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Abstract 

Docking of the nitrogenase component proteins, the iron protein (FeP)  and  the molybdenum-iron protein (MoFeP), 
is required for MgATP hydrolysis, electron transfer between the component  proteins, and substrate  reductions 
catalyzed by nitrogenase.  The present work examines the function of 3 charged amino acids, Arg 140, Glu 141, 
and Lys  143, of the Azotobacter vinelandii FeP in nitrogenase component protein docking. The function of these 
amino acids was probed by changing each to the  neutral  amino acid glutamine using site-directed mutagenesis. 
The altered  FePs were expressed in A .  vinelandii in place of the wild-type FeP. Changing Glu 141 to Gln (E141Q) 
had  no adverse effects on  the function of nitrogenase in whole cells, indicating that this charged residue is not 
essential to nitrogenase function. In contrast, changing Arg 140 or Lys  143 to Gln (R140Q and K143Q) resulted 
in a significant decrease in nitrogenase activity, suggesting that these charged amino acid residues play an  impor- 
tant role in some  function of the FeP. The  function of each amino acid was deduced by analysis of the properties 
of the purified R140Q and K143Q FePs. Both altered proteins were found  to  support reduced substrate reduc- 
tion rates when coupled to wild-type MoFeP. Detailed analysis revealed that changing these residues to Gln re- 
sulted in a dramatic reduction in the affinity of the altered FeP  for binding to  the MoFeP. This was deduced in 
FeP titration, NaCl inhibition, and MoFeP protection from  Fe2+ chelation experiments. In addition, it  was found 
that changing Arg 140 and Lys  143 to Gln resulted in a significant uncoupling of MgATP hydrolysis from inter- 
component electron transfer  rates between FeP  and MoFeP. The wild-type complex was found to hydrolyze 2.5 
MgATP per electron transferred, whereas the R140Q and K143Q proteins, when coupled to wild-type MoFeP, 
required 6 and 31 MgATP for each electron transferred, respectively. It is concluded that  both Arg 140 and 
Lys  143 of the A .  vinelandii nitrogenase FeP  are  important in the docking  interaction with the MoFeP and  that 
these  residues probably function in  aligning the  FeP with the MoFeP for intercomponent electron transfer. A model 
is discussed in  which these positively charged amino acids of the  FeP might interact with negatively charged amino 
acids (Asp and Glu) on  the  MoFeP near its 8Fe cluster. 
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Biological dinitrogen  reduction is catalyzed by nitrogenase,  a 
complex metalloenzyme consisting  of the 2 separable component 
proteins, the molybdenum-iron  protein and  the iron  protein 
(current reviews: Burris, 1991; Smith & Eady, 1992; Dean et al., 

Reprint  requests  to:  Lance C .  Seefeldt,  Department  of  Chemistry  and 
Biochemistry,  Utah  State  University,  Logan,  Utah 84322-0300; e-mail: 
seefeldt@cc.usu.edu. 
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8Fe-(7-8)S or P cluster; TES, N-tris(hydroxymethyl)methyl-2-amino- 
ethane  sulfonic  acid. 
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1993; Mortenson et al., 1993;  Rees et al., 1993;  Kim & Rees, 
1994). The overall reaction of nitrogenase can be summarized, 
1/2MoFeP + N, + 8H+ + 8(FePr-2MgATP) + 2NH3 + H, + 
1/2MoFeP + 8(FeP0,-2MgADP) + 16Pi, where FeP, is the re- 
duced state of FeP and FeP,,  is the 1-electron oxidized state of 
FeP. The  MoFeP is the  component responsible for substrate 
binding and reduction, which is thought to occur at its unique 
molybdenum-iron-sulfur-homocitrate containing cofactor (Kim 
& Rees,  1992b; Orme-Johnson, 1992). The MoFeP also contains 
2 8Fe-(7-8)S clusters (Kim & Rees, 1992b; Bolin et al., 1993), 
which are  thought  to function as a reservoir of electrons for 
transfer to FeMoco  during  substrate  reduction.  The FeP, a  ho- 
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modimer, contains a single  (4Fe-4SI cluster  ligated  between  its 
subunits  (Georgiadis  et  al.,  1992). The FeP functions to trans- 
fer  a low potential  electron  from  its  reduced [4Fe-4SI1+  cluster 
to the MoFeP,  probably  the 8Fe cluster,  with the concomitant 
hydrolysis  of  2  MgATP to 2  MgADP  (Mortenson et al., 1993). 
The  mechanism of coupling MgATP  hydrolysis to the electron 
transfer reaction  remains  unknown.  The  FeP is known to bind 
2 MgATP  per  dimer  with  high affinity, but the hydrolysis of 
MgATP  is  only  catalyzed  by the complex  of the FeP and the 
MoFeP. A minimum  stoichiometry for the  reaction  is  2  MgATP 
molecules  hydrolyzed for each  electron transferred from the 
[4Fe-4S] cluster of the FeP to the MoFeP. The oxidized  FeP, 
with  2  bound  MgADP  molecules,  is  released from the MoFeP 
ih the reaction rate limiting step, and a new (FePr-2MgATP) 
complex  binds to the MoFeP for a  second  electron transfer 
(Hageman & Bunis, 1978; Thorneley & Lowe,  1985). This cycle 
is  repeated  until  a  sufficient  number of electrons  has  been  trans- 
ferred for substrate reduction. The released  (FeP0,-2MgADP) 
complex  is  subsequently  recycled  by  reduction  (from  flavodoxin 
or ferredoxin  in  vivo or dithionite  in  vitro)  and the exchange  of 
the 2  bound  MgADP for 2 MgATP  (Thorneley & Lowe,  1985). 

Docking  of the nitrogenase  FeP and MoFeP  is  a  prerequisite 
to all  nitrogenase  reactions  including  hydrolysis  of  MgATP,  elec- 
tron transfer, and substrate  reduction.  Little  is  presently  known 
about this  docking  mechanism and the  interactions that activate 
the enzyme for MgATP  hydrolysis and  electron  transfer.  Recent 
X-ray  crystallographic  analysis of both the MoFeP  and the FeP 
from Azotobacter vinelandii (Georgiadis  et  al.,  1992; Kim & 
Rees,  1992a) and the MoFeP  from Clostridium  pasteurianum 
( B o k  et al., 1993;  Kim et  al., 1993) have  provided  high- 
resolution  structures for both proteins,  along with their respec- 
tive  metal  clusters.  A  structure for the FeP-MoFeP  complex  has 
not been  achieved, so little  is  known about how  these  2  proteins 
interact.  Models for how these  2  proteins  might  dock for elec- 
tron transfer have  been  suggested  from  analysis  of the individ- 
ual structures and from the position of the respective  metal 
centers (Kim et al.,  1992; Howard, 1993; Rees et  al., 1993; Kim 
& Rees, 1994). In addition, chemical  crosslinking  studies  (Will- 
ing  et  al.,  1989;  Willing & Howard, 1990) and site-directed  mu- 
tagenesis  studies  of amino acids  on  both the FeP  and  the  MoFeP 
have  implicated  Arg  100  (Chang et al., 1988;  Lowery et al., 1989; 
Wolle et  al., 199213) and Glu  112  (Willing & Howard, 1990)  of 
the FeP and MoFeP a-subunit Asp  161 (Kim et al., 1992) and 
&subunit Phe 125  (Fisher et al.,  1992)  in  docking. In  the present 
work, data are presented  revealing that the 2 positively  charged 
amino  acids,  Arg 140 and Lys  143,  of A .  vinelandii nitrogenase 
FeP function in FeP-MoFeP  docking.  This  has  been awom- 
plished by changing  each  amino  acid by site-directed  mutagen- 
esis to the neutral amino acid  glutamine and characterizing the 
properties of the  purified,  altered  proteins.  A  significant  role for 
each  of  these  amino  acids in component  docking  is  demon- 
strated. It is  additionally  suggested that these  residues  play a  role 
in the fiial alignment of the FeP and MoFeP  complex  before 
intercomponent  electron transfer can  occur  (see  Kinemage  1). 

Results 

Site-directed  mutagenesis of the A.  vinelandii 
nitrogenase  FeP 

An analysis  of the FeP  crystal  structure  (Georgiadis  et  al., 1992) 
reveals at least  3  stretches  of amino acids that might  be  involved 

in  MoFeP  docking,  namely  residues  62-72,97-120, and 138-144. 
Amino acids in each  of  these  regions are located on the same 
surface of the FeP as the [4Fe-4S]  cluster.  Arg  100 and Glu  112, 
in the second  region,  have  previously been  implicated  in  dock- 
ing  (Chang  et  al., 1988;  Lowery et al.,  1989;  Willing & Howard, 
1990;  Wolle et al., 1992b).  In addition, Arg 100  is the site  of 
ADP-ribosylation,  a posttranslation modification  mechanism 
used to regulate  nitrogenase  activity  (Ludden & Roberts, 1989). 
Residues in the 138-144  region (P138-1139-R'40-E141-N142-K143- 
A") form  a loop structure that protrudes from the surface  of 
the FeP near  its  [4Fe-4S]  cluster  (Fig.  1).  Noteworthy  among 
these  residues are Arg  140,  Glu  141, and Lys  143, all of  which 
extend from the surface of the protein and all of  which  would 
be  expected to be  charged at physiological pH. Salt inhibition 
of FeP  and MoFeP  docking  has  suggested that ionic  interactions 
are, in part, responsible for the docking  process  (Deits &How- 
ard, 1990). In an  attempt to probe the possible function of these 
3 residues,  each  was  changed to the neutral amino  acid Gln  by 
site-directed  mutagenesis.  Gln substitution would  remove the 
charged  residue and at the same  time  is  predicted to be  a  con- 
servative structural change  (Bordo & Argos, 1991). Each  of the 
altered  FePs  (R14OQ,  E141Q,  K143Q)  were  expressed  in A. vine- 
landii cells in  place  of the wild-type  FeP. This was  accomplished 
by replacing  the  chromosomal  wild-type FeP gene, nifH, with 
the mutated  gene by homologous gene recombination (Jacob- 
son  et  al., 1989;  Seefeldt & Mortenson, 1993).  Cells  expressing 
the E141Q FeP  and  wild-type  MoFeP  were  found to grow at the 
same rate under  nitrogen f i g  conditions as cells  expressing 
wild-type  FeP,  revealing that the charged  residue  Glu  141  was 
not  essential to the  function of the FeP. In contrast, cells  express- 
ing the R140Q or K143Q FeP,  were found to grow  very  slowly 
under  nitrogen-fixing  conditions,  suggesting that changing  these 
residues  had  a  significant  effect on the function of the FeP. 

Fig. I. Top  view of nitrogenase  FeP  highlighting  the  positions of 
Arg  140,  Glu  141,  and  Lys  143  and  the  t4Fe-W)  Cluster.  The  view is down 
the  2-fold axis of symmetry  from  the [4Fe4S] side. The a-carbon back- 
bone is shown  as  a  gray  ribbon.  The  [4Fe-4S]  cluster is shown  with  the 
inorganic  sulfur in yellow  and  the iron in pink.  The  side  chains for 
Arg 140,  Glu  141,  and  Lys  143  are  shown in color. The  carbon atoms 
are in green,  oxygen in red,  and  nitrogen in dark blue. Arg  140 is lo- 
cated  closest to the  central  [4Fe-4S]  cluster,  Glu  141 next, and  then 
Lys  143.  The  coordinates for the  FeP  were  kindly  provided  by  Dr. D.C. 
R e s  of  Caltech.  Modeling  was  done on a  Silicon Graphics Indigo Sys- 
tem  with  the  software  INSIGHT. 
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To  further probe the possible function of the Arg 140 and 
Lys 143 residues in FeP  function, each of the altered  proteins 
was purified to homogeneity and  further characterized. 

Activities of the R140Q and K143Q FePs 

The  substrate reduction activity of the wild-type FeP-MoFeP 
complex was compared to  that of the R140Q FeP-MoFeP  and 
K143Q FeP-MoFeP complexes. The altered proteins were found 
to  support substantially decreased acetylene reduction  rates 
when combined with wild-type MoFeP. Figure 2 shows the ef- 
fects of varying the  FeP concentration on  the  total  rate of sub- 
strate reduction at a fixed MoFeP concentration. As can be seen, 
the R140Q FeP supported  a maximal rate of 38% of the wild- 
type rate  and  the K143Q FeP supported  a maximal rate 25% of 
wild type. Clearly, changing Arg 140 and Lys 143 to  the neu- 
tral Gln  has had a significant effect on  the ability of the  FeP  to 
support  substrate reduction when bound  to  the MoFeP. 

Affinity of R140Q and KI43Q FeP for  the MoFeP 

The results presented in Figure 2 reveal a possible reason for  the 
lower activity of the altered  FePs. In this experiment,  a fixed 
quantity of MoFeP was titrated with increasing quantities of 
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Fig. 2. Dependence of nitrogenase acetylene reduction activity on the 
concentration of  FeP. Acetylene reduction activity was determined un- 
der low salt conditions  as described in Materials and methods. Each as- 
say contained 64 pg (0.256 nmol) of wild-type MoFeP and the indicated 
quantities of either wild-type FeP (O), R140Q FeP (A), or K143Q FeP 
(0). A: Acetylene reduction activity measured as  nanomoles ethylene 
formed per minute was plotted  as a function of the quantity of FeP. 
B: The percentage of the maximal activity for each FeP-MoFeP  com- 
plex was plotted against the quantity of FeP  added. 

FeP. From  the  saturation curve, the kinetic affinity (KFep) of 
the  FeP  for the MoFeP can be defined as the concentration of 
FeP  that gives half-maximal activity. It is clear from Figure 2 
that  both  the R140Q and K143Q FeP have a significantly re- 
duced kinetic affinity for binding to  the MoFeP. Table 1 sum- 
marizes the experimentally  determined KFep values derived 
from  the  data in Figure 2. Substituting Gln for Arg 140 has re- 
duced the affinity of the  FeP  for  the  MoFeP by a  factor of 1 1  
when compared to the wild-type complex, and changing Lys 143 
to Gln has reduced the affinity for binding to  the  MoFeP by a 
factor of 19. These results suggest that  one consequence of 
changing both Arg 140 and Lys 143 to  the neutral amino acid 
Gln is to reduce the  affinity for docking to  the MoFeP. 

This possibility  was further explored by analysis of the effects 
of salt concentration on  FeP-MoFeP complex formation. It has 
been previously shown that increased ionic strength reduces the 
affinity of FeP binding to the MoFeP (Deits & Howard, 1990). 
This has been interpreted to suggest that ionic interactions are 
essential to  the docking of the  2 proteins. Figure 3 shows the  ef- 
fect of increasing concentrations of NaCl on  the substrate re- 
duction  rates of the wild-type FeP, and substituted FeP when 
complexed  with  wild-type MoFeP. The wild-type  complex  shows 
an initial increase in activity upon increasing NaCl concentra- 
tions, followed by a steady decrease  in  activity to 450 mM NaCl. 
The K143Q FeP-MoFeP complex  showed a similar change in ac- 
tivity, however, the complex was significantly more sensitive to 
NaCl inhibition.  The R140Q FeP-MoFeP complex showed a 
dramatic decrease in activity at low NaCl concentrations. These 
effects were quantified by determining the concentration of 
NaCl required to cause 50% inhibition of the noninhibited rate. 
The apparent inhibition constants (KI(NocI))  are summarized in 
Table 1. The K143Q FeP-MoFeP complex was 2.2 times more 
sensitive to NaCl inhibition than  the wild-type complex and the 
R140Q FeP-MoFeP complex was 7.2 times more sensitive to 
NaCl inhibition.  This increased sensitivity to NaCl is compara- 
ble to  that found for  FeP in  which Arg 100 was changed to His 
(Wolle  et al., 1992b). These results suggest that Arg 140 and 
Lys 143 participate in  ionic interactions essential to docking with 
the MoFeP, and  that changing each to the  neutral Gln makes 
the complex more sensitive to NaCl inhibition.  This is consis- 
tent with the conclusion from  the  FeP titration  experiment. 

Table 1. Summary of kinetic constants for iron proteins 

Fold 
Iron Vmuxa (nmol KFepb increase KMgArpc K,cNuC,,d 
protein ethylene.min-') (pM) in K F ~ ~  (pM) (mM) 

WT 200 1.4 - 240 230 
R 1404 77 14.8 1 1  825 32 
K143Q so 27.0 19 1,000 1 os 

a Maximum rate calculated for saturating FeP and 64 pg (0.256 nmol) 
of MoFeP. 

Calculated concentration of FeP that gives half-maximal activity 
with 64 pg (0.256 nmol) of MoFeP. 

'Concentration of MgATP that gives half-maximal activity with 
130 pg (0.520 nmol) of  MoFeP and 450 pg (7.03 nmol) of FeP. 

Concentration of NaCl required to give half the activity of the no 
NaCI added sample. Assays contained 64 pg (0.256 nmol) of MoFeP and 
250 pg (3.91 nmol)  of FeP. 
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Fig. 3. The inhibition of nitrogenase-catalyzed acetylene reduction by 
NaCl. Acetylene reduction activity was determined as described in the 
Materials and methods. Each  assay contained 64 pg (0.256 nmol) of  wild- 
type MoFeP and 250 pg (3.91 nmol) of either wild-type FeP (0) or 
R140Q FeP (A) or K143Q FeP (0) in 1 mL liquid volume. NaCl was 
added to the final concentration indicated from  a 5 M stock solution. 
The percentage of the maximal activity was plotted against the concen- 
tration of NaCI. 

Affinity of the R140Q and K143Q FeP-MoFeP 
compIexes for  MgATP 

The  affinity  for  MgATP in substrate reduction  was  investigated 
for each  altered FeP-MoFeP complex.  Figure  4  shows the effects 
of  increasing  MgATP  concentration  on  the  rates  of  substrate 
reduction  for  each  nitrogenase  complex.  As  can  be  seen,  the 
wild-type complex  saturated  for  MgATP  with a MgATP  con- 
centration  required  to  support  half-maximal activity (KMzA T p )  

calculated to  be 240 pM  (Table 1). Both  the K143Q FeP-  and 
R140Q FeP-MoFeP complexes saturated  for  MgATP in sub- 
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Fig. 4. Dependence of nitrogenase acetylene reduction activity on 
MgATP concentration. Acetylene reduction activity was determined as 
described in the Materials and methods.  Each assay contained 130 pg 
(0.52 nmol) of wild-type MoFeP and 450  pg (7.0 nmol) of either wild- 
type (0) or R140Q (A) or K143Q (0) FeP in a liquid volume of I rnL. 
MgATP  was added to the final concentration indicated. The percentage 
of the maximal  activity  was plotted against the concentration of  MgATP. 
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strate reduction  reactions at higher MgATP concentrations, with 
KmgATP values 3.4- and 4.2-fold higher than  the wild-type com- 
plex. This lower  kinetic affinity  of  the  altered  FePs  for  MgATP 
utilization  indicates  that  changing  Arg 140 and Lys 143 to Gln 
has affected  the efficiency of MgATP utilization by the complex. 
These decreases in the kinetic affinity for  MgATP utilization fur- 
ther suggest that  Arg 140 and Lys 143 function in the  formation 
of  the  FeP-MoFeP  complex. 

Fe2+ chelation from FeP by  a,a'-dipyridyl 
and MoFeP protection 

When wild-type FeP  binds 2 MgATP,  the  protein is known  to 
undergo  conformational  changes  that result  in changes in the 
environment  of  the [4Fe-4S] cluster  (Mortenson  et  al., 1993). 
These  changes in the [4Fe-4S] cluster  have  been  suggested to  be 
a prerequisite to  the  intercomponent  electron  transfer  reaction. 
One  indicator  of  this  change in the [4Fe-4S] cluster  of  the  FeP 
is its  increased susceptibility to  chelation by iron-specific  che- 
lators when MgATP  binds  to  the  FeP (Walker & Mortenson, 
1974). If the  FeP is incubated in the presence of  the  iron  chela- 
tor  a,a'-dipyridyl,  no  chelation  of  Fe2+  from  the cluster is ob- 
served. When  MgATP is added,  however, a time-dependent 
chelation of the  iron  occurs  that  can  be followed  in  real-time as 
an increased  absorbance  at 520 nm resulting from  the  forma- 
tion  of  the  colored  complex  Fe'+-a,a'-dipyridyl (Walker & 
Mortenson, 1974). A conformational  change  in  the [4Fe-4S] 
cluster environment  has been  suggested to result  in an increased 
accessibility to  the  chelator.  This  increased accessibility, until 
now,  has been a good  indicator  for  the  potential  for  intercom- 
ponent  electron  transfer. We have  investigated this MgATP- 
dependent chelation  reaction for  both  the R140Q and  the K143Q 
FePs  as  one way to  further  probe  the  functional  consequences 
of  changing  these  amino  acids.  Figure  5A  shows  the  time- 
dependent  chelation  of  Fe2+ by a ,  a'-dipyridyl  from wild-type 
and  the altered FePs,  both before and  after  MgATP  addition.  As 
expected, the wild-type protein showed no Fez+ chelation before 
MgATP was added. Following MgATP  addition, a time-dependent 
chelation  reaction was observed.  Qualitatively,  the R140Q FeP 
reacted  similarly,  except  that  the  rate  of  Fez+  chelation  was 
faster  than  for  the wild-type  FeP. When  the  logarithm  of  the 
percentage  of  Fe2+  remaining  bound  to  the wild-type FeP  was 
plotted  against the  time  after  MgATP  addition, a  linear rate was 
observed,  indicating  an  apparent  first-order process.  A similar 
apparent  first-order  rate  of  chelation  was  observed  for  the 
R140Q FeP, except that  the  apparent  rate  constant was 2.6 
times faster  than  for  the wild-type FeP (0.026 s" compared to 
0.01 s - ' ) .  The K143Q FeP  also  showed  an  apparent  first-order 
rate of chelation,  but  with a significantly  faster  apparent  first- 
order  rate  constant  of 0.071 s-' (Fig. 6). Inspection  of  the  rate 
of Fet2  chelation  from  the K143Q FeP  prior  to  the  addition of 
MgATP in Figure 5A revealed that  Fez+ was  chelated from  the 
K143Q FeP  at a slow,  but  measurable  rate even  in the  absence 
of  MgATP. If allowed to  continue  for several minutes, all of the 
iron was eventually released (Fig. 5B). When MgATP was added 
after a fraction  of  the  Fe2+  had been  released in the  absence  of 
MgATP, the  same final absorbance value  was reached,  indicat- 
ing that  the slow  loss  of Fe2+  comes  from  the [4Fe-4Sl cluster 
and  not  advantageously  bound  Fe2+. 

Both the R140Q and K143Q FeP released the  same  total  quan- 
tity of  Fe2+  as  the wild-type FeP (3.6 g-atoms of Fe per mol  of 
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Fig. 5. Time course for the MgATP-dependent chelation of Fe2+ from 
iron proteins by a ,  a’-dipyridyl. Reaction conditions were as described 
in the Materials and methods. The absorbance at 520 nm of the Fez+- 
a,  a’-dipyridyl complex versus time was recorded. A: Each reaction was 
initiated by addition of 0.9 mg  of either wild-type (WT), R140Q, or 
K143Q FeP. At 60 s (downward spike), MgATP was added to a final 
concentration of 3.9 mM. B: Each reaction was initiated by the  addi- 
tion of 0.9 mg of K143Q  FeP. MgATP was added to a final concentra- 
tion of 3.9 mM at either 60 s (trace 1) or at 590 s (trace 2) or not at all 
(trace 3). 

FeP), indicating that Fe  was not lost during purification and that 
each  protein  contained  a full complement of [4Fe-4S] cluster. 
This was confirmed by the presence of normal EPR spectra for 
both altered  proteins (data not shown). 

Earlier it had been shown that inclusion of MoFeP with the 
FeP in the chelation  reaction resulted in a slower rate of Fe2+ 
chelation (Walker & Mortenson, 1974). This has been attributed 
to  MoFeP binding to  the  FeP  and  thus protecting the [4Fe-4S] 
cluster from chelation by the chelator (Walker & Mortenson, 
1974). During catalysis, the  FeP would be bound  a portion of 
the time to  the MoFeP, which would protect the [4Fe-4S] clus- 
ter of the  FeP  from chelation. After  the  FeP releases from  the 
MoFeP, it would be free in solution and  thus susceptible to che- 
lation.  The result should be a  decreased, but not  zero, rate of 
Fe2+ chelation from  FeP when MoFeP is present.  Figure 7A 
shows the results of an experiment in which the wild-type FeP 
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Fig. 6. The  rate of MgATP-dependent Fez+ chelation from  iron  pro- 
teins by a,a’-dipyridyl. The logarithm of the percentage of total releas- 
able iron remaining bound to the FeP versus time after MgATP addition 
was plotted for each data set in Figure SA. The  apparent first-order 
rate  constants were determined (Kob): Wild-type FeP (WT, 0), Kob = 
0.01 SKI; R140Q FeP (A), Kob = 0.026 s-I; K143Q FeP (m), Kob = 
0.071 s”.  

and  MoFeP were  mixed in a 2-to-1 ratio in an a ,  a’-dipyridyl 
chelation reaction. The presence  of the MoFeP was found  to re- 
sult in a  considerable decrease in the rate of chelation of Fez+ 
from the FeP. An ATP-regenerating system  was included in the 
reaction to prevent the formation of  MgADP,  which  would com- 
pete for MgATP binding to the FeP. The  MoFeP  alone showed 
no  Fe2+ chelation.  This  MoFeP  protection was quantified by 
comparing apparent first-order rate constants for  Fe2+ chela- 
tion in the presence or absence of MoFeP (Fig. 8). Similar ex- 
periments were also  performed for  the K143Q and R140Q FeP 
in the absence or presence of stoichiometric  quantities of wild- 
type MoFeP (Fig. 7B,C). It can be  seen from these data  that the 
addition of MoFeP  to the reaction mixture of the  altered  FePs 
had little or no effect on  the rate or extent of Fe2+ release from 
the altered FePs.  The apparent first-order  rate  constants for 
Fe2+ chelation were unchanged when MoFeP was present or 
absent (Fig. 8). These data clearly indicate that changing the pos- 
itively charged Arg 140 and Lys  143  of the A .  vinelandii FeP has 
resulted in a reduced affinity of the  FeP  for  the MoFeP. 

Coupling MgATP hydrolysis to electron transfer for 
the R140Q and K143Q FeP-MoFeP complexes 

Under  optimal  conditions, the wild-type FeP-MoFeP complex 
hydrolyzes 2 MgATP for each electron transferred between the 
component  proteins  (Jeng et al., 1970).  As a way to determine 
the coupling of these 2 processes for  the altered proteins, elec- 
tron transfer rates and MgATP  hydrolysis rates were determined 
for the wild-type nitrogenase complex and  for  the R140Q and 
K143Q FeP-MoFeP complexes. The results are summarized in 
Table 2. As can be seen, the  total electron transfer  rates  from 
R140Q and K143Q FeP to MoFeP were significantly lower than 
between the wild-type proteins.  The total rates of MgATP hy- 
drolysis were also reduced, but to a lesser extent than  the elec- 
tron transfer rates. The net  result  was a significantly  higher ratio 
of MgATP hydrolyzed per electron transferred for  the altered 
FePs.  The wild-type FeP-MoFeP complex  hydrolyzed 2.5 
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Fig. 7. MoFeP protection of MgATP-dependent Fe*+ chelation from 
FePs: Reaction conditions were as described in the Materials and meth- 
ods.  The reaction solution included phosphocreatine and creatine phos- 
phokinase. Prior  to the  addition of FeP, wild-type MoFeP (0.92 mg or 
3.6 nmol) was either added (+MoFeP) or not added  (-MoFeP).  The 
reaction was initiated by the  addition of 470  pg (7.3 nmol) of the indi- 
cated FeP.  At 60 s (downward spike), MgATP was added to a final con- 
centration of  3.9 mM. A: Wild-type FeP. B: R140Q  FeP. C: K143Q  FeP. 

MgATP for each  electron transferred. In contrast,  the R140Q 
and K143Q FeP-MoFeP complexes  hydrolyzed 6.0  and 31 
MgATP per electron  transferred, respectively. These results are 
consistent with Arg 140 and Lys 143 functioning  in the  FeP- 
MoFeP  interaction, particularly  in the interaction  required for 
electron transfer. 
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Fig. 8. The  rate of Fe+* chelation by a,a'-dipyridyl from FePs in the 
presence or absence of MoFeP. The logarithm of the percentage of to- 
tal releasable iron remaining bound to the FeP versus time after MgATP 
addition was plotted for each data set  in Figure 7A, B, and C. Closed 
symbols  represent reactions in the absence  of  MoFeP,  whereas  open  sym- 
bols represent reactions in the presence of MoFeP. Wild-type FeP (WT, 
circles), R140Q FeP  (squares), and K143Q FeP (triangles). Apparent 
first-order rate constants (&) were: Wild-type in the presence of 
MoFeP (0). 0.0086 s"; wild-type in the  absence of MoFeP (O),  
0.01 s"; R140Q FeP in the presence (0) or absence of MoFeP (m), 
0.028 s"; K143Q FeP in the presence (A) or absence of MoFeP (A), 
0.089 s" . 

Discussion 

The results presented  in this work reveal that the positively 
charged amino acids  Arg 140 and Lys 143 of the A .  vinelandii 
FeP play a key role in docking to  the  MoFeP, a  prerequisite to 
MgATP hydrolysis, intercomponent electron transfer, and sub- 
strate reduction. 

These results can be integrated into a consensus model for 
how the FeP  and  MoFeP might interact. The  current model 
holds that the FeP transfers an electron to the 8Fe cluster of the 
MoFeP, which in turn  transfers 1 or 2 electrons to  the FeMoco 
for  substrate reduction  (Thorneley & Lowe, 1985; Lowe et al., 
1993). Thus,  a model for FeP and  MoFeP binding would require 
that  the [4Fe-4S] cluster of the  FeP bind near the 8Fe cluster of 
the  MoFeP  (Howard, 1993; Kim & Rees, 1994). A possible 
model for  the docking of the FeP  and  MoFeP is illustrated in 
Kinemage 1. The recent X-ray  crystal structure of the  MoFeP 
from A .  vinelandii allows analysis of the  protein  environment 
around  the 8Fe cluster of MoFeP (Rees et al., 1993). The 8Fe 
cluster is bound between the MoFeP a- and 0-subunits  approx- 
imately 10 A below the surface (Kim & Rees,  1994). Amino acids 
located at  the surface  near  the 8Fe cluster include a series of hy- 
drophobic residues (a  Phe 125, Phe 125, a Phe 186, p Phe 189, 
a Leu 158, p Val 157, p Ile 158, and 0 Ile 123) and a series of 
acidic residues (a  Asp 162, 0 Asp 161, a Asp 128, a Asp 161, 
and p Glu 156) (Kim & Rees, 1992a). There is an  approximate 
2-fold axis of symmetry through the 8Fe cluster, with these 
amino acid residues arranged symmetrically around the cluster. 
Recent site-directed mutagenesis studies on 0 Phe 125 (Fisher 
et al., 1992) and a Asp 162 (Kim et al., 1992) near  the 8Fe clus- 
ter of the  MoFeP protein suggest that these residues function 
in binding to  the FeP. The negatively charged residues near the 
MoFeP 8Fe cluster are tempting candidates for interaction with 
Arg 140 and Lys 143 of the FeP. Because the  FeP is a homodi- 
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Table 2. Coupling of MgATP hydrolysis to electron transfer by nitrogenase complexes 

Electron  transfer  ratesa  MgATP  hydrolysis ratesb 
FeP  (nmol e-/min/mg FeP)  (nmol  MgATP/min/mg  FeP)  MgATP/e- 

WT 
R140Q 
K143Q 

1,892  82.7 
151 f 88.0 
42 k 82.8 

4,841 f 8,360 
912 k 862 

1,316 + 827 

2.5 
6.0 

31 

a Determined  from the rate of the 2 electron  reduction  of C2H2 to CzH4. Each  assay  contained 0.93 nmol of wild-type  MoFeP  and 0.5 nmol 
of the noted  FeP. 

Determined as the rate  of MgADP formation (see Materials and methods). 

mer, with a 2-fold axis of symmetry through the [4Fe-4S] clus- 
ter (Georgiadis et al., 1992), each  subunit  contains an Arg 140 
and Lys  143. These residues could interact with the acidic resi- 
dues surrounding  the 8Fe cluster of the MoFeP. In addition, 
2 Arg 100 residues are located around  the [4Fe-4S] cluster of the 
FeP. Thus, Arg 100, Arg 140, and Lys  143 form a ring of 6 pos- 
itively charged residues surrounding the [4Fe-4S] cluster of the 
FeP. Previous work on Arg 100 of the  FeP has demonstrated 
a role for this residue in docking to the MoFeP (Chang et al., 
1988; Lowery et al., 1989;  Wolle et al., 1992b). In addition, 
Arg 100  of the  FeP is the site of ADP-ribosylation in nitrogenase 
from several photosynthetic nitrogen-fixing bacteria, where a 
modification of Arg 100 functions to switch off the enzyme un- 
der conditions where it is not needed (Ludden & Roberts, 1989). 
The  addition of this ADP-ribose group probably acts to prevent 
Arg 100 interaction with its counterpart on  the MoFeP, render- 
ing the complex inactive. With this docking model, the distance 
between the 8Fe cluster of the  MoFeP  and  the [4Fe-4S] cluster 
of the FeP is estimated to be 15 A (Howard, 1993; Kim & Rees, 
1 994). 

A major question that remains is “what  happens within each 
protein  during  docking that activates the complex for MgATP 
hydrolysis and electron transfer?” Because the crystal structures 
of each nitrogenase component are uncomplexed structures, they 
provide limited insights into  the mechanisms for these activa- 
tions. Possible models are suggested, however, from combin- 
ing knowledge of the structures with previous mutagenesis and 
kinetic studies and the results presented here. One important  ob- 
servation is that MgATP hydrolysis can be uncoupled from in- 
tercomponent electron transfer. Earlier work  with heterologous 
FeP-MoFeP complexes showed that such complexes would hy- 
drolyze MgATP, but would not  transfer electrons (Smith et al., 
1976; Emerich & Burris, 1978). Likewise, changing Arg 100 of 
the  FeP was found  to uncouple MgATP hydrolysis from inter- 
component  electron  transfer (Lowery et al., 1989;  Wolle et al., 
1992b). The data presented in this work show that Arg 140 and 
Lys  143 of the FeP and their interaction with the MoFeP are crit- 
ical for coupling MgATP hydrolysis to electron transfer. Chang- 
ing Arg 140 and Lys  143 resulted in a significant uncoupling of 
these 2 processes, with the altered proteins catalyzing the hydro- 
lysis of up  to 31 MgATP for each electron transferred. These 
data suggest a model in which MoFeP  and  FeP docking  occurs 
in sequential steps. It would seem that  at least 3 such states are 
required. These might include an initial docking complex, which 
further aligns to create a state  competent for MgATP hydroly- 
sis, which would be followed by a state competent for electron 

transfer. Similar  models have been proposed for  FeP  and 
MoFeP interactions (Lowery et al., 1989; Howard, 1993). 

In the  formation of the initial complex, the 2  proteins would 
form a complex that is not ideally aligned for catalysis. The in- 
teraction of Glu 112 of the  FeP  and 0-Lys 399 of the  MoFeP 
might  be  involved in this initial recognition (Howard, 1993). Pre- 
vious crosslinking studies between the  FeP and the MoFeP pro- 
tein have shown that Glu 112  of the FeP crosslinks to p-Lys 399 
(Willing & Howard, 1990).  Glu  112  is located in a patch of acidic 
amino acids on  the  FeP surface near the [4Fe-4S] cluster and p- 
Lys  399  is located on  the MoFeP near the 8Fe  cluster  (Georgiadis 
et al., 1992). This crosslinking was found to be independent of 
the presence  of  MgATP  (Willing  et al., 1989) and did not require 
active FeP (Seefeldt et al., 1992), suggesting that it was part of 
an initial recognition complex. 

Following the initial binding, the  2  proteins would further 
align by the  interaction of additional  amino acids on each  pro- 
tein (see Kinemage 1). This  interaction would activate the  FeP 
for MgATP  hydrolysis. This state would be analogous to the het- 
erologous Clostridium pasteurianurn FeP-A. vinelandii MoFeP 
complex that catalyzes MgATP hydrolysis, but  not electron 
transfer (Smith et al., 1976; Emerich & Burris, 1978). Although 
the FeP can bind 2 MgATP molecules, only the complex of the 
FeP  and  the  MoFeP will hydrolyze MgATP. This suggests that 
docking of the component  proteins results either in changes in 
the FeP that allow MgATP hydrolysis or completion of the cat- 
alytic site by the MoFeP. Binding of MgATP to  the FeP would 
be a prerequisite for this second binding state. It is known that 
MgATP binding to the FeP induces conformational changes 
within the protein that result in changes in the properties of its 
[4Fe-4S] cluster. These conformational changes have  been mon- 
itored by changes in EPR line shape of the [4Fe-4S] cluster 
(Orme-Johnson et al., 1972; Zumft et al., 1972), a change in the 
midpoint potential of the cluster by  -150  mV (Watt  et al., 1986), 
changes in the CD spectrum (Stephens et al., 1979), shifts in the 
NMR resonances of protons magnetically coupled to the  para- 
magnetic [4Fe-4S] cluster (Meyer et al., 1988), changes in scat- 
tering of X-rays (Chen et al., 1994), and in Fez+ chelation 
(Walker & Mortenson, 1974). This conformation of the FeP 
would be required for the formation of the second, MgATP hy- 
drolytic state, with the MoFeP. It is interesting to  note  that  the 
conformational changes that occur in the  FeP when MgATP 
binds, which  result  in  increased  accessibility  of the [4Fe-4S]  clus- 
ter to chelation by (Y, a’-dipyridyl,  does not seem to be a  good 
predictor of the  rate of intercomponent  electron  transfer.  The 
R140Q and K143Q FeP investigated in this  study showed sig- 
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nificantly faster Fe2+ chelation  rates than wild-type FeP, yet 
showed much slower electron transfer  rates. 

Based on  the X-ray structure and site-directed mutagenesis 
studies of the FeP, it is known that MgATP binds to a nucleo- 
tide binding amino acid motif in the FeP  that includes Lys  15 
(Seefeldt  et al., 1992),  Ser  16  (Seefeldt & Mortenson, 1993), and 
Asp 125 (Wolle et al., 1992a). This  phosphate binding pocket 
is located approximately 19 A from the FeP cluster and  the face 
of the  FeP  that would include Arg 140, Lys  143, and Arg 100 
(Georgiadis et al., 1992). How, then, does binding  of  the MoFeP 
19 A from  the phosphate binding site activate the hydrolytic 
mechanism? It seems likely that MoFeP docking results in con- 
formational changes within the  FeP  that could be transmitted 
to the phosphate binding site, possibly  moving amino acids (e.g., 
Asp 39 and Asp 43) into position to catalyze the hydrolysis of 
MgATP. 

After  formation of the complex state for MgATP hydrolysis, 
further alignment would create the complex state for electron 
transfer. Arg 100, Arg 140, and Lys  143 of the FeP, through 
their interactions with residues on  the MoFeP, seem to play a 
significant role in this alignment of the 2 proteins.  A  similar, 
multistep model for binding of other electron transfer  proteins 
has been suggested (Qin & Kostic, 1993; Gray &Ellis, 1994). It 
is reasonable to assume that conformational changes are induced 
within both component proteins at this stage in docking, which 
could  induce changes near or between the clusters that would 
facilitate electron transfer. Such changes might include move- 
ment of amino acids to create pathways for electron transfer or 
to change the properties (e.g., midpoint potentials) of each  clus- 
ter.  The  faster  rates of Fe2+ chelation from  the K143Q and 
R140Q FeP when MgATP is bound suggest that these residues 
might move closer to the [4Fe-4S] cluster in the MgATP-bound 
state. In this case, changing these charged residues to  the neu- 
tral Gln might be imagined to allow the chelator  greater access 
to  the cluster by eliminating charge repulsion of the  chelator. 

Although the FeP-MoFeP complex can hydrolyze MgATP 
without electron transfer, the reverse is not true. The exact func- 
tion of MgATP hydrolysis in activating electron transfer is un- 
known,  but,  again, probably involves conformational changes 
within each protein (Howard, 1993). Two possible models have 
been  suggested  in  which these conformational changes facilitate 
electron transfer either from  the  FeP to the 8Fe cluster followed 
by electron transfer to FeMoco or in  which the electron is trans- 
ferred from  the 8Fe cluster to FeMoco followed by transfer from 
the  FeP  to  the 8Fe cluster (Kim & Rees, 1994). 

The studies presented in this work demonstrate that  the ba- 
sic amino acids Arg 140 and Lys  143 of the FeP function in 
docking with the  MoFeP, possibly through  interactions with 
acidic amino acids near the 8Fe cluster of the MoFeP (see Ki- 
nemage 1). A  detailed  description of the events involved in this 
complex process will  be the focus of future work. 

Materials and methods 

Site-directed mutagenesis, expression, and 
purification of altered FePs 

Oligonucleotide-directed mutagenesis of the A .  vinelandii nitro- 
genase FeP gene, nifH, was carried out as previously described 
(Seefeldt et al., 1992;  Seefeldt & Mortenson, 1993). The mutated 
nifH gene was incorporated into the A .  vinelandii chromosome 

in place of the wild-type n$H gene for overexpression (Jacob- 
son et al., 1989; Seefeldt & Mortenson, 1993). Each altered FeP 
was expressed in A. vinelandii cells and purified to homogene- 
ity as described (Seefeldt & Mortenson, 1993). Protein concen- 
trations were determined by the modified biuret  method using 
bovine serum  albumin as  standard (Chromy et al., 1974).  All 
proteins used were homogeneous as judged by analysis on SDS 
gels stained with Coomassie blue (Seefeldt et al., 1992). The 
wild-type FeP  and  MoFeP proteins used had specific activities 
of 2,000 nmol acetylene reduced.min" .mg". 

Activity assays 

Nitrogenase-catalyzed  acetylene reduction was  used to determine 
substrate reduction rates for nitrogenase FeP  and MoFeP com- 
plexes  with the low salt assay described (Deits & Howard, 1990; 
Seefeldt & Mortenson, 1993) except that acetylene and ethylene 
were separated and quantified by gas chromatography  on  a 
Shimadzu GC-8A with a flame ionization  detector  fitted with 
a 1-ft x 1/8-in PoraPak N column with nitrogen as  the carrier 
gas. The low salt assay mixture consisted of 25 mM Tris buffer, 
pH 8.0, with 2 mM  ATP, 2.5 mM MgCI2, 6 mM creatine phos- 
phate, 0.125 mg .mL" creatine  phosphokinase, 10  mM dithi- 
onite (S2042-), and 1.25 mg.mL" bovine serum albumin. For 
the FeP titration experiments, a fixed quantity of wild-type 
MoFeP was added to each assay vial and  the reaction was initi- 
ated by addition of a defined quantity of FeP (Seefeldt & Mor- 
tenson, 1993). For MgATP titration experiments, ATP was 
omitted from  the assay mixture and a defined amount of ATP 
was added to each assay vial  (Seefeldt & Mortenson, 1993). FeP 
and  MoFeP were added to initiate the reaction.  For  the NaCl 
titration  experiment, defined quantities of NaCl from a  5  M 
stock solution were added to each assay vial (Deits & Howard, 
1 990). 

MgATP hydrolysis and electron transfer rates 

The coupling of MgATP hydrolysis to electron transfer was de- 
termined by quantifying the rates of acetylene reduction and 
MgADP  formation in a single assay vial. To a 9.3-mL volume 
serum vial  was added 1 mL  of assay buffer (80 mM TES buffer, 
pH  7.0, with 1 mg/mL bovine serum  albumin  and 2 mM 
MgATP). The capped vial was evacuated and flushed with ar- 
gon and acetylene was added to a  final 8.4% of the gas volume. 
Dithionite (Na2S204) was added to a  final  concentration of 
10  mM and  the reaction was initiated by the addition of the in- 
dicated quantity of MoFeP and FeP. The  reaction was allowed 
to proceed at 30  "C  with shaking and was terminated by addi- 
tion of 250 pL of 2.5 M H2S04. An aliquot of the gas phase 
was used to  quantify acetylene and ethylene by gas chromatog- 
raphy as outlined above. Five-hundred microliters of the Iiquid 
from the assay vial was centrifuged at 14,000 x g for 3 min to 
remove precipitated materials. An aliquot of the  supernatant 
was used for  the  HPLC separation and quantification of ADP 
and ATP as previously described (Seefeldt & Mortenson, 1993). 

MgATP-dependent Fe-chelation from FeP 

The MgATP-dependent chelation of Fe2+  from FeP was moni- 
tored spectrophotometrically as  previously  described by following 
the  formation of the colored complex of Fe2+-a, a'-dipyridyl 
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with an extinction coefficient of 8,400 M” .cm” at 520 nm 
(Walker & Mortenson, 1974;  Seefeldt et al., 1992).  All reactions 
were done in the absence of oxygen in a reaction volume of 
1 mL total. The assay solution consisted of 35 mM Tris buffer, 
pH 8.0, with  6.25  mM  cr,cr’-dipyridyl, and 1.3 mM dithionite. At 
the indicated time, MgATP was added to a final concentration 
of 3.9 mM. All spectrophotometric measurements were per- 
formed on a Hewlett-Packard 8452A diode  array  spectropho- 
tometer interfaced to a  computer  for data acquisition. 

To  determine  the effects of MoFeP on the  rate of Fe2+ che- 
lation from FeP, the assay solution was modified to include 
6 mM creatine phosphate  and 0.125 mg/mL of creatine phos- 
phokinase to prevent the  formation of MgADP. A defined 
quantity of MoFeP was added to the assay vial prior to the in- 
troduction of the FeP.  MgATP  was added at the indicated  times. 
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