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Molecular chaperones are essential proteins that participate in the regulation of steroid 
receptors in eukaryotes. The steroid aporeceptor complex contains the molecular chap- 
erones Hsp9O and Hsp70, p48, the cyclophilin Cyp-40, and the associated proteins p23 
and p60. In vitro folding assays showed that Cyp-40 and p23 functioned as molecular 
chaperones in a manner similar to that of Hsp9O or Hsp70. Although neither Cyp-40 nor 
p23 could completely refold an unfolded substrate, both proteins interacted with the 
substrate to maintain a nonnative folding-competent intermediate. Thus, the steroid 
aporeceptor complexes have multiple chaperone components that maintain substrates 
in an intermediate folded state. 

Altllougll  the general biocheinical proper- 
ties of certain ~nolecular chaperones are 

1 

well established, much less is known about 
how different chaperones interact n i t h  
nonnative proteins in transient or stable 
complexes ( 1 ) .  Within  the eukaryotic cy- 
tosol, heteromeric complexes containing 
chapero~les and other accessory proteins 
have been identified, although their f~lnc-  
tion remains ~~ncharacterized. Perhaps the 
best studied of these colnplexes are steroid 
aporeceptors that contain the heat shock 
proteins Hap90 and Hsp70, a DnaJ protein 
(Hdj-1),  p63 ( S t i l ) ,  p48 (Hip) ,  p23, and 
the im~nunophilills (FKBP54, FKBP52, or 
Cyp-40) (2 ) .  T h e  association of the chap- 
erones Hsp93 and Hsp7O with gl~~cocor t i -  
coid and progesterone aporeceptors serves 
to maintain an  inert high-affinity hormone- 
binding state, which is activated by the 
appropriate hormone signal (3) .  T h e  p23 
protein, ~vh ich  interacts with Hsp90, is also 
required for high-affinity hormone binding; 
in the  presence of the benzoquinoid ansa- 
mycin geldanamycin, interactlolls between 
p23 and Hsp90 are disrupted (4 ) .  Although 
it has been establ~shed that Hsp90, p46, and 
Hsp70 can function as chaperones or co- 
chaperones (5,  6 )  and that the immunophi- 
lins are peptidylprolyl cis-trans isomerases 
(7), the functional properties of the  apore- 
ceptor-associated proteins p63 and $3 re- 
main uncertain. 

T o  establish whether Cyp-40, p23, or 
p6O exhibited properties of molecular chap- 
erones, we purified these proteins to homo- 
geneity and examined their activities in the 

refolding of a denatured protein substrate 
alone or in conjunction with Hsp70 and 
Hdj-1 (Fig. 1 )  (8). A step in the  chaperone- 
dependent folding reaction in which Hsp90 
exhibits a preferential ahility to interact 
n i t h  a denatured protein s~~bs t ra t e  to main- 
tain a n0nnatix.e folding-competent inter- 
mediate has been characterized (6 ) .  This 
intermediate state corresponds to a func- 
tional nonnative protein that call undergo 
additional folding events (promoted by 
Hsp'iO and Hdj-1) that lead to the  appear- 
ance of the  en:ymatically active native pro- 
tein. Guanidine hydrochlorideilenat~~red 
P-galactosidase (P-Gal) did not spontane- 
ously refold, even in the presence of Hsp90, 
Hsp70, Cyp-40, $3, p60, or Hdj-1 (<6% 
activity; Fig. 1A) .  Ho\vever, in combina- 
tion with Hsp70, . Hdj-1, and nucleotide, 
-54% of the native P-Gal activity was 
recovered (Fig. 1B). T h e  addition of Hsp90, 
p60, Cyp-40, or p23 neither enhanced nor 
inhibited the refolding activity of Hsp'iO 
and Hdj-1 (Fig. 1B). As these experiments 
were performed at  a high molar excess 
(500:  1 )  of Hsp70 and Hdj-1 relative to the 
unfolded @-Gal, the  effects of Cyp-40, p23, 
and p60 may not be apparent. Therefore, 
additional experiments \\ere perforined 
with elevated collceiltratiolls of @-Gal (up 
to 12 : 1)  in w h ~ c h  \ve observed a 2.5-fold 
stirnulatory effect of p23 on the refolding of 
P-Gal, \vhereas Hsp90, p60, and Cyp-40 
had n o  effect (9 ) .  

T o  determine whether Cyp-43, p23, and 
p60 exhibited the ~nailltenallce activity 
colnmon to Hsp90 and Hsp70, we per- 
formed order-of-addition experiments in 
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p23. After i n c ~ ~ b a t i o n  at 37"C, the  reaction 
was supplemented \vith Hsp70, Hdj-1, or 
both and the recovery of B-Gal activity was , , 
monitored. Hsp90 was highly effecti;.e in 
this chaperone ~naintenance and refolding 
assay (Fig. 2) .  In the presence of Hsp93, 
@-Gal was maintained in a folding-compe- 
tent state throughout a 2-hour period at 
37°C; likewise, both Cyp-40 and p33 were 
effective in maintaining P-Gal in a folding- 
conmetent state (a t  a 25 :  1 or 130: 1 ratio, 
respectively), albeit a t  an  interillediate effi- 
ciency relative to that of Hsp93 at equiva- 
lent concentrations (Fig. 3 )  (6 ) .  This main- 
tenance by Cyp-43 and p33 of the interme- 
diate folded state was not dependent 011 

nucleotide. Moreover, the  ability of Cyp-40 
to interact productively \vith the denatured 
substrate \vas not affected by the  immuno- 
suppressant drug cyclosporin' A, ~vh ich  sug- 
gests that the Cyp-40 chaperone activity is 
not dependent o n  peptidylprolyl cis-trans 
isomerase activity (9 ) .  In contrast to the 
chaperone activities of Cyp-43 and p23, 
p63 (at  coilcentrations up to - 1000: 1 mo- 
lar excess) did not interact productively 
with denatured p-Gal (Fig. 2) .  Thus, p6O 
and Hdj-1 did not exhibit any activity as a 
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Fig. 1. Cyp-40 p60 or p23 ne~ther ~ndependently 
refold denatured p-Gal nor st~mulate the refoldng 
act~v~ty of Hsp70 and Hdj-1 (A) Incubaton of de- 
natured @-Gal w~ th  ~nd~v~dual  components (3 2 
FM Hsp9O Hsp70 Cyp-40 p60 Hdj-1 or p23) IS 

nsuff~c~ent to promote recovery of natlve P-Gal 
act~v~ty (B) Add~t~on of Hsp90 Cyp-40(GST) 
p60 or p23 to a refold~ng react~on does not stm- 
ulate the refoldng actv iy of Hsp70 and Hdj-1 
The effect of the varous components on refoldng 
medated by Hsp70 and Hdj-1 was determ~ned by 
dlutng the denatured p-Gal n to  refold~ng buffer 
contanng only Hsp70 (1 6 pM) and Hdj-1 (3 2 
FM) or buffer supplemented w ~ t h  3 2 FM Hsp9O 
p60 Cyp-40IGST) or p23 
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molecular chaperone in this refolding assay. 
We next investigated the nature of the 

interaction between Cyp-40 or p23 and un- 
folded P-Gal in the maintenance chaper- 
one activity. Dilution of the unfolded sub- 
strate into buffer containing Hsp90, Hsc70, 
or Hsp70 prevents aggregation of the non- 
native P-Gal and mediates an apparent col- 
lapse of the unfolded P-Gal to a premono- 
mer state (6). The relative effectiveness of 
the molecular chaperones Hsp90, Hsp70, 
Hsc70, Cyp-40, and p23 in maintaining the 
nonnative P-Gal in a folding-competent 
state may indicate that each protein inter- 
acts in a distinct manner with the dena- 
tured substrate. We resolved the chaperones 
and P-Gal by native polyacrylamide gel 
electrophoresis (PAGE) or treated the re- 
action mixture with chymotrypsin. The re- 
sulting full-length P-Gal or proteolytic frag- 
ments of P-Gal were detected by protein 
immunoblot analysis (Fig. 3) (10). Dilution 
of unfolded f3-Gal into Hsc70, for example, 
maintained B-Gal in a soluble nonnative 
folded state 'that could enter a native gel 
(Fig. 3A) and was relatively resistant to 
protease digestion (Fig. 3B) (6). Interaction 
between Cyp-40 and unfolded P-Gal also 

Time (min) 

Fig. 2. Cyp-40 and p23 can maintain nonnative 
p-Gal in a folding-competent nonnative state over 
an extended period of time at 37°C. Denatured 
p-Gal (final concentration, 3.4 nM) was diluted 
1 : 125 into refolding buffer containing 1.6 pM p60, 
Cyp-40(GST), Hdj-1, or p23, and incubated at 
37°C. After 2 hours, Hsp70 (1.6 pM) and Hdj-1 
(3.2 pM) were added and p-Gal activity was mea- 
sured. As a positive control for folding activity, a 
$-Gal refolding reaction was initiated at the 2-hour 
time point by dilution of denatured p-Gal directly 
into refolding buffer supplemented with Hsp70 
(1.6 pM) and Hdj-1 (3.2 pM). As controlsfor chap- 
erone maintenance activity, the denatured p-Gal 
(final concentration, 3.4 nM) was diluted into re- 
folding buffer containing 1.6 pM BSA, Hdj-1 , or 
Hsp9O and incubated at 37°C. After 2 hours, 
Hsp70 (1.6 pM) and Hdj-1 (3.2 pM) were added 
and p-Gal activity was measured at the indicated 
time points. 

resulted in a soluble substrate that was rel- 
atively resistant to proteolysis. In contrast, 
P-Gal coincubated with either p23 or p60 
did not enter the native gel matrix and was 
sensitive to protease digestion (Fig. 3, A 
and B). These results are consistent with 
the idea that the denatured P-Gal, in the 
presence of p23 and p60, aggregates to a 
high-molecular mass complex that cannot 
enter the native gel. To test this hypothesis, 
we incubated denatured P-Gal for 2 hours 
at 37°C in the presence of bovine serum 
albumin (BSA), Hsc70, p60, Cyp-40, Hdj- 
1, or p23 and clarified the reactions by 
centrifugation to separate the insoluble ag- 
gregated protein. Samples from the super- 
natant and pellet fractions were resolved by 
SDS-PAGE, and the P-Gal was detected by 
protein immunoblot analysis (Fig. 3C). Na- 
tive P-Gal was found entirely in the super- 
natant, whereas the denatured p-Gal aggre- 
gated in the presence of BSA, p60, or Hdj-1 
and was recovered in the pellet. In the pres- 
ence of Hsc70, Cyp-40, or p23, the P-Gal 
was detected in the supernatant fraction 
(Fig. 3C), consistent with the partial main- 
tenance of the nonnative P-Gal in a fold- 
ing-competent state (Fig. 2) (6). Upon ad- 
dition of Hsp70 and Hdj-1, P-Gal enzymatic 
activity was recovered only from the Hsc70, 
Cyp-40, and p23 supernatant fractions (9). 

These results indicate that Cyp-40 
shares features in common with Hsp90, 
Hsc70, and Hsp70 by at least three criteria 
of chaperone function (protein refolding 
competency, solubility, and folding to a na- 
tive-like proteolysis-resistant state). Al- 
though p23 was as effective as Cyp-40 in 
maintaining the intermediate nonnative 
state of P-Gal and slightly stimulated 
Hsp70 and Hdj-1 refolding activity, there 

were critical features of the substrate-p23 
interaction that were distinct. In contrast to 
Cyp-40, Hsp90, and Hsp70, the interaction 
between p23 and denatured P-Gal did not 
lead to the collapse of P-Gal to a proteoly- 
sis-resistant form that could readilv enter a 
native gel matrix despite its apparent solu- 
ble state. This may suggest that p23 forms a 
stable high-molecular mass complex with 
nonnative P-Gal that is incapable of enter- 
ing a native gel matrix. The sensitivity of 
the nonnative P-Gal to protease digestion 
in the presence of p23 suggests that the 
substrate is in an extended conformation. 
To address whether maintenance of the 
nonnative P-Gal in an extended conforma- 
tion by p23 requires direct association, we 
used the chemical crosslinkers glutaralde- 
hyde and ethylene glycol-bis(succinimidy1) 
succinate (EGS) to demonstrate that the . , 

nonnative P-Gal formed a high-molecular 
mass complex with p23 (9). 

Our observations establish a role for 
Cyp-40 and p23 as molecular chaperones, 
yet p23 interacts with the nonnative sub- 
strate in a manner distinct from that of 
Cyp-40 and other chaperones. In contrast, 
p60 does not function as a chaperone de- 
spite its proposed role in complex formation 
between Hsp90 and Hsp70 (2). Perhaps p60 
serves to organize the molecular chaperones 
into a functional unit and thereby enhances 
their combined activities. However, we do 
not detect p60-dependent synergistic effects 
on Hsp90 and Hsp70 chaperone activities 
(9). Thus, we propose that interactions be- 
tween a nonnative protein and the molec- 
ular chaperones can have at least three 
distinct fates. Dilution of denatured P-Gal 
at permissive temperatures (22" to 41°C) 
into Hsp70, Hdj-1, and nucleotide results in 

Fig. 3. Cyp-40 maintains p-Gal in a B ornin 10 rnin 

soluble and proteolysis-resistant state. ~Q+>+$",LP~~$$~ 

whereas p23 does not have a similar 
effect. Denatured p-Gal was analyzed 
after incubation with BSA, Hsc70, p60, 
Cyp-40, Hdj-1 , or p23 by native PAGE, 
limited proteolysis, or centrifugation to 
resolve the soluble and pelleted mate- 
rial. (A) Native gel analysis of the soluble 
fraction of nonnative p-Gal. Denatured 
f3-Gal (final concentration. 68 nM) was 
diluted 1 : 125 into refolding buffer con- 
taining 3.2 pM BSA, Hsc70, p60, Cyp- 
40, Hdj-1, or p23: incubated 2 hours at 37°C; and then re- 
solved on native acrylamide gel electrophoresis and protein 
immunoblot analysis with anti-p-Gal. (B) Protease sensitivity of 
the denatured p-Gal was determined by incubation with the 
protease chyrnotrypsin, which was added after the 2-hour 
incubation at 37°C. Samples were removed either immediately 
(0 rnin) before addition of chymotrypsin or after a 10-min incubation with chymotrypsin and resolved on 
10% SDS-PAGE, and p-Gal was detected by protein imrnunoblot analysis with anti-p-Gal. (C) Sepa- 
ration of the nonnative p-Gal into soluble and pellet fractions by centrifugation. As a third assay of the 
folded state of the nonnative f3-Gal, the reactions were separated into soluble or pellet fractions and 
resolved on 10% SDS-PAGE, and p-Gal was detected by protein immunoblot analysis with anti-p-Gal. 
M, molecular weight marker; P, pellet fraction; and S, supematant fraction. 
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the recovery of thc native en;ymatically 
active tetramer (6 ) .  Altcrnativcly, interac- 
tion with the  indiviilual chaperones Hsp90, 
HsciO, Hsp70, or Cyp-40 ilocs not lead to 
refolding of tlic iicnat~lrcd suhstratc to its 
native state, hut ratlicr lcads to an  apparent 
collapse of the denat~lrcci P-Gal to a stable 
proteolysis-resistant nonliative intermec1i- 
ate that is suhscqucntl\- responsive to the 
refolding activity of Hsp70 and Hdj-1. W e  
suggest that tlic interaction hetween p23 
and denatureil B-Gal rcvrescnts a distinct 
activit\- that results in the lnaintcnance of 
thc P-Gal in a proteolysis-sensitive, yct sol- 
uhlc, nonnative state that can he converted 
to the nativc state upon addition of Hsp70 
anil Hdl-1. Tliese stuilics idcntifv new 
members of the family of proteins that act 
as mi~lecular chaperones. Tlie involvement 
of multiple proteins with apparently redun- 
dant chaperone ac t i~ i t i e s  in heterolneric 
colnrleses may provide diversitj' and spec- 
ificity 111 tlic regulation of the 13iological 
activlty of associated protein substrates. 
This [nay havc ilnplications for pathways of 
liormonal regulation, signal transJuction, 
and ~mmunosuppressio~i (1  1 ). 
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Influence of Nitrogen Loading and Species 
Composition on the Carbon Balance of 

Grasslands 
David A. Wedin* and David Tilman 

In a 12-year experimental study of nitrogen (N) deposition on Minnesota grasslands, plots 
dominated by native warm-season grasses shifted to low-diversity mixtures dominated 
by cool-season grasses at all but the lowest N addition rates. This shift was associated 
with decreased biomass carbon (C):N ratios, increased N mineralization, increased soil 
nitrate, high N losses, and low C storage. In addition, plots originally dominated by 
nonnative cool-season grasses retained little added N and stored little C, even at low N 
input rates. Thus, grasslands with high N retention and C storage rates were the most 
vulnerable to species losses and major shifts in C and N cycling. 

H u m a n s  havc ciramaticaIIy altered thc cy- 
cling of nitrogen o n  Eartli, doul?ling the 
natural rate of N fixation and causing at- 
mospherlc N ilcposition rates to increase 
Inore than tenfold over the last 40 years to 
current values of 0.5 to 2.5 g N 111~-' year--' 
in eastern North  Alnerica and 0.5 t ~ )  6.0 g 
N m--' ycar-' in northcrn Europe ( I ) .  Be- 
cause N is the primary nutrient l i~ni t ing 
terrestrial plant proiluction, N addition is 
causing shifts In species composition, 
ilecreases in species iliversity, ani1 chaliges 
in food-web structure In terrestrial ecosys- 
tems (2-5). This N-driven tcrrestl-ial eu- 
trophication parallels phosphorus-driven 
eutrophication In lakcs. Increased N ilepo- 
sition may lead to greater C storage in soil 
organic matter and vegetation, thus provid- 
ing a >ink for CO, and potentially explain- 
ing the globally "missi~ig C" (6).  Despite 
this, allnost no experimental ciata cxist on  
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changes in ecosystcln C in response to long- 
term N aiidition in n o n a e r i c ~ ~ l t ~ ~ r a l  ecosvs- 
tcms; rathcr, cffccts o n  C stores have been 
cstimatccl from moiiels, givilig dlvergent 
vrcdictlolls (6 ) .  , , 

'We present results of 12  years of exper- 
 mental N addition to 162 grassland plots in 
three N-limited Minnesota grasslands that  
varicd in successional age, total sol1 C ,  anil 
plant specles conlposition ( 7 ,  8). T h e  
\ io~~nges t  field (Ficld .A) was dolninated hy 
vegetation with the C3 photosynthetic 
pathway, primarily nonnative "cool-season" 
grasses and forhs, whereas the tn-CJ older 
fields (Ficlds B and C )  were dominateil bv 
native C4 "\varn-seasc~n" prairie grasses. Be- 
cause other potentially lilniting nutrients 
were supplied anii soil p H  was controlled, 
our study addresses thc  eutrophication ef- 
fects of N loadino wliile controllintr for - 
aciiiification and related hiogeocheniical ef- 
fccts that might also affect natural ecosys- 
tcms 19. 1Q). 

Nltrogeli loadlng dramatically cliangcd 
plant species composition, decreased species 
~ilr7erslty, anil incrcascd ahovcground pro- 
ductlvity In these plots ( 2 ,  7, 11).  After 12 
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