 1987, as oh- 
tained from satellite data. We  did not consid- 
er lnorphological responses (that is, changes 
in leaf area index or greenness) or changes 111 

vegetation type (migration of biomes) in re- 
sponse to altered clilllate or plant physiology. 
H ~ ~ m a n  impacts on the distribution of vege- 
tation are likely to be important but are dif- 
ficult to pred~ct. The  potent~al effect of plant 
physiology on clilnate is simulated to be sub- 
stantially larger xvhen physiology is down- 
reg~llated than when it is not (PV versus P 
and RPV versus RP). However, there 1s a large 
~lncertainty as to whether the aggregate ter- 
restrial blospher~c response will be closer to 
the unadjusted (RP) case or the down-regu- 
lated (RPV) case. 
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The Amyloid Precursor Protein of Alzheimer's 
Disease inthe Reduction of Copper(l1) to Copper(1) 
Gerd Multhaup,* Andrea Schlicksupp, Lars Hesse, Dirk Beher, 

Thomas Ruppert, Colin L. Masters, Konrad Beyreuther 

The transition metal ion copper(l1) has a critical role in chronic neurologic diseases. The 
amyloid precursor protein (APP) of Alzheimer's disease or a synthetic peptide represent- 
ing its copper-binding site reduced bound copper(ll) to copper(1). This copper ion-me- 
diated redox reaction led to disulfide bond formation in APP, which indicated that free 
sulfhydryl groups of APP were involved. Neither superoxide nor hydrogen peroxide had 
an effect on the kinetics of copper(l1) reduction. The reduction of copper(l1) to copper(1) 
by APP involves an electron-transfer reaction and could enhance the production of 
hydroxyl radicals, which could then attack nearby sites. Thus, copper-mediated toxicity 
may contribute to neurodegeneration in Alzheimer's disease. 

T h e  nlajor colnponent of Alzheimer's dis- 
ease ( A D )  a~nyloid PA4 is derived from the 
trans~nelnbrane protein APP ( 1 ) .  T h e  cen- 
tral role of A P P  has elnerged from the ~ J e n -  
tlflcatlon of genes that cosegregate with the 
dlsease and influence PA4 for~llation (2) .  
T h e  norlnal cellular filnction of APP is 
unknown. Work with different cell lines has 
shown that the secreted or memlirane-asso- 
ciated forms of A P P  regulate cell groxvth 
and neurite length and participate in  cell- 
cell and cell-matrix adhesion ( 3 ) .  APP 
binds to collagen, laminin, anil heparan 
s~llfate side chains of proteoglycans (4) .  

APP isoforms (containing the Kunitz pro- 
tease inhibitor c-lomain) that for111 complex- 
es with extracel l~~lar  proteases are internal- 
 zed by the apolipoprotein E receptor LRP 
(low density lipoprotein receptor-related 
proteln) (5). A Zn(I1)-binding slte resides 
within APP residues 181 to 200 (6), and a 
CLI(II)-binding site resides with111 APP res- 
idues 135 to 155 ( 6 ,  7) .  Zn(I1) and Cu(1I) 
binding influence APP conformation, sta- 
bility, and homophilic interactions (6,  7). 
In the  APP gene family, both binding sites 
are conserved in APLP2, whereas in APLPl 
only the  Zn(I1) site 1s present ( 6 ,  7) .  

In neurons. APP is first delivered from 
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