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ABSTRACT. The transient formation of a complex between the component Fe- and MoFe-proteins of
nitrogenase represents a central event in the substrate reduction mechanism of this enzyme. Previously,
we have isolated aN-[3-(dimethylamino)propylN'-ethylcarbodiimide (EDC) cross-linked complex of

these proteins stabilized by a covalent isopeptide linkage between Glu 112 amfi@9sof the Fe-

protein and MoFe-protein, respectively [Willing, A., et al. (1989Biol. Chem 264, 8499-8503; Willing,

A., and Howard, J. B. (1990). Biol. Chem 265 6596-6599]. We report here the biochemical and
structural characterization of the cross-linked complex to assess the mechanistic relevance of this species.
Glycinamide inhibits the cross-linking reaction, and is found to be specifically incorporated into Glu 112

of the Fe-protein, without detectable modification of either of the neighboring residues (Glu 110 and Glu
111). This modified protein is still competent for substrate reduction, demonstrating that formation of the
cross-linked complex is responsible for the enzymatic inactivation, and not the EDC reaction or the
modification of the Fe-protein. Crystallographic analysis of the EDC-cross-linked complex at 3.2 A
resolution confirms the site of the isopeptide linkage. The nature of the protein surfaces around the cross-
linking site suggests there is a strong electrostatic component to the formation of the complex, although
the interface area between the component proteins is small. The binding footprints between proteins in
the cross-linked complex are adjacent, but with little overlap, to those observed in the complex of the
nitrogenase proteins stabilized by ADP-AtFThe results of these studies suggest that EDC cross-linking
traps a nucleotide-independent precomplex of the nitrogenase proteins driven by complementary electrostatic
interactions that subsequently rearranges in a nucleotide-dependent fashion to the electron transfer competent
state observed in the ADP-AJF structure.

The mechanistic understanding of the nitrogenase reactionat the FeMo-cofactor center and electron transfer between
(reviewed in refsl—5) emphasizes two primary and inter- the two protein components leading to substrate reduction,
related processes: events involving reduction of substratesnamely, electron transfer from the Fe-protein to the MoFe-
protein. The electron transfer between the component proteins
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tetrafluoridate anion (AIF) for the terminal, leaving  crystallography at 3.2 A resolution. Further, we have
phosphate during enzymic turnové (L0). The structure of extended the resolution of the ADP-Alstabilized complex
this ADP-AIF,~-stabilized nitrogenase compleklj provided structure to 2.3 A resolution. These studies confirm that a
a strong rationale for the mechanism of nucleotide hydrolysis highly specific chemical cross-link is formed by the EDC
and for the initial electron transfer from the [4Fe-4S] cluster reaction and indicate that the cross-linked complex, although
of the Fe-protein to the [8Fe-7S] cluster (the P-cluster) of potentially related, is not equivalent to the putative electron
the MoFe-protein. The mode of nucleotide binding and transfer complex.

transition state stabilization by the Fe-protein component of

the nitrogenase complex was similar to that observed in the MATERIALS AND METHODS

larger family of nucleotide-dependent regulatory proteins,
e.g., G-proteinstas, and transducin (see ré&P). Although
these similarities were anticipated from the structural re-
semblance of the Fe-protein core to the G-protein family
consensus sequences and structlBe 15), the ADP-AIR, -
stabilized nitrogenase complex revealed several unexpecte
results. Most significantly, the nucleotide hydrolysis inter-
mediate was stabilized by amino acid side chaic®ssthe
interface of the Fe-protein homodimer and well away fro

Av2 (Fe-protein fromAzotobactervinelandi) and Avl
(MoFe-protein fromA. vinelandi) were purified and ana-
lyzed as previously describe() using anaerobic conditions
throughout. The specific activity at pH 8.0 and 30 for
f\v1 was 2056-2200 nmol of acetylene reduced mir(mg
of protein)® and for Av2 2806-3100 nmol of acetylene
reduced min® (mg of protein)*. Both the EDC-mediated
m cross-linked complex1@) and the ADP-AIg -stabilized
the Fe-proteir-MoFe-protein interface. Hence, the MoFe- COmplex @) were prepared as described previously using
protein appears more as a template to stabilize the Fe-proteir?" ~6-fold excess of Av2 over Avl to ensure complete
conformation during hydrolysis and does not directly par- COnversion of the Av1 to the respective complex. This ratio
ticipate in hydrolysis. In this nucleotide-stabilized transition favors complete complex formation based upon the Avl
state, the electron donor and acceptor in the two-protein component, which facilitates isolation of_the complex by
complex are significantly closer than in a complex obtained chromatography on a Superdex S-200 sizing column. Be-
by van der Waals contact docking of the native proteins, c@use the ADP-AlF-stabilized complex was formed under
The required role of the nucleotide hydrolysis in turnover Nrmal enzymic turnover conditions, creatine phosphate (10
was further demonstrated by an analysis of the complex of MM) and phosphocreatine kinase (0.1 mg/mL) were also
the native MoFe-protein and an Fe-protein variant with a Present in the complex formation reaction mixture.
deletion of Leu 127 near the terminal phosphate binding site  [2-*“C]Glycinamide was prepared (98.5% yield) by a
(16). This altered Fe-protein readily formed a tight complex “single-pot” protocol of esterification, followed by aminolysis
with the MoFe-protein even in the absence of nucleotide; using 50umol of [2-1C]glycine (250xCi, New England
however, the structure of this complex7] demonstrated ~ Nuclear). The specific radioactivity of the amide was
that precise alignments of the Fe-protein side chains at thedetermined to be 11 847 dpm/nmol by quantitative amino
subunit interface were not possible, and therefore, nucleotideacid analysis and scintillation counting. {ZZ]Glycinamide-
could not bind in the same detailed orientation needed for modified Av2 was carboxymethylated by alkylation with
hydrolysis. 3-[*HJiodoacetic acid and digested with trypsidlf. The

A number of years ago, we reported the formation of a peptides were isolated using HPLC ion exchange an_d C-4
different complex between the Fe-protein and MoFe-protein, '€Verse phase columns and the sequences determined by
one that was stabilized by a highly specific isopeptide cross- Edman degradation. The radioactivity was quantified for each
link generated using the water soluble carbodiimis- _cyc_lg of repetitive Edman_ degradation after identification of
(dimethylamino)propylN'-ethylcarbodiimide (EDQ)as the ~ individual PTH amino acidsl, 21).
mediator (8, 19). The reaction had properties expected of ~ Both the cross-linked and ADP-A|F-stabilized com-
a potentially mechanistically relevant complex; namely, the plexes were crystallized under anaerobic conditions using
cross-linking was rapid, was dependent upon protein com-the microcapillary batch methodl4) from a mixture
ponent ratio and concentrations, and was inhibited by NaCl containing 15:L of complex and 2QuL of precipitant. For
in a pattern similar to the inhibition of substrate reduction. the cross-linked complex, the protein solution consisted of
However, this complex did not require nucleotide, and its 33 mg/mL protein, 40 mM Tris-HCI (pH 8.0), 200 mM NacCl,
formation led to the inactivation of nitrogenase for substrate 20% (v/v) 2-methyl-2,4-pentanediol (MPD), and 5 mM
reduction. Most striking was the specificity of the reaction; N&S;04, while the precipitant contained 75 mM Tris-HCI
only Glu 112 from one of the two Fe-protein subunits and (pH 8.0), 510 mM cadaverine HCI, 20.9% (w/w) PEG 6000,
Lys 400 of the MoFe-proteig-subunit were cross-linked, and 2 mM Na$;0,. These crystallizations were conducted
even though these residues are surrounded by numerous otheit 4°C. Isomorphous crystals could be prepared with lower
charged residues that could potentially participate in this concentrations or even in the absence of cadaverine, but the
process. To better understand how the cross-linked complexdiffraction quality was significantly poorer. For the ADP-
might be related to the ADP-AlF-stabilized complex, we  AlF, -stabilized complex, the protein solution consisted of
have undertaken new studies characterizing the specificity 15 mg/mL protein, 100 mM MOPS/Tris base (pH 7.3), 100
of the EDC reactive site and have determined the three- mM NaCl, 5 mM NaF/0.25 mM AIG, 1 mM MgCh, 1 mM
dimensional structure of the cross-linked complex by X-ray NaATP, and 5 mM NaS;04, while the precipitant contained

100 mM cacodylate-HCI buffer (pH 6.5), 30 mM MggCl
! Abbreviations: Avl, MoFe-protein fromzotobacterinelandii; and 19% (w/w) PEG 8000. Both complexes crystallized with

Av2, Fe-protein fromA. vinelandii, EDC, N-[3-(dimethylamino)propyl]- two o232y 4 species in the asymmetric unit. The cross-linked
N'-ethylcarbodiimide; MPD, 2-methyl-2,4-pentanediol. complex crystallized in space grouP2;2,2; with the




Structure of the Cross-Linked Complex of Nitrogenase

Table 1: Data and Refinement Statistics

cross-link ADP-AIR~
data collection statistics
resolution range (A) 503.2 20-2.3
no. of total observations 225603 665961
no. of unique observations 105200 273781
completeness (%) 81.1(70.3) 83.3 (66.9)
Rmerge (%0)2° 8.5 (66.6) 12.8 (26.6)
refinement statistics
resolution range (A) 503.2 20-2.3
R (%)° 27.9 20.0
Riree (%)° 33.0 23.6
rms deviations from ideal values
bond lengths (A) 0.021 0.012
bond angles (deg) 1.44 1.63
Ramachandran statistics (%)
most favored 77.4 89.9
additionally allowed 211 9.9
generously allowed 15 0.2
disallowed 0.0 0.0
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MgADP-AIF,~ molecules, and 1588 water molecules. The
final R was 27.9% Ryee = 33.0%) for all the data between
50 and 3.2 A for the cross-linked complex, while the final
R for the ADP-AIFR,-stabilized complex was 20.0%R{c.

= 23.6%) for all the data between 20 and 2.3 A. A more
complete listing of refinement statistics is given in Table 1.
Although theR factors are relatively high for the cross-linked
complex, given the moderate resolution, data quality, and
the disorder apparent in two of the four Av2 dimers away
from the cross-linking site, the refinement was deemed
appropriate for characterizing the mode of interaction
between the cross-linked nitrogenase proteins.

Unless otherwise noted, PDB entries 2NIP (for the native,
nucleotide-free Fe-protein) and 3MIN (for the native MoFe-
protein) were used in comparisons to the relevant conforma-
tions in the complexes.

aValues in parentheses correspond to the highest-resolution shel. RESULTS AND DISCUSSION

b Rmerge= Y it (X1 [1hy — Dria)/ (3 nity D), Whereln is the intensity
of an individual measurement of the reflection with indi¢ed and
s the mean intensity of that reflectiohR = (3 nl|Fol — |Fdl|)/
(SrulFel). @ Rree = R defined for 5% of the reflections excluded from
the refinement® The most favored, additionally allowed, generously
allowed, and disallowed regions are defined by PROCHEGH!. (

following cell dimensions:a= 113.3 A b =214.9 A, and
c=320.5 A. The ADP-AIE-stabilized complex crystallized
in space grouc2 with the following cell dimensionsa =
326.1 A,b=75.8 A,c =312.2 A, and8 = 102.6. For
cryocrystallography, the crystals were successively trans-
ferred into solutions with increasing concentrations of MPD
up to 20% (v/v). Diffraction data were collected at the
Stanford Synchrotron Radiation Laboratory from single
crystals of each complex at18C on beamline 9-2 =
1.005 A). The data were processed using DENZO and
SCALEPACK @2), and the statistics are summarized in
Table 1.

The structures of each complex were determined by
molecular replacement with the program AMORE)using
the MoFe-protein and the AviAv2(ADP-AIF,") structures
(PDB entries 3MIN and 1N2C, respectively) as search
models. The models were refined by cycles of rigid body
optimization, conjugate gradient minimization, simulated
annealing, and individuaB-factor refinement using the
program CNS Z4). A bulk solvent correction and an
anisotropicB-factor scaling were applied to the reflection
data. Initially, tight noncrystallographic symmetry restraints
(500 kcal mott A—2) were applied to the equivalent halves
of the complex and to the two equivalent complexes, and
then gradually released at the latter stages of refinement. Fo
the cross-linked complex, the final model contains two
ofB2v4 complexes, where each complex contains one Avl
molecule with twoa-subunits (residues-4481) and two
[-subunits (residues-2523), two Av2 dimers, each with two
y-subunits (residues -1274), two FeMo-cofactors, two
P-clusters, and two [4Fe-4S] clusters, while the final model
of the ADP-AIR-stabilized complex contains two com-
plexes, with each complex consisting of one Avl tetramer
with two o-subunits (residues-4481) and twoS-subunits
(residues 2523), two Av2 dimers, each with twp-subunits
(residues +274), two FeMo-cofactors, two P-clusters [in
the reduced ' state R5)], two [4Fe-4S] clusters, four

Chemical cross-linking of Av2 to Av1l through the EDC-
mediated formation of an isopeptide bond is remarkably
specific for both protein components, with only a single resi-
due in each protein modified.8, 19), yet the origin of the
specificity is not obvious since neither is a conserved residue.
To better understand the molecular specificity and the rele-
vance, if any, of the cross-linked complex to the enzyme
turnover cycle, we have determined the three-dimensional
structure by X-ray crystallography to 3.2 A resolution. In
addition, another well-defined complex of the nitrogenase
components, the ADP-AlF-stabilized complexX1), is now
extended to higher resolution (2.3 A). These structures are
shown in Figure 1. As anticipated from the biochemical
characterizations, in the cross-linked complex, two Av2 dim-
ers are bound to each Avl tetramer through an isopeptide
linkage between Glu 112 of Av2 and Ly$400 of Avl
(Figure 2). At the resolution of this analysis, the conforma-
tions of the two crystallographically independent Av1 tetra-
mers are essentially unchanged from the structure of free
Av1, with average rms deviations inoCpositions of 0.4 A.
The conformations of the eight crystallographically inde-
pendent Av2 subunits are also similar to the subunits of na-
tive Av2, with average rms deviations inoQoositions of
0.5 A. However, the relative orientation of the subunits within
an Av2 dimer for the cross-linked and native states showed
some differences as reflected in the somewhat larger rms
deviations in the @ positions (0.7 A). Comparisons of these
conformations indicate that the Av2 dimer in the cross-linked
complex has a more open structure than in the native Av2
ldimer, corresponding to aincreasein the hinge angle be-
tween the subunits of4°. Most importantly, this change is
substantially different from thdecreasef ~25° in the hinge
angle observed for Av2 in the ADP-AJF-stabilized complex
(12).

As shown in Figure 1 and in more detail in Figure 3, the
mode of Av2 binding to Av1l is significantly different in the
EDC-cross-linked complex than in the ADP-AtFstabilized
complex. For the ADP-AIF -stabilized complex, the 2-fold
symmetry axis of the Av2 dimer is nearly coincident with
the pseudo-2-fold axis between tireand-subunits of Avl
that passes through the P-cluster. Notably, in this complex
there is an extensive binding interface between Avl and Av2
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FeMo-
cofactor

Ficure 1: Ribbon diagrams of theyf3,y, complexes between the nitrogenase component proteins Avl and Av2, stabilized by (A) the
EDC-mediated cross-link between Glu 112 and |5¢90 and (B) ADP-AIG~. The view is down the 2-fold axis that relates each set of

oy, subunits to the other. The MoFe-protairsubunits are in red; thg-subunits are in blue, and the individuglsubunits of each
Fe-protein are in orange and cyan for the cross-linked complex and in yellow and green in the ADtAl#ilized complex. The residues
participating in the cross-link in panel A are depicted in ball-and-stick mode. The cofactors and nucleotides are represented with space-
filling models, color-coded by atoms with Fe in purple, S in green ([4Fe-4S] cluster, P-cluster, and FeMo-cofactor; the Mo atom is not
visible), O in red, and C in gray (homocitrate, ADP) as well as N in blue and F in cyan (ADP-AIF Al, and Mg atoms not visible).

This figure was prepared with Molscrip89) and Raster3D40).

that involves both subunits of Av1l and both subunits of Av2. conserved, and it may be that the overall electrostatic
In striking contrast, Av2 in the cross-linked complex binds interaction between these two sites dominates the protein
adjacent to the surface of Avl utilized in the ADP-AIF protein interactions reflected in the cross-linking process.
complex, the interactions between components are far less Perhaps the most unexpected feature of the cross-linked
extensive, and the interaction site involves onlyhsubunit complex structure is the relatively few contacts between Avl
of Avl and one of the two Av2 subunits. The orientations and Av2, other than in the immediate vicinity of the cross-
of Av2 with respect to Avl also differ substantially in the linking isopeptide. In addition to Ly$400 and Glu 112,
two complexes, as indicated by thel5® difference between  the principal contributions (surface area®10 A?) to the
the directions of the Av2 2-fold axes in these structures.  binding interface are provided by residues @60, Lys

The specificity of the EDC cross-link between Avl and (403, Lysp404, and llef423 of Avl and Glu 68, Asp 69,
Av2 is all the more remarkable when it is considered in the Glu 71, Ille 103, and Glu 111 of Av2. The protein surfaces
context of the complex structure (Figures 1A and 4). When around the Av2 [4Fe-4S] cluster and the P-cluster of Avl
the region of Avl around Ly$400 is examined, there are  remain accessible to solvent, consistent with the conclusions
other lysine residues, e.g., resid&92,3303,3403,5404, of previous spectroscopic studiezs). Of potential signifi-
p417, andp425, that might have been within reach of an cance, Asp 69 is positioned near L§400 in both the cross-
activated Glu 112, yet none are observed by either chemicallinked and ADP-AIR"-stabilized complexes, and actually
analysis or the X-ray structure to form an isopeptide bond forms a salt bridge to this lysine in the latter complex. The
with Av2. Even more impressive is the number of Av2 paucity of contacts in the cross-linked complex is under-
carboxylic acids in the environment of Glu 112. Indeed, Glu scored by a comparison of the amount of surface area buried
112 is part of a pocket or patch containing multiple by Av2 on Avl in the two complexes. In contrast to the
carboxylic acids, including Glu 68, 71, 73, 110, 111, 112, area of~3600 A of the Avl and Av2 surfaces buried at
and 116 and Asp 69. As indicated by the electrostatic surfacesthe interface in the ADP-AIF complex, only~500 A2 is
of the two proteins (Figure 4), the cross-linked residues are covered in the corresponding interface of the cross-linked
positioned among the most highly and complementary complex, which is less than the surface area typically buried
charged regions of Avl and Av2. Consequently, although in crystal lattice contacts~800 A2 (27)]. This small
neither Glu 112 nor Lys5400 is conserved among the interaction area also likely allows the variability that is
nitrogenase protein sequences, these patches of charges aspparent in the orientation of Av2 with respect to Avl
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FiGURE 2. Stereoviews of the region surrounding the isopeptide linkage between Glu 112 of Av2 afidQy/sf Avl. (A) Structure of

the interacting residues, with Av2 and the Agisubunit shown in cyan and gray, respectively, with N and O atoms depicted in blue and
red, respectively. The significant number of potentially cross-linkable residues in this region is evident. (B) Electron density map surrounding
the isopeptide linkage, calculated from the final, averagegd-2 F. map, and contoured at one standard deviation. Although the residues
are not sufficiently close to form a cross-link, the proximity of Av2 residue Glu 71 toA4@0 in the cross-linking site is evident. This

figure was prepared with Molscrip89) and Raster3D40).

(Figure 3A). In addition to the isopeptide linkage, the mode carboxyl modification of proteins, including a method for
of binding between Av2 and Avl observed in the crystal determining the number of free carboxyl groups in a protein
appears to be stabilized by crystal lattice contacts (w0 (28). In contrast to the absence of reaction with small
Az buried) to a second, non-cross-linked Av1; it should be proteins, nitrogenase reacts with glycinamide, a small
noted that all four Av2 subunits in the unit cell exhibit similar molecule nucleophile, at modest concentrations, and the
crystal packing interactions with an adjacent Avl. Hence, reaction substantially inhibits the protein cross-linking of Avl
the observed orientation of the Av2 dimer may be determined and Av2 (Figure 5). When the reaction includedfZi-
as much by the crystal lattice as by interactions with its glycinamide, the radiolabel was95% in Av2 (top bar graph,
partner Avl. Figure 5), which is consistent with the results for AvAv2

The electrostatic potential surfaces of the two componentscross-linking where the carboxylate portion of the unique
shown in Figure 4 suggest that other proteins with strongly isopeptide bond was exclusively from AvP9j. Furthermore,
acidic or basic patches might also interact or cross-link. Av2, but not Avl, was labeled with [2'C]glycinamide in
However, even under conditions more vigorous than thosethe EDC-mediated reaction with the individual component
leading to rapid and quantitative cross-linking between Avl proteins (not shown). After the reaction, Av1 fully retained
and Av2, we have not been able to detect cross-linking the capacity to cross-link with virgin Av2, while Av2
between either component and other proteins. For example modified by the glycinamide could no longer cross-link to
highly positively charged small proteins such as ribonuclease Avl (Figure 5, lanes C and D). These results suggest a direct
or cytochromec or acidic proteins such as insulin, fla- correlation between the site of glycinamide incorporation and
vodoxin, or ferredoxin (the latter two are known electron the site of protein cross-linking.
donors for nitrogenase turnover in vivo) were not cross-linked  The glycinamide inhibition of cross-linking was not due
to Avl or Av2 (data not presented). These results strongly to random blocking of acidic groups, however, but rather
suggest that the specificity observed for AvAv2 cross- was highly specific. Using trypsin-digested Av2 modified
linking arises, at least in part, from a prerequisite noncovalent with [2-14C]glycinamide (0.92 mol/mol of subunit), a single
complex of the two components. labeled peptide was observed by ion exchange FPLC. The

Nevertheless, in principle, other nucleophiles or acids single!“C-labeled peak (chromatogram not shown) coincided
should participate in the EDC reaction. Carbodiimides have with the cysteinyl-containing tryptic peptide previously
long been exploited for both general and site specific determined to be residues 10140 of Av2 21). Amino acid
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Ficure 3: Relationship between the modes of binding of Av2 to
Avl in the cross-linked and ADP-AIF-stabilized complexes. (A)
Ca trace indicating the positions of the Av2 subunits in a given
complex relative to a fixed orientation of the associatgdsubunit
pair of Avl. The four crystallographically independent copies of
Av2 bound to Avl in the cross-linked complex (left side) are
depicted in either cyan and orange (for the Av2 subunit illustrated
in Figure 1A) or black for the remaining subunits. Crystallographi-
cally independent copies of Av2 bound to Avl in the ADP-AIF
stabilized complex are depicted in either yellow and green (for the
Av1 subunit illustrated in Figure 1B) or black for the remaining
subunits. The significantly greater variability in binding position
between Av2 and Avl in the cross-linked complex relative to the
ADP-AIF,-stabilized complex is evident. The orientation of this
figure is perpendicular to the 2-fold axis relating subunits in the
Avl gfS-dimer and in the Av2 dimer of the ADP-AJF-stabilized
complex. The cofactors are colored as in Figure 1B. (B) Alternate

Schmid et al.

FicurRe 4: Electrostatic potential surface for Avl and Av2,
highlighting the residues involved in the cross-linking interaction.
Avl is shown in approximately the same orientation as Figure 3B,
while Av2 is viewed down the dimer 2-fold axis, illustrating the
surface that interacts with Avl. The complementary nature of the
electrostatic surfaces in this region may been seen, with the locations
of various charged residues indicated. Negative and positive
potentials are shown in red-(5kT) and blue (1KT), respectively.

This figure was prepared with DELPH4&L), MSMS (42), DINO
(www.dino3d.org), and Raster3EQ).

analysis and Edman degradation confirmed the identification
of this peptide, and Edman degradation of four peptides
derived from chymotryptic digestion of the peptide found
the radioactivity only in the Edman degradation cycle
corresponding to Glu 112 of the Av2 sequence. It is
important to note that two of the peptides from the chymo-
tryptic digestion begin with Glu 110, yet only the PTH amino
acid from the Glu 112 cycle was radioactive, with no
evidence for derivatization of either Glu 110 and Glu 111;
under these experimental conditions, even low-level, partial
modification of residues 110 and 111 would have been easily
detected. More than 90% of the initiafC in Av2 was
recovered as modified Glu 112, and no additional residues
were found to contai'C. Hence, the residue specificity, at
least as far as the Av2 portion of the cross-linking reaction
is concerned, is independent of the attacking nucleophile.
Unlike the more general use of carbodiimides to modify
carboxyl groups in proteins, the cross-linking reaction and
the glycinamide incorporation were effective at low con-
centrations of reactants. The rate and amount of glycinamide
incorporated were investigated in detail for two concentra-
tions of glycinamide, 4 and 25 mM (data not shown). At
both concentrations, the rate curves could be fit with a model
of a rapid first-order rate of incorporation of a single
glycinamide, followed with a slower rate (ca. 0.1% of the
first rate) corresponding to the incorporation of more than
eight glycinamide residues per subunit. Both the shape of

representation of the same interactions, now viewed down the 2-fold the curves and the concentration dependence indicate a first-

axis relating subunits in the Aviis-dimer. Only one of the
crystallographically independent Av2 dimers is illustrated for the
cross-linked and ADP-AIF-stabilized complexes. The Aud- and

order nucleophilic attack by glycinamide on the carbodiim-
ide-activated carboxyl. In contrast, the EDC concentration

B-subunits are shown as a CPK model, shaded light red and blue,dependencies of the cross-linking and glycinamide incorpo-

respectively. The nearly nonoverlapping, but adjacent, binding

ration rates were unaltered in the range 628 mM EDC.

surfaces between Av2 and Avl in these two complexes are apparent. The pocket of carboxylate groups around Glu 112 (Figures

Black lines designate the position of the native, nucleotide-free Av2
in a hypothetical complex with Av1, following superposition onto
the subunit of the ADP-AIfF-stabilized complex interacting with
the Avl a-subunit. This figure was prepared with Molscri39f

and Raster3D40).

2A and 4) and the specificity of the site of the reaction at
Glu 112 for both glycinamide and cross-linking suggest that
the EDC might behave as an active site-directed reagent.
The lack of EDC concentration dependence is consistent with
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3000 EDC-mediated cross-linking of the components leads to
the rapid loss of activity in the nitrogenase reduction of

substrates 1(9), while the addition of glycinamide to the
Dpm "“C cross-linking reaction results in nearly full protection against
this inactivation (results not shown). The individual proteins

likewise retained their activity when reacted with EDC and
glycinamide. Thus, glycinamide modification of Av2 has
0 little effect on the activity of the Fe-protein for substrate
reduction. A more detailed kinetic analysis found that
modified Av2 exhibits~85% of the specific activity of native
A Av2 and requires an-2-fold increase in Av2 concentration
for half-saturation of Avl. Together, these results strongly
indicate that formation of a nondissociating, cross-linked
B complex is responsible for the enzymatic inactivation, and
it is neither the EDC reaction itself nor, most importantly,
the modification of Av2 Glu 112 that leads to inactivation.
Not withstanding the small number of interactions between
C Avl and Av2 in the structure of the cross-linked complex,
there are several lines of experimental evidence that support
the mechanistic relevance of these interactions. As noted in
the original characterization of this complek8( 19), the
cross-linking reaction is dependent upon the protein con-
: centration, the ratio of the component proteins, and the salt
By o,p y concentration in a way similar to that observed for substrate

o ) o reduction. The exquisite selectivity of the cross-linking
Ficure 5: Inhibition of EDC-mediated cross-linking of Avl and reaction for Glu 112 and Lyg400, but none of the poten-
Av2 by glycinamide as assessed by SBgrylamide gel electro- . . : . T e
phoresis. For lanes A and B, Av1 (9%) and Av2 (165.g) were tially re_ac_tlve nelghbonng groups, is an indication that the
reacted with 12.5 mM EDC for 15 min in 200_of pH 8.0 HEPES ~ cross-linking takes place in a specific complex. The FeMo-
buffer containing 5 mM sodium dithionite. For panel A, 25 mM cofactor deficient state of Avl, a form of Avl that requires
[Zd;‘fclgglggamijdg was inctlud;ehd. TrlleFreaIctionscwerg SDtORpﬁQbSYOAVZ complex formation during cofactor insertion, can also
aading an -mercaptoethanol. For lanes an , AV _Ii : H _
4g) or Av2 (1650ug) was reacted separately with 12.5 mM EDC cross-link with Av2 @9), and_the recently determmeql struc
and 25 mM glycinamide for 15 min in 1.0 mL of pH 8.0 HEPES  ture of an FeMo-cofactor deficient form of AvEQ) confirms
buffer containing 5 mM sodium dithionite. The proteins were that the site of Av2 cross-linking with native Avl is still
rapidly removed from the reacti_on mixture by filtration on Sep_ha_ldex intact in this species. Also arguing against a nonspecific,
G-25 (1.2 cmx 20 cm column) in pH 8.0 HEPES buffer containing  g|ectrostatically stabilized interaction between the nitrogenase

5 mM sodium dithionite. Each reisolated protein was incubated e : . . .
with EDC and fresh, unreacted complementary component protein proteins is the observation that other proteins with basic

under the conditions described above. Lane C contained Av2 charged patches, such as lysozyme and cytochmnae
modified by EDC and glycinamide with fresh Avl. Lane D not cross-link to Av2. Furthermore, Av2 is a selective partner

contained Avl with fresh Av2. Lane A was cut into 30 strips (5 with respect to both conformational integrity and the activa-
mm). Each strip was digested with 30%@®} overnight and the o of Glu 112. Altered forms of Av2 with substitutions at

radioactivity determined by scintillation counting. A plot of the . . L
radioactivity is shown above the gel. The small amount of ‘Ar9 100 are substantially slowed in cross-linking to ABL)

radioactivity seen at a MW o£65000 is likely due to incorporation ~ €ven though Arg 100 is not directly in contact with Avl in
into Av2 having an internal cross-link (J. K. Magnuson and J. B. the cross-linked structure. Interestingly, these Arg 100

Howard, unpublished results)3—y, cross-linked Avl and Av2  mutants seem to remain fully reactive for glycinamide
subunits;e.,8, two subunits of Avl; and, y-subunits of Av2. incorporation. Other mutant forms of Av2, where the amino
acid substitution is located in the interior of the molecule,
a binding step prior to reacting with Glu 112, a characteristic have normal reactivity in cross-linking with AvBZ, 33).
of an active site-directed agent. It should be noted that the ~While the pathway for the interconversion of the putative
structure of EDC has a cationic group [(dimethylamino)- Pre-cross-linking complex of the nitrogenase proteins, as
propyl group] that could be binding in the cation binding rePresented by the EDC-trapped species, and the likely
pocket of Av2. To test this, Av2 was reacted in both cross- €l€ctron transfer complex, as exemplified by the ADPAIF
linking and glycinamide incorporation with two other peptide stabilized complex, is not knpwn, a possu?le scenario can
bond-mediating reagents, Woodward’s Reagent K, which hasbe constructed from the following considerations. By analogy

. . . . . . to the structurally homologous G-protein famil§2j, the
a negatively charged sulfonic acid functional side chain, and pre- and post-ATP hydrolysis complexes of nitrogenase will

di_isopropylcarbodimjde, WhiCh isf an analogue of EDC undoubtedly differ, at least in detail, from the ADP-AlF
without a charged side chain. Neither reagent, even at 100g¢apjjized complex. In contrast to the MoFe-protein, the Fe-
mM, resulted in specific cross-linking or glycinamide protein exhibits considerable structural variability and flex-
incorporation, although both produced nonspecific cross- ibility (17, 34, 35), including the Av2 dimers observed here.
linking, mainly in the form of high-molecular weight As a first approximation, it is reasonable to consider the
aggregates. These results are consistent with the hypothesiMoFe-protein as a fixed template, with the Fe-protein
that EDC serves as a site-directed reagent in Av2. undergoing a sequence of conformational changes while in
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Ficure 6: Schematic of the hypothetical transition from an initial encounter complex between Avl and Av2, as modeled in the cross-
linked complex (left), to the electron transfer competent state reflected in the ADP-gi&bilized complex (right). The middle complex

(see also Figure 3B) illustrates a proposed intermediate complex generated by superimposing the native, nucleotide-free Av2 (black) onto
the Av2 subunit of the ADP-AIF -stabilized complex interacting with the Aud-subunit. The interconversion to this intermediate state

could involve a “rocking motion” with a pivot near Asp 69 that swings Av2 from the position observed in the cross-linked complex to that

in the ADP-AIFR,~-stabilized complex, while keeping Glu 112 and L§400 in proximity. The double-sided arrows indicate that these
transitions may also be relevant to dissociation of the electron transfer competent complex. The view and coloring scheme are as in Figure
1, with the cross-linked residues depicted as ball-and-stick models. This figure was prepared with M@8rapd(Raster3D40).

contact with different regions of the MoFe-protein surface. is critical for this transition; the cross-linking reaction is the
With these guidelines, the relationship between the EDC- presence of nucleotidel§), suggesting the rearrangement
cross-linked complex and the ADP-Alrstabilized complex of Av2 from the encounter complex to the electron transfer
can be considered. Analysis of the ADP-AlFstabilized competent species must require nucleotide. In view of the
complex indicates that chemical cross-linking between Glu sensitivity observed in the relative orientations of the Fe-
112 and Lysp400 is unlikely to occur in that complex. protein subunits to the binding of nucleotide and MoFe-
Although they-carboxyl of Glu 112 is open to approach by protein (L7, 34, 35), it is likely that MgATP promotes this
EDC and is poised above theZhNimino of Lys/3400, they rearrangement through stabilization of an Fe-protein con-
are>10 A apart, a separation much too great for formation formation, perhaps more open than the wild type, that can
of an isopeptide bond, and indeed, we do not observe EDC-bridge the Av2 binding sites observed in the cross-linked
mediated cross-linking after the ADP-AlFstabilized com- and ADP-AIR-stabilized complexes. As also evidenced by
plex has been formed (data not presented). For the crossthe structure of the cross-linked complex, significant flex-
linking, the Av1-subunit and Av2 must be in closer contact. ibility in the interaction between the component proteins
One such model is to substitute the AvRDP-AIF,~ should be accommodated in the initial complex, as there
conformation with the more open, nucleotide-free conforma- appear to be few constraints to rotation about the isopeptide
tion observed in the native Av2 structure. When native Av2 linkage. Thus, rotation of the bound Av2, as seen in the cross-
is superimposed on the structure of Av2 in the ADP-AIF linked complex, toward the Av2ADP-AIF,~ binding site
stabilized complex, using the subunit most associated with seems plausible. This interaction could involve a “pivoting”
the Avla-subunit (the subun&wayfrom the cross-linking function involving the region of Av2 near Asp 69, since it
side), they-carboxyl of Glu 112 is now within a distance is positioned near Lys3400 in both complexes, and
appropriate for isopeptide formation with th&fdmino of furthermore, it is located in one of the most conformationally
Lys 5400. The fixing of the interactions between one Av2 variable loops in the Fe-proteir34). Changes in residues
subunit and the Avli-subunit reflects the conservation of 59—67 near this region of Av2 have also been found to
these interactions in the ADP-AIF and L127A Av2- influence the association behavior with the MoFe-protein
stabilized complexesl(, 17), while the interactions on the  (36). Similar considerations may be relevant as well to the
B-subunit are somewhat more variable. An illustration of this dissociation of the AvtAv2 complex following electron
hypothetical species is provided in Figures 3B and 6. As transfer (Figure 6).
built, such a complex cannot be fully correct as there are  The isopeptide clearly prevents Av2 from progressing to
several unacceptable clashes at the interface; indeed, it ighe electron transfer conformation exhibited by the ADP-
the conformational changes in the AvADP-AIF,~ complex AlF,~-stabilized complex. It is this restriction that can explain
that in part relieve these clashes. These binding modes dowhy the cross-linked nitrogenase complex is enzymatically
however, suggest a plausible model for the “glide path” inactive. Indeed, a recent analysis provides a compelling
approach of Av2, initially interacting on th&subunit side demonstration of the effect of the length of the cross-linker
of Avl, to the ultimately productive electron transfer on the kinetics of interprotein electron transf8iy, When
intermediate approximated by the ADP-AtFstabilized two azurin molecules are cross-linked with a long linker
complex. connecting the surfaces believed to associate during the
The details of the conversion between the putative initial electron self-exchange reaction, the resulting dimer exhibits
encounter complex reflected in the cross-linked species andefficient interprotein electron transfer. In contrast, the use
the ADP-AIFR,~-stabilized complex remain enigmatic. MgATP  of a shorter cross-linker leads to greatly reduced rates,
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presumably due to restrictions in the relative positioning of 19
the partner proteins in the complex. This latter situation may
be relevant to the behavior of the cross-linked nitrogenase
complex, and emphasizes that while cross-linked complexes 24
may be compromised with respect to electron transfer

20

capabilities, with appropriate characterization, these species 22.

can serve to identify the interface surface between interacting
proteins. 23

24.
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