
gests that d ~ e l d r ~ n  and toxaphene, a t  the 
lo\\ est doses used, appeared to have ~nduced  
the  progesterone receptor, a n  estrogen-spe- 
cific marker in mice, in a synergistic man- , L 

ner; n o  indication of this effect \\-as seen 
when measuring uterine \\-eight or uterine 
peroxidase activity. This suggests that some 
estrogen-dependent phenomena are better 
markers than others for reveal~ne svnerels- - , L, 

tic responses. Consistent with this idea is 
the  observation that  a combination of es- 
tradiol and  3,4,3',4',-tetrachlorohiphenyl 
synergistically induces pS2, a n  estrogen- 
regulated protein, but no t  another estro- 
gen responsive marker, in  the  human  
breast cancer cell line, ZR-75-1 (5 ) .  In- 
deed, synergy observed in one  cell line 
(ZR-75-11 was not  seen in another (MCF- 
7)  in the  same study ( 5 ) :  this underscores , , 

t he  importance of cell type in  determining 
estroeellic resnonses. 

A tnecha~iis~n underlying these synergistic 
effects remanls to he determined. One  of our 
working hvootheses is that under conditions 

u , A  

in \\;hich the ER tends to exist as a monomer, 
the bi~idi~lg  characteristics of two interacting 
tnoleculer are different from that observed at 
high receptor co~icentrations. We  contend 
that this lo~v ER ex~erimental condition bet- 
ter approximates ER concentrations found 
during early development [the ER content of 
uterine epithelial cells is low in fetal or Ilea.- 
horn mouse (6) or rat (71, a period critical for 
estrogen-associated disorders (a)]. During 
these sensitive periods, chetnical interactio~ls 
resultine in synergy may occur at conditions - L,,  

in lvhlch critlcal ligand-receptor or receptor- 
receutor combinations occur. 

Synergism henyeen weakly estrogenic 
cheriiicals may not be universal, as Ra- 
~namoortliy et n!. suggest. Ho~ve~ ,e r ,  synergy 
in  biological systems has a long history. Syn- 
ergy has been observed betlveen steroid hor- 
mones, d~fferent nuclear receptors (9), metn- 
bralle and nuclear receptors ( l o ) ,  drugs and 
holtnones (1 I ) ,  and temperature and hor- 
molle response (1 2).  Synergistic interactions 
have also been observed between drugs and 
temperature (13) and weakly estrogenlc 
compouniis (4).  Our  discovery of synergy of 
natural and synthetic estrogens was made by 
observmg the effects of these cornpounds o n  
the sexual clevelortnent of turtle embryos. 
W e  delllollstrated kynergy between a combi- 
nation of two polychlorinated biphenyls (4) ,  
and, more recently, two steroidal estrogens 
(14).  W e  also have recently reported that 
the buldlng of chemical mixtures to the es- 
trogen receptor from the American alligator 
occurs in a svneroistic manner (15).  Our  . - 
laboratory has sho.ivn that a combination of 
phytoestrogens produced a synergistic re- 
sponse in yeast (16). In addition, in cell 
culture studies of fish hepatocytes (17) as 
well as mammalian cells (18),  mixtures of 

weakly estrogen~c chem~cals were shown to REFERENCES 
act synergistically in stimulating estrogenic 
responses appropriate to the species. These 
flndings together suggest that the synergistic 
action of weak estrogens may he phylogeneti- 
cally conserved and therefore fundamental. 

W e  currently are evaluating the occur- 
rence of synergistic interactions of chemi- 
cals \\-it11 the  ER in  different yeast strains, 
tnammalian cells, and biological systems. 
W e  have noted synergy in some yeast 
strains, but not others, as well as an  appar- 
ent  relationship to ER concentrations (1 9). 
W e  have likewise found a synergistic inter- 
action between ovarian steroidal estrogens 
in both a yeast-based assay and the  devel- 
oping turtle (14).  These latter studies both 
confirm and extend our previous report (1)  
and suggest a ~nechanism for synergy. W e  
look forward to the continued clarification 
of this ilnportant issue. 
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Redox Stabilization of the Atmosphere and 
Oceans and Marine Productivity 

Phi l ipCe Van Cappellen and Ellery D. 111- 
gall provide a coupled biogeoche~nical box 
model to investigate whether negative feed- 
backs bet\\ een the  global c\ cles of phospho- 
rus and oxlgen tnlght have stabl11:ed the  
amount of atrnospher~c 0: d u r ~ n g  the Pha- 
nero:olc (1 ) .  We h a l e  duplicated these re- 
sults ( I ) ,  but have found that sllght modl- 
fications to  the  treatment of tectonic up l~f t  
and resultant \yeathering rates dramatically 
affect the  outputs of the moilel. 

Van Cappellen and Ingall set the rate of 
0: consumption during weathering to be 
proportional to the  global rate of uplift. T h e  
rate of O 2  production is highly sensitive to 
marine reactive P availability through in- 
teractions \\-it11 the  carbon cycle. Van Cap- 
pellen and Ingall assume that the rate of P 
~ n p u t  to the  oceans depends only o n  the  slze 
of the  terrestrial l l t hos~here  reservoir of t h ~ s  
element and not o n  aeatherlng rates. T h ~ s  
assumption T. lrtuall\ decouples the rate of 
o x ~ d a t l ~  e ea the r~ng  from that of P transfer 
to  the  oceans o n  tlme scales of tens to 
hundreds of rnlllions of years and accounts 

for the  rarid depletion in  atmosoheric 0, in 
the 1uod;l afte; a n  increase 11; up l~f t  rate 
(FIE. 1 ). It seems more Ilkel\ that the  flux of 
P to  the  oceans also depends o n  the late of 
upl~f t .  Todal ,  refractory, iietrltal P phases 
account for less than 25% of the total s o l d  
phase P in most marine sediments (21, and 
changes in total continelltal P weathering 
rates have apparently led to comparable 
changes 111 the  chemical weathering of P 
phases over a t  least the  last 100 million 
years (My) (3) .  W h e n  the  model (1 )  is run 
\ n t h  P and Fe oceanlc innuts courled to 
uplift rates, atmospheric O2 is fou11d to  rlse 
slightly rather than decrease dramatically in 
response to a n  increase in the  uplift rate 
(Fig. 1.) 

T h e  outnut of the  model (1 )  is also , , 

adversely i~.fluenced by the assumption that 
the C:P ratlo in oxlc sediments is much 
smaller (200) than in anoxic sediments 
(400 to 4000). Lower C :P  ratios in  oxic 
seditne~its are attrlhuted to  relative enrich- 
ment in P during organic matter retnineral- 
ization by aerobic benthic bacteria (4 ) ,  a 
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mechanisnl that deserves investi~ation. Cur- REFERENCES 

Fig. 1. Modeled change in atmospherlc oxygen , 50 

L 

rently available data for the C:P ratio of ma- 
1 P Van Cappeen ard E. D. r g a  Sc~ence 271, i 9 3  

rine organic matter in lnodern marine sedi- 1199e1, 

content in response to the tectonic forcing smu- O 

lllents c?o not support thls assumption (5). T o  2 K C Puttelcerg, thes~s Yale Un~bers~ty (1 990) 

D 
'.A .--- -- ,*, - 

test &is hypoth&is, studies ill -a" RR. A. Berrer, Geochirr. Cosmochim. Acta 
57, 991 11993): R.  A Berrer ard u'.-L Rao, ibid. 58, 

which modern sediments, with spatially uni- 2333 (1994); Vllk, thesis, Ullbe,-slty oi 
form accurilulation rates and bottom-arriving ,19941: G ivl. F~ l~ppe l  and ivl. L Delaney. Geochin;. 

composltlons, uni?ergo early diagenesis uniier COS"OChl". Ac'a 60 1479 1;996). 
3, K. B Fon-I, Geoiogy23, 859 11995). 

widely d~ffering conditions ot bottom water 4, Gichter, J, S, Meyer Mares, Llr17170, ocea170gr, 

oxygenation for diagenet~cally significant pe- 33. 1542 (1988): P. 'Jan Canpeen and E. D Ingall. 
riods of tirne. Such studies should attetnpt to Paieocear~ography 9, 677 ,19941: J. P Kerrn-Jes- 

persen and M Henze, Water Res. 27. E l7  (19931, J. identify C:P ratios in the benthic lnicrobial Sllaolro, Scie17ce , 55, 269 jl g67J 
biomass and assess the control o n  total 5, c, p Glenn and i\4. A, ~f ib ,ur ,  Cben; ~ e o / .  48, 325 

laton. Curves (A) and (B) show output from the 40 - ? y - -  

orginal model ( 7 ) :  cunles (C) and (D) show output 5 
from our modified verson of the model At t~me  = 30 - 

B 
0, the model shifts instantaneously from steady- w 
state conditions to a tectonc forcing regme n 5 20 
which uplift and weathering rate coeffcients are ? 

C:P ,,,,,,,, exerted by the ben th~c  b~omass. T o  
our knowledge, no publ~shed studies have et- 
fectively isolated the impact of hottom water 
O2 content on the C:P ratlo in buried inarine 
organic matter in thls manner. 

O n e  of the rnechanisrns proposed by 
Van Cappellen and Ingall for stah~lizing 
atmospherlc 02, the Fe-P burial negative 
feedhack mechanism, Lvas first described by 
us in 1994 (6)  and had received brief a t t e n  
tion several years ear l~er  (7). Other  studies 
have also concluded that feedback between 
atmospheric 0, and nutrient a\~ailability 
may have been important in regulating at- 
mospheric O2 (8).  
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tiplying k,,,l,, by 1 .5: our modifications couple the 0 50 100 150 200 250 
kinetcs of materal transfer between "land" reser- Time (My) 
voirs and ocean reservoirs by multiplying not only 
k,,l,,, but kZ5 and k,,,, by the enhancement factor of 1.5). Curves A and D represent the results from 
model runs in ilwhich only Fe(I)-bound phosphorus burial rates are inversely related to concentrations of 
0,; cunles B and C represent results from model runs n which both Fe(ll)-bound phosphorus and 
organic phosphorus burial rates are inversely related to concentrations of 0,. Avaue of 4000 was used 
for C:P,,,,,,, in B and C model runs to show the maxmum negative feedback tested Decline in 
atmospheric 0, in curves A and B is an ariifact of the decoupng of oceanic inputs of P and Fe from 
weatherng rates. R~se n atmospheric oxygen depcted in cunles C and D results from enhanced 
oceanic P nputs that Increase prmary producton, Increased primary producton leads to a larger burial 
flux of reduced carbon and causes deep ocean water to become more anoxic, ilwhich n turn favors a 
shift toward burial of Fe and S in reduced phases. These enhanced burial fluxes of reduced species more 
than offset the enhanced oxidaive weatherng of reduced species, causing a slght Increase n atmo- 
spheric 0, content. 
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Response: Central to our report ( I )  is the  
hypothesis that the redox-dependent burial 
of organic plus ir011-bound phosphi~rus in 
tnarine sediments leads to a neeatil-e feed- 
back ~nechanism atahilizing atmospheric 0: 
on geologic time scales ( I ) .  Vl7e quantita- 
tivelv tested the effectiveness of the feed- 
hack 1.y simulating the  response of the  at- 
mospheric O2 content to a fairly large ini- 
tial i~nbalance between the  rates of con- 
surnption and production of atmospheric 
0 3 .  T h e  imbalance a7as created by delibey- 
nteiy allowing the rate of oxidative Lveath- 
ering o n  land to increase after a n  uplift 
event, while delaying the  increase in  the  
rate of deli\verv of reactive P to the oceans 
hy transient storage in the terrestrial reser- 
voir [see reference 16 in ( I ) ] .  Thus, at the 

onset of the  simulation, consumption of 
atmospheric 0: greatly exceeded its produc- 
tion. T h e  proposed feedback mechanism, 
however, rapidly restored the atnlospheric 
O2 balance by acting o n  the  nlarine sedi- 
mentary burlal of organic C plus iron sul- 
fide. T h e  effectiveness of the  feedback does 
not depend on the  mechanism causing the  
initial perturbation of the 0, balance. 

Colnlan et al. argue against the decou- 
pling of the rate of 0: consumption by oxi- 
dative weathering anil the rate of reactive 

u 

pllosphor~~s delivery to the oceans that we 
used to produce the initial O2 imbalance. As 
sho~\-n  bv their simulations. if the rates re- 
main strictly proportional to one another, 
llttle effect of the feedback is observed be- 
cause, under these conditions, the uplift 
event does not produce a significant ~mba l -  
ance in  the rates of O2 consumption and 
production. Although this result does not 
directly address the validity of the proposed 
feedback mechanism, it prompts us to more 
closely exanline the possible causes for per- 
turbations of the atmospheric O2 balance. 

W e  agree 1vit11 Colrnan e t  al. that the 
flux of reactive P to the  oceans denends o n  
the  intensity of chemical weathering and, 
hence, it must s o m e h o ~ ~ ;  be coupled to  the 
rate of oxidative weathering. Nonetheless, 
the reactions and crustal c c ~ t ~ s t i t ~ e n t s  in- 
volveii in oxidative weatherino differ from 
those releasing P. Furthermore, P tnobilized 
from primary m~nerals 1s extensively recycled 
o n  land, before being supplied, under vari- 
able chemical forms, to the oceans (2) .  Thus, 
the relationship between the reactive (bio- 
available) P flux to the oceans and the rate 
of 0: uptake by weathering depends on vari- 
ables such as the lithology of dra~nage basins, 
continental topography, and climate. I t  is 
therefore ~~nlikely- that this relationship has 

0 2 4 6 8 
Organic C (weight %) 

Fig. 1. Organc phosphorus plotted aga~nst or- 
ganic C concentrations n modern Black Sea sed- 
ments. A I . ~ ~ I C  sites correspond to micro1am1- 
nated Black Sea abyssal plan deposits [Stat~ons 
9, 14, and 18A n (811. Oxic stes are from the basn 
margn and were overlan by ox~c to suboxc wa- 
ters at the tme  of corng [Statons 3, 4, 16, 16B, 
and 17 n (811. Molar organic C:P ratios are calcu- 
lated from linear regression lines forced through 
the orgin. 



remained constant over geologic time. 
Perturhatlons of the  atmospheric 0, bal- 

ance can also he produced by forcings other 
than relative chanees in  the rates of oxiila- 
tive weathering and reactive P supply to the  
oceans. A change in the intensity of ocean 
mixing, for example, ~vould rapidly change 
the net rate of atmospheric O2 procluction, 
by modifying the  oceanic burial of organic 
carbon (3) .  Holyever, it ~vould not  iinmedi- 
ately aftect the rate of 0: uptake o n  the  
continents. 

Thus, perturbations are likely to  have 
affected the  atmospheric 0, balance during 
the  Phanerozoic (4 ) .  Our  lnodeling results 
suggest that the  proposed feedback ~voulil 
have efficiently limited the impact of these 
perturbations o n  the atmospheric O2 level. 
Whether  the  feedback acted alone or in 
concert with others remains to he deter- 
ruined (5). 

According to Collnan et al., there is a 
lack of data from lnodern marine se'lirnents 
supporting an  inverse relation between the 
C:P ratio of buried organic matter and bot- 
tolm water oxygenation. W e  proposed such 
a relation o n  the hasis of a colnhination of 
data frolll lnodern marine and fresh~vater 
depositional environments, ancient shale 
sequences, wastewater treatment systems, 
and microbial studies (6). Adilltional evi- 
dence (Fig. l )  shows organic C:P ratios 
preserved in  recent Black Sea sediluents 
(7). T h e  ratios are systematically higher for 
sites ~ v i t h  permanently anoxic bottom Lva- 
ters. If the difference between oxic and 
anoxic end-members observed in the  Black 
Sea were to  be extrapolated to the entire 
ocean, our model would predict a strong 
stabilizing effect o n  atmospheric 0: [figure 
2 C  in ( 1  )]. Although Inore studlej are need- 
ed to isolate the effect of bottom water 
oxveeration from those of other environ- , - 
mental variables, the  currently avallahle ev- 
idence agrees n.ith our hypothesis. 
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Polyalanine Expansion in Synpolydactyly Might 
Result from Unequal Crossing-Over of HOXD13 

Yasuteru hluragaki et al. ( 1 )  state that syn- 
polydactaly, an  autosomal domillant condi- 
tion resulting in variable wehhlng and dupli- 
cation of the digits, results from a polyalanine 
repeat expansion in the protein HOXD13. 
They found that the normal human HOXD13 
contains 15 alanine residues near the aluino 
terminus of the protein and, in three families 
segregating synpolydactaly, the disorder was 
associated ~y i th  unusual HOXDI 3 alleles that 
predict an expansion of the polyalanine tracts 
to 22, 23, and 25 residues, respectivell-. It is 
likely that the expanded polyalanine tract 

alters or changes the f ~ ~ n c t i o n  of the mutant 
HOXD13, thereby leading to the disorder. 
However, hturagaki did not conllnent on the 
mutational lnechanisill that may lead to these 
abnorinal alleles. 

Recently, it has heen stated that expand- 
ed polyglutamine tracts are responsible for a 
numher of heredirary neurodegenerative 
diseases (2 ) .  These disorders are a result of 
the unstahle expansion of the  glurainine 
codon CAG, ~ y h i c h  is believed to result in  
an  altered f ~ ~ n c t i o n  of the mutant proteins. 
Because of these similarities, one could in- ... 0. .@. 0. 0 0 Normalallele 

mmar,aY3mmmaePclL3zccamcca@z 
Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala 

6 Famlly I 1 OE . . . . 0 . . a . . . 0 . 0 0 Norma1 allele 
X 

0 0 8 0 0 0 Normal allele 

4 . . . . 0 . . 6 . . . . 0 . . 8 . . . 0 . 0 0 Mutant allele 
a m m m ~ m m G c l c a ; a m c c a m a m m m m m m a Y 3 ~  
Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala 

Fam~ly II 

0 8 0-0 0 ONormal  allele 

eA0 @ 9 0 0 0 Normal allele 

4 
0 .a. 0 6 0 .  0 0 OMutanta i le ie I  

a m m m m m a c c r a m m a a a m ~ m m m a ~ m  
Ala Ala  la Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala 

0% 0 0 8 0 0 O ~ o r m a l  allele 

4 . . . . 0 . . 8 . . . . . . 0 . . O . . . 0 . 0 0 Mutant allele " 
Gn;~am:GCAGCGmGCTccccccmccaamEPEmmmmmar,QaY3~ 
 la   la Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala 

Fig. 1. (A) DNA sequence of the polyalanne tract of the normal human HOXDl3 gene. Each distnct 
aianine codon IS represented by a unlque c~rcie. (6) Der~vat~on of each of the three mutant HOXD73 
alleles found in synpolydactaly by unequal crossing-over of two normal alleles. Poss~ble point of 
exchange IS indcated by an X, and the result~ng readng frame IS shown below each mutant allele. 
Mutant alleles are numbered accordng to families I .  I ,  and I of the report by Muragaki eta / .  (1) 
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