
ic buffer, and a crude particulate fraction was pre- 
pared. The particulate fraction was centrifuged 
through a 20% sucrose cushion to remove cytwlii 
contaminants and then solubilized in 1 %CHAPS, 300 
mM NaCI, 5 mM EGTA, 5 mM EDTA, and 10 mM 
Na-Hepes (pH 7.5) buffer supplemented with phenyi- 
methyisulfonyl fluoride (PMSF; 200 pM) and leupep- 
tin, aprotinin, and pepstatin (2 pgml each). Immuno- 
precipitation was done by addition of a 1 : 200 dilution 
of centrifuged ascites fluid for either the AU5-specific 
or the c-MYCspecific (9.510) monodond antibodies 
(BAbCO, I ~ n e ,  CA) with GammBind-G -harose (5 
pl, Pharmacia). Proteins bound to the washed 
GammBind-G Sepharose were eluted with 1 x SDS- 
sample buffer and analyzed by 10% SDSpdyacry(- 
arnide gel electrophoresis followed by fluorography 
and autoradiography. In immunoprecipitation as- 
says, the AU5-specific antibody did not cross-re- 
act with GIRK2, nor did the c-MYGspecific anti- 
body cross-react with GIRK1, Incubation of wv- 
GIRK2- or wvGIRK2-GIRK1-expressing COS-M7 
cells in low-[Na+] media [N-methyl-D-glucamine 
(NMDG) substituted for NaCl] increased the 
amount of detectable wvGlRK2 and GlRKl chan- 
nel subunits in immunoprecipitates. We presume 

that the lower extracellular [Na+] increased the 
number of cells transfected with wvGIRK2 or wv- 
GIRK2-GIRK1 that survived. NMDG-containing 
media did not change the expression of wild-type 
GIRK2 or GIRKI . 

11. The Sac II fragment containing the coding sequence 
of wvGIRK2 or GIRK2 was blunt-ended and subcloned 
into the Ew RV site of the eukaryatic expression plas- 
mid pCDNAlfamp (Invitrogen) under control of the 
cytomegalovirus promoter. CHO cells were trans- 
fected by the calcium phosphate precipitation meth- 
od (2.3). Each dish was transfected with app~priate 
combinations of the following: CD4 (a lymphocyte 
cell surface antigen) in the L3T4 plasmid construct, 
as a marker for transfection (4 pg) (4, 3; pcDNAl/ 
amp (10 pg); pRBG4-GIRK1 (10 kg); GIRK2 (10 pg); 
or wvGIRK2 (1 0 pg). Transfected cells were identified 
by anti-CD4 fluorescence and assayed in the tight 
seal whole-cell patch clamp configuration. The pi- 
pette solution contained 140 mM K+, 142 mM Cl-, 10 
mM Hepes, 5 mM EGTA, 1 mM Mg2+, 1 pM GTP-y- 
S, and 0.1 mM ATP (pH 7.3). Bath solution contained 
140 mM K+, 142 mM CI-, 10 mM Hepes, 5 mM 
ETA,  and 1 mM Mg2+ (pH 7.3). Whole-cell currents 
were recorded at 22" 2 2°C with an Axcpatch 200A 

A Chemoau totrophically Based Cave Ecosystem 
Serban M. Sarbu, Thomas C. Kane, Brian K. Kinkle* 

Microbial mats discovered in a ground-water ecosystem in southern Romania contain 
chemoautotrophic bacteria that fix inorganic carbon, using hydrogen sulfide as an energy 
source. Analysis of stable carbon and nitrogen isotopes showed that this chemoau- 
totrophic production is the food base for 48 species of cave-adapted terrestrial and 
aquatic invertebrates, 33 of which are endemic to this ecosystem. This is the only cave 
ecosystem known to be supported by in situ autotrophic production, and it contains the 
only terrestrial community known to be chemoautotrophically based. 

Nearly all biological communities derive 
their energy and organic carbon from pho- 
tosynthesis. In the late 1970s, however, di- 
verse communities were discovered near 
deep sea hydrothermal vents (1). The food 
base for organisms in this aphotic habitat is 
supplied by chemoautotrophic organisms 
that derive their enerev from reduced inor- 

u, 

ganic compounds (2). Communities of obli- 
gate cave-dwelling organisms often inhabit 
the aphotic regions of limestone caves (3). 
However, these cave communities rely on 
organic material transported from the surface 
as a food base and are thus ultimately depen- 
dent on photosynthetic production. 

In 1986 access was obtained to a .ground- 
water ecosystem in southern Romania (Fig. 
1) having thermal waters of 21°C that are 
rich in H2S (4). This cave, Movile Cave, 
contains an abundant and diverse fauna with 
a terrestrial community composed of 30 ob- 
ligate cavedwelling invertebrate species, in- 
cluding 24 endemic species, and an aquatic 
community of 18 species with 9 endemics 
(5). Air pockets ("airbells") (Fig. 2) in the 

submerged portion of the cave contain mi- 
crobial mats composed of fungi and bacteria 
that float on the water surface and grow on 
the limestone walls (6). Incubation of mat 
samples with radiolabeled [14C]bicarbonate 
(HC0,-) resulted in the incorporation of 
radioactive carbon into microbial lipids, in- 
dicating chemoautotrophic carbon fixation 
(7). Further, ribulose 1 J-bisphosphate car- 

Llmanu Lake !,","?* * 
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recorded in symmetrical 140 mM K+, filtered at 5 kHz 
(8-pole Bessel filter), and digitized at 25 kHz 
(pCLAMP6). 
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boxylase-oxygenase, an enzyme characteris- 
tic of certain types of autotrophic organisms, 
is preient and active in homogenates made 
from the mat and in crude cell lysates of 
bacteria isolated from cave water and cul- 
tured in the laboratory (8). 

In our studv we set out to determine 
whether the chemoautotrophic production 
observed in the Movile Cave system is also 
the food base for the invertebrate species 
inhabiting this ecosystem. We used stable 
isoto~e ratio analvsis (SIRA) of carbon and , . 
nitrogen to determine the relations of select- 
ed s~ecies to the chemoautotro~hic ~roduc- 
tion'in the cave. This method a Galuable 
technique for studying food webs because 
organisms fractionate isotopes of carbon 
(13C/12C) and nitrogen (15N/14N) in pre- 
dictable ways. Consumers are typically en- 
riched by approximately 1 to 2 per mil in 13C 
and bv 3 to 5 Der mil in 15N. relative to their 
food source (9). Samples of microbial mat 
and of 10 of the 48 s~ecies of invertebrates 
were taken from ~ o i i l e  Cave for isotopic 
analysis. Some of these cave-limited species 

- - - - - -  
8% (HC03-) = -15 per mil 

- - 

Fig. 2. Cross-sectional view of an airbell in Movile 
Cave. The atmosphere in the airbells is depleted in 
0, (7 to 10%) and enriched in CO, (2.5 to 3.5%) 
and contains 0.5 to 1 .O% CH,. We determined the 
atmospheric composition using Draeger tubes. 



were also collected from three hand-excavat- 
ed wells that intercept the sulfidic aquifer in 
the area. For purposes of comparison, sain- 
ples of plant material, and of invertebrates 
ecologically similar to those sampled froin 
the cave system, were taken in the vicinity 
from a surfiace terrestrial coinm~unity, from a 
~lonsulfidic surface aquatic community, and 
fro111 the Black Sea. Additional sainples of 
invertebrates were taken froin Liinanu Cave, 
a nearby cave system (Fig. 1) that does not 
communicate wit11 the sulfidic aquifer and 
receives inputs of organic matter from the 
surface. The SIRA technique was also ap- 
plied to samples of CO, from the sulfate and 
to sainples of CO,, HC0, - ,  CH4, and 
C a C 0 ,  (limestone) froin the cave. The only 
form of biologically available nitrogen de- 
tected in the waters of Movile Cave was 
amtnonium (NH,') (7, 10, 11). 

All forms of inorganic carbon in the cave 
are isotopically light (Fig. 2). The CO, in the 
cave atmosphere is a nlixture of heavier CO, 
from the dissolution of limestone (CaCO, 
S13C = -4 per mil) by sulfilric acid (12) and 
lighter CO, presumably resulting froin oxida- 
tion of isotopically light CH4 (S1'C = -60 
per mil; Fig. 2) ascending from the deep aqui- 
fer. The H C O ,  in the water (S13C = -15 

per mil; Fig. 2) is at isotopic equilibriuin with 
CO, in the cave a t ~ n o s ~ l ~ e r e  (13). If we as- 
sune a fractionation of approximately -25 
per mil between inorganic carbon and the 
bioinass of chemoa~~totrophs (Id) ,  the carbon 
isotope values for the microbial mat (S1'C = 
-41 to -46 per mil; Fig. 2)  are as expected. 
Atinospheric CO, at the surface is isotopically 
heavier (S1'C = -7.6 per inil), and the 
S13C = -28 oer inil observed in aiiuatic 
inacrophytes from the surface aquatic habitat 
(point A4, Fig. 3 )  is consistent with an ex- 
pected isotopic fractionation of carbon of -20 
per mil by C3 plants (plants in which the first 
product of photosynthesis is a three-carbon 
acid) (15). 

The NH4+ in the cave water is isotopi- 
cally heavy (S1'N = 19.9 per mil). However, 
nitrogen in the microbial mat is isotopically 
lighter (mean 61iN = -9.11 per mil). A 
fractionation of stable nitrogen isotopes of 
-10 to -20 per lnil has been reported for 
NH4+ uptake by microbes when NH4+ is not 
limited (16). Further, nitrification (that is, 
NH4+ + NO3-) can deplete "N on the 
order of - 10 to -30 per tnil (1 7). Whether 
either of these factors is the cause of the 
observed nitrogen isotope differences be- 
tween NH4+ in the water and nitrogen in the 

include the following: pro- 
ducers P, floating micro- 15-  Surface aquatic Surface terrestrial 

samples 
bial mats; grazers: GI  , Al- 
lobophora sp. (Oligocha- 
eta, Lumbricidae); G2, I O -  
Archiboreoiulus sp. (Dip- g 
lopoda, lulidae); G3, Niph- 5 Hand-excavated well 
argus dobrogicus (Am- samples 
phipoda, Gammaridae); 
G4, Trachelipus troglobius 
(lsopoda, Trachelipidae); 
G5, Armadillidium tabaca- 
rui (Isopoda, Armadillidi- 
idae); carnivores: C1 , 
Nepa anophthalma (Hem- 
iptera, Nepidae); C2, Hae- -5 - 
mopis caeca (Hirudinea, 
Haemopidae); C3, Medon 
dobrogicus (Coleoptera, -I 
Staphylinidae); C4, Agrae- 
cina cristiani (Arachnida, -45 -40 -35 -30 -25 -20 -15 
Liocranidae); and C5, 6I3c (per mil) 
Cryptops anomalans (Chi- 
lopoda, Cryptopidae). Limanu Cave samples include the following: 11, staphylinid beetle (Coleoptera, 
Staphylinidae), and L2, clubionid spider (Arachnida, Clubionidae). Surface aquatic samples include the 
following: A l ,  Asellus aquaticus aquaticus (Isopoda, Asellidae); A2, Nepa cinerea (Hemiptera, Nepidae); 
A3, Haemopis sanguisuga (Hirudinea, Haemopidae); and A4, aquatic macrophytes. Surface terrestrial 
samples include the following: T I ,  Armadillidium sp. (Isopoda, Armadillidiidae); T2, Trachelipus sp. 
(Isopoda, Trachelipidae); T3, Roncus sp. (Pseudoscorpiones, Neobisiidae); T4, Cryptops anomalans 
(Chilopoda, Cryptopidae); T5, Scolopendra sp. (Chilopoda, Scolopendridae); and T6, clubionid spider 
(Arachnida, Clubionidae). Black Sea marine samples include the following: M I ,  Mytilus sp. (Molluscs, 
Bivalvia, Myiilidae); and M2, marine amphipods (Crustacea, Amphipoda, Gammaridae). Well samples 
include the following: W1, Niphargus dobrogicus (Amphipoda, Gammaridae); W2, Pontoniphargus raco- 
vitzai (Amphipoda, Gammaridae); and W3, Asellus aquaticus (Isopoda, Asellidae). 

Fig. 3. Stable isotope ra- 
tios of carbon and nitro- 20- 
gen for organic samples 
(1 1) .  Movile Cave samples 

microbial inats requires a better understand- 
ing of the nitrogen cycle in Movile Cave. 

Organisins sampled from Movile Cave are 
isotopically lighter in both carbon and n~t ro-  
gen than organisins sampled froin the three 
surface habitats (Fig. 3).  Isotopic ratios ob- 
served in s~udace-dwelling organisms (Fig. 3) 
reflect deoendence on ohotosvnthetic oro- 

Lirnanu Cave @ 
samples 

duct~on, whereas values for organisms froin 
blovile Cave suggest dependence on the 
cheinoautotrophic production occurring in 
the cave (Fig. 3).  This includes three pairs of 
cave-surface congeners (Cryptops T4 and C5, 
Haemopis A3 and C2, and Nepa A2 and C1; 
Fig. 3 )  for which isotopic values reflect the 
habitats in which the soecies occur. 

If the Movile Cave ecosystem were de- 
pendent on allochthonous input of organic 
material from the surface, we would predict 
that organisms in the cave would be isoto- 
pically heavier for both carbon and nitro- 
gen than comparable organisins froin the 
surface. This is the case for the two organ- 
isms sampled in Liinanu Cave (Fig. 3 ,  L1 
and L2), which are isotopically heavier 
than all (for nitrogen) or nearly all (for 
carbon) of the species sampled from the 
surface habitats. Lirnanu Cave does not 
co~nlnunicate with the sulfidic aauifer and 
is nontherinal (temperature approximately 
14°C). None of the endeinic species of Mo- 
vile Cave has ever been observed or collect- 
ed in Limanu Cave. Organ~c matter of sur- 
face origin in Liinanu Cave includes wood, 

u 

plant detritus, and vertebrate feces; the iso- 
tope data suggest that these materials pro- 
vide the food base for organisins in this cave. 

Two species of amphipods, Niphargus do- 
hogicus and Pontoniphargus racouitzai, and 
one species of aquatic isopod, Asellus aquati- 
cus, collected from the three hand-excavated 
sulfidic wells are also known from blovile 
Cave. All three sainples are enriched in the 
heavy isotopes of both carbon and nitrogen 
(Fig. 3 )  relative to sainples froin Movile 
Cave, including N. dohogicus (Fig. 3 ,  G3 
and W l ) ,  which we collected from both 
locations. The carbon and nitrogen isotope 
values from the wells are intermediate be- 
tween the values observed in Movile Cave 
and values for samples from suiface habitats. 
W e  often noted surface invertebrates on the 
well walls and found debris, s~uch as wood, in 
the water. The isotopic values for the wells 
suggest, therefore, that the organisms sam- 
pled use a mixed diet of cheinoautotrophi- 
cally produced organic inaterial and organic 
material of surface origin. 

Isotopic differences among Movile Cave 
sanlples correspond with the presumptive 
trophic status of the organisins sampled. The 
mean 61iN value for the mat. which includes 
the primary producers (P group, Fig. 3) ,  is 
-9.1 1 per inil (n = 8); for grazers (G group) 
pres~~inably feeding on the mat, the value is 
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-4.6 per mil (n  = 13); for presumed preda- 
tors ( C  group) S1'N = - 1.58 per [nil (n = 

9) .  These differences in S1'N between suc- 
cessive trophic levels of 4.51 per mil ( G  
group versus the P group) and 3.02 per [nil 
( C  group versus the G group) are statistically 
significant [Tukey's honestly significant dif- 
ference (hsd) test (18),  P < 0.011 and within 
the range of 3 to 5 per mil expected. 

Results for the C isotope data are less 
clear. Grazers (mean S13C = -40.66 per 
mil, n = 13) are significantly (Tukey's hsd 
test, P < 0.01) enriched by 3.08 per mil in 
13C relative to the mat (mean S13C = 

-43.74 per mil, n = 8), which is a greater 
degree of enrichment than expected (10). 
However, the mean 613C = -42.16 per mil 
in = 9 )  for oredators is intermediate be- 
tween and not significantly different from 
(Tukev's hsd, P > 0.05) the value for the 
Inat and grazers, which is not as expected 
(10).  Many cave-dwelling organisms are di- 
etary generalists ( 3 ) ,  and thus it is possible 
that these presumptive "predators" are in fact 
omnivores, perhaps including Inat material 
in t h e ~ r  diets. Were this the case, we would 
also expect the behavior to be reflected in 
the isotoue data for N ,  which it is not. 
Cave-dwelling organisms also tend to have 
attelluated appendages and a general in- 
crease in surface-to-volume ratio 13). For ~, 

invertebrates this call increase the propor- 
tion of exoskeleton and chitin in the indi- 
vidual. Chitin may be depleted in 13C by -2 
per mil relative to the rest of the organism 
(19). Thus, our carbon values for predators 
may reflect this "chitin effect." 

The  stable isotope data show that the Mo- 
vile Cave ecosystem derives its organic carbon 
from in situ chemoautotrophic production. As 
far as we know. all other limestone cave eco- 
systems that have been studied recluire alloch- 
thonous inputs of organic lnaterial of photo- 
synthetic origin from the surface. In addition, 
the terrestrial community in Movile Cave, 
which accounts for over 60% of the animal 
species and over 70% of the endemic species 
in the system, appears to be a com~nunity with 
a cheinoa~~totro~hic  energy base. T o  our 
knowledge, all other chemoai~totro~hically 
based communities have been described froin 
marine (20) a d  freshwater (21) habitats. The  
Movile Cave system is similar to deep sea 
vents in having a chemoautotrophic food base 
and a diverse biota. However, the cave system 
appears to lack the symbioses between cheino- 
autotrophic microbes and animals so charac- 
teristic of deep sea vent communities. 
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CC CKR5: A RANTES, MIP-1 a, MIP-I P Receptor 
as a Fusion Cofactor for Macrophage-Tropic HIV-1 

Ghalib Alkhatib, Christophe Combadiere," 
Christopher C. Broder," Yu Feng,* Paul E. Kennedy,* 

Philip M. Murphy,-I- Edward A. Berger? 

Human immunodeficiency virus-type 1 (HIV-1) entry requires fusion cofactors on the 
CD4+ target cell. Fusin, a heterotrimeric GTP-binding protein (G protein)-coupled re- 
ceptor, serves as a cofactor for T cell line-tropic isolates. The chemokines RANTES, 
MIP-la, and MIP-1 P, which suppress infection by macrophage-tropic isolates, selec- 
tively inhibited cell fusion mediated by the corresponding envelope glycoproteins (Envs). 
Recombinant CC CKR5, a G protein-coupled receptor for these chemokines, rendered 
CD4-expressing nonhuman cells fusion-competent preferentially with macrophage- 
tropic Envs. CC CKR5 messenger RNA was detected selectively in cell types susceptible 
to macrophage-tropic isolates. CC CKR5 is thus a fusion cofactor for macrophage-tropic 
HIV-I strains. 

Individual isolates of HIV-1 display mark- 
edly distinct tropisms for infection of pri- 
mary macrophages as compared with CD4'- 
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T cell lines (1-4). T h e  viral determinants 
for this cyto~ropism reside in the Env ( 1 ,  2) .  
Direct assays of fusion mediated by recom- 
binant Envs suggest that the cytotropis~ll of 
different ~solates is largely a consequence of 
the inherent rne~ubrane fuslon selectivities 
of the corresponding Envs for various CD4+ 
target cell types (5). 

Insight into the cellular determinants of 
this fi1sio11 selectivitv derives from the fact 
that CD4 must be expressed on  a human 
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