
Ž .Biophysical Chemistry 91 2001 281�304

Duplication and extension of the Thorneley and Lowe
kinetic model for Klebsiella pneumoniae nitrogenase

catalysis using a MATHEMATICA software platform

P.E. Wilson, A.C. Nyborg, G.D. Watt�

Department of Chemistry and Biochemistry, Brigham Young Uni�ersity, Pro�o, UT 84604, USA

Received 24 January 2001; received in revised form 21 May 2001; accepted 31 May 2001

Abstract

The Thorneley and Lowe kinetic model for nitrogenase catalysis was developed in the early to mid 1980s, and has
been of value in accounting for many aspects of nitrogenase catalysis. It has also been of value by providing a model
for predicting new catalytic behavior. Since its original publication, new results have been obtained and have been
successfully incorporated into the model. However, the computer program used for nitrogenase simulations has not
been generally available. Using kinetic schemes and assumptions previously outlined by Thorneley and Lowe, we
report attempts to duplicate the original T&L kinetic simulation for Klebsiella pneumoniae nitrogenase catalysis
using an updated simulation based on the MATHEMATICA programming format, which makes it more user-friendly and
more readily available. Comparisons of our simulations with the original T&L simulations are generally in
agreement, but in some cases serious discrepancy is observed. Possible reasons for the differences are discussed. In
addition to duplicating the original T&L model, we report effects of updating it by including information that has
come to light subsequent to its original publication. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Biological nitrogen fixation is the conversion of
Ž �atmospheric nitrogen into ammonia N �6H �2

� .6e �2NH and is catalyzed by nitrogenase, con-3
� �sisting of the MoFe and Fe proteins 1�4 . In

vitro nitrogenase activity is similar in all organ-
� �isms 5,6 and requires the interaction of the

two protein components, a low-potential source
of electrons, MgATP and a substrate. The Fe
protein binds two MgATPs and, with dithio-
nite as reductant, functions using the
� �2� � �1� � �Fe S � Fe S redox couple 5,7 to trans-4 4 4 4
fer a single electron to the MoFe protein, with
concomitant hydrolysis of two MgATPs. The

� �MoFe protein contains the reductase site 8,9
where electrons accumulate for substrate reduc-
tion.

� �Several kinetic models 8,10,11 have been re-
ported that successfully describe specific but
limited aspects of nitrogenase activity, such as
activity as a function of component protein con-
centration and ratio over wide ranges. The most
comprehensive kinetic model currently used to
describe nitrogenase catalysis is the Thorneley

Ž .and Lowe T&L model, the bulk of which was
� �published in 1985 5 . However, this source is not

a complete reference. Rather, key assumptions
and modifications to the original T&L model
have appeared in various manuscripts, published
prior to and subsequent to this 1985 source
� �12�19 . Therefore, there is not a single location
containing all of the assumptions necessary to
duplicate and apply the T&L model. It is of value
to have an updated version of the model in a
convenient programming format to expand its ap-
plicability to new experimental results and the
reanalysis of previously reported results.

The differential equations describing the T&L
model do not have an analytical solution, so they
must be solved numerically. This has been carried
out previously using a program written in FOR-
TRAN, which has been available almost exclusively
to its authors, due to the fact that code itself is
not written in a user-friendly format. These in-
conveniences provided the impetus for duplicat-
ing the T&L model in a modern, user-friendly

Žformat in the MATHEMATICA programming lan-
.guage .

A valuable side-effect of attempting to dupli-
cate the T&L model has been the enumeration
of all of its assumptions, both explicit and im-
plied. This is especially important considering that
some assumptions and modifications have been
added subsequent to the original development of

� �the model 17,19 . These have not been previously
tested nor fully justified in terms of their effect on
the original kinetic simulations, but we are now
able to do so.

2. Assumptions and overview of the T&L model

In duplicating the T&L model mathematically,
we have found it necessary to understand unam-
biguously all of its assumptions. These assump-
tions are listed in Table 1 as a comprehensive
summary, and are discussed in more detail in
sections that follow. Considering the intricacies of
nitrogenase catalysis, engendered by the fact that
not one, but two component proteins comprise
the enzyme system, as well as by the fact that
there are various possible reductants and sub-
strates to nitrogenase, a list of all of the assump-
tions built into a comprehensive nitrogenase
model is multifaceted. We have therefore at-
tempted to categorize the assumptions in Table 1
within a framework of the categories: protein
activity; reductant source; Fe protein cycle; and
MoFe protein cycle.

Schemes 1 and 2 show kinetic pathways of the
Fe protein cycle, assuming slightly different
mechanisms, and they should be considered com-
panions to the appropriate category in Table 1.
Similarly, Scheme 3 should be considered along-
side the MoFe protein cycle category of Table 1.
The rate constants for Klebsiella pneumoniae ni-
trogenase in Schemes 1�3 are summarized in
Tables 2a and 2b, a compilation of information

� �from various sources 5,17,19 . Rate constants
Žspecific to the original T&L schemes Schemes 1

.and 3, excluding acetylene pathways are listed in
Table 2a, to be distinguished from additional
pathways that were determined at a later time
ŽScheme 2 and the acetylene pathways in Scheme
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Table 1
Fundamental assumptions of the T&L model

Assumption Specifics
category

Protein activity Only Kp nitrogenase is modeled by the T&L model; it may be shown
that Schemes 1�3 describe nitrogenase from other organisms, although
with different rate constants
Only irreversible effects of protein inactivation are taken into account,
not reversible effects from such sources as salt and CO
Kp1 or E refers to MoFe protein active sites, taken from the Mon
content of a Kp1 solution
Inactive Kp1 does not interact with Kp2
Inactive Kp2 competes with active Kp2 for Kp1, binding with the rate
constants k and k ; Kp2 is 45% active3 -3

Ž .Reductant source Dithionite DT is modeled as the initial reductant source
�A two-electron transfer is not considered, as Kp2 functions only

2� 1�� � � �in the Fe S � Fe S redox couple with DT as reductant4 4 4 4
-

�The actual reductant of DT solutions is the SO radical, so the K2 obs
of reducing Kp2 is proportional to the square root of DT concentration

Ž .The reduction of Kp2 MgADP is the only significant DT�Kp2ox 2
interaction
Nucleotide exchange following reduction is rapid compared to k4
� � � �ATP is far in excess compared to ADP

Fe protein cycle All explicit assumptions of Scheme 1 for the classical T&L model,
or Scheme 2 for the modern�integrated T&L model
�Of particular note, the k pathway is irreversible for the transition of�3

E to En� e n�1
�The k pathway is rate-limiting in catalysis, except under conditions of-3

very low protein concentration, in which case the k pathway is1
rate-limiting

�The rate constants k and k do not enter into this scheme5 -5
Only Kp2 not bound to Kp1 is capable of being reduced
One completion of the Fe protein cycle accounts for the transfer of
a single electron to Kp1

MoFe protein cycle All explicit assumptions of Scheme 3, where straight dashed arrows
represent a single Fe protein cycle
�Of particular note, E N H derived only from E H is allowed to4 2 2 4 4

back-react with H to form E H in the k pathway2 4 4 �11
The rate constants of the Fe protein cycle are assumed to be independent
of the level of reduction of Kp1
Only free Kp1 is capable of binding substrate and releasing product
Henry’s law determines the concentration of aqueous gas substrates
Quench releases a single H from all E H and E H species and from2 2 2 3 3
free E H C H , and two H from E H . N H is released from E N H2 2 2 2 2 4 4 2 4 4 2 2
species. Two NH equivalents are released from E and E , and E3 5 6 7
releases one NH upon quenching. All E HC H species yield C H3 3 2 4 2 4
product upon quenching
Natural NH release is from E and E3 6 7
At high protein concentrations, acetylene-bound Kp1 intermediates
have different rate constants for binding Fe protein
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Table 2
Ž . � � � �a Rate constants for the classical T&L model 5 and Additional rate constants for the modern�integrated T&L model 17,19

Rate Value Comment
constant

7 �1 �1 � �k 5�10 M s Determined from the dilution effect 151
�1k 15 s�1

�1 � �k 200 s Determined by difference in � for Kp2 and Kp2 202 red ox
6 �1 �1 � � � �k 4.4�10 M s Responsible for inhibition at high Kp1 123

�1 � �k 6.4 s Rate-limiting step in catalysis 12�3
6 �1 �1 � � �k 3.0�10 M s Reduction by SO and nucleotide exchange 124 2
6 �1 �1 � �k 4.4�10 M s Used when MgATP, but not reductant, is limiting 125

�1k 6.4 s � not in any of the simulations of the present work�5
k�6

9 �1 �1 2� 2�� �k 1.2�10 M s SO �2SO 126 4 2
k6

�1k 1.75 s�6
�1k 250 s7

�1 � �k 8.0 s Subject to errors of a factor of approximately 2 58 5�1k 400 s9
5 �1 �1 N � � �k 4�10 M s Determined from K at low e flux 13�1610 m 2
4 �1 �1 H � � �k 8�10 M s Determined from K at low e flux 13�16�1 0 i 2

6 �1 �1 N � � �k 2.2�10 M s Determined from K at low e flux 13�1611 m 2
6 �1 �1 H � � �k 3�10 M s Determined from K at high e flux 13�16�1 1 i 2

Ž .b
�1 �1k 176 s Set to 200 s to simulate classical model2,e

�1 9 �1k 50 s Set to 10 s to simulate classical model2,ATP
�1 9 �1k 22 s Set to 10 s to simulate classical model2,Pi
�1 �1k 1.5 s Set to 0 s to simulate classical model2,cycle

7 �1 �1k 10 M s Determined from12
�1 � �k 100 s K for C H 17�1 2 s 2 2
�1 � �k 400 s C H release 1714 2 4

.3 , as listed in Table 2b. This categorization cor-
responds to two different states of the T&L

Ž .model: 1 the model as it was first developed
Ž .designated here as the classical T& L model ; as

Ž .opposed to 2 the model in its present state
Ždesignated here as the modern� integrated T& L

.model .

2.1. Protein acti�ity

Thorneley and Lowe are meticulous about cor-
recting for active vs. inactive protein, so that their
simulations match their experimental reaction
stoichiometry. The nitrogenase enzyme system can
be particularly susceptible to inactivity, because
both the Fe and MoFe proteins undergo post-
translational insertion of metal cofactors essential

� �for maximal protein activity 5 . Incomplete inser-
tion leads to the presence of inactive apo protein.
In addition, other factors, such as natural enzyme
degradation, oxygen inactivation and sensitivity to
temperature, can also lead to irreversible protein
inactivity, and certain substances reversibly in-
hibit protein activity, e.g. binding of CO to the
FeMo cofactor, competing with the reduction of

� �some substrates 17 , as well as high salt concen-
trations, which prevent Fe�MoFe protein com-

� �plex formation 21,22 .
While there may be a number of effects con-

tributing to enzyme inactivity, corresponding to a
variety of types of protein inactivation, it is sim-
plest to consider overall effects of inactive pro-
teins that apply to all cases. These effects include
irreversible inactivation, rather than reversible in-
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Scheme 1. Caption for scheme 1.

activation, which cannot be described currently
within the strictly mathematical framework of the
T&L model. Inactive apo Kp1 is assumed not to
interact with Kp2 at all, because it lacks the

� �FeMo cofactor 5 . Because each Kp1 contains
two independently operating halves, each with a
FeMo cofactor, the Mo content of Kp1 is taken as
a measure of active sites, a value twice the molar

protein concentration for fully active MoFe pro-
tein. When cited below, Kp1 represents Mo con-

Ž .tent active site concentration , and not molar
MoFe protein concentration.

Both active and inactive forms of Kp2 possess
� �an Fe S cluster that functions using the4 4

� �2� � �1�Fe S � Fe S couple. Inactive Kp2 is as-4 4 4 4
sumed to compete with active Kp2 for Kp1, bind-

Ž .ing with the same affinity as Kp2 MgADPox 2
� �5,12 . The T&L model assigns active Kp2 a spe-
cific activity of 3500 nmol C H min�1 mg�1 at2 4
30�C, consistent with 45% active protein, an as-
signment that was necessary for Thorneley and
Lowe to simulate pre-steady-state progress curves

� �for H , N H and NH product formation 5 .2 2 4 3
The remaining 55% inactive Kp2 is assumed to
compete with the active Kp2 for Kp1.

2.2. Direction of electron flux

The overall kinetics of nitrogenase catalysis
proposed in the T&L model requires three inter-
dependent sets of redox reactions involving inter-
actions of different types of electron carriers and
the directional flux of electrons from one type of
carrier to another. These interactions are in the

Ž . Ž .order of: 1 electron source�Fe protein; 2 Fe
Ž .protein�MoFe protein; and 3 MoFe protein

�substrates.

Scheme 2. Caption for scheme 2.
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Scheme 3. Caption for scheme 3.

2.2.1. Reductant requirement: electron source�Fe
protein

Nitrogenase requires a low-potential source of
Ž . 3�electrons, such as dithionite DT , Ti -citrate, or

methyl viologen in vitro, and possibly flavodoxin
or ferredoxin in vivo. The choice of electron
source can have a significant impact on the over-
all kinetics of nitrogenase, because both the
� �2� � �1� � �0 � �2�Fe S � Fe S and Fe S � Fe S re-4 4 4 4 4 4 4 4
dox couples can function during catalysis
� �4,23�25 , and which couple is active is dependent
on the reductant type and its concentration. The
T&L model was developed using DT as reduc-
tant, and consequently, the T&L model applies

� �2� � �1�only to the use of the Fe S � Fe S redox4 4 4 4
couple. Because commercial sodium dithionite is

Ž .only partially pure 50�85% , it is necessary for
� �precise kinetic studies to purify it 26 or to stan-

dardize it by titration against standardized oxi-
Ž . � �dants, such as FMN or K Fe CN 5 . Regardless3 6

of the purity of the reductant, its overall concen-
tration must not exceed certain reductant-depen-
dent limits, beyond which salt concentration in-

hibits Fe�MoFe protein interactions. For DT,
� �this is approximately 20�30 mM 27 . The actual

reductant of DT solutions is not S O2�, but the2 4
� � �SO radical formed by dissociation 28 :2

K62� �S O � 2SO2 4 2

2SO��H O�HSO��H��e�
2 2 3

The rate of Fe protein reduction by SO� is2
dependent on the presence of nucleotides and is

� �slowest in the presence of MgADP 5 , although
this is the only Kp2 reduction reaction in the
T&L model:

� � Ž .2SO �OH �Kp2 MgADP 22 ox

k4 � Ž .� HSO �Kp2 MgADP 23 red

Once the Fe protein is reduced, it is assumed
that nucleotide exchange occurs rapidly compared
to the reduction of Kp2:
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Ž .Kp2 MgADP �2MgATP2red

fast Ž .� Kp2 MgATP �2MgADP2red

The affinity of reduced Fe protein for MgATP is
� �smaller than that for MgADP 4 , so for nu-

cleotide exchange to be complete, it is implicit
that the amount of MgATP is in large excess
compared to MgADP. This condition is satisfied
for in vitro reactions conducted in the presence of
the ATP regenerating system, as well as for early
time scales of in vitro assays lacking a regenerat-
ing system. In either case, the effect of varying
ADP concentration cannot be gauged within the
strict framework of the model, as this violates the
condition of rapid nucleotide exchange.

2.2.2. Fe protein cycle: Fe protein�MoFe protein
Only reduced Kp2 bound to two MgATP is

capable of transferring an electron to Kp1, so the
Ž .association of Kp2 MgATP and Kp1 is thered 2

first in a series of pathways leading to substrate
reduction, which is exclusive to the component
proteins of nitrogenase. The relationship of this

k pathway with its complement k is measured1 �1
by varying k �k to get a best-fit simulation of�1 1
Schemes 1 and 3 to dilution effect data found in

� �figure 3 of reference 5 , having already de-
termined all the other rate constants in Table 2a.
These same data and simulation are displayed in
Fig. 1 of this publication, along with our duplica-
tion, which will be discussed later in more detail.

The k pathway leads to electron transfer with2
concomitant hydrolysis of two ATPs. While it has
been shown that ATP hydrolysis is not required
for electron transfer, the rate of ATP-indepen-
dent electron transfer is insignificant compared to
the rate of electron transfer coupled to ATP

� �hydrolysis 29 . Likewise, electron transfer is not
� �required for ATP hydrolysis 5,30,31 . Therefore,

determining if there is a rigid sequence of these
events has been of interest for a number of years.
Originally, the T&L model did not attempt to
make this distinction, so the k pathway could2
not account for reductant-independent ATP hy-
drolysis, nor could real-time phosphate release
from the Kp2�Kp1 protein complex be modeled.

� �More recently, Lowe et al. 19 modified the ki-

Ž .Fig. 1. Dilution effect at a constant Fe�MoFe ratio of 4: 1, T&L data � at pH 7.4 and 23�C, and original simulated best-fit curve
Ž . � � � � � �----- of the classical T&L schemes to the data to solve for k �k 5,13 . DT is 10 mM, and ATP is 9 mM. Additional lines are�1 1

Ž .for our duplication effort, with reported and adjusted protein ratios thick line � thin line, respectively as indicated in the table
inset.
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netic scheme of the Fe protein cycle to account
for both of these effects, as in Scheme 2. For
convenience in describing the different steps
within the k pathway, we have adopted the nota-2
tion k to represent electron transfer. This is2,e
followed by ATP hydrolysis, k , and then by2,ATP
phosphate release, k . The order of these events2,Pi
was determined by fitting a kinetic scheme to data

� �of pre-steady-state phosphate release 19 ,
whereas the original value of k was measured2
spectroscopically from differences in the extinc-
tion coefficients of reduced and oxidized Fe pro-

� �tein during nitrogenase turnover 5 . Note that
there is also a pathway in Scheme 2 for ATP to
replace ADP in the Fe�MoFe protein complex,
so that the T&L model can explain reductant-in-
dependent ATP hydrolysis. This pathway is desig-
nated here as k .2,cycle

The type of nucleotide bound to the Fe protein
affects the stability of the Kp1�Kp2 complex.
After ATP hydrolysis and phosphate release,

Ž .Kp2 MgADP dissociates from Kp1. This kox 2 �3
pathway is rate-limiting in the Fe protein cycle
Žexcept for very small protein concentrations,

. � �which make the k pathway rate-limiting 12 .1
Once freed from Kp1, oxidized Kp2 has less af-
finity for Kp1 than reduced Kp2, yet under condi-
tions of low electron flux through nitrogenase
from an increase in the Kp1�Kp2 protein ratio,
the expected activity of Kp2 is compromised by
the re-association of oxidized Kp2 with Kp1 in the
k pathway. This phenomenon is referred to as3
‘MoFe inhibition’, because excess MoFe protein
inhibits the reduction of oxidized Fe protein. By
varying the concentration of Kp1 in experiments
to measure DT turnover from Kp2 reduction,

� �the rates k and k were measured 12 . Since3 �3
these experiments were performed in the absence
of ATP, it was also determined that

Ž .Kp2 MgADP binds Kp1 with the same af-red 2
Ž .finity as Kp2 MgADP , so that k �k andox 2 5 3

k �k , as in Table 2a. We have previously�5 �3
noted, however, that one of the important as-
sumptions of the T&L model is that ATP con-
centration must be in excess compared to ADP
concentration, and that nucleotide exchange on
reduced Kp2 is rapid. Therefore, the rate con-

stants k and k do not actually enter into any of5 -5
the kinetic schemes presented in this work.

Only free Kp2 is capable of being reduced inox
the k pathway. The reason for this can be de-4
duced from the T&L explanation of MoFe in-
hibition � if Kp2 is bound to Kp1, then itsox
Fe�S cluster is unexposed to reductant-contain-
ing solvent. Furthermore, the Fe�S cluster must
be the site of Kp2 reduction, as well as the site of
electron transfer to Kp1. After Kp2 reduction,
the Fe protein cycle starts over.

2.2.3. The MoFe protein cycle: MoFe protein�
substrate

One completion of the Fe protein cycle ac-
counts for the transfer of one electron from Kp2
to Kp1. However, all nitrogenase substrates re-
quire 2n electrons, n�1. For example, the re-

Žduction of N to 2NH with obligatory reduction2 3
� .of at least 2H to H involves the transfer of at2

Ž .least eight electrons or eight Fe protein cycles .
The MoFe protein cycle accounts for various re-
duction levels of Kp1�substrate complex before a
particular substrate is released as product, as in

ŽScheme 3 combined schemes from Lowe and
� �co-workers 16,17 , with certain assumptions made

� �.more explicit 14 . In this scheme, E representsn
one of two independent halves of the MoFe pro-
tein, where n indicates the level of reduction, and
E corresponds to the level of reduction of Kp10
isolated in the presence of DT. By assuming that
the constants of the Fe protein cycle are indepen-

� �dent of the level of reduction of Kp1 16,32 , the
T&L model has the potential to be applied easily
to any possible substrate, although this has only
been done so far with H�, N , and C H , as2 2 2
indicated in Scheme 3.

In the absence of alternative substrates, nitro-
genase reduces H� to H . After the first reduc-2
tion of Kp1 by Kp2 � and after the dissociation

Ž .of Kp2 MgADP � the FeMo cofactor of Kp1ox 2
interacts with solvent, and a metal hydride is

� �formed: E H 17 . Subsequent reduction cycles1
result in the binding of more hydrides. After the
second reduction, Kp1 is in the E H reduction2 2
state and is capable of evolving H . Therefore,2
the observations of the Hageman and Burris lag-
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phase experiment are built into the T&L model
� �5,9 . Only free Kp1 is assumed to be capable of
evolving product, so, for example, if reduced Kp2
binds E H before H is released, E H can be2 2 2 3 3
generated. This assumption was deduced from the
observation that the lag phase of product evolu-
tion from E vs. E or higher levels of reduction2 3
actually increases with increasing Kp2 concentra-

� �tion 16 . The maximum reduction level of Kp1
where H� is the only substrate is assumed to be
E H .4 4

Thorneley and Lowe determined much of their
data through a combination of rapid acid-quench

� �experiments and stopped-flow spectroscopy 16 .
Whereas natural product evolution comes from
free Kp1 only, acid quench releases substrate
intermediates from both free Kp1 and the
Kp2�Kp1 protein complex. By modeling pre-
steady-state kinetic data with these techniques,
Thorneley and Lowe gain insights into the nature
of substrate intermediates. Specifically, all E and0
E H species release no product upon quenching,1

although the latter has one electron equivalent
present. The quenching of all E H and E H2 2 3 3
intermediates, on the other hand, releases a sin-
gle H molecule, and E H releases two H .2 4 4 2
Therefore, the total H evolution measured in2
the rapid acid-quench technique originates from
both quenching and natural product evolution, as

� � Žreported in figure 8 of reference 5 . See also Fig.
2 of this publication, which includes our duplica-

.tion of quenching versus natural H release.2
However, it is important to note exactly when one
intermediate becomes another, so as to correctly
assign which species release product upon
quenching. Specifically, E H is formed immedi-2 2

Ž .ately after the first release of Kp2 MgADPox 2
from the E H-class E H, and is considered1 1�e
E H , even after electron transfer, until the same2 2
Kp2 protein that reduced it is released. This idea
is made explicit in Scheme 1, where E repre-n�e
sents an E species that has been reduced, yetn
has not had its Kp2 released so as to allow its
FeMo cofactor to interact with solvent. Once this

� Ž .Fig. 2. Pre-steady-state reduction of H in the absence of N and C H . H from different sources: a total product from natural2 2 2 2
Ž . Ž .release and release upon acid quench; b natural release from enzyme; and c release upon acid quench from species E , E and2 3

Ž . Ž . � � � � � �E . T&L data � at pH 7.4 and 23�C, and original simulation ----- of the classical T&L schemes 5 . DT is 10 mM, and ATP is4
Ž9 mM. Additional lines are for our duplication effort, with reported and adjusted protein concentrations thick line � thin line,

.respectively as indicated in the table inset.
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dissociation occurs, E is considered an En�e n�1
species rather than an E species. From this, it isn
evident that the T&L model emphasizes the idea
that only free MoFe protein can interact with and
reduce substrate.

Henry’s law is used to determine the concen-
tration of gaseous substrates, such as N , in solu-2
tion. The presence of N leads to an overall2
decrease in H evolution, as more of the electron2

Žflux goes towards generating NH compare fig.3
� �.11 with fig. 10 in reference 5 . However, H 2

evolution is never completely stopped experimen-
� �tally, even at very high pressures of N 33 . This2

observation is built into Scheme 3 as the obliga-
tory release of H from E and E upon binding2 3 4
of N . Furthermore, under lag-phase conditions2
Žlow overall component protein concentrations,

.and�or large Kp1�Kp2 ratios , E and E are not3 4
formed to any significant extent, and the experi-
mental H �N product ratio approaches infinity,2 2
supporting the correctness of the absence of N2
binding to Kp1 of reduction levels below E in3
Scheme 3.

Just as the first reduction state of Kp1 with a
Ž .bound hydride E H is assumed to release no1

product upon quenching, the first reduction state
Ž .of Kp1 bound to N E N H releases no H or2 3 2 2

NH products upon quenching. However,3
Ž .E N H releases hydrazine N H upon either4 2 2 2 4

acid or base quench, assuming that the extra two
electrons required to obtain N H from E N H2 4 4 2 2

� �come from ‘super-oxidation’ of Kp1 5,14 . Yet
Thorneley and Lowe were only able to match
pre-steady-state N H release if E N H derived2 4 4 2 2
only from E H is allowed to back-react with H4 4 2
to form E H in the k pathway, whereas4 4 �11
E N H derived from E N H is not allowed to4 2 2 3 2
form E H . The basis for this assumption is that4 4
both hydrides in E H -derived E N H are4 4 4 2 2
bound to the cofactor, whereas E N H-derived3 2
E N H has undergone irreversible protonation4 2 2

� �of the N intermediate itself 14 . This assump-2
tion is made explicit in Scheme 3. Figure 12 of

� �reference 5 shows a simulation of hydrazine
Žformation with these assumptions in place. Our

duplication of this figure can be found in Fig. 4,
.to be discussed in greater detail later on. The

T&L model is not definitive on which intermedi-

ates naturally release NH , although one possibil-3
ity is that NH is released from E and E , so3 6 7
that two NH equivalents are bound to E and E3 5 6
for release upon quenching, and that E releases7

� �one NH upon quenching 14 . Scheme 3 is not3
explicit on this point because of other possibilities
for NH release. These assumptions are built into3

� �our duplication of figure 13 of reference 5 , cor-
responding to Fig. 5 in this publication, to be
discussed later.

As with N reduction, C H binds Kp1 at two2 2 2
possible reduction levels. For C H , these are E2 2 1
and E . However, Scheme 3 is only valid if used2
to simulate conditions of low protein-component
concentrations. For concentrations necessary to
generate data from the rapid acid-quench tech-
nique, Lowe et al. observed that Kp nitrogenase

� �activity was much lower than expected 17 , so
they proceeded to fit their data to a simplified
scheme for acetylene reduction, valid only for
higher protein concentrations. Several important
conclusions were drawn from this analysis. First,
quenching of free E H C H yields H and2 2 2 2 2
C H , whereas this same species with bound Kp22 2
releases no product upon quenching. All
E HC H species are presumed to yield C H3 2 4 2 4
upon quenching. Perhaps more important than
knowing which products are released upon
quenching, is an explanation for why the observed
activity of acetylene reduction is much lower than
expected at the high protein concentrations re-
quired to simulate the data taken with the rapid
acid-quench technique. An analysis of this inactiv-
ity using their simplified scheme, along with the
observation that at low protein concentrations
this inactivity is not observed, led Lowe and co-
workers to postulate that the inactivity is due to
an increase in the association rates of component
nitrogenase proteins, k , and not in their dissoci-3

� �ation 17 .

3. Duplicating the classical T&L model

With a thorough understanding of the assump-
tions of the T&L model, from the time of its
inception until the present, we have been able not
only to duplicate published results, but also to
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Ž .Fig. 3. Pre-steady-state H evolution from natural and acid quench sources, with nitrogenase under 100% N . T&L data � at pH2 2
Ž . � � � � � �7.4 and 23�C, and original simulation ----- of the classical T&L schemes 5,16 . DT is 10 mM, and ATP is 9 mM. Additional

Ž .lines are for our duplication effort, with reported and adjusted protein concentrations thick line � thin line, respectively as
indicated in the table inset.

Ž .Fig. 4. Pre-steady-state N H release upon acid or base quench of nitrogenase under 100% N . T&L data � at 23�C, and original2 4 2
Ž . � � � � � �simulation ----- of the classical T&L schemes 5,14 . DT is 10 mM, and ATP is 9 mM. Additional lines are for our duplication

Ž .effort, with reported and adjusted protein concentrations thick line � thin line, respectively as indicated in the table inset.
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predict Kp behavior under experimental condi-
tions beyond what has been previously published.
This has been accomplished using the informa-
tion in Tables 1, 2a and 2b and Schemes 1�3, in
the strictly mathematical framework of a com-
puter program written in the MATHEMATICA pro-
gramming language. This program is capable of
simulating a wide variety of experimental condi-
tions, and the code itself in the form of a MATHE-
MATICA file is available as supplementary mate-
rial, alongside commentary and examples to en-
able ready use by other groups.

Even with all of the assumptions up until the
present, however, it is instructive to suspend con-
sideration of more recent additions to the T&L
model in an attempt to more closely duplicate the

Ž .original classical T&L model published from
� �1983 to 1985 5,12�16 . Selected original pub-

lished data and simulations of the classical T&L
model were digitized using UN-SCAN-IT gel soft-
ware, from references as indicated in Figs. 1�5.
These were then used as targets for our MATHE-
MATICA simulations. Original data are plotted as

points and the original T&L simulations are given
as dashed lines. The thick solid line is the MATHE-
MATICA simulation based on the same conditions
Ž .protein component concentrations or ratios
stated in the original publications. We are not
always able to duplicate original T&L simula-
tions precisely using their published protein con-
centrations. However, one of the assumptions of
the T&L model is that protein concentrations
can be adjusted for simulations to correct for
experimental error in the data. The thin solid line
in these figures represents an adjusted fit after
varying protein concentrations. An arrow indi-
cates the direction of activity change required to
adjust initial simulations to better-fit simulations,
and a table insert to each figure indicates the
percent variation between corresponding ‘re-
ported’ and ‘adjusted’ conditions.

Fig. 1 displays the dilution effect of Kp nitroge-
� � � �nase at a constant Kp2 � Kp1 ratio. The T&L

Ž .simulation of the data dashed line is actually a
best-fit curve used to solve for the value of
k �k , having already determined the other rate�1 1

Ž .Fig. 5. Pre-steady-state NH release from natural release and acid quench of nitrogenase under 100% N . T&L data � at pH 7.43 2
Ž . � � � � � �and 23�C, and original simulation ----- of the classical T&L schemes 5,14 . DT is 10 mM, and ATP is 9 mM. Additional lines

Ž .are for our duplication effort, with reported and adjusted protein concentrations thick line � thin line, respectively as indicated in
the table inset.
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� �constants in Table 2a 5,13 . Our initial simulation
� � � �of the dilution effect at the reported Kp2 � Kp1

� �ratio of 4:1 shows a Kp1 -dependent deviation
from the T&L simulation. Because this particular
simulation varies the protein concentrations while
keeping the protein ratio constant, any error in
component protein concentrations is propagated
as an error in protein ratio. It would seem, there-
fore, that any error in the protein ratio would be
dependent on protein concentration. By allowing
this ratio to vary by 10%, we obtain an excellent
match of the original simulation.

Whereas the simulations of Fig. 1 involve
steady-state kinetics, where product from acid
quenching is negligible compared to natural
product release, much of the power of the T&L
model resides in simulating pre-steady-state ki-
netics, where product from acid quench must be
accounted for. This is illustrated in Fig. 2. Curve
Ž .a describes total H release under argon and2

Ž .apportions it between natural release b and H2
released upon quenching of enzyme intermedi-

Ž .ates c . Only total product formation is shown
for our duplication of this data at the reported
protein concentrations, for purposes of greater
clarity in the figure, but each of the component
sources of H evolution in our simulation are2
more active for original concentrations than they
are for adjusted concentrations. Note the time-
dependent positive deviation from the original
T&L simulation. Allowing the enzyme compo-
nent concentrations to vary from those reported
gives good agreement with the experimental and
T&L simulation for total H release. However,2

Ž .this is only achieved if curve b possesses a small,
time-dependent deviation towards too much
product compared to the original T&L simula-

Ž .tion, whereas curve c deviates towards too little
H formation upon acid quenching. These devia-2
tions are small and probably not serious. Of
greater concern is the fact that our adjusted MoFe
protein concentration had to be decreased by
17.6% compared to the reported concentration,
well beyond the limit of �10% variance indicated
in Table 1. This result is particularly interesting in
light of our success in simulating the dilution
effect in Fig. 1, considering that what is simulated
in each case is H release in the absence of N .2 2

In Fig. 1, simulated product formation at the
reported concentration was not active enough,
whereas in Fig. 2, even natural product formation
at reported concentrations is too active.

Fig. 3 shows pre-steady-state release of H 2
from nitrogenase in the presence of 100% N .2
There is an initial burst of H formation, fol-2
lowed by a near-linear production of H with2
time. For this linear region of product formation,
our initial simulation at the reported protein con-
centrations is not active enough, contrary to the
discrepancy in the absence of N , as in Fig. 2,2
where it is too active. By allowing the protein
concentration to vary, the MATHEMATICA simula-
tion comes into agreement with the experimental
data and the T&L simulation. Unfortunately, as
with the adjusted simulation in Fig. 2, this is only
possible if MoFe protein concentration deviates
by 17.6%. Yet this deviation must not be con-
sidered a systematic difference between our com-
puter program and that of Thorneley and Lowe,
considering that adjusted MoFe protein concen-
tration was decreased in Fig. 2, yet increased in
Fig. 3. Therefore, this inconsistency must be due
to some other reason.

It is conceivable that the reason our simula-
tions in Figs. 2 and 3 fail to precisely match the
published T&L simulations within the �10%
limits of the model is that their simulations were
not performed strictly within this parameter.
However, there is also a possibility that there are
key differences or errors in the way the differen-
tial equations describing Schemes 1�3 have been
encoded in the two separate programming for-
mats. We conjecture that the T&L simulations
do not carefully encode certain differential equa-
tions in terms of conservation of mass, leading to
certain problems in their simulations. That this is
a plausible argument is illustrated by fundamen-
tal differences between our simulations and that
of Thorneley and Lowe in Fig. 4, which reports
the pre-steady-state production of N H formed2 4
by acid or base quench of nitrogenase under
100% N . Of particular note is that in our MATH-2
EMATICA simulations, at both reported and ad-
justed concentrations, the quantity of N H re-2 4
leased on quenching levels off after approxi-
mately 4 s, whereas the original T&L simulation
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displays a notable negative drift away from the
data points. What is most interesting about this
difference is that our simulation at adjusted pro-
tein concentrations within the �10% limits of the
model actually match the original T&L data bet-
ter than does the original T&L simulation, as
displayed by both an elevated activity in the
steady-state region after 4 s, and an absence of
negative drift away from the data at higher time
scales, which is present in the original T&L simu-
lation. An attempt to fit the original T&L simula-
tion directly was also successful only up to the 4-s

Ž .mark not shown within the �10% limits of the
model, at which point our simulation maintained
gentle oscillations about a steady-state concentra-
tion, with a marked decrease in amplitude over
time. Fig. 4 is most telling for the success of our
computer program, as we go beyond an attempt
merely to match an original T&L simulation and
focus instead on how close it comes to matching
actual experimental data within the parameters of
the model.

The failure of the MATHEMATICA model to
match activities within the �10% limits in Figs. 2
and 3 is continued in Fig. 5, in contrast to the
success of our adjusted simulation in Figs. 1 and
4. Fig. 5 is a pre-steady-state progress curve for
NH evolution from nitrogenase under 100% N ,3 2
with total product originating from both natural

Žand quenched sources as has been the case for
.other pre-steady-state simulations as well . Be-

cause the data in Fig. 5 were obtained with simi-
lar protein concentrations to those in Figs. 2 and
3, similar simulation behavior of electron flux
should be observed. Fig. 5 shows that the MATHE-
MATICA simulation predicts a much greater activ-
ity than that actually measured, or even simulated
originally by Thorneley and Lowe. In order to
obtain agreement with the original T&L data and
simulation, the Kp2 and Kp1 concentrations had
to be adjusted by 35 and 39.4%, respectively �
well beyond the accepted variation of up to 10%
for each protein. However, when this large adjust-
ment is made, exceptionally good correspondence
for the T&L and the MATHEMATICA simulations is
obtained. In order to evaluate this large discrep-
ancy, we performed an internal consistency check
for our program by executing the simulations of

� � � �Figs. 2, 3 and 5 at Kp1 �34 �M and Kp2 �133
�M and compared the total electron flux through

Ž .nitrogenase in the absence Fig. 2 and presence
Ž .Figs. 3 and 5 of N . This analysis revealed that2
in the presence of N , our simulated nitrogenase2
is approximately 7% more active than in its
absence. While this may contradict the observed
phenomenon for Av that electron flux through
nitrogenase is actually decreased by 13% in the

� �presence of N 34 , this 7% theoretical increase2
is intuitive in terms of the original T&L kinetic
schemes. First, consider that in the presence of
N , there are additional pathways that release2
product faster than in its absence. For instance,
there is obligatory release of H upon binding of2
N in the k and k pathways. Also, there is no2 10 11
indication of extra rate constants for the release
of product NH from nitrogenase in addition to3
the rate constants of the Fe protein cycle, e.g.
k . On the other hand, H release must corre-�3 2
spond to the additional rate constants k , k and7 8
k , whereas NH release in Scheme 3 is assumed9 3

Ž .to be automatic fast with the completion of an
Ž .Fe protein cycle upon Kp2 MgADP release.ox 2

This behavior is built into the T&L schemes to
increase the electron flux through nitrogenase in
the presence of N gas and is consistent with a2
higher activity for NH formation, such as in our3
initial simulation at reported concentrations in
Fig. 5. It would seem, therefore, that the data and
published T&L simulation reflect a lower enzyme
activity than corresponds to the expected activity
from Scheme 3.

The classical T&L model is also an able pre-
dictor of other nitrogenase catalytic reactions un-
der conditions other than those we have just
examined. For instance, The T&L model was
used to predict the relative amounts of E and E0 1
under lag-phase conditions to show that the first
two Fe protein cycles occur at identical rates for

� �Kp 32 . It was also used to simulate the effect of
Kp2�Kp1 ratio on the apparent K of N fixa-m 2

� �tion 15 . We have duplicated this particular simu-
lation, as shown in the inset to Fig. 6. Additio-
nally, we report theoretical values for the V ofmax
NH production at protein ratios corresponding3
to those of our duplication of apparent K . Thesem
inset curves to Fig. 6 were obtained by per-
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� �Fig. 6. Theoretical Michaelis�Menten kinetics for varying the pressure of N at constant protein concentrations Kp1 �0.57 �M,2
� � Ž . � � ŽKp2 �11.4 �M thick line . Insets indicate effects of varying protein ratio at constant Kp1 �0.57 �M on the observed K thinm

. � � Ž .line 5,15 and V dotted line . Note the last points in the inset plots are derived from the Michaelis�Menten plot.max

forming simulations of varying N pressure at2
various protein concentrations, and performing a
curve fit to solve for K and V for each of them max
chosen protein concentrations, as in the main
curve in Fig. 6. Other uses of the classical T&L
model include various pre-steady-state and
steady-state kinetic simulations published previ-

� �ously 5,12�16,18 , including effects of varying the
� �input parameters DT , pressure of N , pressure2

of H , and concentrations of any form of Fe and2
MoFe proteins and�or intermediates. We shall
not attempt to perform every possible simulation
to prove that we have duplicated the T&L model.
Rather, we have paid particular attention to pre-
steady-state kinetic simulations and activities of
major products evolved during nitrogenase cataly-

Ž .sis Figs. 2�5 , assuming that the host of variant
simulations that the program can perform stem
from or are similar to those we have presented.

4. Classical T&L model vs. modern����� integrated
T&L model

In spite of its success, the classical T&L model

has its limitations, some of which were partially
overcome by later additions to the model, includ-

� �ing pathways for acetylene reduction 17 and
� �phosphate release 19 . We will refer to our dupli-

cation of the T&L model that includes these
additional pathways as the integrated or modern
T&L model. As there are few published experi-
mental examples for Kp nitrogenase involving the
new pathways of the modern T&L model, much
of what follows are theoretical predictions based
on Schemes 2 and 3.

4.1. Phosphate release

When the Fe protein cycle is expanded to in-
clude pathways for ATP hydrolysis and phosphate
release, as in Scheme 2, the T&L model is able
to predict the sequence of events of electron
transfer and ATP hydrolysis, and fit pre-steady-

� �state phosphate release 19 . When Scheme 2 is
used in conjunction with Scheme 3, however, the
extra pathways of Scheme 2 actually slow down
simulated nitrogenase catalysis and introduce a
longer lag phase before product release occurs,
when compared to activities and lag phases when
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Scheme 1 is used instead of Scheme 2. This is
evidenced by a comparison of Figs. 2 and 7. In
fact, in order for the Schemes 2 and 3 version of
our program to match the Schemes 1 and 3 ver-
sion, the extra rate constants of the k pathway2
of Scheme 2 must be adjusted to the values
indicated in Table 2b. Recall that in Fig. 2, ad-
justed Kp1 concentration varied from the re-
ported concentration by 17.6%. On the other
hand, adjusted Kp2 and Kp1 concentrations in
Fig. 7 differ from the reported concentrations by
only 10.5 and 11.8%, respectively. An even smaller
deviation is possible if we attempt merely to match

Ž .the slope activity of the original T&L simula-
tion, and not the total product formation at the
2-s mark. Unfortunately, it is impossible for us to
match the lag phase in the data and published
T&L simulation very well, because even though
k remains rate-limiting in Scheme 2, the extra�3
pathways slow down the Fe protein cycle too
much for a better fit. This deviation from the data
is perhaps acceptable, considering that it is com-
parable to the deviation of the simulation in Fig.

1 from the data in the dilution range below 0.08
�M. It is unlikely that any model of nitrogenase
kinetics will match all observations exactly, so the
small deviations of the integrated T&L model in
product evolution are acceptable in consideration
of its ability to predict more about nitrogenase
kinetics, namely phosphate release.

4.2. Experimental �s. theoretical ATP�2e �alues

In their attempt to simulate pre-steady-state
phosphate release during nitrogenase catalysis
� �19 , Lowe et al. did not attempt to describe
elevated ATP�2e values, which Scheme 2 is capa-
ble of describing. Here we do so, but because we
lack experimental data from Kp nitrogenase, we
will limit our discussion to a qualitative compar-
ison of what is known generally about nitrogenase
from several organisms and what the integrated
T&L model predicts about Kp nitrogenase.

The basic stoichiometry of nitrogenase catalysis
requires the hydrolysis of a minimum of two
ATPs for every electron transferred during the Fe

Ž .Fig. 7. Effects of including the integrated T&L model’s k pathways on total H release. The same T&L data � and original2 2
Ž . � � � � � �simulation ----- of the classical T&L schemes for total H evolution, as in Fig. 2, is also given here 5 . DT is 10 mM, and ATP2

is 9 mM. Additional lines are for the duplication effort, including additional k pathways, with reported and adjusted protein2
Ž .concentrations thick line � thin line, respectively as indicated.
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protein cycle. Since electron transfer is measured
by product release that requires 2n, n�1, elec-
trons, a minimum of four hydrolyzed ATPs for
every two electrons transferred is expected. As
Scheme 2 indicates, ATP can be hydrolyzed with-
out any electron transfer. Hence, the ATP�2e
ratio becomes an important measure of the effi-
ciency of nitrogenase catalysis for a variety of
conditions. Experimentally, elevated ATP�2e val-

� � Ž .ues are observed under conditions of 5 : a low-
� � Ž .ered assay temperatures 35 ; b using heterolo-
� � Ž .gous component proteins 31 ; c limited reduc-

� �tant concentration 36 ; limited electron flux
Ž .through MoFe protein by d increasing Kp1�Kp2

� � Ž . � �37,38 ; and e the dilution effect 11 . Conditions
Ž . Ž .a and b cannot be modeled using the inte-
grated T&L model, but it is possible to explain
qualitatively why they induce elevated ATP�2e in
terms of Scheme 2. Since only the MoFe�Fe
protein complex is capable of hydrolyzing ATP,
anything that favors formation of the complex
should increase the amount of ATP hydrolyzed
relative to the number of electrons transferred. A

Ž .lowered temperature as in a should have the
effect of increasing the binding constant for the
component proteins, as less kinetic energy is
available to the MoFe�Fe protein complex for it

to dissociate in the k pathway. As the forma-�3
tion and maintenance of protein complex is
favored by lowering temperature, we expect
ATP�2e to increase. Likewise, heterologous pro-
tein components, e.g. Av1 and Cp2, lock together
very tightly. They may hydrolyze ATP at a re-

� �duced rate 31 , but the complex is strong enough
to favor ATP hydrolysis over electron transfer.

Ž . Ž . Ž .Conditions c , d and e can be modeled
using our integrated computer program. Fig. 8
shows the effect of limiting the amount of reduc-
tant. In the absence of reductant, the Kp1�Kp2

� �protein complex is an ATPase 36 , so we would
� �expect ATP�2e to approach infinity as DT ap-

proaches zero. This is indeed the case in Fig. 8.
What is interesting about Fig. 8 is at what con-
centration of DT we observe theoretical ATP�2e
values approach the stoichiometric value of four.
This occurs at the relatively low DT concentra-
tions of less than 0.1 mM, whereas there is only
very gradual change above 0.1 mM DT.

A more gradual increase in ATP�2e is observed
Ž .for d , where electron flux is limited by excess

MoFe protein, as in Fig. 9. We intuitively expect
� � � �the minimum ATP�2e value of 4 at a Kp1 � Kp2

ratio approaching zero, corresponding to excess
Kp2 driving electron flux rapidly through Kp1.

ŽFig. 8. Theoretical effects of DT dilution on the value of ATP�2e or the ratio of the amount of Pi to the amount of natural H2
. � � � � � �evolved , simulated using the integrated T&L model with Kp1 �30 �M, Kp2 �30 �M, and ATP �9 mM.
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� � � �Fig. 9. Theoretical effects of Kp1 � Kp2 on the value of ATP�2e, simulated using the integrated T&L model with constant
� � � � � �Kp2 �10 �M, DT �10 mM, and ATP �9 mM.

This is indeed the case, as shown in Fig. 9. At the
� � � �other extreme, as Kp1 � Kp2 approaches infin-

ity, we see that theoretical ATP�2e values cont-
inue to increase, as Kp2 is prevented from being

Ž .reduced k pathway because of competition with4
the k pathway.3

Finally, elevated ATP�2e values are also
� �observed in the dilution effect for Av 11 . The

dilution effect for Kp is displayed in Fig. 1, and
predicted ATP�2e values can be found in Fig. 10.
This behavior is qualitatively consistent with re-

� �sults from Av dilution experiments 11 . Our inte-
grated T&L model does not predict significantly
elevated ATP�2e values, except for very low pro-
tein concentrations. Note that the general trend
at the far right in Fig. 10 is a slight, almost
negligible increase in ATP�2e values with in-
creasing protein concentrations. This is explained
conceptually in terms of a greater likelihood of
forming increasing concentration of ATPase-
active Kp1�Kp2 complex by mass action, as well

� � � �as by a decrease in the DT � nitrogenase ratio
leaning towards limiting reductant at very high
protein concentrations. The more significant in-
crease in ATP�2e values at very low protein

Ž .concentrations less than 0.1 �M Kp1 must be
due to a different phenomenon. We can rule out

one possibility, which stems from the fact that at
low protein concentrations, it takes longer for the
nitrogenase enzyme system to reach steady state.
Depending on which time frame is used as a
reference for ATP�2e values, varied results are
obtained. Note, for example, the simulated
progress curve of ATP�2e vs. time in the inset to
Fig. 10. Before product is ever released, ATP is
already hydrolyzed, so predictably, the curve of
ATP�2e vs. time is asymptotic with the ATP�2e
axis. It is important to take the reference time in
the far horizontal region of such a graph for each
data point comprising the main graph in Fig. 10.
Furthermore, as protein concentrations are low-
ered in the dilution effect, the time it takes for
the real-time simulations to reach steady state
increases, which is a reflection of electrons being

Žtied up longer in Kp1 because of less frequent
.interaction of Kp1 with Kp2 without being re-

leased as product, at least until a second electron
is transferred to Kp1. Since the time it takes to
reach steady state at low protein concentrations is
longer, it is prudent to choose as a reference
timeframe some time that well overestimates
steady state to avoid time-dependent errors in the
very low concentration range. For the main graph
in Fig. 10, a reference time of 10 min is chosen,
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Fig. 10. Theoretical effects of protein dilution on the value of ATP�2e, simulated using the integrated T&L model with constant
� � � � � � � �Kp2 � Kp1 �4, DT �10 mM, and ATP �9 mM. Simulated assay duration was 10 min. Inset shows ATP�2e as a function of

� �time at Kp1 �0.0005 �M.

and gives simulated data almost identical to the
same conditions, but with a reference time of 50 s
instead of 10 min. In other words, ATP�2e values
converge on a steady-state value at large refer-
ence times. Because the graph indicates elevated
ATP�2e values at very low concentrations �
values that are also convergent, and hence refer-
ence time-independent � there must be some
other factor that is primarily responsible for this
elevation in ATP�2e values. While the obvious
answer is that it is simply built into the mathe-
matics of Schemes 1�3, specific causes for this
increase are difficult to pinpoint.

4.3. Acetylene as substrate

Scheme 3 is sufficient to describe acetylene
reduction at low protein concentrations, yet for
the high concentrations required to simulate data
taken using the rapid acid quench technique,
Scheme 3 predicts a much more active rate of
catalysis than is actually observed. The T&L
model solves this problem by proposing a simpli-

fied scheme, which assumes a baseline Kp2 con-
centration and allows for different binding con-

Ž .stants of Kp2 MgADP to E H intermediatesox 2 n n
in the H -releasing pathway, as opposed to2
E C H intermediates in the C H -releasingn n n 2 4

� �pathway 17 . An analysis of this simplified scheme
led Lowe et al. to postulate that the decreased
activity at high protein concentrations is due to
an increase in the association rates of component
nitrogenase proteins in the C H -releasing path-2 4

� �way, k , not in their dissociation 17 . With our3
integrated model, we are able to test this hy-
pothesis. By increasing the value of k for Kp13
bound to acetylene or an acetylene intermediate,
we are able to bring the simulated activity of
acetylene reduction down to experimental levels.
Unfortunately, this occurs at the expense of H 2
evolution, which is much less active than it is
experimentally. This problem could not be allevi-
ated by varying component protein concentra-
tions, suggesting that more than one rate constant
Ž .k as well as others must be different for acety-3
lene reduction at high protein concentrations.
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The value of this analysis has been a more direct
test of initial conclusions and explanations.

4.4. Modeling multiple substrates

With the modern�integrated T&L model, we
are able to evaluate many more effects than are
possible with the classical T&L model. Whereas
the T&L model has grown piece by piece, and
has not been addressed as a single, unified whole,
we are now able to do so. The foundation of any
model rests in pre-steady-state kinetics. As an
example, note the substrate-dependent distribu-
tion of electron flux for the three products simu-

Ž .lated in Fig. 11 H , C H , and NH . Each has a2 2 4 3
particular activity, as well as a particular lag phase,
depending on the different interactions of re-
duced states of Kp1 for the various substrates.
Yet steady state kinetics studies provide some
tantalizing results as well. Fig. 12 shows theoreti-
cal effects of increasing the concentration of Kp1
at constant Kp2 concentration on the distribution
of various products, including H , C H , and2 2 4
NH , as well as ATP�2e values. Note that NH3 3
production is completely negligible under the
simulated conditions. This is reasonable, since

only under conditions of excess Kp2�Kp1 ratios
are the concentrations of E and E sufficient for3 4
significant binding of N to Kp1 in the k and2 10
k pathways. Since NH production is of little11 3
significance under these conditions, the real inter-
est of the figure shifts to the ideal Kp1�Kp2
protein ratio for reduction of H� vs. C H by2 2
Kp1. While Fig. 12 appears to represent protein
concentration-dependent competition of sub-
strates for Kp1, the real issue is competition for
various redox states of Kp1, where the distribu-
tion of Kp1 redox states is dependent on the
Kp1�Kp2 protein ratio. On the other hand, Fig.
13 displays substrate competition for Kp1 at a
single Kp1 and Kp2 concentration, so there is no
variance in the distribution of the redox states of
the MoFe protein. Rather, we can observe a
direct inhibition of H� and N reduction by in-2
creasing the simulated pressure of C H above2 2
the reaction solution. Combining Figs. 12 and 13
into a 3-D plot would further elucidate the subtle
effects of varying reaction conditions, particularly
with regards to total protein concentration, not
simply protein ratio. The possibilities of the inte-
grated T&L model are many, so we have not
attempted to portray a comprehensive illustration

Ž . Ž . Ž .Fig. 11. Theoretical pre-steady-state natural product release: H thick line ; C H thin line ; and NH dotted line . The2 2 4 3
� � � � � � � �simulation uses the integrated T&L model with Kp1 �2 �M, Kp2 �8 �M, DT �10 mM, ATP �9 mM, 70% N , and 0.1%2

C H .2 2



( )P.E. Wilson et al. � Biophysical Chemistry 91 2001 281�304 301

of its potential, but rather to portray just some of
the possibilities. Whether our theoretical predic-
tions actually match experimental data is yet to
be seen, and could go a long way in validating the
comprehensive nitrogenase kinetic model devel-
oped by Thorneley and Lowe.

5. Limitations of the T&L model: potential pitfalls
in computer modeling

We have noted how versatile and comprehen-
sive the T&L model is, particularly with the
additional descriptions of ATP hydrolysis�phos-
phate release and acetylene reduction in its inte-
grated�modern form. In performing simulations,
however, the limitations of the model must be
considered, as there are experimental observa-
tions that the model cannot explain.

We have already discussed the role of Kp nitro-
genase component proteins in catalysis, as well as
the effects of inactive proteins. In addition, we
should note that other inhibitors of nitrogenase
activity, including high salt concentration, ADP
and CO, have not been modeled kinetically within

the quantitative parameters of the T&L model.
Deits and Howard successfully modeled kinetic

� �effects of salt concentration on Av 22 with a
scheme other than that used by T&L. Also, the
effects of CO and ADP inhibition have been

� �measured 17,36 , but not modeled by fundamen-
tal kinetic pathways in the T&L model. Thus,
inactivity brought about by the presence of these
and other inhibitory agents is not modeled in this
work. However, the serious user of the T&L
model must also keep in mind that certain funda-
mental parameters of the model, if extended to
extreme cases, lead to inhibitory conditions exper-
imentally. For instance, modeling DT concentra-
tion beyond �30 mM increases the rate of the
k pathway unrealistically, because at these con-4

centrations, the salt concentration of DT itself
would be experimentally inhibitory. Also, at-
tempting to model extremely high component
protein concentrations would unsuccessfully de-
scribe nitrogenase kinetics, as the experimental
rate of ATP consumption would overpower the
rate of ATP regeneration by an in vitro assay or
in vivo system.

Sometimes substrate can even inhibit nitroge-

Ž . Ž .Fig. 12. Theoretical steady-state product distribution as a function of protein ratio: H thick line ; C H thin line ; and ATP�2e2 2 4
Ž .dotted line . Note that NH release is very close to zero for all indicated protein ratios. The simulation uses conditions of constant3
� � � � � �Kp2 �2 �M, DT �10 mM, ATP �9 mM, 70% N , and 30% C H .2 2 2



( )P.E. Wilson et al. � Biophysical Chemistry 91 2001 281�304302

� Ž . ŽFig. 13. Theoretical inhibition of H and N reduction as a function of increasing pressure of C H �H thick line ; C H thin2 2 2 2 2 4
. Ž . � � � � � � � �line ; and NH dotted line . The simulation uses conditions of Kp1 �2 �M; Kp2 �8 �M; DT �10 mM; ATP �9 mM; and3

70% N .2

nase activity. We have already noted how at high
protein concentrations, acetylene and acetylene
intermediates bound to the MoFe protein change
more than one of the rate constants in the Fe
protein cycle, lowering overall activity. Therefore,
the treatment of acetylene reduction with our
computer program is valid only at low protein
concentrations. For instance, the acetylene path-
ways of Scheme 3 worked for Lowe et al. at

� � � �constant Kp2 of 2 �M and Kp1 of up to 20
� ��M, but were ineffectual at Kp1 of 31 �M and

� � � �Kp2 of 124 �M 17 .
Other limitations of the model are derived from

the list of assumptions in Table 1. Most notably,
the Fe protein cycle assumes rapid and complete
nucleotide exchange in the k pathway, which is4

� � � �only possible if ATP is far in excess of ADP .
So, while Thorneley et al. propose a kinetic path-
way for ADP inhibition of reductant-independent

� �ATP hydrolysis 36 , the determination of the
proposed rate constant for this pathway cannot be
determined within the parameters of the current
T&L model, which lacks any consideration of
� �ADP in the k pathway. Furthermore, any at-4
tempt to simulate the observed effects of inhibi-

tion of nitrogenase catalysis by ADP by modifying
the value of the k rate constant is unsatisfactory4
and not quantitative.

A final consideration of simulating nitrogenase
catalysis has to be in the numerical methods used
to solve the number of simultaneous differential
equations describing the various kinetic schemes.
Any numerical technique is most accurate at small
time scales, because even the slightest degree of
error at the beginning of a simulation is magni-
fied as time elapses, so that we must question the
reliability of answers at large elapsed time. Such
errors are evident in anomalous simulations, so
they are generally easy to spot.
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