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Abstract

Oxidized Fe protein fromAzotobacter vinelandii (Av2 ) was reduced by dithionite(DT) in the absence and0

presence of nucleotides, over the temperature range 10–408C, over the pH range 7–8, and in various buffers—
inorganic phosphate, TES, HEPES, and Tris. The reduction of each species of Fe protein—Av2 , Av2(MgATP) ,0 0 2

and Av2 (MgADP) —was resolved into at least three exponential phases, with relative amplitudes of each phase0 2

varying over the range of experimental conditions, suggesting a dynamic population shift of kinetically distinct
species. The rapid phase of Av2 reduction predominated at low temperature and pH, and in Tris buffer; rapid0

Av2 (MgATP) reduction was favored at high temperature and pH, and in phosphate buffer; and Av2(MgADP)0 2 0 2

reduction was favored under more physiologically relevant conditions of 208C, pH 7.5, and in phosphate buffer. The
rates of reduction of Fe protein species did not change with buffer, but temperature and pH do have an effect on the
rates. With the appropriate constants, an empirically derived equation estimates the rate of Fe protein reduction at
any temperature and pH within the limits 10–408C and pH 7–8, for a given species of Fe protein, and a given phase
of the reaction. At 23.08C and pH 7.4, the rate of the dominant phase of Av2 reduction is 1.9=10 M s .8 y1 y1

0

Under the same conditions, the rates of the two dominant phases of Av2(MgATP) reduction are 1.2=10 and6
0 2

1.5=10 M s ; and the rate of the dominant phase of Av2(MgADP) reduction is 3.5=10 in M s .5 y1 y1 6 y1 y1
0 2

Thermodynamic activation parameters for each phase of reduction were calculated. No breaks in the Arrhenius plots
for any Fe protein species were observed.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Biological nitrogen fixation is the conversion of
N into NH by the nitrogenase enzyme, consisting2 3

of the redox-active Fe and MoFe proteins. The Fe
protein is reduced and binds two MgATP to
become the specific reductant to the MoFe protein.
Formation of a transient complex between the Fe
and MoFe proteins induces ATP hydrolysis and
inter-protein electron transfer. The MoFe protein
contains the FeMo cofactor, where electrons accu-
mulate and where substrates(e.g. N and H )q

2

bind for eventual reduction.
The reduction of oxidized Fe protein in the

presence and absence of nucleotides and the rela-
tive binding strengths of nucleotides to both the
oxidized and reduced forms of the Fe protein have
been important areas of study in attempts to
understand how Fe protein reduction, nucleotide
binding, electron transfer, and nucleotide hydroly-
sis influence nitrogenase catalysisw1–6x. This is
the first attempt to characterize Fe protein reduc-
tion over a broad set of conditions of temperature,
pH and buffers.

2. Theory

Two important reactions describe the reduction
of Fe protein by dithionitew2x w7x:

kyDT
yDT° 2 SO , (1)2

kDT

where DT is dithionite, S O , and2y
2 4

kr
y y ySO qOH qAv2 ™HSO qAv2 , (2)2 0 3 1

where the terms Av2 and Av2 are oxidized0 1

(w4Fe–4Sx ) and reduced(w4Fe–4Sx ) forms2q 1q

of Fe protein fromAzotobacter vinelandii, respec-
tively. The Av2 term in Eq.(2) refers to any of0

the oxidized forms of the Fe protein, namely free
Av2 , Av2 (MgATP) or Av2 (MgADP) , with0 0 2 0 2

corresponding reduction ratesk , k orr, free r, ATP

k .r, ADP

An analysis of the differential equations describ-
ing Eqs. (1) and (2) yields two useful limiting
cases. The first of these cases is where

k wAv2 x42 k wSO x. This condition appliesy
r 0 yDT 2

particularly to reduction of Av2 , whosek is fast,0 r

and the following equation can be used:

w x w x w xAv2 s Av2 y2 k DT t. (3)0 0 0 yDT

This linear equation applies for earlyt, until
wAv2 x decreases enough that the first limiting case0

no longer applies. To relate Eq.(3) to the measured
drop in absorbance, we start with the relationship:

w x w xDAbss´ D Av2 lq´ D Av2 l, (4)0 0 1 1

where the change in absorbance,DAbs, depends
on the change in concentrations of Av2 and0

Av2 , on their respective extinction coefficients,1

´ s17.5 and´ s11.5 mM cm at 400 nmy1 y1
0 1

w8x, and on the path-length of the stopped-flow
apparatus(ls1 cm). The change inwDTx is
assumed negligible. For every Av2 reduced, an0

Av2 is formed, so Eq.(4) becomes,1

w x w xDAbss´ D Av2 ly´ D Av2 l0 0 1 0

w xs(´ y´ ) D Av2 l. (5)0 1 0

Combining Eqs.(3) and (5), we obtain the
relationship:

m
k s . (6)yDT w x2 DT ´ y´ lŽ .1 0

The second limiting case of the differential
equations describing Eqs.(1) and(2) occurs when
2 k wSO x4k wAv2 x, and applies at higherty

yDT 2 r 0

to stopped-flow time courses that initially have a
linear portion. For time courses lacking an initial
linear portion, this second limiting case is true for
all t. The consequence is thatwAv2 x decays0

exponentially according to the equation:

w xyk K DT tyŽ .r DTw x w xAv2 s Av2 e , (7)0 0 0

whereK sk yk . The observed rate constantDT yDT DT

of exponential decay is, therefore equal to
k K wDTx . If wDTx is known, it is easy to1y2 1y2

r DT

calculate an adjusted rate constant,k K , so that1y2
r DT
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samples reduced at differentwDTx can be
compared.

3. Materials and methods

3.1. Solutions and proteins

Nitrogenase Fe protein fromA. vinelandii (Av2)
with specific activities between 1800–2000 nmol
of H mg min was isolated, purified andy1 y1

2

characterized as describedw9x. All sample prepa-
ration, solution transfers and size exclusion chro-
matography were conducted in a Vacuum
Atmospheres glove box under nitrogen at oxygen
levels below 1.00 ppm(Nyad O -Monitor). All2

UV-Visible spectra were recorded on a Hewlett
Packard 8453 UV Spectrophotometer, located
inside the glove box. Oxidized Av2(Av2 ) con-0

centrations were determined by absorbance at 400
nm (´ s17.5 mM cm ) w8x w10x.y1 y1 ,

400

Stock Av2 was oxidized with excess methylene1

blue and subsequently separated using anaerobic
G-50 Sephadex column chromatography. After
separation, the Av2 optical spectrum was recorded0

to ensure complete separation from the methylene
blue and to determine protein concentration.
Dithionite solutions were made inside the glove
box and were standardized by absorbance at 315
nm (´ s8.1 mM cm ) w11x.y1 y1

315

3.2. Stopped-flow instrumentation

Stopped flow measurements were conducted
using an Applied Photophysics Sequential SX-
18MV Stopped-Flow Reaction Analyzer connected
to a Neslab RTE-111 Refrigerated BathyCirculator.
The sample-handling unit of the stopped-flow was
contained inside the glove box. Reduction of the
Fe protein was monitored at either 400 or 430 nm
using the one-centimeter path length. Av2 concen-
trations for all runs were known to within"3
mM, and all temperatures were known to within
"0.1 8C. All concentrations reported are the con-
centrations in the reaction cell after mixing. All
reaction progress curves accounted for the com-
plete reduction of all Av2 present within our0

experimental error. All reactions were conducted
in 50 mM buffers: inorganic phosphate, TES, Tris

or HEPES. Progress curves were obtained in the
stopped-flow for the reduction of Av2 ,0

Av2 (MgATP) and Av2 (MgADP) by averaging0 2 0 2

at least three consecutive runs under various con-
ditions of pH 7.0–8.0 and temperature 10.0–40.0
8C. Samples with nucleotides had protein, magne-
sium, and nucleotides together in the same syringe
prior to protein reduction.

3.3. Data analysis

Some kinetic traces were fit to an initial linear
portion, and all traces were fit to an equation of
the form:

yk t yk t yk t1 2 nAbs(t)sA e qA e qØØØqA e1 2 n

qA , (8)nq1

where Abs(t) is the absorbance as a function of
time, with contributions from different exponential
terms with apparent rate constants,k , and ampli-n

tudes,A .n

Adjusted rate constantsk and k K were1y2
yDT r DT

calculated from Eqs.(6) and(7), respectively. The
activation energy of a reaction was obtained from
the best-fit line of ln(k) vs. 1000yT, according to
the Arrhenius equation:

yE yRTŽ .aksAe
B E (9)E 1aC Fln k sy qln A ,Ž . Ž .
D GR T

wherek is the adjusted rate constant(eitherkyDT

or k K ), E is the energy of activation,R is the1y2
r DT a

gas constant(8.314 Jymol K), T is the temperature
in Kelvin, andA is the pre-exponential factor. The
activation energy,E , is calculated as –R times thea

slope of the line to yield units in kJymol.
In a similar fashion, the activation enthalpy and

entropy of a reaction was obtained by fitting the
data to the Eyring equation:

‡ ‡B E B Ekh DH 1 DS
C F C Fln sy q , (10)
D G D Gk T R T RB

where k, T and R are as before in Eq.(9), and
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whereh is Planck’s constant(6.626=10 J s),y34

k is Boltzmann’s constant(1.380=10 JyK),y23
B

DH is the activation enthalpy in kJymol (when‡

plotting vs. 1000yT), and DS is the activation‡

entropy in JyK mol.
For better qualitative comparison of kinetic trac-

es shown in figures, the data has been modified to
account for variations in protein concentrations
between samples according to the equation:

Relative Reaction Progress

Abs t yAbsŽ . min
s , (11)

Abs yAbsmax min

where Abs(t) is the absorbance at a give time, and
Abs and Abs are the minimum and maximummin max

absorbance values over the course of a kinetic
trace, respectively. This modification facilitates a
qualitative comparison of traces at different tem-
peratures and pH values because all traces cross
the y-axis at 1.0 and reach thex-axis at the same
time. For comparison of traces where the resolution
of data points was different at earlyt, and where
the end times were different, care was taken to
apply Eq. (11) at coincidentt from one trace to
another from start to finish of data manipulation.

4. Results

4.1. Reduction of Av2 by DT0

The reduction of free Ac2 consists of several0

distinct kinetic phases whose time constants range
from milliseconds to over 10 sw2x. We also report
that the reduction of Av2 consists of several0

distinct kinetic phases. Specifically, over the entire
range of conditions from 10–408C and pH 7–8,
the raw data were fit to three exponential terms,
i.e. up tons3 in Eq. (8).

Representative data for the reduction of Av2 as0

a function of temperature in phosphate buffer are
shown in Fig. 1. Fast and slow phases of the
reaction are evident. The fast phase of each kinetic
trace is completed within the first 0.2 s for all
temperatures shown, and appears superimposed on
they-axis in the figure. Interestingly, the amplitude
of the fast phase diminishes with increasing tem-

perature, as should be clear by where the kinetic
traces appear to leave they-axis. The rate of
Av2 reduction in all three phases is faster with0

increasing temperature.
The effect of pH on the reaction also shows a

consistent trend at any given temperature over the
range of 10–408C. Representative kinetic traces
are shown in Fig. 2 for this effect at;30 8C. The
rate of reduction for each exponential term
decreases slightly with increasing pH, and the
amplitude of the fast reaction decreases with
increasing pH.

While the comparison of traces in Figs. 1 and 2
is largely qualitative, a more rigorous analysis of
temperature and pH effects was performed. After
correcting observed rate constants for small varia-
tion in the DT concentration, the raw data were
further analyzed by Eq.(8) to yield best-fit appar-
ent rate constants and amplitudes of exponential
terms. Arrhenius plots of the fast reaction(data
not shown) at constant pH show that the activation
energy varies only slightly from one pH value to
another. Table 1 summarizes the averages for the
activation parameters—E , DH , and DS —for‡ ‡

a

each phase of Av2 reduction.0

The effects of pH and temperature on
k K (the adjusted rate of reduction of1y2

r, free, 1 DT

free Av2 in the fast phase,ns1 in Eq. (8)) are0

shown in Fig. 3. Note that the rate varies essen-
tially linearly with pH, and that this pH effect is
more pronounced at high temperatures. For a given
temperature but varying pH, linear least-squares
fits of the data yield lines(not shown) with
increasingly negative slopes(m) and higher inter-
cepts(s) that follow a predictable pattern. A plot
of ln(ym) vs. 1yT fits to a straight line with slope
ya and interceptb; and a plot of ln(s) vs. 1yT
fits to a straight line with slopeyc and intercept
b. Working backwards, one can derive the
relationship:

1y2 w x w xayTqb cyTqdk K sye pHqe , (12)r DT

whereT is in Kelvin. The values ofa, b, c and d
for each phase of the reduction of Av2 are given0

in Table 1. For comparison of rate constants
measured in different buffers, we accounted for a
temperature-dependent pH change, where the
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Fig. 1. The reduction of 20"3 mM, free Av2 by 0.25 mM DT at 10.8, 19.4, 29.0, and 38.58C; and pH held constant at 7.5 in 500

mM inorganic phosphate buffer. The data shown are representative of the temperature effect on Av2 reduction at all pH values0

studied, and have been modified according to Eq.(11) to facilitate a qualitative comparison.

DpK y8C is y0.020 in TES,y0.014 in HEPES,a

andy0.031 in Trisw12x. The DpK y8C for phos-a

phate buffer is negligible.
The procedure used to derive Eq.(12) is useful

for estimating the values ofa, b, c and d; but a
global fit of Eq. (12) on the original data yields a
more accurate determination of these constants,
along with standard errors. The fitting method
implemented in Fig. 3 uses weighted non-linear
least squares in Microsoft Excelw13x. The straight
lines in Fig. 3 represent a simplified form of this
data fit, assuming a constant temperature for each
line (the average temperature for data points in a
given general temperature range). Therefore the
actual fit of the data is better than that portrayed
because it accounts for subtle temperature and pH
variations. However, a significant trend in Fig. 3
is the apparent worsening of the fit to the data
with increasing temperature. This is a consequence
of weighting the fit according to the reciprocal of
the square of the standard deviationw13x. The

standard deviation of rate constants within a gen-
eral temperature range generally increases with
temperature. For the 14.8 and 24.98C subsets of
data points at relatively constant temperature and
pH, the standard deviation was taken to be the
standard deviation of the rate constants. For the
other data subsets that span a larger pH range, we
determined the standard deviation from a linear fit
with pH. In each case of assessing standard devi-
ation, we ignored temperature variation within data
subsets.

The amplitudes of the different phases of Av20

reduction that accompany fits ofwEq. (8)x to data
did not follow as predictable a trend with temper-
ature and pH as the rate constants of the different
phases. Still, the results using Eq.(8) are in
harmony with the qualitative behavior of kinetic
traces in Figs. 1 and 2, as shown in Fig. 4. The
relative amplitude of the fast reaction,A (see Eq.1

(8)), decreases with temperature and pH. Further-
more, the slowest phase,A , is responsible for the3
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Fig. 2. The reduction of 20"3 mM, free Av2 by 0.25 mM DT at pH 7.0, 7.25, 7.5, 7.75, and 8.0 in 50 mM inorganic phosphate0

buffer; and temperature held constant at 29.4"0.6 8C. The data shown are representative of the pH effect on Av2 reduction at all0

temperatures studied, and have been modified according to Eq.(11) to facilitate a qualitative comparison.

Table 1
Thermodynamic activation parameters and constants given to estimate the value ofk DT for the reduction of Fe protein1y2

r, n

species—Av2 , Av2(MgATP) , and Av2(MgADP) —in different exponential phasesns1, 2, etc., in order of decreasing rate. The0 0 2 0 2

constantsa, b, c andd are generally applicable to Eq.(12) over the temperature range 10–408C and pH 7–8. Phases that predict
traditionally accepted reaction rates at;23 8C and pH 7.4 are bolded for emphasis. Compare with Table 2

n E ya DH y‡ DS y‡ a c1y2 w x w xy y qb y y qdT Tk K sye pHqer DT

kcalymol kJymol JyK mol
a b c d

Free 1 20.1"0.9 82"4 105"12 7650.171"0.010 33.61"0.18 8172.451"0.039 37.72"0.13
2 11.8"1.8 47"8 y76"26 5960"930 21.4"3.1
3 6.2"1.5 24"6 y201"21 4700.015"0.037 11.12"0.26 4339.982"0.042 12.12"0.21

MgATP 1 y0.4"1.2 y4"5 y204"17 y124"660 6.2"2.2
2 2.2"1.2 7"5 I192"18 1130"620 7.4"2.1
3 12.4"1.5 49"6 I64"22 11 523.5437"0.0022 39.29"0.17 9919.7485"0.0066 36.31"0.14
4 14.7"1.3 59"5 y48"18 7390"640 24.7"2.1

MgADP 1 12.9"5.1 52"21 4"74 6500"2600 30.9"8.9
2 23.4"0.8 96"3 119"11 10 223.89"0.13 37.89"0.30 10 577.35"0.14 41.57"0.19
3 11.7"3.0 47"13 y78"42 11 772.699"0.095 40.95"0.91 11 445.608"0.087 42.05"0.78

majority of the compensatory Av2 reduction with0

the loss ofA , while A remains relatively constant1 2

at only approximately 10% of the total absorbance

change. With declining amplitude at high temper-
atures and with a rate approaching the dead time
of the stopped-flow apparatus, it was difficult to
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Fig. 3. Effects of pH and temperature on the phase-1 rate constant for Av2 reduction,k , and fit to Eq.(12) (straight1y2
0 r, free, 1 DT

lines). Survey of data from reduction of 20"3 mM free Av2 by 0.25 mM DT in inorganic phosphate, TES, HEPES and Tris buffers0

over the temperature range;10–408C and pH;7.0–8.0. Average temperatures for the data within a general temperature range
are 10.6"0.5, 14.8"0.2, 19.5"0.5, 24.9"0.5 and 29.5"0.7 8C.

accurately measurek K above 30 8C.1y2
r, free, 1 DT

Still, the phase-1 constants in Table 1 are consistent
with the data up to 408C. The pH effect for phase
2 was too minor to justify assigning constants for
it, possibly because of difficulties in measuring
the rate of a phase of such low amplitude. In this
case, the pH term in Eq.(12) drops out, leaving
only constantsc and d in Table 1 for an alternate
form of the Arrhenius equationwsee Eq.(9)x.

While the analysis in this study has focused on
the effects of pH and temperature on the exponen-
tial portions of Av2 reduction, a brief look at the0

linear portion predicted by Eq.(3) is in order.
This equation is only valid for the conditionkr

wAv2 x42 k wSO x, which is applicable toy
0 yDT 2

phase-1 reduction especially at low pH. There is
sufficient reduction in the fast phase in phosphate
buffer to accurately measure the activation energy
of k at pH 7.0 to be 24"5 kcalymol, inyDT

agreement with the value of 24.1 kcalymol deter-
mined previously by Lambeth and Palmer at pH

8.0 w7x. One may infer that the rate of monomeri-
zation of DT wEq. (1)x is pH-independent because
of this agreement. Unfortunately,k measuredyDT

from the linear portion above pH 7.0 was signifi-
cantly slower than expected, progressively wors-
ening with increasing pH. This should be attributed
to a DT-independent mechanism. There is likely a
breakdown in the conditionk wAv2 x42 kr 0 yDT

wSO x because it is only true for largek wAv2 x.y
2 r 0

As the amplitude of the fast reaction decreases at
higher temperatures and pH values, phases with
slower k predominate. Thus for temperaturesr

above 308C and pH above 7, what may appear as
a linear portion(usually very short) should be
accounted as an hybrid between a line and an
exponential that could only be fit accurately to the
complete set of differential equations describing
Eqs. (1) and (2). This is because experimental
conditions present an intermediate state between
the assumption used to derive Eq.(3) and the
assumption used to derive Eq.(7). The less rig-
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Fig. 5. The reduction of 20"3 mM Av2 in 4.4 mM ATP and 5.0 mM Mg by 0.25 mM DT at 10.8, 19.3, 29.0, and 38.68C;2q
0

and pH held constant at 7.5 in 50 mM inorganic phosphate buffer. The data shown are representative of the temperature effect on
Av2 (MgATP) reduction at all pH values studied, and have been modified according to Eq.(11) to facilitate a qualitative0 2

comparison.

orous approach in this work is satisfactory since a
determination ofk vs. temperature has beenyDT

performed elsewherew7x, and since our results are
sufficient to show there is not likely a pH effect
on k .yDT

4.2. Reduction of Av2 (MgATP) by DT0 2

Fig. 5 shows representative kinetic traces for
the reduction of Av2(MgATP) as a function of0 2

temperature. A striking difference between Figs. 1
and 5 is that the traces in Fig. 1 are encountered
from left to right with increasing temperature,
while in Fig. 5 traces are encountered from left to
right with decreasing temperature. The reason for
this difference is that the combined amplitude of
phases 1 and 2 with Av2(MgATP) reduction0 2

increases, when the temperature rises from 10 to
40 8C (approx. 65 to 85% at pH 7.0, 55 to 80%
at pH 7.5, and 40 to 75% at pH 8.0), while the
opposite trend is seen with Av2 reduction. How-0

ever, the effects of pH on the amplitudes of phases
of Av2 (MgATP) reduction follow the trend seen0 2

with Av2 reduction (compare Figs. 2 and 6).0

Table 1 summarizes the thermodynamic activation
parameters of the different phases of
Av2 (MgATP) reduction, and gives constantsa,0 2

b, c and d for use with Eq.(12). Note that only
the rate for phase 3 actually demonstrates a pH
effect on the rate of reduction, apart from the pH
effect on the amplitudes of each phase discussed
above.

4.3. Reduction of Av2 (MgADP) by DT0 2

There are three phases of Av2(MgADP) reduc-0 2

tion. The effects of temperature and pH on the
reaction can be seen in Figs. 7 and 8. In Fig. 7,
the rate of the fast phases of reduction increases
with increasing temperature as expected. In addi-
tion, the combined amplitude of the two fast phases
(ns1 andns2) rises until 208C, and then falls
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Fig. 6. The reduction of 20"3 mM Av2 in 4.4 mM ATP and 5.0 mM Mg by 0.25 mM DT at pH 7.0, 7.5, and 8.0 in 50 mM2q
0

inorganic phosphate buffer; and temperature held constant at;29 8C. The data shown are representative of the pH effect on
Av2 (MgATP) reduction at all temperatures studied, and have been modified according to Eq.(11) to facilitate a qualitative0 2

comparison.

at higher temperatures. Similarly, the combined
amplitude of the two fast phases is maximum at
pH 7.5, and diminished at pH 7.0 and 8.0. The
fast phases are favored, then, at 208C and pH 7.5.
While this effect is slight, it is nevertheless con-
sistent over almost the entire range of data in
phosphate buffer.

The dominant phase of Av2(MgADP) reduc-0 2

tion is the slower of the two fast reactions(ns2).
Its amplitude is relatively constant at approximate-
ly 86% of the total absorbance change over the
range of experimental conditions. Phase 1 accounts
for approximately 14% of the absorbance change
at all pH values but temperatures less than or
equal to 308C. At higher temperatures, the contri-
bution from phase 1 is abolished—perhaps because
at higher temperatures, the rate of phase 2 over-
takes the assumed rate of phase 1 so that the two
are indiscernible—and compensated for by phase
3, which is present only to a much smaller extent
at lower temperatures.

The thermodynamic activation parameters of the
phases of Av2(MgADP) reduction and constants0 2

for determining the rate constants as a function of
pH and temperature are summarized in Table 1. It
should be noted that we could only detect a pH
effect for the dominant phase(ns2). Perhaps the
minor phases have a pH effect, but as with phase
2 of Av2 reduction, the low amplitudes of these0

phases contribute to difficulties in measuring their
corresponding rate constants accurately enough to
discern a pH effect.

5. Discussion

5.1. Protein activity

The rates of reduction of Kp2(45% active)0

and Ac2 (65–75% active) with DT have been0

reported to have four distinct exponential phases
w2x w14x. The fast phase was attributed to active
protein, while the remaining slower phases did not
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Fig. 7. The reduction of 20"3 mM Av2 in 4.4 mM ADP and 5.0 mM Mg by 0.25 mM DT at 10.7, 19.2, 29.1, and 38.78C;2q
0

and pH held constant at 7.5 in 50 mM inorganic phosphate buffer. The data shown are representative of the temperature effect on
Av2 (MgADP) reduction at all pH values studied, and have been modified according to Eq.(11) to facilitate a qualitative0 2

comparison.

manifest the characteristic change in EPR signal
upon reduction, and were assumed to originate
from reduction of O -inactivated Fe protein. In the2

present study, we have observed only three expo-
nential phases of free Av2 reduction. The question0

remains whether the two slower phases correspond
to active or inactive protein.

Given the extinction coefficients of the reduced
and oxidized forms of Av2w8x, the total absorbance
changes for our runs accounted for all the Av2
present within the limits of experimental error.
This observation suggests that if there were inac-
tive protein present, at least one of two conditions
must be true: either the extinction coefficients of
the forms of Av2 are not changed by inactivation
(whether O inactivation or some other kind); or2

the amount of inactive protein is small, so that it
falls beyond the limits of detection.

The specific activity was measured to be 1800–
2000 nmol of H min mg in standard activityy1 y1

2

assaysw9x before being loaded into the stopped-

flow apparatus and after the completion of the
kinetic measurements. The activity after the meas-
urements was only up to 10% less than the original
activity, which is consistent with the possibility of
only a small activity loss upon initial oxidation as
reported previouslyw1x. This observation suggests
that, given the highly active nature of Av2 when
compared to Fe protein of species other thanA.
vinelandii, the slower phases of Av2 reduction0

actually represent active protein. Furthermore the
combined amplitude of the fastest reactions for
Av2 (MgADP) reduction was as high as 97% of0 2

the total absorbance change at pH 7.5 and 208C
(see Fig. 7). If the slower phases of Av2 reduction0

could be attributed to inactive protein, then the
same protein should give similar amplitudes for
slow reduction of nucleotide-bound forms of pro-
tein. In the case of Av2(MgADP) , the average0 2

relative amplitude of the slow phase over the entire
range of pH and temperature studied was approx-
imately 6% of the total absorbance change, while
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Fig. 8. The reduction of 20"3 mM Av2 in 4.4 mM ADP and 5.0 mM Mg by 0.25 mM DT at pH 7.0, 7.5, and 8.0 in 50 mM2q
0

inorganic phosphate buffer; and temperature held constant at;29 8C. The data shown are representative of the pH effect on
Av2 (MgADP) reduction at all temperatures studied, except at 108C where the peak in amplitude ofA is not so obvious. The0 2 1

data have been modified according to Eq.(11) to facilitate a qualitative comparison.

15% of the absorbance change in Av2(MgATP)0 2

reduction could be attributed to the slowest reac-
tion in phosphate buffer. We attribute the slower
phases of Av2 reduction to different conforma-0

tions of the protein–the relative amounts of which
change with pH, temperature, and solution buf-
fer—and not to inactive protein.

A. vinelandii nitrogenase is generally considered
to be very active when compared to nitrogenase
of other species, but it was determined in one
study of the Fe protein cycle that Av2 is only 62%
active w15x, so it would be of interest to determine
whether the slower phases of Av2 reduction are
attributable to active protein conformers for each
of the variants Av2 , Av2(MgADP) , and0 0 2

Av2 (MgATP) . Specifically, one could measure0 2

the EPR change that occurs upon Av2 reduction
under conditions where such data could be
obtained manually as described in this work. How-
ever, this is beyond the scope of the present study.

5.2. Populations of different conformers of the Fe
protein vary with temperature and pH

While there is undoubtedly a continuum of
conformations of Av2 in solution—each with dif-
ferent rates of reduction—there are likely just a
few that are important to nitrogenase catalysis.
Furthermore, it is likely that if a particular confor-
mation favors reduction of one Av2 species over
another, then natural selection would have favored
it to dominate the relative absorbance change of
Av2 reduction under physiological conditions.
Such appears to be the case for Av2(MgADP)0 2

reduction. From Figs. 7 and 8, we noted how there
is consistently a peak in the combined amplitude
of the two faster phases favoring reduction at pH
7.5 and 208C, at which point the fast phases
account for 97% of the total absorbance change.
With higher resolution of temperature and pH it
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should be possible to narrow the exact conditions
favoring this reaction.

It has long been thought that Av2(MgADP)0 2

reduction is catalytically relevantw16x. Our data
provides supporting evidence for this idea, as the
other two possibilities—Av2 and0

Av2 (MgATP) —only favor rapid reduction at a0 2

particular extreme. Specifically,A for Av2 is1 0

highest at pH 7.0 and 10–208C (see Fig. 4),
while (A qA ) for Av2 (MgATP) is highest at1 2 0 2

pH 8.0 and 408C. Neither of these extremes
represents ideal physiological conditions. It may
be, however, that reduction of Av2 and0

Av2 (MgATP) may be compensatory mechanisms0 2

for Fe protein reduction under conditions of phys-
iological stress.

Still, it is important to emphasize that the
experimental conditions in this study are not phys-
iologically relevant because dye-oxidized Av2 was
used, and it was reduced by a non-physiological
reductant. Therefore this study at most only lends
supporting evidence to the notion that
Av2 (MgADP) reduction is catalytically relevant,0 2

but not definitive proof that this is the case.
Ashby et al. proposed that there are different

conformers of the Kp2 protein in both free and0

MgADP-bound formsw3x. It was determined that
these conformers are interchangeable and that the
relative populations of each are responsible for
Kp2 being only 45% active—where one conformer
is catalytically inactive, but is nevertheless reduced
rapidly. Furthermore, Miller et al. showed that
Kp2 (MgADP) and Kp2(MgATP) transiently0 2 0 2

assume the Kp2(MgADP) and Kp2(MgATP)1 2 1 2

conformations, respectively, in the absence of DT
w17x, though it is not clear whether these conform-
ers correspond to the rapidly reduced but inactive
conformers seen by Ashby et al.

It is possible that Av2 has similar conformers,
though their activity level may be different than
they are for Kp2 since Av2 is much more active.
It has been suggested that Av2 has different con-
formers when bound to MgATPw5x, owing to the
observation of a double exponential for both the
reduction of Av2(MgATP) , as well as the che-0 2

lation reaction of Fe from thew4Fe–4Sx cluster of
the MgATP-bound Fe proteinw18x.

As noted previously, we have observed four
exponential phases for the reduction of
Av2 (MgATP) , while Lanzilotta et al. noted only0 2

two exponential phasesw5x. There is also a differ-
ence of two between the number of exponential
phases we report for Av2(MgADP) reduction.0 2

However, with both nucleotides the amplitudes of
the slowest phases that we have observed are very
small. Our respective protein activities are com-
parable, so the differences are unlikely to be due
to inactive protein. It may be that the kinetic traces
of Lanzilotta et al. did not run so long as ours—
200 s for Av2(MgADP) and 500 s for0 2

Av2 (MgATP) —or that the minimal contribution0 2

of the slowest phase was not evaluated. This seems
likely becauseA for Av2 (MgADP) reduction is2 0 2

only 3% of the total absorbance change at pH 7.5
and 208C, very close to the experimental condi-
tions of Lanzilotta et al., though not in the same
buffer. Furthermore, it has been suggested that if
slower phases are observed, they may be difficult
to measure if their amplitude is smallw3x. As this
is the first study to investigate these reactions over
wide ranges of temperature and pH—under con-
ditions where the amplitudes of slower phases can
be more pronounced—it may be that this is the
first time the slower phases have been seen as
relevant.

5.3. An accelerated phase of Av2 (MgANP)0 2

reduction

Interestingly, our analysis of both
Av2 (MgATP) and Av2 (MgADP) , reduction0 2 0 2

revealed a previously uncharacterized faster phase
in addition to the previously uncharacterized
slower phase described above. As this phase is
also a minor contributor to the total absorbance
change, it may have been previously attributed to
an anomaly of instrumentation, or missed entirely
if the time resolution were poor for earlyt. Only
when this very fast phase was fit as its own phase
were we able to reconcile apparent differences
between rate constants from runs of high time
resolution to runs of low time resolution.

The rates of phase 1 for Av2 and0

Av2 (MgADP) reduction are remarkably similar,0 2
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as determined by a comparison of rate constants
in Table 1 and Eq.(12). One may postulate that
there is a small population of Av2 in a sample of
Av2(MgADP) that is unbound by nucleotide, and2

so is reduced at the rate of phase 1 for Av2 , since0

that is the dominant phase for Av2 reduction.0

However, MgADP binds Av2 more tightly than
does MgATPw19x. If there is free Av2 in a sample0

of Av2 (MgADP) , then there should be more of0 2

it in a sample of Av2(MgATP) at the same0 2

nucleotide concentrations. If this were the case,
the fastest phase for both Av2(MgADP) and0 2

Av2 (MgATP) reduction would have the same0 2

rate, but a larger amplitude in the sample of
Av2 (MgATP) . This is not observed. Rather, the0 2

fastest rate of Av2(MgATP) reduction is much0 2

slower than the corresponding phase of
Av2 (MgADP) reduction. However, it is interest-0 2

ing that the amplitude of the fastest phase of
reduction is more prominent in Av2(MgATP)0 2

than in Av2 (MgADP) , perhaps corresponding to0 2

a larger relative population of Av2 MgATP in a0

sample of Av2(MgATP) than Av2 MgADP in a0 2 0

sample of Av2(MgADP) . Indeed, it is more0 2

difficult to rule out Av2 MgATP and Av2 MgADP0 0

as candidates for phase-1 reductions than it is to
rule out Av2 .0

One way to confirm or disprove the presence of
Av2 MgANP (Av2 MgATP or Av2 MgADP) is to0 0 0

vary the concentration of nucleotides and observe
the effect on the amplitude of the phase-1 reduc-
tions. If Av2 MgANP reduction were responsible0

for phase-1 reactions, then the phase-1 amplitudes
would increase at lower nucleotide concentrations
and diminish at higher nucleotide concentrations.
However, at our concentrations of 4.4 mM Mg-
ANP, there should be approximately 99.7%
Av2 (MgANP) , 0.3% Av2 MgANP, and a very0 2 0

small quantity of free Av2 , based on the most0

recently determined values of dissociation con-
stants K and K of MgANP fromd2 d1

Av2 (MgANP) and Av2 MgANP. w20x Unfortu-0 2 0

nately, there is considerable disagreement in the
literature about the measurements of apparentKd

for the Fe protein and nucleotides, and earlier
estimates of the apparentK for Av2 (MgANP)d 0 2

w19x predict a much more significant population
of free Av2 —9.1% of the total Fe Protein at our0

concentration of MgATP, or 1.35% in our samples
with MgADP. As mentioned above, there is not a
significant quantity of free Av2 in our nucleotide-0

containing samples, so values for an apparentKd

are unlikely to be applicable to our analysis. An
area of ongoing research in our lab is to vary
nucleotide concentrations to determine if phase 1
for Av2 (MgATP) and Av2 (MgADP) reduction0 2 0 2

can be attributed to Av2 MgANP species. If this0

is the case, it should be possible to adjust nucleo-
tide concentrations so that there are sufficient
populations of Av2 , Av2 MgANP, and0 0

Av2 (MgANP) to measure K and K for0 2 d1 d2

MgANP in the stopped-flow apparatus as a func-
tion of temperature and pH.

If this line of investigation proves unfruitful, it
may be that the faster phase of Av2(MgANP)0 2

reduction can be attributable to the inactive, rap-
idly-reduced conformer proposed by Ashby et al.
for Kp2 w3x.0

5.4. Buffer effects on Fe protein reduction

Depending on the buffer used to perform Fe
protein reduction reactions, there is a change in
the amplitudes of the different phases. Fig. 9
illustrates this buffer effect for Av2 reduction. For0

the same conditions of pH 7.5 and temperature
24.0 8C, the fast phase is favored in TES buffer.
HEPES also heavily favors the fast phase(data
not shown). To a lesser extent, the fast phase is
favored in Tris buffer; and in phosphate buffer, it
is favored the least of any buffer tested.

While the fast phase is not favored in phosphate
buffer as much as it is in other buffers, the reverse
is true for the reduction of both Av2(MgATP)0 2

(Fig. 10) and Av2 (MgADP) (Fig. 11). In each0 2

case, phosphate favors rapid reduction. The next
best buffer is TES, then HEPES(data not shown
for Av2 (MgATP) reduction), and then Tris.0 2

Having performed Fe protein reduction reactions
in buffers where certain phases are more important
than in others, we have been able to measure
certain rate constants more accurately than would
have been possible from measurements in a single
buffer alone. In particular, phase 3 of Av2 reduc-0

tion was an important phase in phosphate buffer,
while generally undetectable in each of the other
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Fig. 9. The reduction of 20"3 mM, free Av2 by 0.25 mM DT at 248C and pH 7.5 in 50 mM inorganic phosphate, Tris and TES0

buffers. The data shown are representative of the buffer effect on Av2 reduction over the range of experimental conditions in this0

work, and have been modified according to Eq.(11) to facilitate a qualitative comparison.

buffers tested; and phase 4 of Av2(MgATP)0 2

reduction, while minor in phosphate buffer, is a
major contributor to the overall reaction in Tris
buffer. It should be noted that in Figs. 10 and 11
the data are compared over the same time scale,
with poor resolution at earlyt, essentially truncat-
ing off the fast phase-1 reactions, so the compari-
son is for phases ofn)2.

An important observation with experiments done
in different buffers is that the general trends of
how the amplitudes of the different phases of a
reaction change with temperature and pH are the
same as they are in inorganic phosphate buffer. In
addition, the corresponding rates are unchanged
with the buffer.

5.5. Effects of nucleotides on the reduction of
Av2 for pH 7–8 and 10–40 8C0

It has been observed previously that ATP does

not affect the rate of Ac2 reduction when compared
to free Ac2 w1x. On the contrary, Av2 showed a
marked drop in the rate of Fe protein reduction
upon addition of MgADP, and an even greater
drop in the rate in the presence of MgATPw5x.
The present work supports this view of Av2
reduction. It may be that incubation of protein
with MgATP prior to protein reduction is respon-
sible for the apparent difference in ATP inhibition
being present in Av2 reduction(incubated) and
absent in Ac2 reduction(not incubated). Even so,
multiple phases of the reaction must be considered.

Given the constants in Table 1, one may actually
calculate a rate for phase-1 Av2(MgADP) reduc-0 2

t̃ion comparable to phase-1 Av2 reduction. How-0

ever, there is considerable error in the measurement
of phase-1 Av2(MgADP) reduction. It is more0 2

reasonable to assume that a more accurate meas-
urement of phase-1 Av2(MgADP) reduction will0 2
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Fig. 10. The reduction of 20"3 mM Av2 in 4.4 mM ATP and 5.0 mM Mg by 0.25 mM DT at;19.3 8C and pH;7.54 in 502q
0

mM inorganic phosphate, Tris and TES buffers. The data shown are representative of the buffer effect on Av2(MgATP) reduction0 2

over the range of experimental conditions in this work, and have been modified according to Eq.(11) to facilitate a qualitative
comparison, particularly to compensate for time resolution differences at earlyt.

yield results more in line with the overall effect of
nucleotides shown in Fig. 12. Furthermore, the
contribution from phase-1 Av2(MgADP) reduc-0 2

tion is very minor compared to the dominant phase
2. Fig. 12 shows that at pH 7.5 and;19.3 8C
Av2 reduction is much faster for earlyt, but0

because a much slower phase 3 is responsible for
much of the overall reaction, Av2(MgADP)0 2

reduction overtakes it at approximately 0.6 s.
Phase-1 Av2(MgATP) reduction is faster than0 2

phase-2 Av2(MgADP) reduction for all pH val-0 2

ues and all temperatures less than or equal to;35
8C, but it is from 4 to 35 times slower than phase-
1 Av2 (MgADP) reduction over 10–408C. Since0 2

the amplitude of phase-1 Av2(MgATP) reduction0 2

is generally larger than the amplitude of phase-1
Av2 (MgADP) reduction, a progress curve for0 2

Av2 (MgATP) reduction may start slightly slower0 2

than one for Av2(MgADP) reduction, but may0 2

overtake Av2(MgADP) reduction in overall reac-0 2

tion progress for a very short time, then falling

behind as slower phases of Av2(MgATP) reduc-0 2

tion begin to take over. Clearly, a comparison of
rate constants of the different phases of Fe protein
reduction is insufficient to assess which overall
reaction (Av2 , Av2 (MgATP) or0 0 2

Av2 (MgADP) reduction) will proceed more0 2

quickly overall. An understanding of how the
amplitudes of each phase vary with temperature
and pH is also important.

5.6. Survey of literature values for kr

In light of novel observations in this work, it is
important to assess in what ways our work coin-
cides with previously published results. Table 2
shows the rate constants of reduction,k , forr

various forms of the Fe protein from different
organisms. Values derived from the literature were
either determined by the original authors, or cal-
culated from given values ofk and wDTx, whereobs

k equalsk K wDTx . Values from this work1y2 1y2
obs r DT
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Fig. 11. The reduction of 20"3 mM Av2 in 4.4 mM ADP and 5.0 mM Mg by 0.25 mM DT at;19.2 8C and pH;7.55 in 502q
0

mM inorganic phosphate, TES, HEPES and Tris buffers. The data shown are representative of the buffer effect on
Av2 (MgADP) reduction over the range of experimental conditions in this work, and have been modified according to Eq.(11)0 2

to facilitate a qualitative comparison, particularly to compensate for time resolution differences at earlyt.

were derived from the constants in Table 1 with
Eq. (12) at pH 7.4 and 238C. The value ofK sDT

1.46 nM was used, as determined previously at
pH 7.4 and 238C w16x. Table 2 does not include
some of the phases of Fe protein reduction of this
study, only the dominant ones that can be readily
compared with literature results.

One major discrepancy in the literature is shown
in Table 2. For Ac2 and Kp2 , MgADP slows0 0

down Fe protein reduction while MgATP does not
w1,14x. However, this work and other recent studies
w6,21x show that MgATP inhibits Av2 reduction0

even more than MgADP, particularly when taking
into account the relative amplitudes of the slower
phases for the reduction of Fe protein bound to
MgATP (see Fig. 12). It may be that the effects
of MgATP on Fe protein reduction are confined to
Av2 , though if this were the case, it would be0

curious that there is such agreement in the litera-

ture on the rate of reduction of free Fe protein and
Fe protein bound to MgADP, as in Table 2. Our
results coincide well with previous work on Av2 .0

5.7. Activation parameters of Fe protein reduction

In an attempt to understand the differences
between the respective phases of Fe protein reduc-
tion, we calculated the activation parameters(ener-
gies, enthalpies, and entropies) for the component
phases of the overall reduction processes, as sum-
marized in Table 1. With free Av2 the slower0,

phases have progressively lower activation ener-
gies and enthalpies, as well as more negative
activation entropies. The exact reverse is seen with
Av2 (MgATP) reduction. Av2(MgADP) reduc-0 2 0 2

tion is mixed, with higher activation energy, enthal-
py and entropy going from phase 1 to phase 2,
but then a drop in these parameters going from
phase 2 to phase 3.
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Fig. 12. Nucleotides(4.4 mM ANP, 5 mM Mg) slow the reduction of 20"3 mM Av2 by 0.25 mM DT at pH 7.5 and;19.3 8C0

in inorganic phosphate buffer. The data shown are representative of the effect of nucleotides at all temperatures and pH values
studied, and have been modified according to Eq.(11) to facilitate a qualitative comparison.

Table 2
Comparison of rate constants for Fe protein reduction at;23 8C and pH;7.4. Only certain phases from this work are represented: phase 1 for
Av2 ; phases 2 and 3 for Av2(MgATP) ; and phase 2 for Av2(MgADP)0 0 2 0 2

Organism Ty8C, pH k y(M s )y1 y1
r, fast k y(M s )y1 y1

r, slow Refs.

Free Kp 23, 7.4 )1=108 w3x
Ac 23, 7.4 )1=108 w2x
Av 23, 7.4 1.7=108 w5x

1.9=108 This Work

MgATP Ac 23, 7.4 ;1=108 w1x
Av 23, 7.4 1.9=106 1.3=105 w5x

1.2=106 1.5=105 This Work
Kp 23, 7.4 3=106 w3,16x
Ac 23, 7.4 2.9=106 w1x

23, 7.2 4.7=106 w4x

MgADP Av 23, 7.4 3.7=106 w5x
22, 7.4 4.5=106 w6x
23, 7.4 3.5=106 This Work
20, 7.4 3=106 w29x
20, 7.4 2.4=106 This Work

5.8. The break in the Arrhenius plot for activity is
likely a property of the nitrogenase protein–pro-
tein complex

A break has been observed in the Arrhenius plot
of both nitrogenase activity and primary electron

transfer from the Fe protein to the MoFe protein
w22–27x. The cause of this break is believed to be
a conformational change in one or both compo-
nents of nitrogenase, leading to a change in the
affinity of the Fe protein–MoFe protein complex
w23–26,28x. It has been suggested that the MoFe
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protein is a noteworthy candidate for this proposed
temperature-dependent conformational change, as
its interaction with CO experiences a sharp
increase above 158C in nitrogenase fromKleb-
siella pneumoniae w23x.

Still, it has been proposed that a change in both
component proteins may be required to explain
breaks in both electron transfer and ATP hydrolysis
w25x. It is likely that such a conformational change
in the Fe protein is inherent in the formation of
the protein–protein complex. However unlikely, it
may also be inherent in the Fe protein itself. If a
significant temperature-dependent conformational
change were inherent in the individual protein
components of nitrogenase, and not just in the
nitrogenase complex, then we would expect it to
influence a series of steps in the catalytic cycle,
such as Fe protein reduction. However, we have
not observed any break in the Arrhenius plots of
Fe protein reduction in this study. Still, relative
contributions of different phases of reduction are
also important. Since phase-2 reduction of
Av2 (MgADP) is likely the catalytically relevant0 2

reaction, any argument for the importance of rela-
tive amplitude must address this phase. We have
noted that it is dominant over the range of 10–40
8C and pH 7–8, and the effects of temperature
and pH on its amplitude are minimal. Therefore,
the break in the Arrhenius plots for activity and
electron transfer are likely attributable to the MoFe
protein andyor the nitrogenase complex, and not
some property inherent in the Fe protein alone.
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