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Stoichiometry, ATP/2e Values, and Energy Requirements
for Reactions Catalyzed by Nitrogenase from Azotobacter

vinelandii’

Gerald D. Watt,* William A. Bulen, Andrea Burns, and K. LaMont Hadfield*

ABSTRACT: The stoichiometry of the nitrogenase ATP-de-
pendent Hj evolution and acetylene reduction reactions
using S,04%~ as an electron source was studied by various
techniques. For each mole of S;04%~ oxidized to 25032~ by
the enzyme-catalyzed reactions at 25° and pH 8, 1 mol of
H: (1 mol of ethylene for acetylene reduction) and two pro-
tons are produced. Under these conditions, 4.5 mol of ATP
was hydrolyzed to ADP and inorganic phosphate for each

The nitrogen reducing enzyme, nitrogenase, from various
biological sources is capable of reducing N, to ammonia
when supplied with adenosine 5'-triphosphate (ATP),
Mg2*, and a source of low potential electrons. Other sub-
strates (Burris, 1971; Murray and Smith, 1968; Hardy and
Burns, 1968) including H* (H,0) are reduced under the
same conditions with apparently the same ATP require-
ment (Hadfield and Bulen, 1969) per reducing equivalent
transferred by the enzyme. The amount of ATP required to
transfer two electrons, the ATP/2e value, has been a much
sought after quantity but reported results still indicate some
disagreement. Most reported ATP/2e values fall in the
range 4-6 at 25-30° but extreme values of from 2 10 18
have been reported (Hardy and Knight, 1966; Kelly, 1969;
Jeng et al., 1970).
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S,04%" oxidized. ATP/S;04%~ (ATP/2e) values deter-
mined at 5° intervals from 10 to 35° were found to go
through a minimum at 20°. This effect is explained in terms
of possible enzyme structure modifications. Calorimetric
measurements for the enzyme-catalyzed H> evolution and
acetylene reduction reactions gave AH values of —32.4 and
—75.1 kcal/mol of $204°~, respectively.

The function of ATP is not known but its energy content
is likely to be released in some controlled way in satisfying
the activation requirements of Nj. Consequently, the
amount of ATP utilized for electron transfer (ATP/2e) is
an essential quantity in determining the total energy neces-
sary for enzymatic N, reduction. Furthermore, the ATP/2e
value determined under various conditions of temperature,
pH, etc., may provide insight into the purpose of the ATP
requirement as well as the mechanism for its utilization by
nitrogenase.

As a prelude to determining both the energetics of nitro-
genase action and the energy requirements of each of the
nitrogenase component proteins, it was necessary to deter-
mine precisely the ATP/2e value, the overall stoichiometry,
and the thermodynamic states of each reactant and prod-
uct. The results of these experiments and the energy
changes accompanying them are the subject of this report.

Experimental Section

Materials. Adenosine 5'-triphosphate (ATP) and V-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid
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(TES)! were purchased from the Sigma Chemical Co. Cre-
atine kinase was purchased from Nutritional Biochemical
Corp. Creatine phosphate was synthesized in this laborato-
ry by Dr. James Corbin. Sodium dithionite, NazS>04
(98%), was purchased as a special order from Associated
Chemical Companies Ltd., Harrogate, Yorkshire, England.
The sealed metal container was opened and subsequently
stored in a Vacuum Atmospheres Corporation drybox
under oxygen-free argon. Smaller samples of Na;S,04 for
laboratory use were removed from stock supply as needed
and stored in argon-filled desiccators over anhydrous
CaCl,. When stored with these precautions, the Na>S,04
remained >95% pure for periods greater than 2 years as
measured by amperometric or calorimetric titrations
against K3Fe(CN)¢ or riboflavine 5’-phosphate. Argon and
prepurified nitrogen were passed through a hot quartz tube
(600°) containing copper turnings to remove oxygen prior
to use. Preparations of the nitrogenase complex from 4zo-
tobacter vinelandii with specific activities of 200-300 nmol
of H, per min per mg of complex were obtained as previous-
ly described (Bulen and LeComte, 1966, 1972; W. A. Bulen
and J. R. LeComte, unpublished results).

Methods: All solutions were made anaerobically using
airless glassware and transferred with Hamilton gas tight
syringes. N reduction was measured as described previous-
ly (Bulen and LeComte, 1966). H; evolution was measured
either manometrically or with a Hewlett Packard Model
5750 Research chromatograph (molecular sieve 5A, argon
carrier gas). Ethylene formation was also determined by
chromatography on alumina.

A creatine phosphate-creatine kinase generating system
was used to maintain a constant ATP concentration and to
prevent ADP from reaching inhibitory levels. The P; re-
leased was measured as previously described (Bulen and
LeComte, 1966) using controls minus Na»S;04.

Instrumental  Procedures. (a) pH-Stat Methods.
Changes in H* concentration during the enzyme-catalyzed
H, evolution reaction were measured with a Radiometer
Model TTT1C pH-Stat. The procedure consisted of placing
2.0 ml of an anaerobic solution containing 1-5 mg of nitro-
genase, 0.2-0.8 umol of Mg?*, and 0.4-1.6 umol of ATP in
the anaerobic titration cup of the pH-Stat and adjusting the
pH to 8.00. When equilibrated, excess solid Na;S,04 or a
solution of S04~ in H,O at pH 8.00 was added to initiate
the reaction. The amount of 0.01 M NaOH required to
maintain pH 8.00 was then measured as the known volume
of a standard ATP solution was hydrolyzed by the enzyme-
catalyzed reaction. Control reactions consisted of 2.0 ml of
solution containing enzyme but minus ATP and Mg?+.

Another set of experiments was performed as above ex-
cept that the ATP-generating system was included to keep
the ATP concentration constant in the 2.0-ml volume and a
known amount of S>042~ was allowed to react. The S>042~
solution was standardized amperometrically just prior to
use (see below). These experiments yielded the H*/ATP
and the H*/S,042~ values, respectively.

(b) Polarographic Methods. Total S;Q42~ utilization by
the nitrogenase-catalyzed reaction was measured amperom-

' Abbreviations used are: TES, N-tris(hydroxymethyl)methyl-2-am-
inoethanesulfonic acid; DME, dropping mercury electrode; SCE, satu-
rated calomel electrode; CP, creatine phosphate; Fe protein and
Mo-Fe protein, the two-component proteins of nitrogenase containing
iron only and iron and molybdenum, respectively; P;, phosphate re-
leased from ATP hydrolysis.
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etrically using a Sargent Model XXI polarograph. The po-
larograph was equipped with a dropping mercury electrode
(DME) connected to a 10-ml sample compartment of an
“H-cell”. The other compartment contained a saturated
calomel electrode (SCE) attached through a medium glass
frit to the sample side. The H-cell had copper tubing gas
lines connected to the sample compartment so that the sam-
ple area could be flushed with oxygen-free argon or nitro-
gen prior to filling and also for maintaining an oxygen-free
atmosphere above the enzyme solution during the measure-
ments. The H-cell was thermostated (£0.05°) in a vibra-
tion-free water bath.

The polarograph and cell were calibrated to relate anodic
diffusion current to S,042~ concentration at the various
temperatures, cell volumes, and buffer components used by
titrating the assay mixture containing enzyme, generating
system minus ATP, and S;0,2~ with standard Fe(CN)g3~
or ferricytochrome ¢ solutions. This calibration procedure
allowed a rapid and precise determination of S;042~ con-
centration at any given time by recording its anodic diffu-
sion current.

The procedure for measuring the ATP/2e value or the
rate of S,042~ utilization by nitrogenase was as follows. An
anaerobic 2.00-5.00-ml assay sample containing 200-300
umol of TES or Tris buffer, 260 ymol of creatine phos-
phate, 5 nmol of creatine kinase, 2-8 umol of ATP, and 1-4
umol of MgCl, at pH 7.0 or 8.0 was placed in the anaerobic
sample compartment of the H-cell containing the DME.,
Solid Na;S,04 (1-10 umol) was added to the assay solution
in the sample compartment of the H-cell, stirred briefly by
a magnetic stirrer, and then the DME was activated. The
voltage of the DME was set at +0.30 V (a plateau of the
S;042™ half-wave centered at +0.50 V) relative to the SCE
and the anodic diffusion current corresponding to the
S,042~ concentration was recorded. Enzyme was added,
the mixture briefly stirred, and then the anodic diffusion
current of S,042~ was continuously recorded as the en-
zyme-catalyzed utilization of S;04%~ proceeded. The reac-
tions were usually allowed to continue until the enzyme-cat-
alyzed reaction exhausted the S;042~. In some cases, the
reactions were stopped at selected stages of reaction by add-
ing excess Fe(CN)g?~ which oxidized all remaining S,Q42~
and stopped the enzyme-catalyzed reaction. The reactions
were complete in 10-20 min except at 10-15° where they
were monitored for 40-50 min. When the reaction was
completed several 0.50-ml samples of solution were re-
moved for phosphate analysis and in those reactions run in a
closed cell, gas samples were removed and analyzed. Con-
trol reactions to determine phosphate blanks contained all
reagents except S,042~. Two other controls were run con-
sisting of: (1) the 5.00-ml assay mixture as above, but
minus enzyme and (2) the 5.00-ml assay mixture containing
everything but ATP. These controls determined S,042~ uti-
lization in the absence of enzymic catalysis and showed
<1% change in S;042~ concentration during the reaction
interval. This allows us to confidently attribute phosphate
production and S,042~ utilization to the enzyme-catalyzed
reaction only. In some experiments, substrate levels of ATP
were added without a generating system present and the
amount of S04~ required to hydrolyze this known amount
of ATP was measured.

ATP/2e values were also determined at 10 and 15° by a
manometric procedure previously described (Hadfield and
Bulen, 1969; Bulen and LeComte, 1966). At these low tem-
peratures the rate of hydrogen production was too slow to
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FIGURE |: A polarographic trace of the nitrogenase-catalyzed utiliza-
tion of S,04%~ during the H; evolution reaction. The ordinate is the
anodic diffusion current of S,042~ and is directly proportional to
8,042~ concentration ([S204%~] = 1.375 X 10~*is,0,2-). The reaction
is initiated by adding enzyme to the cell (arrow) containing all reac-
tants necessary for the nitrogenase-catalyzed H, evolution reaction
(see text for details).

allow precise ATP/2e values to be determined manometri-
cally and the polarographically determined values are pre-
ferred.

(¢) Calorimetric Measurements. A Beckman Model
190-C microflow calorimeter of the type previously de-
scribed (Sturtevant and Lyons, 1969) was used for the en-
thalpy measurements. The Teflon flow lines were coaxially
jacketed with larger diameter Teflon lines through which
purified argon or nitrogen flowed. This isolated and main-
tained anaerobic conditions in the flow lines containing the
oxygen-sensitive nitrogenase and S;04°~ solutions. Teflon
“spaghetti’’ tubing is sufficiently permeable to oxygen that
significant nitrogenase or S:04%~ oxidation can occur if
the above precaution is not observed.

Three types of calorimetric measurements were per-
formed. First, enthalpy measurements of the hydrogen evo-
lution reaction using limiting substrate levels of ATP and
excess S,04°. Several alternative methods of mixing the
various components were tried but the combination of mix-
ing enzyme and $,04°~ in buffer carefully adjusted to pH
7.50 or 8.00 with S;042~ and ATP-Mg?* in buffer adjust-
ed to pH 7.50 or 8.00 gave the most reliable and reproduc-
ible results. The following thermal corrections were re-
quired: (1) the interaction of released protons with buffer
components (HTris*, AH;,, = +11.3 kecal/mol; HTES,
AH;,, = +8.00 kcal/mol; and HSO;™, AH;,, = +6.41
kcal/mol); (2) the conversion of Mg?*-ATP Iinitially
present to Mg?"-ADP-P; after reaction; and (3) the inter-
action of Mg?*-ADP--P; with reduced enzyme. The correc-
tions were measured in separate experiments which dupli-
cated the conditions of the AH measurements.

The second type of calorimetric measurement utilized the
ATP-generating system and a limiting concentration of
S04~ standardized amperometrically in the calorimeter.
Heat of dilution and buffer ionization corrections were ap-
plied.

The third type of measurements was identical with the
second type except that the solutions were equilibrated with
0.3-1 atm of acetylene prior to reaction in the calorimeter.

Results

Figure | is a polarographic trace of S;042~ utilization
catalyzed by the nitrogenase enzyme under the conditions
where enzyme is added last to the assay solution. The vari-
ous regions (a), (b), and (c) will be dealt with more com-
pletely in a following article. Of interest here is the anodic
4268
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FIGURE 2: The variation of the ATP/2¢ value with temperature. (I)
Polarographically determined; (O) calorimetrically determined; (®)
determined from pH-Stat measurements; (x) manometrically deter-
mined.

diffusion current, is,0,2-, which is proportional to the con-
centration of S,042~ at any point along the curve.

ATP/2e Values. The is,0,2- value at (a) gives the total
amount of S,0,42~ initially present in the assay mixture and
therefore the amount consumed during the enzyme-cata-
lyzed reaction. The $,04~ consumption at any point dur-
ing the reaction can be easily obtained from the curve after
correcting for dilution resulting from enzyme or reagent ad-
dition. ATP/2e values were calculated by measuring the P;
produced during a measured S,042~ decrease. The results
are shown in Figure 2 for several temperatures. There was
no significant variation in these ATP/2e values when the
reaction was stopped at various times along the curve, or
when the pH was varied from 8.0 to 7.0. Occasionally, an
enzyme preparation gave ATP/2e values larger than those
shown. However, the resulting curve is simply displaced up-
ward but still parallels that shown in Figure 2. The freezing
and storage of the enzyme in liquid nitrogen for periods
greater than a week tended to cause the ATP, e values to
increase and consequently all results were obtained using
enzyme samples which were freshly prepared. While ATP/
2e values of 4.6 at 25° were obtained from a freshly pre-
pared enzyme sample, values of 5.3 and 5.8 resulted from
the same enzyme sample which had been frozen and stored
in liquid nitrogen for 14 and 30 days, respectively.

In some experiments, a temperature-sensitive induction
period was observed preceding region (b) of Figure 1 in
which no 8,042~ utilization occurred even though all com-
ponents necessary for nitrogenase-catalyzed H, evolution
were present. After 0.5-1 min at 20° {longer times at lower
temperatures, shorter times at higher temperatures), reac-
tion began and region (b) appeared followed by region (c).
The presence of this induction period did not alter the ATP/
2e value nor the rate at which $5042~ was used in regions
(b) and (c).

Proton Release Measurements. When limiting substrate
levels of ATP are hydrolyzed at 25.0° by the nitrogenase-
catalyzed hydrogen evolution reaction in the pH-Stat, 1.41
+ 0.06 H* are produced per ATP hydrolyzed at pH 8.0. As
both ATP hydrolysis and S,04>~ oxidation at pH 8.0 under
the conditions of our experiments are linked to H* produc-
tion as shown by reactions 1 and 2, respectively.

H,0
ATP == ADP+ P, + H* H

8204:— + ZHZO = 28032_ + H, + 2H* (2)
an ATP/S;042~ (ATP/2e) value of 4.8 £ 0.5 can be calcu-
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Table I: AH Values at 25° for the Nitrogenase-Catalyzed H,
Evolution Reaction Using Substrate Levels of ATP.

AHobsd AHcorr AHcorr
(kcal/mol (kcal/mol (kcal/mol
Expt pH  Buffer of ATP) of ATP) of §,0,)
1 7.5 Tris -10.6 £ 0.5 -25+0.5 —-11.8:2.4
2 7.5 Tris -11.4+0.3 —-3.3+0.3 —-155+1.4
3 7.5 Tris —10.0 £ 0.6 -2.8+0.6 —13.7+2.8
4 8.0 Tris -16.9 + 0.4 -34:04 —-15.7+1.8
S 8.0 TES —-13.5:0.3 -3.1+0.3 —-146+1.4
Av-31+04Av—-142+1.8

Table II: AH Values at 25° in TES Buffer (pH 8.0) for the
Nitrogenase-Catalyzed H, Evolution and Acetylene Reduction
Reactions in the Presence of an ATP Generating System and
Limiting S,0,%".

AHopsd AHcorr

Expt Atmosphere (kcal/S,0,%) (kcal/S,0,%)
1 Argon —-47.6 -32.6
2 Argon -46.9 -31.9
3 Argon —46.5 -31.5
4 Argon —47.5 —-32.5
S Argon ~48.3 -33.5

Av -474:09 Av -324+09
6 Acetylene -92.6 -77.6
7 Acetylene —89.2 -74.2
8 Acetylene —88.5 —73.5

Av —-90.1+25 Av -75.1+25

lated from the H*/ATP value given above. The ATP/2e
value at 25° thus calculated is in reasonable agreement
with that given in Figure 2 but the experimental uncertain-
ty is slightly larger by this method.

At pH 8.0 and 25°, the oxidation of limiting levels of am-
perometrically standardized S;042~ by the nitrogenase-cat-
alyzed H; evolution reaction in the presence of an ATP gen-
erating system produced 1.96 £ 0.04 protons per S04~
oxidized. Under these conditions, the hydrolysis of creatine
phosphate via creatine kinase maintains a constant ATP
concentration by converting ADP back into ATP, and as no
protons are exchanged during phosphate hydrolysis, there is
no net change in [H*] produced by the running of the gen-
erating system (Fruton and Simmonds, 1958). Because
there is no proton link between S;042~ oxidation and P;
production under these conditions, an ATP/2e value cannot
be calculated. These data show, however, that 1 mol of hy-
drogen and two protons are produced per S,042~ oxidized
and provide the necessary information to be used for buffer
ionization corrections of the calorimetric data discussed
next.

Calorimetry. Table I contains calorimetric data for the
nitrogenase-catalyzed H; evolution reaction in which limit-
ing amounts of ATP were hydrolyzed in the calorimeter at
pH values of 7.5 and 8.0. The error limits are fairly large
because of the small amounts of heat produced and because
as the ADP builds up, the reaction becomes inhibited and
tails off to completion. From the measured AH value of
—14.2 kcal/mol of S,04%~ for the nitrogenase-catalyzed H,
evolution reaction and a AH value of +7.2 kcal/mol of
S,04%~ (Watt and Burns, 1975) for reaction 2, a AH value
of —4.7 & 0.5 kcal/mol is calculated for the enthalpy of hy-
drolysis of ATP under these experimental conditions. This
value is slightly low, probably because of incomplete reac-
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FIGURE 3: A calorimetric trace of the nitrogenase-catalyzed H; evolu-
tion reaction at 25° and in pH 8.0 Tes buffer. The reaction mixture
contained the ATP-generating system and a known, limiting amount of
S,042~ and was allowed to react in the calorimeter until all of the
S,042~ was consumed. The arrow indicates the point where the flow to
the calorimeter was stopped.

tion due to ADP inhibition, but is in reasonable agreement
with published AH values (Podolsky and Sturtevant, 1955;
Podolsky and Morales, 1956, Cereijo-Santalo, 1971; Raison
and Evans, 1968) of —4.7 to —6.2 kcal.mol for the enthalpy
of hydrolysis of ATP and confirms the data in Table I.

In Table II are reported AH values per mole of S;042~
for the nitrogenase-catalyzed H, evolution (—32.4 kcal/
mol) and acetylene reduction reactions (—75.1 kcal/mol) in
the presence of an ATP-generating system with limiting
S,042~. The calorimeter trace for the H, evolution reaction
is shown in Figure 3. The ATP-generating system elimi-
nates the problem of ADP inhibition discussed above but
substitutes creatine phosphate hydrolysis for ATP hydroly-
sis. The two reactions are described by (3) and (4), respec-
tively:

S204%2~ + 2H0 + nCP = 2S032~ + Hy + 2H* + nC + nP; 3)

AH = —32.4 kcal /mol

8,042~ + 2H,0 + HC=CH + nCP = 250;?~ + H,C=CH, +
2H* + nC + nP; (4)

AH = ~-75.1 kcal/mol

where 7 is the number of moles of creatine phosphate (CP)
hydrolyzed per mole of $,04%~ oxidized. According to Fig-
ure 2, this n value at 25° should be equal to 4.6. We have
left n unspecified, however, because it can be determined
independently from the data in Table II using the heat bal-
ance for reactions 3 and 4 in the following way. The AH
values given in Table Il for reaction 3 are expressed per
mole of S,042~ oxidized but the number of moles of cre-
atine phosphate hydrolyzed is unknown. If reaction 2 and
its AH value of +7.2 kcal/mol of S;04%~ (Table I11) is sub-
stracted from (3), reaction 5 results with a AH value of
—39.6 kcal/mol:

nCP = nC + nP; (5)
AH = n (AH hydrolysis of CP) = —39.6 kcal /mol

When reaction 5, for an unspecified number of moles of CP
hydrolyzed, is divided by the known (Gallert and Sturte-
vant, 1960) AH value of —9.0 kcal/mol for hydrolysis of 1
mol of CP, an n value of 4.40 is calculated. This value is in
good agreement with the data given in Figure 2. A similar
approach can be used for reaction 4, the reduction of acety-
4269
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Table {II: Thermodynamics of Nitrogenase Substrate
Reactions at 25°.

AH° aGe
Reactions? (kcal/mol) (kcal/mol)
H,0
ATP == ADP + P; + H (5 —47t0  -9.8?
-6.2
2H,0 + 8,0, = Hyg) + 250,*™ + 2H* (3 +7.2¢ -34.10
Na@g) + 3Hyg) = 2NHj(aq) —38.64 -12.76
Ny(g) + 3Hyg) + 2H+(aq) = 2NH4+(aq) ~51.06 -25.36
COg) + 3H,(g) = CHy(g) + H,0q1) -59.78d  -36.02
HCNaq) + 3Hyg) + H+(aq) = -75.12 —58.15
CH,(g) + NH,*(aq)
HC=CHg) + Hy(g) = CH,=CH () —41.69 -33.72
HNs(ag) + Hyg) = Ny) + NH,(aq) —83.64 -96.32
N,O¢g) + Hyg) = Nyg) + H;O0(n) —-87.81 —81.45

aUnless specified otherwise, the data in this table were taken
from: NBS Circular 500, Selected Values of Chemical Thermody-
nanic Properties. ® Alberty (1968). ¢ Watt and Burns (1975). 4CO
is not a substrate of nitrogenase but is an inhibitor of all reactions
except H, evolution.

lene by nitrogenase, giving an » value of 4.50. This calori-
metric method is faster, more convenient, and is more pre-
cise than the other methods employed in this study for de-
termining ATP/2e values.

The shape of the curve in Figure 3 can be analyzed to
provide additional information about the enzyme-catalyzed
reactions. This curve was obtained under conditions where a
limiting amount of S,042~ reacted in the presence of a con-
stant concentration of ATP provided by the ATP-generat-
ing system. As the nitrogenase-catalyzed reaction proceeds,
the ATP remains constant but the S;04% concentration
decreases in a manner dependent upon its concentration and
the rate law governing its utilization by the enzyme. Heat is
produced at a rate which parallels the disappearance of
S04~ oxidation. It is clear from Figure 3 that two well-
defined regions of heat production exist after the syringe
drive is stopped. One region shows heat production decreas-
ing linearly with time and the second, near the end of the
reaction, where heat production asymptotically approaches
zero. The linear region of the curve accounts for 90% of the
heat production as the S,04>~ concentration decreases
from its initial concentration of about 5 mM to below 0.1
mM. As S;042~ becomes limiting in the presence of a con-
stant ATP concentration, the rate law apparently changes
and produces the second region of the curve. A similar re-
sult is found for the acetylene reduction reaction.

Discussion

All three independent methods used in this study to mea-
sure ATP/2e values gave results in agreement with each
other and in agreement with those published values (Winter
and Burris, 1968; Kennedy et al., 1968; Hadfield and
Bulen, 1969) in the range of 4-5 at 25-30°. The enzyme
preparations used in the course of these studies were ob-
tained by several different enzyme isolation procedures but
none of these gave ATP/2e values below those reported in
Figure 2. This invariance of the ATP/2e value with varia-
tion in isolation procedure indicates that the enzyme prepa-
rations are not being altered by the isolation procedures and
producing ATP hydrolysis artifacts. The data in Figure 2
consequently represent the minimum number of ATP mole-
cules required to transfer two electrons at a given tempera-
4270
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ture by the nitrogenase enzyme. We have found, however,
that rarely and unpredictably an enzyme preparation can
give values higher than but parallel with those reported in
Figure 2. The reason for these high value preparations is
not completely known but seems to arise from at least two
factors. Though difficult to quantitate, we have generally
found that enzyme samples exposed briefly to oxygen but
not inactivated gave higher ATP/2e values than unexposed
samples. Also, high ATP/2e values could be induced in an
enzyme sample that normally gave correct ATP/2e values
by extended storage in liquid nitrogen or by repeated freez-
ing and thawing without altering any of the other enzyme
characteristics (activity, spectra, molecular weight, etc.).

Sensitivity to both cold and oxygen are well-known char-
acteristics of the isolated Fe protein in nitrogenase and it
seems likely that the high ATP/2e values are a result of al-
tered or partially inactivated Fe protein. This conclusion is
consistent with the work of Tso and Burris (1973), Orme-
Johnson et al. (1972), Smith et al. (1973), and Zumft et al.
(1974) who have implicated the Fe protein as the ATP
binding site of the nitrogenase enzyme. Even more relevant
to this conclusion are the reports (Ljones and Burris, 1972;
Eady and Postgate, 1974) that inhibition of substrate re-
duction but not ATP hydrolysis occurs with an artificially
created excess of Mo-Fe protein over the Fe protein. The
result is an increase in the ATP/2e value with an increasing
Mo-Fe protein/Fe protein ratio. In our experiments expo-
sure of the nitrogenase complex to oxygen or excessive cold
treatment selectively destroys or inactivates the Fe protein
thereby increasing the Fe-Mo protein/Fe protein ratio. The
consequence is, as we have observed, an elevated ATP/2e
value.

No variation was found in the measured ATP/2e values
when the pH was changed from 8.0 to 7.0 or when the total
amount of S;042~ used, under otherwise identical condi-
tions, was decreased by a factor of 5. It was found, however,
as has been previously reported (Hadfield and Bulen,
1969), that the ATP/2e value is sensitive to temperature
change as shown in Figure 2. Hadfield and Bulen (1969)
previously reported ATP/2e variation in the temperature
range 20-40° and indicated the lack of whole number stoi-
chiometry for ATP hydrolysis. Our results, obtained by sev-
eral independent methods, confirm their results and show
further the dramatic increase in the amount of ATP hydrol-
ysis required to transfer electrons in the temperature region
below 20°.

The reason for this variation in ATP/2e with tempera-
ture is not clear but it seems likely that temperature-in-
duced alterations in the protein structure of either Fe pro-
tein or Mo-Fe protein may be responsible. Below 20°, the
protein(s) may be “frozen” into a conformation which is in-
active toward electron transfer but is still capable of ATP
hydrolysis, thus making ATP/2e increase. Only when suffi-
cient energy has been supplied by ATP hydrolysis does the
“frozen” form ‘“‘melt” and become active in electron trans-
fer. In support of this view, we have found a biphasic activa-
tion energy profile (G. D. Watt, unpublished results) for the
nitrogenase-catalyzed H,-evolution reaction similar to that
reported by Burns (1969) in which the apparent activation
energy is +39 and +14 kcal/mol in the temperature range
10-20 and 20-40°, respectively. These observations suggest
that the larger activation energy requirement below 20° is
being met by energy supplied from increased ATP hydroly-
sis per 2e transferred by the enzyme. Recalling the cold la-
bility of isolated protein and the ATP-binding ability of this
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protein, the conclusion seems warranted that the Fe protein
is the component of the nitrogenase complex responding to
the temperature variation below 20°.

betow 20°
Fe protein =
above 20°

Fe protein* (6)

The equilibrium of reaction 6 summarizes the above ob-
servations and conclusion by indicating that the active Fe
protein can be reversibly converted into an inactive form
designated as Fe protein* by lowering the temperature. Re-
conversion into the active Fe protein occurs either by rais-
ing the temperature or through increased ATP hydrolysis.
The difference in activation energy of 25 kcal/mol between
the two forms gives an indication of the extent of protein
modification. Reaction 6 also implies that a lowering of the
temperature and consequently a shift of the equilibrium to
the right has the effect of increasing the Mo-Fe protein/Fe
protein ratio. As discussed above, this increase causes high-
er ATP/2e values and therefore this effect may also con-
tribute significantly to the increased ATP requirement at
lower temperatures. The extent of this effect cannot at
present be determined because the equilibrium constant for
(6) is not known.

The modest increase in ATP/2e with increasing tempera-
ture above 20° may also result from protein structure modi-
fications. Also, if an association equilibrium between Fe
protein and Mo-Fe protein is required for enzymic activity
as suggested by Silverstein and Bulen (1970) and Thornley
(1974) from kinetic studies of nitrogenase catalysis, the in-
creasing temperature would favor dissociation and conse-
quently this “uncoupling” would require more ATP. Fur-
ther work is clearly required particularly in demonstrating
more definitely the nature and extent of these postulated
protein structure modifications with temperature.

It would also be desirable to study nitrogenases from
other organisms over the temperature range covered in this
study to determine whether similar temperature effects
would be observed. Is the strong association of the Fe and
Mo-Fe proteins of Azorobacter nitrogenase somehow re-
sponsible for the temperature effects observed or would
similar results be obtained from the easily dissociable nitro-
genase from Clostridium pasteuranium?

The minimum in Figure 2 of 4.2 at 20° might seem to be
simply a fortuitious result of the low temperature effect and
the high temperature effect combining to produce a mini-
mum numerically equal to 4.2 at 20°. However, the very
sharp break in the activation energy curve (Burns, 1969 and
our unpublished results) near 20° and the relative slopes of
the two lines of Figure 2 argue that a blending of two tem-
perature effects over as wide a range as would be required
to produce a “‘composite” curve like that of Figure 2 is not
occurring. We believe that the low and high temperature ef-
fects near 20° are minor contributions to a fundamental en-
zymatic process with a whole number ATP/2e value of 4.0.
As the high (>20°) and low temperature (<20°) effects be-
come important, deviations from this pure stoichiometry
occur because ATP hydrolysis continues but apparently
without accompanying electron transfer. If this view is cor-
rect, the hydrolysis of two ATP’s is required to transfer one
electron by the nitrogenase components but as the protein
conformations change with temperatures less efficient use
of ATP occurs. The binding of two ATP molecules by the
one electron reduced Fe protein reported by Tso and Burris
(1973) is consistent with this stoichiometry and implies that
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the bound ATP molecules are hydrolyzed upon transfer of
the electron from this protein.

From the proton release measurements of the nitroge-
nase-catalyzed Hj evolution reaction, it is clear that 1 mol
of hydrogen is produced /mol of S;04%~ oxidized by the en-
zyme. This same result is obtained indirectly from the iden-
tical ATP/S;042~ and ATP/H; values measured indepen-
dently by polarographic and previously reported manomet-
ric methods (Hadfield and Bulen, 1969), respectively.
These results were also confirmed in one experiment by
monitoring S,042~ utilization, H, production, P; produc-
tion, and H* liberation. These experiments show unequivo-
cally that the nitrogenase-catalyzed H; evolution reaction
at pH 8.0 or above obeys the stoichiometry of reaction 3,
where # is the temperature-dependent number of ATP mol-
ecules required as found in Figure 2. This extensive study of
the stoichiometry is essential in preparing for detailed ther-
modynamic studies of other nitrogenase-catalyzed reactions
and for thermodynamic studies of the nitrogenase complex
itself as well as its constituent proteins.

The stoichiometry for acetylene reduction at pH 8.0 and
0.3-1.0 atm of acetylene catalyzed by nitrogenase was
found, as expected, to obey reaction 7. Reaction 7 is simply
reaction 3 at 25° (n = 4.6) to which acetylene reduction by
molecular hydrogen has been added. The addition of sub-
strate reduction by H; to reaction 3 can be generalized to
calculate the stoichiometry or thermodynamics for the re-
duction of any other substrate reducible by nitrogenase
after correcting for any accompanying H, evolution reac-
tion.

H—C=C—H + S,0.2~ + 2H,0 + 4.6ATP = H,C=CH, +
2SO, + 6.6H* + 4.6P; + 4.6ADP (7)

Below pH 8.0, the stoichiometry of (3) becomes more
complicated because proton liberation from ATP hydrolysis
becomes fractional (Alberty, 1968) as it decreases from one
to near zero as a function of decreasing pH. Also, the ap-
parent proton release from S$:042~ decreases due to HSO3™
formation in accord with its pK of 6.9. The complexity in-
troduced by these two processes plus the fact that $,042~
becomes less stable with decreasing pH (Lem and Way-
man, 1970) is great enough to make interpretation of re-
sults below pH 8.0 too difficult to be worthwhile and conse-
quently most measurements reported here were done at pH
8.0.

From a thermochemical point of view, reaction 3, the ni-
trogenase-catalyzed hydrogen evolution reaction, can be
considered to be the sum of the isolated reactions 1 and 2.
Table I1I contains thermochemical data for these two reac-
tions plus data for the reduction by hydrogen of other sub-
strates of nitrogenase. It is clear that S;04%~ supplies more
than enough energy to produce hydrogen which when pro-
duced is capable (thermodynamically but not necessarily
kinetically) of reducing all of the known substrates of nitro-
genase. Other electron donors for nitrogenase include meth-
yl viologen, ferredoxin, and flavodoxin all with potentials
near or more negative than the pH 7 hydrogen electrode
(—430 mV). A recent report from this laboratory (Watt
and Bulen, 1975) has shown that a voltage more negative
than —400 mV is required to sustain nitrogen fixation by
nitrogenase from A. vinelandii. It appears then that none of
the energy supplied by ATP is necessary thermodynamical-
ly to drive the reactions all of which should proceed sponta-
neously without it. This is verified calorimetrically because
the energy beyond that needed thermodynamically by the
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reaction is fully accounted for as liberated heat of reaction.
The ATP energy is undoubtedly used in making reactive en-
ergy-containing enzyme intermediates but as the enzyme is
turning over, i.e., alternating between intermediates and na-
tive enzyme, no information regarding the energy content of
these intermediates can be gained from the thermodynam-
ics of the overall enzyme-catalyzed reactions reported in
Tables I and II. Information regarding the energy content
of enzyme intermediates must be gained from thermody-
namic studies of the constituent proteins of nitrogenase
under various conditions and these studies are presently un-
derway in our laboratory.

The information found in Tables I and Il combined with
the ATP stoichiometry clearly delineated in this study cor-
respond to a single enzyme turnover. When the thermody-
namics for easily obtained enzyme intermediates (i.e., re-
duced Mo-Fe protein, reduced Fe protein, the binding of
ATP to Fe protein, etc.) are substracted from the data for a
single turnover, data for difficult to obtain or unknown en-
zyme intermediates can be inferred.

The kinetics of utilization of S;04?~ by nitrogenase mon-
itored by the rate of heat production with time is an inter-
esting and unique application of calorimetry to studies of
nitrogenase-catalyzed reactions. These measurements show
that under the conditions of constant ATP concentration
and limiting $,0427, the rate dependence on the S;0,4%~
concentration becomes half-order for both nitrogenase-cat-
alyzed H, evolution and acetylene reduction. This half-
order dependence may indicate a rate-limiting one-electron
transfer to the enzyme from the two-electron S,04%™ donor.
More information concerning the kinetics of nitrogenase-
catalyzed reactions will appear in a later publication.
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