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Nitrogenase: The Reaction between the Fe Protein and 
Bathophenanthrolinedisulfonate as a Probe for Interactions with 
MgATP? 

Torbjqrn Ljonesr and R .  H.  Burris* 

ABSTRACT: The reaction between the Fe( 11) chelating agent, 
bathophenanthrolinedisulfonate, and the iron-sulfur cluster 
in  the Fe protein of nitrogenase from Clostridium pasteuri- 
anum has been studied. This reaction is greatly accelerated by 
the presence of MgATP. Analysis of the relationship between 
reaction rate and concentration of MgATP supports a model 
in  which both of two binding sites for MgATP on the Fe protein 
must be occupied before the protein undergoes a conforma- 
tional change, allowing the iron-sulfur site to react rapidly with 
chelator. This model is also consistent with presently available 

N i t r o g e n a s e ,  the enzyme system that is responsible for bi- 
ological nitrogen fixation, requires ATP for its catalysis and 
hydrolyzes the ATP to ADP and orthophosphate (for reviews, 
see Zumft & Mortenson, 1975: Winter & Burris, 1976: 
Orme-Johnson & Davis, 1977). There is experimental evidence 
that the Fe protein of nitrogenase interacts with MgATP, 
followed by detectable changes in physical and chemical 
properties of the protein. N o  observations supporting direct 
interaction between MgATP and the MoFe protein have so far 
been reported. 

Tso & Burris ( 1  973) used a gel equilibration method to 
study the binding of MgATP and MgADP to purified Fe 
protein and found that the protein possesses two binding sites 
for MgATP. MgADP binds to one of these sites. The EPR '  
spectrum of the Fe protein undergoes a change when MgATP 
binds (Orme-Johnson et al., 1972; Smith et al., 1973; Zumft 
et al.. I973), suggesting that MgATP binding alters the con- 
formation of the Fe protein. Zumft et al. (1973) concluded, 
on the basis of EPR spectra of the Fe protein with different 
levels of MgATP, that the Fe protein binds 2 molecules of 
MgATP per protein molecule. The binding of MgATP lowers 
the redox potential of the Fe protein (Zumft et al., 1974: 
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data on equilibrium binding of MgATP to the Fe protein. 
MgADP inhibits the effect of MgATP on the chelator reaction 
in a manner which suggests that MgADP binds strongly to one 
of the MgATP sites and more weakly to the other. Loss of 
enzymic activity due to exposure to 0 2  or 0 "C is accompanied 
by a decrease in the ATP-specific chelator reaction. Hence, 
this reaction was used to estimate the concentration of active 
iron-sulfur centers for the purpose of computing the extinction 
coefficient of the Fe protein, giving the value Ac430nm(ox-red) 
= 6600 M-I cm-I. 

Ljones, Tso, Orme-Johnson, & Burris, cited in Burris & 
Orme-Johnson (1974) and in Orme-Johnson & Davis 
( I  977)). 

G. A. Walker & L. E. Mortenson (1973, 1974) have pre- 
sented a simple and elegant approach to studies of the inter- 
action between the Fe protein and MgATP. Earlier work had 
shown that iron-sulfur clusters in ferredoxins react with che- 
lating agents for iron, thus disrupting the clusters (Malkin & 
Rabinowitz, 1967). This reaction is rather slow unless the 
ferredoxin is denatured, and both of the nitrogenase proteins 
display similar behavior. Walker & Mortenson discovered that 
addition of MgATP would dramatically increase the rate of 
reaction between the chelating agent 2,2'-bipyridyl and the Fe 
protein. The MoFe protein showed no such response to 
MgATP. All the requirements and characteristics of the in- 
teraction between the Fe protein and MgATP that have been 
inferred from other types of experiments were observed: re- 
quirement for Mg2+ in addition to ATP, inhibition by ADP. 
little or no response to other nucleoside triphosphates. These 
observations were interpreted by Walker & Mortenson as 
evidence that the binding of MgATP changes the conformation 
of the Fe protein such that the iron sulfur site becomes more 
accessible to reaction with chelators. 

Walker & Mortenson (1974) did not measure initial ve- 
locities of the reaction with 2,2'-bipyridyl; thus precluding 
detailed kinetic analysis, Mortenson et al. (1 975) later deter- 
mined initial velocities in similar experiments and proposed 
a model for binding of MgATP to the Fe protein, but their 
model is not consistent with the data and model of Tso & 
Burris (1973). W e  have, therefore, further pursued the ap- 
proach of Walker & Mortenson. On the basis of our chelator 
experiments we propose a model for interaction between the 
binding of MgATP and reactions a t  the iron-sulfur site of the 
Fe protein; this model is consistent both with the model of Tso 
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FIGURE 1: Reaction between the Fe protein and bathophenanthro- 
linedisulfonate. Reaction mixtures contained 50 mM Besf, pH 7.0,2 m M  
Na&04,1 mM bathophenanthrolinedisulfonate, and 2 mM MgC12. To 
this was added 0.6 mg of Fe protein, and, after 3 min, 1 pmol of ATP (in 
I O  pL, final concentration 1 mM). Temperature was 25 OC and final 
volume was 1 .OO mL. 

& Burris for equilibrium binding and the model of Watt  & 
Burns (1977) for steady-state kinetics. For these experiments 
we have used the water soluble Fe(I1) chelating agent batho- 
phenanthrolinedisulfonate (4,7-diphenyl-l, 10-phenanthro- 
linedisulfonate; Blair & Diehl, 1961). This reaction can be used 
to measure the concentration of active, as opposed to inacti- 
vated iron-sulfur centers in the Fe protein, and we also report 
results of applying the reaction with chelator to measurements 
of the extinction coefficient and of cold inactivation of the Fe 
protein from Clostridium pasteurianum. 

Experimental Procedure 
The nitrogenase proteins were purified from cells of C. 

pasteurianum W5 as previously described (Tso et al., 1972) 
but with two modifications: The cell paste was not dried, but 
was frozen and stored in liquid nitrogen, and the cell-free ex- 
tracts were prepared by lysis with lysozyme (Witz et al., 1967; 
M. Henzl, personal communication). Frozen cell paste (500 
g) was mixed anaerobically with 1000 mL of 40 m M  Tris 
buffer, pH 8.5, containing 500 mg of crystalline egg white ly- 
sozyme and 20 mg of deoxyribonuclease (Sigma, type I), 
thawed rapidly, and incubated under H2 with stirring at  30 "C 
for 30 min. 

Rates of formation of the Fe(I1)-bathophenanthrolinedi- 
sulfonate complex during the reaction between the chelator 
and the Fe protein were continuously recorded with a Beckman 
DU-Gilford 222 spectrophotometer and Honeywell Electronic 
194 recorder. The absorbance increase was monitored a t  535 
nm, and results were calculated using a value of 22 140 M-1 
cm-' for the extinction coefficient of the complex (Blair & 
Diehl, 1961). Cuvettes with a 10-mm light path were sealed 
with rubber serum stoppers and evacuated and flushed with 
N2 through hypodermic needles. Unless indicated otherwise, 
ATP was the last component to be added. 

Techniques for anaerobic handling of extracts and analytical 
procedures were as previously described (Ljones, 1973, and 
references therein). 

Results 
Reaction between the Fe Protein and Bathophenanthro- 

linedisulfonate. Figure 1 shows that the Fe protein reacts with 
bathophenanthrolinedisulfonate in much the same way as with 
2,2'-bipyridyl (Walker & Mortenson, 1974). An initial rapid 
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FIGURE 2 :  Rate of reaction between the Fe protein and bathophenan- 
throlinedisulfonate as a function of ATP concentration. Reaction mixtures 
contained 50 mM Bes at  pH 7.0, 5 mM Na2S204.0.1 mM bathophen- 
anthrolinedisulfonate, 2 mM MgC12, and 120 pg of Fe protein. These 
mixtures were incubated for 3 min and different volumes of ATP solutions 
containing equimolar amounts of MgC12 were added to start the reaction. 
Final volumes were I .OO mL. Temperature was 25 "C. (a) Plots of L' vs. 
[ATP] (0) and L"I2 vs. [ATP] (0 ) :  (b) plots of r / [ATP]  vs. L; (0) and 
u ' / ~ / [ A T P ]  vs. ( 0 )  from the same experiment. The replicates are 
indicated in the plot of L' vs. [ATP]; in the other plots, only the median 
value at each ATP level is shown. 

phase in the absence of A T P  is probably due to reaction with 
iron in inactive Fe protein, followed by a slow phase which is 
probably due to the slow reaction between the chelator and 
active Fe protein in the absence of ATP. Addition of ATP then 
leads to a large increase in reaction rate. The main difference 
in the behavior of the two chelators is that the Fe protein + 
ATP reacts much more rapidly with bathophenanthrolinedi- 
sulfonate than with 2,2'-bipyridyl (50% completion in less than 
30 s with 1 m M  bathophenanthrolinedisulfonate and 1 mM 
ATP (Figure 1) vs. ca. 15 min with 5 m M  2,2'-bipyridyl and 
0.17 m M  ATP (Walker & Mortenson, 1974)). I n  agreement 
with Walker & Mortenson, we found that the reaction with 
chelator requires the presence of both Mg2+ and ATP. MoFe 
protein and bathophenanthrolinedisulfonate did not show any 
response to MgATP. 

Variation of MgATP Concentration. The rate of reaction 
between the Fe protein and bathophenanthrolinedisulfonate 
was measured at  different levels of MgATP. Cuvettes con- 
taining all components except ATP were preincubated for 3 
min before the addition of ATP. Initial rates were measured 
as the tangents to the initial parts of the curves for absorbance 
changes. By using 0.1 m M  chelator, compared with 1 m M  in 
Figure 1, we could measure the initial rates with reasonable 
precision even at  the higher levels of ATP. 

Plots of rates ( u )  vs. ATP concentration were clearly sig- 
moidal, whereas plots of the square roots of rates vs. ATP 
concentration appeared to be hyperbolic (Figure 2a). We have 
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FIGURE 3: ADP inhibition of the reaction between the Fe protein and 
bathophenanthrolinedisulfonate. Experimental conditions were as de- 
scribed in the legend for Figure 2, except that the bathophenanthro- 
linedisulfonate concentratior, was 1 .O mM and the ATP concentration was 
0.5 mM. The stock solutions of ADP and ATP contained equimolar 
amounts of MgC12. The reaction was started by addition of ATP 3 min 
after addition of the other components 

also presented the data from such an experiment in Figure 2b 
as c vs. u/[MgATP] and u 1 l 2  vs. cl12/[MgATP]. According 
to Walter ( l974),  this type of linearized plot most clearly de- 
tects deviations from hyperbolic equations of the type r = e/ 
V,,, = S / (K  + S ) .  Figure 2b shows that the data points when 
plotted as c vs. u /  [MgATP] definitely do not fall on a straight 
line; thus the chelation reaction does not follow the rate law 
u/Vmax = [MgATP]/(K, + [MgATP]).  A clear trend, which 
is most notable a t  low A T P  levels, can be seen. When plotted 
as e l l2  vs. c ' /2 / [MgATP] ,  however, the data points give a 
reasonably good fit to a straight line. K,  and V,,, were esti- 
mated to be 85 p M  and 0.84 nmol min-l by a direct linear plot 
(Eisenthal & Cornish-Bowden, 1974) to the equation i i 1 / 2  = 
c,,,'/2[MgATP]/(K, + [MgATP]),  and the line in Figure 
2b was drawn according t o  these values. 

We have carried out a number of similar experiments and 
have in each case found that plots of c' vs. c / [MgATP] show 
a similar trend in their deviation from a straight line, whereas 
plots of c1 /2  vs. cl/ ' / [MgATP] only show the deviation ex- 
pected from experimental error without any apparent trend 
in the deviations. 

Effects o fADP.  In agreement with Walker & Mortenson 
( 1  974), we have found that ADP inhibits the effect of ATP on 
the accessibility of the iron-sulfur site in the Fe protein. 
Walker & Mortenson reported a small increase in the rate of 
chelation with MgADP but with no MgATP present, but we 
have not been able to detect any such increase in rate due to 
MgADP with bathophenanthrolinedisulfonate as the chela- 
tor. 

The results in Figure 3 reveal that ADP is a rather strong 
inhibitor of the ATP-induced chelation reaction. The curvature 
in the plot of 1 / L -  vs. [ADP] was observed in each of several 
other experiments of this type. A D P  appears to bind more 
tightly than ATP, i n  agreement with the equilibrium binding 
experiments of Tso & Burris (1973) and the kinetic experi- 
ments of Ljones (1973) and Thorneley & Cornish-Bowden 
( 1  977). 

Effect of Free ATP. Thorneley (1974) reported that free 
A T P  (not complexed to Mg2+) is a competitive inhibitor of 
MgATP in catalysis with Klebsiella pneumoniae nitrogenase, 
whereas Davis & Orme-Johnson (1976) found no such inhi- 
bition with C. pasteurianum nitrogenase. W e  have examined 
the effect of free ATP on the chelation reaction with C. 
pasteurianum Fe protein, using constant levels of Mg2+ and 

a variable excess of ATP and have found no evidence for in- 
hibition by free ATP (data not shown). 

Reaction of Enzymicallj. Oxidized Fe Protein with 
Bathophenanthrolinedisulfonafe. Walker & Mortenson 
( 1  974) reported results of chelation studies with Fe protein that 
had been oxidized partially or fully by low levels of 0 2 ,  such 
that part of the enzymic activity was retained. These experi- 
ments revealed that oxygen-inactivated protein reacted very 
rapidly with 2,2'-bipyridyl. both before and after addition of 
dithionite. whereas oxidized. but not inactivated, protein 
reacted a t  an intermediate rate without dithionite and very 
slowly after reduction with dithionite. We have used batho- 
phenanthrolinedisulfonate for similar experiments, but we 
preferred to use enzymic oxidation of the Fe protein (Ljones, 
1973: M. Walker & Mortenson, 1973) with low levels of MoFe 
protein in the presence of MgATP, as this method does not lead 
to inactivation. In agreement with Walker & Mortenson 
(1974), we found a rather high rate of reaction with oxidized 
Fe protein, i.e., about five times higher than the rate with rc- 
duced Fe protein in the presence of 1 m M  MgATP. 

I t  is not known whether ATP interacts with the oxidized Fe 
protein, and information as to whether ATP influences the 
reaction between oxidized Fe protein and the chelator seemed 
pertinent. Control experiments without ATP were impossible 
when enzymic oxidation was used, but there was no evidence 
for any increase in the rate of chelation when ATP was varied 
from 25 p M  to 1 mM. The ATP level in each experiment was 
kept constant by a creatine phosphate-creatine kinase system. 
Two alternative interpretations of these observations are: ( 1 ) 
ATP has no effect on the accessibility of the iron-sulfur site 
of oxidized Fe protein or (2) ATP binds much more tightly to 
oxidized than to reduced Fe protein. Alternative (2 )  seems 
unlikely. because there was no effect of decreasing the ATP 
level from I mM to 25 pM (compare with Figure 2 for behavior 
of reduced Fe protein), and we therefore favor alternative 1 .  

Extinction Coefficient of the Fe Protein. Because of its 
extreme 0 2  sensitivity, most preparations of the Fe protein 
contain substantial proportions of 02-inactivated protein. Thus, 
estimates of extinction coefficients are likely to be i n  error 
(Ljones, 1973; M. Walker & Mortenson, 1973; Thorneley. 
1975). A comparison of rates in the steady state and during 
oxidation of excess Fe protein (Ljones, 1973) has. indeed. 
suggested that the extinction coefficient at  430 nm for the 
difference spectrum between oxidized and reduced Fe protein 
must be closer to the corresponding value for 4Fe--4S clusters 
in ferredoxins (ca. 7000 M-' cm-I: Hong & RabinoLvitz, 
1970; Stombaugh et al.. 1976) than the value of 4500 LIP' 
cm-' that was computed on the basis of protein content and 
molecular weight. 

Walker & Mortenson (1974) and Walker (1974) reported 
that the decrease in the enzymic activity of the Fe protein after 
partial 0 2  inactivation was proportional to the increase in iron 
that reacted with 2,2'-bipyridyl in the absence of ATP and 
proportional to the decrease in the ATP-dependent chelation 
reaction. We have observed similar behavior using batho- 
phenanthrolinedisulfonate; thus the ATP-dependent reaction 
with chelator measures the concentration of iron in active, as 
opposed to 02-inactivated (or cold-inactivated, see below) Fe 
protein. Comparison of absorbance changes during enzymic 
oxidation of the Fe protein (Ljones, 1973) and the ATP-spe- 
cific reaction with bathophenanthrolinedisulfonate should 
therefore provide better estimates of the extinction coefficient 
than calculations based on total protein or total iron. I n  one 
such experiment, 3.5 mg of Fe protein in 1.00 mL of 50 mM 
Bes, pH 7.0, with 0.2 mg of MoFe protein, 5 pmol of ATP. I O  
pmol of MgC12, 20 pmol of creatine phosphate, and 0.2 mg of 
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TABLE I: Cold Inactivation of the Fe Protein from C. 
pasteurianum. 

Fe released upon addition of A T P  
Time of (nmol) 

exposure to With Without 
0 "C (min) glycerol glycerol 

0 3.7 3.6 
195 4.0 3.6 
210 3.9 2.3 
340 3.1 2.2 
610 3.8 1.6 
685 3.6 1.4 

1470 3.6 0.1 

CI Solutions of C. pasteurianum Fe protein, 1.24 mg/mL in 50 mM 
Tris, pH 8.0, with 1 mM Na2S204 (and 25% glycerol, when present), 
were kept on ice in serum bottles submerged in a solution of dithionite 
and methylviologen. For assays, 100 pL of protein solution was added 
to cuvettes with 890 p L  of 50 mM Bes, pH 7.0, containing 2 pmol of 
Na2S204, 2 pmol of MgS04,  and 1 m M  bathophenanthrolinedisul- 
fonate a t  25 OC. Absorbance was recorded for 5 min, 1 pmol of A T P  
in I O  pL was added, and the absorbance was recorded for another I O  
min. The Fe protein had a specific activity of 1.7 pmol of C2H2 re- 
duced min-' (mg of protein)-'. 

creatine kinase gave A430nm = 0.22 upon oxidation, whereas 
the ATP-specific bathophenanthrolinedisulfonate reaction 
gave A53snm = 0.59 with 0.7 mg of Fe protein (see Figure 1). 
Assuming 4Fe-4S clusters, these data indicate an extinction 
coefficient, At430nm(ox-red) = 6600 M-I cm-' . A calculation 
on the basis of a protein determination indicates a value of 3770 
M-I cm-l. These observations suggest that this particular 
preparation contains 57% active Fe protein. The specific ac- 
tivity was 1.7 pmol of S 2 0 d 2 -  oxidized min-' (mg of protein)-I 
a t  pH 6.6 and 30 OC; thus there is reasonable correspondence 
between the estimated percentage of active protein, and the 
ratio of the specific activity of this preparation to the highest 
specific activity reported for C. pasteurianum Fe protein (3.1 
pmol min-l mg-'; Tso et  al., 1972). 

Four other similar experiments with enzymic oxidation and 
the ATP-specific chelation reaction gave these values of 
h t 4 3 0 n m  (ox-red) (in M-I cm-I): 6020 (one measurement); 
6500, 6840, 6770 (three measurements with the same Fe 
protein preparation on the same day). The median value was 
6600. 

Cold Inactivation of the Fe Protein. Nitrogenase from C. 
pasteurianum is cold labile, i.e., inactivated by storage a t  or 
near 0 OC (Dua & Burris, 1963), and this is due to inactivation 
of the Fe protein (Moustafa & Mortenson, 1969). This loss of 
enzymic activity is accompanied by an increase in the acces- 
sibility of the iron-sulfur site in the Fe protein to reaction with 
bathophenanthrolinedisulfonate, such that A T P  is no longer 
necessary for rapid reaction (Table I ) .  The data in Table I show 
the amount of iron that reacted with chelator only in the 
presence of ATP; a decrease in this fraction of the total iron 
was always matched by a corresponding increase in the amount 
of iron that reacted with chelator in the absence of ATP, 
Preincubation of cold-inactivated protein for 2 h a t  25 OC be- 
fore addition of chelator did not reactivate the protein; i.e., it 
did not increase the proportion of the total iron that reacted 
only in the presence of ATP. The time course of the decrease 
of active iron-sulfur sites as shown in Table I is quite similar 
to the data for loss of enzymic activity of purified Fe protein 
as reported by Moustafa & Mortenson (1969). These authors 
also reported that part of, but not all, the iron in the Fe protein 
would react with 2,2'-bipyridyl after cold inactivation. In Table 

I we also report that glycerol protects completely against cold 
inactivation. 

Walker (1974) reported that the rate of reaction between 
the Fe protein and 2,2'-bipyridyl in the absence of ATP in- 
creased with decreasing temperatures in the range 24-0 OC. 
W e  have observed similar behavior using 1 m M  bathophen- 
anthrolinedisulfonate, 0.6 mg/mL Fe protein, and 50 mM Bes, 
pH 7.0. The ratio between the rates a t  0 OC to rates a t  25 OC 
of the second, slow phase of the reaction (no ATP, see Figure 
1) was 2.3. On the other hand, the corresponding ratio for the 
reaction between bathophenanthrolinedisulfonate and the 
MoFe protein, which is not cold labile, was 0.16. Reaction 
mixtures with Fe protein at  0 OC were heated a t  25 OC, and the 
reaction rates then slowed down to the previously observed 
rates a t  25 OC, apparently as quickly as temperature equili- 
bration was attained. Hence, these experiments have discerned 
two separate effects of exposing the Fe protein from C. 
pasteurianum to 0 "C: A rapid, freely reversible increase in 
the accessibility of the iron-sulfur site and a much slower cold 
inactivation. 

Discussion 
The use of bathophenanthrolinedisulfonate instead of 

2,2'-bipyridyl for studies on the iron-sulfur site of the Fe 
protein of nitrogenase offers several advantages. The higher 
extinction coefficient of the Fe(I1) complex with bathophen- 
anthrolinedisulfonate compared with 2,2'-bipyridyl (22 140 
M-' cm-I at  55 nm (Blair & Diehl, 1961) vs. 8400 M-I cm-I 
a t  520 nm (Walker & Mortenson, 1974)) increases the sensi- 
tivity; the higher reaction rates with bathophenanthrolinedi- 
sulfonate give added convenience and permit the use of lower 
concentrations of chelator; the high solubility of bathophen- 
anthrolinedisulfonate in water allows the use of concentrated 
stock solutions without organic solvents. Experiments can be 
designed such that the reaction is nearly completed in a few 
minutes, enabling its use in estimating the concentration of 
active iron-sulfur centers in the Fe protein. 

Tso & Burris (1973), on the basis of their equilibrium 
binding data, proposed the model shown in Scheme I for 
binding of MgATP and MgADP to the Fe protein. 

SCHEME I 

0 d e n o t e s  a n  o p e n  b inding  s i t e  
S = MgATP 
I = MgADP 
K ,  = site-specific dissociat ion c o n s t a n t  for b inding  of MgATP 
Ki = site-specific dissociat ion c o n s t a n t  f o r  b inding  of MgADP 

When ADP is absent, the number of moles of bound 
MgATP per mole of protein is given by: 

R = 2S/(K, + S )  

The fraction of the total Fe protein population with 2 molecules 
of MgATP bound per protein molecule is: 

ss = (-) s 2  

K ,  + S 



I870 B I O C  H E M I S T  R Y  L J O N E S  A N D  B U R R I S  

Two alternative, limiting models are possible for the coupling 
between binding of MgATP and the increase in reactivity of 
the iron-sulfur cluster: (1) binding a t  each site increases the 
reactivity by a constant amount and independently of binding 
a t  the other site; and (2) both sites must be occupied by 
MgATP before there is an increase in reactivity. Assuming that 
there is proportionality between the rate of ATP-induced 
chelation and the proportion of Fe protein molecules in the 
reactive, ATP-liganded state, which is supported by our ob- 
servation that rates are proportional to the Fe protein level a t  
a constant ATP level (data not shown), we can write for al- 
ternative l 

-- L' - IMgATPI 
I/,,, Ks + [MgATPl 

and for alternative 2 

lMgATP1 > 2  
-= ( L' 

vmax Ks + [MgATPl 
[MgATP], the concentration of MgATP not bound to 

protein, is considered to be equal to total MgATP because of 
the low levels of protein used. 

The results in our present report clearly support alternative 
2 (see Figure 2).  This equation predicts sigmoidal curves for 
plots of c vs. [MgATP] and hyperbolic curves for plots of c1I2  
vs. [MgATP]. 

The data of Tso & Burris (1973) show that the dissociation 
constants at  the two ATP sites are identical or close to identical; 
thus, these equilibrium binding data do not support cooperative 
effects in the absence of ADP. On the other hand, observations 
of sigmoidal kinetics when MgATP was the variable substrate 
for nitrogenase (Silverstein & Bulen, 1970) have been the basis 
for models of interaction between the binding sites. We believe 
that our model contributes toward a reconciliation of these 
seemingly conflicting views: MgATP binds to each of two 
identical sites on the Fe protein; these sites do not interact with 
each other, but they interact simultaneously with a third site, 
namely, the iron-sulfur site. Thus, the sigmoidal plots are not 
due to interaction between the binding sites, but to interaction 
with a third and different site, the iron-sulfur site, and to the 
requirement that both binding sites must be occupied before 
they interact with the iron-sulfur site. 

Mortenson et al. (1975) presented results of chelator assays 
with 2,2'-bipyridyl which indicated a sigmoidal dependence 
upon concentration of MgATP, but their interpretation differs 
from ours. They reported that plots of 1 / L '  vs. 1 / [MgATP]* 
were linear and that Hill plots were linear with slopes of about 
2. Although not explicitly stated by the authors, both of these 
claims are equivalent to the proposal that the rate law for the 
chelator reaction is: 

c [ MgATP] -- - 
I/,,, K ,  + [MgATP]* 

Mortenson et al. gave no theoretical justification for selecting 
this model, which predicts that the concentration of complexes 
with one MgATP per Fe protein is vanishingly small compared 
with complexes with two MgATP (Cornish-Bowden, 1976); 
i.e., the cooperativity between the binding sites for MgATP 
is complete. This is in direct conflict with the observations and 
model of Tso & Burris (1973). 

With ADP present, SS in the model of Tso & Burris (1973; 
see also Tso, 1973) can be expressed as: 

S2 

K,(1 + I / K J  + Ks(2 + I/nKi)S + S2 
ss = 

ADP inhibits the ATP stimulation of the reaction with 

bathophenanthrolinedisulfonate and does not itself stimulate 
the reaction. Thus, it seems reasonable to assume that u/Vmax 
= SS, also in the presence of ADP. The equation for SS pre- 
dicts that ADP is a competitive inhibitor of ATP and that plots 
of 1 /c vs. [ADP] at  constant [ATP] are linear. Data fitting to 
this equation is more difficult than data fitting to our model 
for the behavior in the absence of [ADP], because plots of r112 
vs. ATP are no longer expected to be simple hyperbolas. We 
have, therefore, not attempted to rigorously decide whether 
ADP is a competitive inhibitor, but the data of Mortenson et 
al. (1975) and our own results (data not shown) indicate 
competitive inhibition. Plots of 1 /c vs. [ADP] curve upwards 
(Figure 3), suggesting that there are higher order terms for I 
in the denominator of the expression for SS, caused by binding 
of ADP to the second ATP site. The curvature is slight, which 
is compatible with weak binding a t  the second site, something 
not easily detected in equilibrium binding studies of the type 
reported by Tso & Burris (1973). 

Data from equilibrium binding and steady-state kinetic 
studies with a constant ADP level, measuring either ATP 
binding or steady-state rates a t  different ATP levels, are 
seemingly contradictory. Equilibrium binding data indicate 
positive cooperativity between the binding of ADP at one site 
and ATP at another site and apparent negative cooperativity 
in the binding of ATP a t  both sites (Tso & Burris. 1973). 
whereas steady-state kinetic data indicate apparent positive 
cooperativity in the binding of ATP at multiple sites (Ljones, 
1973; Thorneley & Cornish-Bowden, 1977). Once more, our 
model for interaction between the ATP/ADP sites and the 
Fe-S site on the Fe protein provides reconciliation: Binding 
of ATP to one site is enhanced when ADP is bound to the other 
site, but this binding of ATP does not contribute toward re- 
actions at  the Fe-S site as long as the other binding site is not 
occupied by ATP. Thus, with ADP present and a t  low levels 
of ATP, a fairly large proportion of the Fe protein molecules 
will bind 1 ATP, but a very small proportion will bind 2 ATP. 
Because the first ATP molecule binds more tightly than the 
second, equilibrium binding data indicate negative coopera- 
tivity, whereas rate measurements with chelator reactions or 
steady-state catalysis only indicate the fraction of' the Fe 
protein with 2 ATP molecules bound and therefore appear 
consistent with positive cooperativity. 

Thorneley & Cornish-Bowden (1977) have presented an 
analysis of nitrogenase kinetics based on current models for 
allosteric behavior. These models are formulated for equilib- 
rium binding studies, however, and our analysis suggests that 
the assumptions that are needed for application of these models 
to steady-state kinetic data are not valid for nitrogenase. 

The stoichiometry between ATP hydrolysis and electron 
transfer during nitrogenase catalysis is variable and depends 
upon temperature (Hadfield & Bulen, 1969; Watt et al., 1975) 
and component ratio (Ljones & Burris, 1972). Nevertheless, 
there seems to be a lower limit close to 2 for the ATP/e- ratio. 
In  the present report we propose that 2 molecules of MgATP 
must bind simultaneously to the Fe protein to induce the con- 
formational change that precedes electron transfer to the MoFe 
protein. The Fe protein contains 1 iron-sulfur center of the 
4Fe-4S type per protein molecule (Gillum et al., 1977; 
Orme-Johnson & Davis, 1977; Ljones, 1974) and thus prob- 
ably transfers 1 electron per redox cycle. Our model is therefore 
consistent with a lower limit of 2 for the ATP/e- ratio and 
accounts for all of the ATP hydroiyzyed and all of the observed 
sites for ATP binding in coupling with electron transfer from 
the Fe protein to the MoFe protein. We certainly do not wish 
to exclude the possibility of other functions for ATP in nitro- 
genase catalysis (Smith et al., 1976), but available data at  the 
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present time can equally well be explained without such a 
proposition. 

The value of the dissociation constant for MgATP from the 
data in Figure 2, K, = 85 pM, is considerably higher than the 
value reported by Tso & Burris (1973), K, = 17 pM. A possible 
explanation for this discrepancy is that bathophenanthro- 
linedisulfonate interacts with the Fe protein and changes the 
affinity for MgATP. To test this hypothesis, experiments 
similar to the one depicted in Figure 2 were performed a t  dif- 
ferent levels of chelator, and values for Kd were estimated. 
There was some tendency toward higher values for K, a t  levels 
of chelator higher than 1 mM, but, at levels from 0.05 to 1 mM, 
there were no significant differences in the K, values (data not 
shown). Thus, secondary effects due to interaction between the 
protein and chelator are probably not the reason for the dis- 
crepancy between the K, values, unless bathophenanthro- 
linedisulfonate binds to the Fe protein with a very high affinity. 
Recent work by Emerich (1978) with the gel equilibration 
method indicated a dissociation constant of 53 p M  for the 
binding of MgATP to the Fe protein of C. pasteurianum and 
104 M M  for the Fe protein of Bacilluspolymyxa. Hence, the 
discrepancy between K, values found by the chelation method 
and by direct binding measurements may be less than pre- 
viously indicated (Mortenson et al., 1975). In this context, it 
seems pertinent to point out that the concentration of MgATP 
that gives half-maximal increase in reactivity of the iron-sulfur 
center is not equal to K,, but rather to 2.44K,. It is, therefore, 
more meaningful to compare apparent Michaelis constants 
with the value 2.44KS, rather than with K,. 

Watt & Burns (1977) have recently presented a thorough 
discussion of the arguments and experimental data in favor of 
sigmoidal rather than hyperbolic kinetics with MgATP as 
variable substrate for nitrogenase. They suggested that other 
investigators (Ljones, 1973; Thorneley & Willison, 1974) may 
have overlooked the more obvious sigmoidal parts of the kinetic 
curves because of failure to measure rates a t  sufficiently low 
concentrations of MgATP. Our present report supports this 
contention. Using the chelator assay to study MgATP binding, 
we found obvious deviations from hyperbolic behavior only a t  
MgATP levels below 0.1 mM (Figure 2). The presence of 
MgADP, however, shifts the value of the apparent K, for 
MgATP upwards and reveals the obvious sigmoidal character 
of the plots a t  higher MgATP levels, thus explaining why the 
sigmoidal character of kinetic data is more easily detected in 
the presence of MgADP (Ljones, 1973; Thorneley & Cor- 
nish-Bowden, 1977). 

As opposed to their steady state kinetic observations, 
Thorneley & Cornish-Bowden (1977) reported that ADP did 
not induce sigmoidal kinetics when rates of pre-steady-state 
electron flow from Fe protein to MoFo protein were measured 
with stopped-flow spectrophotometry. We are not able to offer 
any explanation for this apparent discrepancy in the context 
of our model for interactions between the ATP/ADP sites and 
the Fe-S cluster on the Fe protein. In light of the comments 
of Watt & Burns (1977), however, the report of Thorneley & 
Cornish-Bowden may not include sufficient data a t  low ATP 
levels. Furthermore, the data were not plotted in the way that 
would most clearly distinguish between sigmoidal and hyper- 
bolic kinetics (Walter, 1974). 

Watt & Burns (1977) proposed an empirical kinetic equa- 
tion for Azotobacter uinelandii nitrogenase. With MgATP as 
the only variable substrate, their equation can be written like 
this: 

- -  [ MgATP] - c' 

Vma, [MgATPI2 + Kl[MgATP] + K2 

At 25 'C, they found K1 = 5.05 X M-I and K2 = 2.8 X 
M-2. Their empirical equation is analogous to our pro- 

posed equation for the coupling between the binding of 
MgATP a t  two sites and the increase in reactivity of the 
iron-sulfur site of the Fe protein, except that we propose 
identical dissociation constants, which means that in  our 
equation K1 = 2K, and K2 = KS2, or K12/K2 = 4. The values 
reported by Watt & Burns give K12/K2 = 0.91. When exper- 
imental error and the increased complexity of kinetic param- 
eters compared with equilibrium parameters are considered, 
this comparison suggests that the affinities for MgATP a t  the 
two different binding sites during steady state catalysis are 
rather similar. 

The MgATP-induced shift in the EPR spectrum of the Fe 
protein suggests that the binding of MgATP causes a confor- 
mational change in the protein. Recent observations on the Fe 
protein from C. pasteurianum (Orme-Johnson & Davis, 1977) 
cast some doubt on the significance of this effect to the catalytic 
mechanism, as the EPR effect can only be observed a t  pH 
values above 7.5 and not a t  pH values closer to the pH optimum 
of 6.5. On the other hand, Walker (1974) observed the MgATP 
effect on the reaction with 2,2'-bipyridyl over the pH range 
from 6.0 to 9.0 with constant rates over this range. Hence, the 
chelation reaction may be a more generally applicable probe 
for MgATP-induced conformational changes of the Fe protein 
than is EPR spectroscopy. 
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DNA Unwinding Protein from Meiotic Cells of Liliumt 

Yasuo Hotta* and Herbert Stern 

ABSTRACT: An ATP-dependent DNA unwinding protein is 
present a t  a high level of activity in meiotic cells of lilies. The 
protein also acts as a DNA-dependent ATPase, the single 
strand form being the preferred cofactor. It binds in the ab- 
sence of ATP to single-strand DNA and to ends or nicks in 
duplex DNA. A 3’-OH terminus is required for binding a t  

S e v e r a l  types of DNA unwinding proteins which require 
ATP for activity have been prepared from Escherichia coli 
(Abdel-Monem & Hoffmann-Berling, 1976; Abdel-Monem 
et al., 1976, 1977a,b; Richet & Kohiyama, 1976). The proteins 
bind to ss-DNA’ (Abdel-Monem & Hoffmann-Berling, 1976) 
and, when so bound, function as ATPases. The biological role 
of the ATPase activity is unknown, but the activity has been 
useful as an assay in purifying proteins of this kind. By using 
the assay, we have identified and partially purified a DNA 
unwinding protein (“U-protein”) in meiotic cells of Lilium. 
Among the four chromatographically separable DNA-de- 
pendent ATPase activities present in meiotic cells, only U- 
protein increases markedly during meiosis. As will be discussed 
fully in a separate study, the increase coincides with the pairing 
and crossing-over of the chromosomes and is low during 
premeiotic S phase. Its behavior thus contrasts with the be- 
havior of the E. coli “rep protein” which has been assigned a 

t From the Department of Biology, 8-022, University of California, San 
Diego, La Jolla, California 92093. Received August 16, 1977; revised 
manuscript received February 10, 1978. This work was supported by 
grants from the National Science Foundation (PCM 76-09660) and the 
National Institutes of Health (HD 03015). 

I Abbreviations used: ss-DNA, single stranded DNA; ds-DNA, double 
stranded DNA; bp, base pairs. 

duplex ends; such binding is highly stable. Unwinding occurs 
in the presence of ATP, and it is limited to about 50 base pairs 
per end or 400-500 base pairs per nick. The ATP hydrolyzed 
during unwinding is distinguishable from ATP hydrolysis in 
the presence of single-strand DNA. 

specific unwinding role in (PX-174 replication (Scott et al., 
1977). Although U-proteins are probably involved in DNA 
replication of higher eukaryotes, this paper is confined to the 
meiotic U-protein which, because of its prominence during 
meiotic prophase, is probably involved in recombination. 

In general, the U-protein of lily meiocytes is similar in its 
properties to those of the E. coli U-proteins I and I1 described 
by Hoffmann-Berling and his collaborators ( Abdel-Monem 
et al., 1 9 7 7 ~ ) .  There are, nevertheless, several differences in 
property between the E. coli and Lilium proteins which may 
be related to their respective biological roles. The E. coli U- 
proteins I and I1 do not bind to duplex DNA and require an 
appreciable but still undetermined length of ss-DNA to unwind 
an adjacent duplex region (Abdel-Monem et al., 1977a,b). Lily 
U-protein can bind to duplex DNA and can initiate unwinding 
from the ends of linear molecules, or from nicks in linear and 
circular forms. Except for very short DNa duplexes (less than 
100 bp), the lily U-protein does not fully unwind ds-DNA; it 
initiates and effects unwinding over an apparently fixed length 
of DNA from the point of initiation. 

Materials and Methods 
I .  Isolation of Cells. Meiotic cells (“microsporocytes”) were 

extruded from anthers by squeezing individual flower buds of 
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