
Nucleotide-iron-Sulf ur Cluster Signal Transduction 
in the Nitrogenase Iron-Protein: The Role of Asp125 

Dana Wolle, Dennis R. Dean, James Bryant Howard* 
Electrontransfer in nitrogenaseinvolvesa gating process initiatedby MgATP (magnesium 
adenosine triphosphate) binding to Fe-protein. The redox site, an 4Fe:4S cluster, is 
structurally separated from the MgATP binding site. For MgATP hydrolysis to be coupled 
to electron transfer, a signal transduction mechanism is proposed that is similar to that in 
guanosine triphosphatase proteins. Based on the three-dimensionalstructure of Fe-pro-
tein, Asp1*=' is likely to be part of a putativetransduction path. Altered Fe-proteinwith Glu 
replacingAsp has been preparedand retainsthe abilityfor the initial nucleotide-dependent 
conformational change. However, either MgADP or MgATP can induce the shift and Mg 
binding to the nucleotide is no longer essential. 

T h e  nitrogenase complex is the bacterial 
enzyme system for the reduction of dinitro-
gen gas to ammonia. The enzyme is a 
reversible complex of two metalloproteins, 
the MoFe-protein and the Fe-protein. 
Whereas the MoFe-protein contains the 
site of substrate reduction, the Fe-protein is 
the exclusive electron donor for the reac-
tion (1. 2 ) .  The distinctive role of the. ,  , 

Fe-protein stems from the necessity for qua-
si-unidirectional electron transfer between 
components in order for the MoFe-protein 
to accumulate the multiple number of elec-
trons needed to reduce substrates. Electron 
transfer is coordinated by the hydrolysis of 
two Fe-vrotein-bound MeATP molecules-
(2) in an elegant molecular switching or 
"gating" mechanism. Because MgATP hy-
drolysis occurs only when the complex is 
formed, nonproductive electron transfer is 
avoided. Although structural details of the 
gating process are not known, there is 
ample physiochemical evidence for differ-
ent, nucleotide-dependent conformational 
states in the Fe-protein (2-4). One dramat-
ic manifestation of two conformational 
states is the susceptibility of the redox-
active 4Fe:4S cluster to chelators. The clus-
ter is exposed and can be chelated only 
when MeATP is bound: the cluster is se-
questeredV and chelation is inhibited by 
MgADP (4). Apparently, electron transfer 
occurs during the switching between these 
two states [nonhydrolyzable ATP analogs 
induce Fe chelation but do not support 
substrate reduction (4)]. 

The new x-ray diffraction structure for 
Av2-WT (wild-type Azotobacter vinelandii 
Fe-protein) allows one to consider potential 
gating mechanisms (5). As had been sus-
pected, the nucleotide binding sites include 
the "Walker type-A and type-B" primary 
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sequences (6), residues 9 to 16 and 125 to 
128 of Av2-WT (7). Likewise, the single 
4Fe:4S cluster, the site of electron transfer, 
is located at the interface between the two 
identical Av2-WT subunits and is syrnmet-
rically liganded by the two pairs of cys-
teines, Cys97and Cys13' (8). Most signifi-
cantly, the nucleotide binding domain is 
well separated from the bridging cluster, 
and for events at the nucleotide site to be 
expressed at the cluster, conformational 
changes must occur (3-5). 

The crystal structure of Av2-WT reveals 
substantial homology in the secondary 

structures of Av2-WT and the guanosine 
triphosphatase (GTPase), p21Ta (5, 9). In 
addition, nitrogenase and the G-protein 
family have in common the use of nucleo-
tide hvdrolvsis as a kinetic mechanism to. , 

temporally switch between two conforma-
tions (2, 9). The similarity of their struc-
tures may lead to their function as switch-
ing enzymes. In the case of nitrogenase, 
electron transfer occurs during the confor-
mational change that serves as the opening 
and closing of the pathway (1O),  which 
results in the essentially unidirectional, in-
termolecular electron transfer. Another 
common feature is that nucleotide hydroly-
sis occurs in association with a second 
component, MoFe-protein for nitrogenase 
or GAP (GTPase-activatingprotein) for G 
rotei ins. A number of functionallv im~or-, . 
tant residues are also conserved, such as 
Lys15, Ser16, and AsplZ5of the Av2-WT 
sequence (11). We investigated the role of 
AsplZ5 because the analogous residue in 
p21Tm(Asp57)is a ligand of the nucleotide-
bound Mg and appears to participate in 
transmitting a conformational change upon 
nucleotide hydrolysis. Indeed, in p21rmthe 
largest a-carbon movement is 7 to 11 resi-
dues down from Asp57(9), or by extrapo-
lation to Av2-WT, conformationalchanges 
transmitted by AsplZ5would include the 
cluster ligand Cys13'. 

Fig. 1. Chelation of Fe with 
a-a' bipyridyl from (A) Av2-
WT and (B) Av2-D125E.An-
aerobic quartz cuvettes 
contained 50 mM tris buffer, 
pH 8.0,15mM Na,S,O,, 7.5 
pM Av2-WT or 7.6 pM Av2-
D125E, k10 mM MgCI,, 
and 4 mM nucleotide. Che-
lation reactions were initiat-
ed by the addition of 40 mM 
a-a' bipyridyl stock solution 
(2 mM final concentration) 
and were monitored by the 
increase in absorbance at 
520 nm due to the Fe(a-a' 
bipyridyl), complex. (A) 
(-), no added nucleo-
tide; (- - - -), + ADP; ( ) ,  + 
ATP; (--), + MgADP; and 
(a*-..-), + MgATP. (B) (-), 
no nucleotide added; ( ) ,
+ MgADP; (- - - - -), + ADP; 
(--), + ATP; and (----), + 
MgATP. 
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To investigate the role of AsplZ5in the 
gating process, an altered Av2 with a glu-
tamic acid substitution at position 125, 
designated Av2-D125E, was generated by 
site-directedmutagenesis (GAC +GAA), 
genomic recombination, and selection pro-
tocols we have described previously (8, 12). 
The resulting mutant A. winelandii strain, 
DJ-576, was incapable of diazotrophic 
growth and had no whole cell-acetylene 
reduction activity. Av2-D125E was isolated 
and characterized as described for other 
altered Av2 (12). As expected from the 
whole-cell studies, no substrate reduction 
activity or ATP hydrolysis was detected 
even when assay conditions modified for 
observing low and altered activity levels 
were used (12, 13). It should be noted that 
Avl (MoFe-proteinfrom A. winelandii) iso-
lated from DJ-576 was fully active. Because 
Fe-protein participates in the biosynthesis 
of FeMo-cofactor as well as in substrate 
reduction (14), for the Avl to be active, 
Av2-D125E must still function in FeMo-
cofactor biosynthesis. This result implies 
that MgATP hydrolysis is not required in 
this connection. 

In the p21"-MgGTP complex, Asps7 

Fig. 2. EDTA chelation of Fe 0.3 
from the Fe:S clusters of 
Av2-WT and Av2-D125E. 
Anaerobic quartz cuvettes 
contained 50 mM tris, pH 
8.0, 15 mM Na,S,O,, 18.8 
p,M Av2-WT or Av2-D125E, 0.2 
4 mM nucleotide,and 5 mM 3
tetrasodium EDTA. The che- 8 
lation reactions were fol- 5 
lowed by the decrease in g
protein absorbance at 390 30.1 
nm due to destruction of the a 
Fe:S cluster: (-) Av2-WT 
without added nucleotide, 
+ ADP, or + ATP; (- - - - -) 
Av2-D125E without added o.o 
nuoleotide; (--) Av2-D125E 0 
+ GTP; (- -) Av2-D125E + 
AMP; (--.-) Av2-D125E + 
ADP; and (--..-) Av2-D125E + ATP. 

indirectly coordinates Mg by way of an 
intervening water molecule (9). Upon hy-
drolysis of the GTP, Asp57shifts to direct 
coordination of MgGDP with an ensuing 
adjustment in the conformation. Hence, 
one rationale for substituting Glu for Asp in 
Av2-WT was that the extra methylene 
group might occupy the space normally 
held by the hydroxyl in the analogousp21" 
Mg-water-carboxylate ligand. To this end, 
the ability of various nucleotides to induce 
the conformational changes associated with 
"exposure" of the cluster to chelators was 
investigatedwith Av2-D125E. As shown in 
Fig. lA, the cluster in Av2-WT is chelated 
by a,af-bipyridyl only when MgATP is 
present. In striking contrast, the cluster is 
readily chelated from Av2-D125E in the 
presence of either MgATP or MgADP (Fig. 
1B). Although there is a slow rate of che-
lation in the absence of nucleotide, the rate 
is far slower than the chelation of protein 
inactivated by oxygen, heat, or pH treat-
ment. Most importantly, Av2-D125E has 
retained the nucleotide dependence of the 
chelation reaction, but now MgADP is 
capable of inducing the necessary confor-
mational change. The loss of nucleotide 
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specificity is not general because MgAMP 
or MgGTP are ineffective (Fig. 1B). 

Our design rationale anticipated that 
MgADP might be able to induce a confor-
mational change in Av2-D125E; what was 
unexpected was the change in Mg require-
ment. Metal-free nucleotides are also fully 
able to induce conformational changes in 
Av2-D125E that allow the cluster to be 
chelated (Fig. 1B). Indeed, the rate of 
chelation is faster for ADP than for 
MgADP, suggesting that ADP more closely 
mimics MgATP. The possibility that trace 
metals might be affecting our results was 
tested by using EDTA, which effectively 
removes most metals from nucleotides. The 
cluster is chelated by EDTA only from 
Av2-D125E and only if ATP or ADP is 
present (Fig. 2). 

The difference between Av2-WT and 
Av2-D125E is also evident in direct ADP 
binding measurements. In spite of experi-
mental variation inherent in working with 
these extremely oxygen sensitive proteins, 
there is a significant change in the number 
of MgADP binding sites in Av2-D125E in 
the concentration range of the nucleotide 
used in our studies (15). As shown in Fig. 
3, the best fit of the binding data is for 
approximately two sites in Av2-D125E ver-
sus one site in Av2-WT, although the 
apparent dissociation constants (K,'s) are 
similar. Two binding sites for Mg-free ADP 
were also found in Av2-D125E (Table I), 
whereas no ADP binding could be detected 
for Av2-WT. In the Av2-WT crystal struc-
ture, there is a partial occupancy for one 
ADP (5). It is not clear at present whether 
there is a metal associated with this ADP 
(16) or whether it represents a tightly 
bound ADP (with without associated met-
al) that does not readily exchange with 
solution ADP. 

The effects of the Glu substitution for 
AsplZ5can be evaluated in light of the new 
x-ray structure (5). An abbreviated view of 
the nucleotide binding site in Av2-WT is 
shown in Fig. 4. As pointed out by Geor-
giadis et al. (5), there are two potential 

Fig. 3. Binding of MgADP to Av2-WT (0)and 2.0 Table 1. Summary of thermodynamic constants 
for the binding of ADP and MgADP to Av2-WT 
anctAv2-D125Eby the method of Tso and Burris 
(18).Fitting of the data sets was performed with 
a nonlinear cu~e-fittingprogram based on the 
Marquardt algorithm (19);KDis the dissociation 
constant, and n is the number of sites. 

Av2-D125E (W). Binding was measured by the 
gel equilibration method of Hirose and Kano 
(18),as modified by Tso and Burris (18).As-
says were performed in anaerobic 3.5-ml se-
rum vials. Each vial contained 100mM NaCI, 25 
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*Under the range of ADP examined (0.0 to 600 pM) 
less than 0.1 ADP was shown to bind or exchange into 
Av2-WT: 

mM N+S,O,, 0.0 to 600 p,M ADP, 35 pM 
Av2-WT or Av2-D125E, -c 10 mM MgCI,, and 
50 mM tris buffer, pH 8.0. Sodium [8-14C]ADP 0.5 
(57.1mCi/mmol),diluted tenfold with cold ADP 
to make a 10mM stock nucleotide solution,was 
from New England Nuclear. Assays were incu- 0. 
bated 30 min at 30°C with shaking, after which [MgADP] outside gel, free (pM)
50-FI aliquots of the assay supernatants were 
removed for liquid scintillation counting. Lines are theoretical fits to the data generated by nonlinear 
regression analysis with the Marquardt algorithm (18) (Table 1);theoretical binding curves are for 
(-) n = 1.3and K, = 170 p,M and for (- - - -) n = 2.3 and K, = 155 pM. 
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Ffg. 4. The nucleotide binding region at inter-
face of the identical Av2-VVT subunits. Dark 
lines represent the Av2 structure showing ADP 
in the intersubunit binding mode. Lighter lines 
show the position of ATP in the "Ras-like" 
binding mode, which is parallel to the subunit 
interface. Also shown in light lines are the 
hypothetical positions for G l ~ l * ~and LysiSas 
they would be in Av2-D125E. 

binding modes in Av2-WT; one, which is 
partially occupied in the crystal structure, is 
across the Av2 subunit interface and in-
cludes contacts with both subunits; the 
second site, by analogy to p21Tas,is parallel 
to the twofold svmmetrv axis with contacts 
predominantly in the individual subunits. 
In the absence of the triphosphate, Lys15 
forms a salt bridge with Asp125,or possibly 
Asp39, or perhaps both. The latter is also 
positioned to serve as a general base in 
assisting water attack on the terminal phos-
phate of ATP (5). The potential role of 
Asp125as the transducer between the nu-
cleotide site and the cluster is clear in Fig. 
4,. As seen in p21Tas,movement of the 
carboxylate toward the nucleotide could 
lead to a change in the peptide backbone 
involving the loop between Asp125and 
Cys132 and hence an alteration at the 
cluster. Substitution by the longer Glu 
acid side chain would allow the carboxy-
late to reach the shorter ADP. The loss of 
Mg requirement in Av2-D125E is more 
enigmatic although it may be that Lys15 
binds the terminal phosphates in a way 
similar to Mg yet is retained in a salt 
bridge by the longer arm of Glu. At the 
level of refinement and resolution of the 
crystal structure, detailed distance mea-
surements are precluded. However, sever-
al contacts introduced bv the longer Glu-
side chain would need to be compensated. 
Among these are interactions with the 
side chains of Ser16 and Ser44, both of 
which are likely to hydrogen bond to the 

nucleotide, and most significantly Lys15, 
which would be displaced toward a salt 
bridge with Asp39. 

Our results should be compared with the 
recent report by Seefeldt et al. (17), who 
found that replacing Lys15by Glu not only 
abolished MgATP hydrolysis but also the 
MgATP-dependent chelation. However, 
they found that nucleotides could still be 
bound to this altered Av2 (Av2-K15Q), 
albeit with either lower affinity or in lesser 
number of sites. A comparison of their 
result with the crystal structure suggests a 
possible explanation: perhaps, in the ab-
sence of Lys15,the only mode of nucleotide 
binding is the intersubunit mode. That is, 
Lys15 may be required for the Ras-like 
binding mode. Furthermore, because chela-
tion does not occur with Av2-K15Q, break-
ing of the salt bridge between Lys15 and 
Asp125,does not, in and of itself, induce 
the conformational change. 

It is now tempting to speculate about 
how the two potential modes of nucleotide 
binding might be related to the electron 
transfer gating mechanism. From inspec-
tion of the model, it appears that the 
Ras-like orientation would be preferred for 
an A ~ ~ ~ ~ - a s s i s t e dattack of water on the 
ATP y-phosphate. In this position, Lys15 
.and Asp125would assume the Ras-like 
interactions with MgATP and the induced 
conformational change would be transmit-
ted to the cluster. Hydrolysis of ATP 
would lead to a transition state from which 
the electron transfer occurs (10). Upon 
release of phosphate, MgADP could move 
to the intersubunit binding mode with the 
resulting conformational change closing 
the gate to prevent electron flow back to 
the Fe-protein. When Lys15 is removed, 
only the ADP-bound conformation is pos-
sible and no nucleotide hydrolysis or clus-
ter movement occurs. In contrast, in Av2-
D125E the Ras-like conformation is not 
only available to the triphosphate but also 
the diphosphate because of the longer arm 
of the Glu; the binding for either is trans-
mitted to the cluster. Unlike active Av2-
WT, the hydrolysis mechanism is blocked 
in Av2-D125E, the critical transition to 
the intersubunit MgADP binding mode 
does not occur, and the enzyme does not 
turnover. 

We conclude that a general mechanism 
for nucleotide-dependent signal transduc-
tion has evolved. This system includes 
common features of three-dimensional 
structure motifs as well as specific amino 
acid residues. Hence, mechanistic details 
learned about one system may be relevant 
to physiologically unrelated systems. For 
example, from our work on nitrogenase one 
would expect a D57E alteration in p21Tas 
might change the nucleotide and metal 
requirements of p21Tas. 
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Prevention of Protein Denaturation Under Heat 
Stress by the Chaperonin Hsp6O 

Jorg Martin, Arthur L. Horwich, F. Ulrich Hartl* 
The increased synthesis of heat shock proteins is a ubiquitous physiological response of 
cells to environmental stress. How these proteinsfunction in protectingcellular structures 
is not yet understood. The mitochondrial heat shock protein 60 (Hsp6O) has now been 
shown to form complexes with a variety of polypeptides in organelles exposed to heat 
stress. The Hsp60 was required to prevent the thermal inactivation in vivo of native 
dihydrofolate reductase (DHFR) imported into mitochondria. In vitro, Hsp6O bound to 
DHFR in the course of thermal denaturation,preventing its aggregation,and mediated its 
adenosine triphosphate-dependent refolding at increased temperatures. These results 
suggest a general mechanism by which heat shock proteins of the Hsp6O family stabilize 
preexisting proteins under stress conditions. 

O n  exnosure to various forms of environ-
mental stress, cells generally respond by 
increasing the rate of svnthesis of a set of 

L. 

highly conserved stress, or heat shock, 
proteins (Hsps) (1). Many stress proteins, 
including members of the Hsp70 and 
Hsp60 families, are constitutively ex-
Dressed and fulfill essential functions as 
"molecular chaperones" (2) under normal 
cellular conditions. The Hsp60s, which 
are found in bacterial cytosol as well as in 
mitochondria and chloroplasts, are high 
molecular mass, double-ring complexes 
consisting of 14 -60-kD subunits (2). 
These "cha~eronins" (3) interact with. , 
early intermediates in the protein folding 
pathway and mediate the acquisition of 
the native structure of newly synthesized 
proteins by releasing the substrate in an 
adenosine triphosphate (ATP)-dependent 
process (4-8). The ATP-hydrolytic activ-
ity of chaperonins is regulated by smaller 
co-chaperonins, ring complexes of seven 
-10-kD subunits (4, 9). 

Although most conditions that induce 
the stress response potentially lead to the 
accumulation of denatured proteins (10), 
little is known about the mechanisms by 
which Hsps might function in preventing 
denaturation or in renaturing damaged 
proteins (1). O n  exposure of Escherichia 
coli to temperatures between 42" and 
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46"C, the concentration of the bacterial 
chaperonin GroEL increases five- to ten-
fold, reaching up to 12% of total cellular 
protein. Similarly, the concentration of 
the mitochondrial Hsp60 of yeast in-
creases two- to threefold at 42°C (8, 1l ) ,  
and that of the co-chaperonin HsplO of 
mammalian mitochondria approximately 
tenfold under these conditions (12). Such 
induction may reflect an increased require-
ment for these Hsps in protecting preex-
isting proteins from denaturation. 

A large number of polypeptides were 
bound to mitochondrial Hsp60 when iso-
lated mitochondria of 35S-labeled Neuro-
spora crassa were incubated for 10 min at 
increased temperatures (Fig. 1). Mito-
chondrial extracts (13) were analyzed by 
electrophoresis on native polyacrylamide 
gels, on which Hsp60-bound polypeptides 
comigrate with the Hsp60 complex. When 
the bands corresponding to Hsp60 were 
excised and subjected to electrophoresis 
on reducing SDS-polyacrylamide gels, a 
range of polypeptides of 10 to 90 kD that 
had been associated with Hsp60 was ap-
parent. The amount of bound protein 
increased significantly after shifting the 
temperature from 32" to 39" or 46°C (Fig. 
1). A small number of proteins comigrated 
with Hsp60 already at 25"C, an unidenti-
fied polypeptide of -34 kD being most 
prominent. The total amount of 35S pre-
sent in the Hsp60-associated polypeptides 
corresponded to -10% of that in Hsp60, 
which is consistent with the observed 
capacity of the 14-subunit chaperonin to 
bind only one to two substrate molecules 
(4-6, 14). The Hsp60-associated proteins 
did not represent degradation products of 
Hsp60 (15). Protein binding to Hsp60 
occurred in the intact mitochondria be-
cause it was not prevented when a large 
excess of a,,-casein was present during 
preparation of the extracts (Fig. 1); casein 
binds to the chaperonin despite its stabil-
ity in solution (4). Similar results were 
obtained with Saccharomyces cerevisiae mi-
tochondria (16). 

Apparently, Hsp60 recognizes a variety 
of preexisting mitochondrial proteins as 

Fig. 1. Temperature-dependent association of pro-
teins with Hsp6O in organello. Aliquots (50 F I )  of 
Neurospora crassa mitochondria (5 mg of protein per 
milliliter) isolated from cells grown in the presence of 
35S0, (28)were incubated for 10 rnin at the indicated 
temperatures in buffer A [0.6M sorbitol,20 mM MOPS k~ 
(pH 7.2), 1 mM dithiothreitol (DTT),and 25 mM KCI] 
containing 4 mM magnesium acetate, 1 mM ATP, and 66
2 mM reduced nicotinamide adenine dinucleotide 
(NADH).Mitochondria were lysed in buffer A contain-
ing 7.5 mM cyclohexane diamine tetraacetic acid (to 45-
prevent ATP hydrolysis by Hsp6O) and 0.075%of the 
nonionic detergent Genapol (Hoechst,Frankfurt,Ger-
many). One sample, incubated at 3g°C, received 50 
kg of a,,-casein (Cas) before lysis. Membranes and 
insoluble material were removed by centrifugation for 
15 rnin at 30,000g. The amounts of total 35S-labeled 29 

protein in pellet fractions (containing mostly mem- 24-
brane protein) increased from -30 to 40% after a 
temperature shift from 25 to 46°C.Approximately 95% 
of total Hsp6O remained soluble upon incubation of 20-

mitochondria at the various temperatures. Superna-
tant fractions were analyzed by nondenaturing poly- 14-
acrylamide gel electrophoresis (nativePAGE) (7).The 
Hsp6O-containingband was excised and analyzed by 
SDS-PAGEand fluorography. The position of Hsp6O is + Cas 

indicated on the right, and the positions of molecular mass standards (in kilodaltons) are 
indicated on the left. 
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