Biochemistryl997,36, 1179711803 11797
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ABSTRACT. Putative physiological partners of the [2Fe-2S] ferredoxin fr@fostridium pasteurianum

have been searched by running crude soluble extracts of this bacterium through an affinity column to
which the [2Fe-2S] ferredoxin had been covalently bound. Subsequent washing of the column with buffers
of increasing ionic strength revealed a strong and specific interaction of the ferredoxin with the MoFe
protein of nitrogenase. This interaction was further investigated by performing cross-linking experiments
with mixtures of the two purified proteins in solution. Analysis of the reactions by-S@fyacrylamide

gel electrophoresis evidenced only two covalently linked products. These were identified by N-terminal
sequencing as the andj subunits of the MoFe protein, each cross-linked to a single polypeptide chain

of the ferredoxin. This result, taking into account the dimeric structure of the ferredoxin in solution,
strongly suggests an interaction of the ferredoxin with the MoFe protein at a site contributed to by both
subunits of the MoFe protein. The ionic strength dependence of the interaction evidenced by affinity
chromatography was confirmed in the cross-linking reactions, and its specificity was assessed by showing
that no cross-linking occurred when the [2Fe-ZS]pasteurianunierredoxin was denatured or replaced

by spinach ferredoxin or by clostridial rubredoxin, or when the MoFe protein fLopasteurianunwas

either inactivated or replaced by its counterpart frAmotobacterinelandii. It has also been observed

that the ferredoxin inhibits cross-linking between the nitrogenase Fe protein and the MoFe protein, which
suggests overlapping binding sites of the ferredoxin and of the Fe protein on the MoFe protein. Cross-
linking experiments implementing a number of molecular variants of the [2Fe22$jasteurianum
ferredoxin demonstrated that glutamate residues 31, 34, and 38 are important contributors to the interaction
with the MoFe protein.

The [2Fe-2S] ferredoxin (2FgpFd)* from the nitrogen- netic properties (Crouse et al., 1995; Achim et al., 1996). In
fixing saccharolytic anaerob&lostridium pasteurianunis contrast with this wealth of structural information, hardly
endowed with unique structural features which have beenanything is known concerning the function of the Ziped.
investigated by a combination of site-directed mutagenesisEarly investigators noted that this protein was present in
and spectroscopic techniques. These studies have allowedarger amounts in Nfixing cells than in cells grown on
the identification of the four cysteine ligands of the [2Fe- ammonia (Hardy et al., 1965; Meyer and Moulis, unpublished
2S] cluster (Fujinaga et al., 1993; Meyer et al., 1994; data), which suggested its possible involvement in nitrogen
Golinelli et al., 1996; Shergill et al., 1996), and uncovered fixation. However, the promoter sequences upstream of the
the unusual occurrence in this ferredoxin of a deletable loop gene encoding the 2EpFd did not bring forth any clearcut
on which one of the four cysteine ligands could be placed information on this question (Meyer, 1993).

in various pOSitiOﬂS (GO'Ine”I et al., 1996) Furthermore, We report here a Significant progress made towards the
mutated forms with cysteine ligands replaced by serine havee|ycidation of the function of the 2B®Fd, using an
afforded spectroscopic signatures of serine-ligated [2Fe-2S]approach that had not been previously implemented in this
clusters (Fujinaga et al., 1993; Meyer et al., 1994) and havecase. Putative partners of the protein have first been searched
been shown to possess unprecedented electronic and magyy running crude soluble extracts 6f pasteurianuncells
through an affinity chromatography column carrying co-

* Address correspondence to this author at DBM&talloprotenes, valently bound 2FE€pFd. A specific interaction with the

CEA-Grenoble, 38054 Grenoble, France. FAX33 4 76 88 58 72 \joFe protein of nitrogenase was thus revealed, which was
E-mail: jac@ebron.ceng.cea.fr.

® Abstract published ildvance ACS Abstract§eptember 1, 1997.  further studied by chemical cross-linking of the two purified
1 Abbreviations: Cp, Clostridium pasteurianunCpl, Avl, nitro- proteins in solution. This investigation has benefited greatly

genase MoFe protein df. pasteurianurmor Azotobacterinelandii, from the availability of numerous mutated forms of ZFped.
respectively; Cp2, nitrogenase Fe proteinGfpasteurianumgDC,

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide; Fd(s), ferredoxin(s);

2FeCpFd, [2Fe-2S|C. pasteurianunfierredoxin; E31K, mutated ferre- MATERIALS AND METHODS

doxin in which glutamate 31 has been replaced by lysine; E31K/E38K, . . .
doubly mutated ferredoxin in which both glutamate 31 and glutamate ~ All common DNA manipulations were as described
38 have been replaced by lysine; CA69—28, variant ferredoxin in (Ausubel et al., 1988; Meyer & Gagnon, 1991; Fujinaga &

which both cysteine 14 and cystein 24 have been replaced by alanine, ; ;
leucine 16 by cysteine, and in which residues-28 have been deleted, Meyer, 1993). The recombinant 2B@Fd and its molecular

PCR, polymerase chain reaction; SESAGE, sodium dodecyl sulfate variants were prepared as previously r_epor_ted (Fujinaga &
polyacrylamide gel electrophoresis; WT, wild type. Meyer, 1993; Meyer et al., 1994; Golinelli et al., 1996;
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Table 1: Generation of the Mutated ZEg-d Gene%

mutatior? starting plasmid mutagenic oligonucleotide
E31K Wild-type 5 GTTTCTACAATTTTAACGGAATTTTTGG 3'
E34K Wild-type 5 CTTCCATGAATGTTTITACAATTTCAAC 3'
E38K Wild-type 5' GCTGTCTAACTCTTICATGAATGTTTCTAC 3'
E31K/E38K E38K 5 GTTTCTACAATTTTAACGGAATTTTTGG 3'
E48K/E7T1K d Wild-type 5 GTATTATTTACCATTACTTTACTAGATAAATC 3’
WT74A Wild-type 5' CGAAGGAGTCGCGTATGGTAATGTAAC 3'
D82K Wild-type 5' GTAACTGCTGATAAGGTTGAAGAGATTG 3
E92K Wild-type 5' GAGTCTCATATCAAAAACGGAGAAGTTG &
E88K/E92K E92K 5 GAAGAGATTGTAAAGTCTCATATCAAAAAC 3’
E95K Wild type 5' CGAAAACGGAAAAGTTGTAAAAAGAC 3'

a2 The mutagenesis method involved two rounds of PCR. The products of the second PCR were processed, cloned, and the mutated plasmids were
characterized as described (Fujinaga et al., 1993; Meyer et al., 1994dj}ations are noted with the one-letter code for amino acids: the first letter
indicates the original residue, the following number refers to its position in the sequence, and the second letter indicates the substituting residue.
¢ Mutagenic oligonucleotides for residues-348 were complementary to the coding strand. The primers used for the first round of PCR were the
mutagenic oligonucleotide and an oligonucleotide complementary to the noncoding strand upstream of the gene. For the second round of PCR the
primers were the product of the first round and an oligonucleotide complementary to the coding strand downstream of the gene. Mutagenic
oligonucleotides for residues 795 were complementary to the noncoding strand. The primers used for the first round of PCR were the mutagenic
oligonucleotide and an oligonucleotide complementary to the coding strand downstream of the gene. For the second round of PCR the primers were
the product of the first round and an oligonucleotide complementary to the noncoding strand upstream of the gene. Mutated bases are underlined.
4 This doubly mutated gene was obtained serendipitously while preparing the E48K singly mutated one.

Shergill et al., 1996). For those variants of the Zped the oxygen concentration in the gas phase below 2 ppm. The
that had not yet been described, data relevant to thesame results were obtained in both conditions. Also, the
mutagenesis are gathered in Table 1. affinity chromatography runs were performed at room
Rubredoxin (Mathieu et al., 1992) and nitrogenase (Meyer, temperature (ca 25C) because of the cold sensitivity of the
1981) fromC. pasteurianumAzotobactewinelandii nitro- nitrogenase Fe protein (Moustafa & Mortenson, 1969). The
genase (Burgess et al., .1_980), and sp?nach ferredoxin (Meyer.ojumn was loaded with-67 mL (ca. 100 mg of protein) of
etal, 198.6b) were purified as described. soluble cell extracts and washed first with 30 mL of buffer
UV—visible spectra were recorded on a Hewlett-Packard A and then with buffer A containing increasing concentra-

84T5§ed§f?if]if‘”im";fgttgofzogomfgﬁhn was bresared ag NS Of NaCl (0.1,0.25, 0.5, and 1 M mL each). The
Y grapny brep eluted fractions were concentrated in an Amicon cell fitted

follows. The preparation and implementation of the column ™.
were carried out under argon in order to minimize ferredoxin With @ PM10 membrane and analyzed by SepBlyacryl-

damage. For the same reason, the temperature Wasaet amide gel electrophoresis.

the ferredoxin coupling reaction and for the storage of the  For N-terminal sequencing of the bands of interest, the
column when not in use. Toyopearl AF-Formyl-650M gels were equilibrated for 5 min with blotting buffer (25 mM
(Tosohaas, Montgomeryville, PA) beads (0.9 mL) were Tis 200 mM glycine, 10% methanol). Transfer onto

"’\I"agred zever?ll_lbtir't‘eosl' f_itrﬁt Withl.wa:)erﬁan((j trée'n with t5tM Problott (Applied Biosystems) membranes was performed
atl, and equilibrated with coupling buller (Sodium acelate, iy 5 Hoefer Scientific Transfor electrophoresis unit (Tow-
0.1M, pH7.65 MgGl1 mM, MnCk 1 mM, CaCh 1 mM). bin et al., 1979). The membranes were washed with

A solution of 2F€pd (9 mg in 0.5 mL of coupling buffer) methanol, stained (Coomassie Brilliant Blue R-250 0.08%

\évgg :Srinfg:j ger?]itno ti?té?igd?tri]gntrc];fa £n5|xrtnugre(6/v gg rsrflrrnrglc)i atin methanol 40%), destained in 50% methanol, and dried.

NaBH:CN (Sigma), the mixture was left to react with stirring 11 Pands were cut out and the adsorbed polypeptide chains
for ca. 16 h. The resin was then washed with water to Were sequenced on a 477A (Applied Biosystems) automated
eliminate the unbound ferredoxin, and allowed to react for Sequencer equipped with an on-line phenylithiohydantoin
2 h with 2 mL of 1 M Tris-HCI, pH 7.75, and 13 mg (0.22 analyzer 120A (Applied Biosystems) and run with the
mmol) of NaBHCN in order to block the residual formyl ~ Sequencing program recommended by the manufacturer.
groups. The affinity column was prepared by packing the  cqyalent cross-linking was carried out in argon-flushed
Leé'ln "Ha724m|633f’f”n§f’ and equilibrated with 20 MM Tris-  gyqhh6red tubes, in a final volume of 0.2 mL MOPS 10 mM
CLIEUI‘GS. o]gcl-J p(iarste)tljrianunﬂ(Ach 6013) in nitrogen- pH 7.0, dith_ionite 2 mM, at 20C_. As partial prote_olysis o_f
fixing conditions and preparation of soluble cell extracts were the8 subunit of the MoFe protein was observed in reactions
performed at 30C, the temperature was lowered to 0.

as described (Meyer, 1981). Nitrogen-fixing cells were he ioni h . th L Th .
chosen because of the presumption that the [2Fe-2S] ferre-1 € ionic strength was adjusted with NaCl.  The reactions

doxin might be involved in nitrogen fixation (see introduction Were initiated by adding 1-(3-dimethylaminopropyl)-3-eth-
and Discussion). For the same reason, extreme care wa¥lcarbodiimide (EDC, Sigma) at a final concentration of 10
taken to prevent inactivation of the nitrogenase protein MM and were stopped 30 min later by the addition of
components. Anaerobic conditions were ensured either by2-mercaptoethanol (25 mM final concentration). Reaction
working with argon sparged vessels and buffers, or by products were analyzed by SBEAGE, transferred onto
carrying out the whole procedure in a glovebox maintaining membranes, and sequenced as described above.
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1 2 3 4 5 6 0.25 M NacCl were transferred onto membranes and se-
guenced. Their N-terminal sequences, determined to residue
10, identified them as subuniés(upper band) ang (lower

e f—

94 — band) of the nitrogenase MoFe protein (Wang et al., 1988).
67— T — The sequencing data showed that the latter protein alone was
: = = contributing to the corresponding bands on the gels. It is
43— T ‘ worth of note that the MoFe protein subunits were clearly
—F —f— visible in the gel pattern obtained with the crude extract (lane
1), but were absent from the flowthrough of the column (lane
30— E 2). This indicated quantitative binding of the MoFe protein

to the affinity column.
Control experiments were performed in order to assess

20— that the binding of the MoFe protein to the affinity column
was due to a specific interaction with the ZFpEd.
FiGure 1: Affinity chromatography of soluble extracts ofdfixing Untreated resin did not bind any of the proteins of the cell

C. pasteurianuntells on immobilized [2Fe-2ST. pasteurianum  extract (not shown). When the resin was treated with Tris,

ferredoxin. The column was prepared and the chromatography was; ;
run as described in Materials and Methods. The various fractions in order to block the surface formyl groups, several proteins

analyzed by SDSPAGE (4% stacking, 10% separation) were the remained weakly bound to the column and were eluted with
soluble cell extract (lane 1), the column flowthrough (lane 2), and 0—0.25 M NaCl. None of these migrated like the subunits
the eluates with 20 mM Tris-HCI, pH 7.4 (lane 3), and with buffer ~ of the MoFe protein. A similar behavior was observed when
containing 0.1 M NaCl (lane 4), 0.25 M NaCl (lane 5), and 0.5 M gpoferredoxin (acid denatured) rather than holoferredoxin

NaCl (lane 6). Molecular mass markers (in kDa) were phospho-
rylaseb (94), bovine serum albumin (67), ovalbumin (43), carbonic was bound to the column (not shown). These controls

anhydrase (30), and trypsin inhibitor (20). demonstrate that the strong binding of the MoFe protein to
the Fd-modified column is due to a specific interaction with

RESULTS 2FeCpFd and, furthermore, that this interaction requires the
Fd to be in its native structure.

Identification of Putatve Ferredoxin Partners by Affinity The specificity of the affinity column was further assessed

Chromatography by loading it with purified nitrogenase proteins. It was found

to bind the purified nitrogenase MoFe protein froth
asteurianunbut not the MoFe protein from. vinelandii
r the nitrogenase Fe protein froBh pasteurianum

Affinity chromatography with ferredoxins immobilized on
CNBr-activated Sepharose has been used for many year
(Sugiyama & Yamano, 1975). Recently, mechanically more
stable solid phases, namely, copolymers of ethylene glycol ¢, glent Cross-Linking of 2FeCpFd to the Nitrogenase
and methacrylate, have successfully been implementedy;ore Protein
(Sakihama et al.,, 1992). These resins have hydrophilic
surfaces providing numerous attachment points for functional The ionic-strength dependence of the interaction between
groups. In the series of available derivatives, the one the 2F€pFd and the nitrogenase MoFe protein (Figure 1)
carrying aldehyde groups (Toyopearl AF-Formyl-650M) has points to a strong contribution of electrostatic forces.
been chosen because of its specific reactivity with primary Investigation of this interaction has therefore been carried
amines under mild conditions. In the conditions described out by covalently cross-linking the two purified proteins
in Materials and Methods, ca. 50% of the ferredoxin was using a reagent, 1-(3-dimethylaminopropyl)-3-ethylcarbodi-
covalently bound to the resin which became distinctly pink. imide (EDC), that catalyzes the cross-linking of carboxylates
The unbound Fd had undergone limited denaturation, as itswith neighboring primary amines, i.e., the very residues that
AussdAogo ratio had decreased from 0.47 to 0.35. At least are likely to be involved in the electrostatic interaction
part of this denaturation was due to the coupling agent (Poulos & Kraut, 1980).

NaCNBH;. The column could be used repeatedly for several  \When the Fd or the MoFe protein were individually
weeks, provided it was stored under argon &C4 Occa-  incubated with EDC, no cross-linking was observed, as
sionnally, irreproducible results have been obtained after previously reported for the MoFe protein frol zinelandii
prolonged storage (more than 6 months). In such cases thqwiilling et al., 1989). When the two proteins were incubated
faded color of the resin suggested significant denaturationtogether in the presence of EDC, the electrophoresis gels
of the bound Fd. displayed two bands running slower than the MoFe protein

The affinity chromatography of crude soluble extracts of subunits, and having apparent molecular masses larger than
C. pasteurianungrown in Nx-fixing conditions, followed by those of the latter by ca. 10 kDa (Figure 2). The products
analysis of the eluted fractions by SBBAGE, showed that  present in these bands were identified by blotting and
most proteins were either not bound at all, or washed out N-terminal sequencing, carried out on a sample obtained in
with the equilibration buffer (Figure 1, lanes 2 and 3). In the conditions described in Figure 2A, lane 3. Initial
contrast, the fraction eluted with 0.1 M NaCl was strongly sequencing yields calculated from the first twenty cycles
enriched in two polypeptides having molecular masses in showed that the upper band contained 12.8 pmol of Fd and
the 50-60 kDa range (lane 4). The bulk of these two 14.9 pmol of thex subunit of the MoFe protein. The lower
polypeptides was eluted in the 0.25 M NacCl fraction in a band contained 7.4 pmol of Fd and 8.2 pmol of frgubunit.
nearly pure form (lane 5). Subsequent washing of the These data show that the and § subunits of the MoFe
column with 0.5 M (lane 6) ahl M NaCl (not shown) failed  protein were each cross-linked to one subunit of the Fd,
to elute any other proteins. The two bands eluted at-0.1 which is known to be dimeric in solution (Meyer et al., 1984;
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Ficure 2: Cross-linking reactions between the 2ped and the
nitrogenase MoFe protein fro@. pasteurianumReactions were

carried out as described in Materials and Methods and analyzed

by SDS-PAGE (3% stacking, 7% separation). (A) Dependence
on the ratio of the two proteins. The reaction buffer was 20 mM
Tris-HCI, pH 7.4, 0.12 M NaCl. The MoFe protein concentration
was 5uM in all cases. The 2FRepFd concentration was 1,iM
(lane 1), 5uM (lane 2), 15uM (lane 3), or 35uM (lane 4). (B)
lonic strength dependence. MoFe protein concentration wed,5
2FeCpFd concentration was 38M. The reaction buffer (20 mM
Tris-HCI, pH 7.4) contained 0.05 M (lane 1), 0.1 M (lane 2), 0.2
M (lane 3), or 0.5 M NacCl (lane 4). Molecular mass markers (in
kDa) were as in Figure 1.

Pillot et al., 1995). The sequencing yields might suggest
that cross-linking of Fd with the. subunit is more efficient
than that with the3 subunit. However, it was also noted
that in these reaction conditions tfesubunit was signifi-
cantly less stable than tleesubunit and was observed to be
degraded at 30C in preliminary experiments (see Materials

and Methods). Therefore, the lower amount of cross-linked

f subunit is possibly an artifact resulting from the lower
stability of this subunit in the conditions of the cross-linking
reaction. In any event, the cross-linking of the Zpgd
with both thea andf subunits of Cpl does not imply that
the cross-linking sites are symmetry related.

Golinelli et al.
1234567
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Ficure 3: Cross-linking reactions between tle pasteurianum
nitrogenase MoFe protein (Cpl) and various other proteins.
Conditions were as described in Materials and Methods. Reactions
were analyzed by SDSPAGE (3% stacking, 7% separation). Cpl
concentration was BM, other proteins were 36M. The reaction
buffer was 20 mM Tris-HCI, pH 7.4, with added NaCl as indicated.
lane 1: 2F€pFd, 0.1 M NaCl. lane 2: 2KepFd, 0.2 M NacCl.
lane 3: 2F€pFd apoprotein (acid denatured), 0.1 M NaCl. lane 4:
spinach Fd, 0.1 M NaCl. lane 5: spinach Fd, 0.2 M NaCl. lane 6:
C. pasteurianuniRd, 0.1 M NaCl. lane 7: Cpl (air-inactivated for
24 h) and 2F€pFd, 0.1 M NacCl.

The experimental conditions for both the affinity chro-
matography and the cross-linking reactions have been devised
in order to prevent inactivation of even the most oxygen-
sensitive proteins present@ pasteurianumTherefore, all
experiments were performed under argon, and dithionite (2
mM) was added to the cross-linking reactions. Under such
conditions the 2FepFd was reduced, and all heretofore
described interactions with the MoFe protein involved the
Fd in the reduced level. Control cross-linking experiments
with oxidized Fd were run in dithionite-free buffer and with
a MoFe protein stock solution in which the dithionite
concentration had been decreased to less thaih/PBy serial
dilution/concentration in an Amicon cell. Thus, the dithionite
concentration in the cross-linking reaction medium was less
than 2uM, and therefore more than 95% of the Fd was
oxidized. These conditions did not modify the cross-linking
pattern, which showed that the interaction between the two
proteins is not dependent on the redox level of the Fd.

The specificity of the interaction of the Fd with the MoFe
protein was assessed in a number of ways (Figure 3). No
cross-linked products were obtained when Qped was
replaced by apoferredoxin, even in the presence of only 0.1
M NacCl (Lane 3). When the MoFe protein was inactivated
by exposure to air for 24 h, a weak and fuzzy band arising

The amount of cross-linked material increased when the from cross-linked material was observed when the reaction
ratio of Fd to MoFe protein was increased (Figure 2A). \yas performed in 0.1 M NaCl (lane 7) but not in 0.2 M
However, even in the presence of a 7-fold molar excess of N (not shown). Thus the interaction between the
Fd (Figure 2A, lane 4), no more than approximately one half 2FeCpFd and the MoFe protein requires both partners to

of the total amount of MoFe protein underwent cross-linking.
This may result from kinetic limitations which would not
allow the cross-linking reaction to go to completion. Al-
ternatively, the covalent binding of Fd to omes pair of
subunits may modify the structure of the MoFe protein in a
way that would forbid Fd binding to the remainiog pair.
Another possibility is that at any given binding site, cross-
linking could take place on only one, eitheror 3, of the
MoFe protein subunits. Then, even if the reaction went to
completion, only half of the MoFe protein subunits would
be cross-linked.

The efficiency of cross-linking was strongly dependent on
the ionic strength (Figure 2B). The amount of cross-linked

assume their native structure. When the Qpled was
replaced by spinach Fd, weak and blurred bands were
observed with 0.1 M NaCl (lane 4), and no cross-linking
took place in 0.2 M NaCl (lane 5). Thus, the interaction of
the MoFe protein is much weaker with spinach Fd than with
2FeCpFd in the same reaction conditions (lanes 1 and 2).
Spinach Fd shares some features with@pked, namely its
[2Fe-2S] cluster, its low isoelectric point, and the length of
the polypeptide chain. However, spinach Fd is a monomer
in solution and its sequence is unrelated to that of3#Fal
(Meyer et al., 1986a). Therefore the distribution of charges
on its surface is most likely to differ from that of 2EpFd

and to be less suitable for specific electrostatic interactions

material was constant up to 0.1 M NaCl (lane 2), decreasedwith the MoFe protein. The rubredoxin fro@. pasteur-

at 0.2 M NacCl (lane 3), and was nil at 0.4 M NaCl (lane 4).
This was consistent with the affinity chromatography results
(Figure 1) and confirmed the strong contribution of electro-
static forces to the interaction.

ianum a small (6 kDa) acidic ironsulfur protein (Mathieu

et al., 1992) yielded no cross-linked products with the MoFe
protein (Figure 3, lane 6). When the MoFe protein frém
pasteurianumwas replaced by its counterpart froi.
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1 2 3 4 5 6 7 obtaingd with thgu tha}n with thes subunit, an observation
that might be rationalized by the lower stability of the latter
subunit in the reaction conditions (see above).
Numerous other molecular variants of the Ziped have
S sles el SR been prepared by S|te.—d|rected mutagenesis for various
— —— P purposes and were previously described (Meyer et al., 1994;

FIGURE 4: Crosé-linking reactions between the nitrogenase MoFe Shergill et al, 1996; Golinelli et al., 197%)' Most of '_[he_se
protein from C. pasteurianum(Cpl) and molecular variants of mutated f_erredOXIns were f_ou_nd t.o dlsplay CrOSS-IInkl_ng
2FeCpFd. Conditions were as described in Materials and Methods. Patterns with the MoFe protein identical with that of the wild
Reactions were analyzed by SBBAGE (3% stacking, 7%  type 2F€&pFd (not shown). For instance, substitutions of
i?]garrgggtrll()m%%lﬁ g?r\;\;:aesntzrgti%r’lﬂ Wﬁ?‘smg <§|F6C|f':7d4wzslgl\5/|umém| histidine residues (H7A; Shergill et al., 1996), or replacement
Lane 1: wild type 2FEpFd. lane 2: c1ax1’9p—28. jane 3: 1/ OF the active S'te_ ligand C24 by a cysteine introduced in
A19-30. lane 4 E31K. lane 5 E34K. lane 6: E38K. lane 7: Position 16 (C16; Golinelli et al., 1996), did not alter the
E31K/E38K. interaction with the MoFe protein. It has previously been
] . o ] ] shown that the stability of the 2E@Fd was not severely
vinelandii, the bands arising from cross-linked material On impaired by various deletions in the region of residues 19
the gels were fuzzy and could be observed only with 30 \hich was therefore predicted to be a flexible loop
reactions performed in 0.1 M NaCl, notin 0.2 M NaCl (not (Golinelli et al., 1996). This putative loop is unlikely to be
shown). Thus, as inferred above from the affinity chroma- jnyolved in the interaction with the MoFe protein, since the
tography experiments, the interaction of the Cped was  c16/A19—23 (deletion of residues 19 to 23) and CAGH—
much weaker and less specific with Avl than with Cpl. 28 (deletion of residues ¥®8) variants (Golinelli et al.,
1996) behaved identically to the WT in cross-linking
experiments (Figure 4, lane 2). A significant weakening of
the interaction with the MoFe protein was observed only
Since both the affinity chromatography (Figure 1) and the upon extending the deletion to residue 30 (QIB}—30
cross-linking reactions (Figure 2) pointed to a strong variant; Figure 4, lane 3). A previously unreported point
contribution of electrostatic forces in the interaction between mutation, W74A, has been performed to check whether this
the 2F€pFd and the MoFe protein, charged residues were tryptophan residue was involved in hydrophobic interactions.
considered as privileged targets of site-directed mutagenesisThe W74A variant was as stable as the wild type, in line
The 2F€pFd includes seven basic residues and fifteen acidic with the suspected near-surface location of W74, it had a
ones (Meyer et al., 1986a). Five of the former are scattered[2Fe-2S] chromophore identical with that of the wild type,
in the N-terminal half of the sequence, the two remaining and its reactivity with the MoFe protein did not differ from
ones are very near to the C-terminus. As to the acidic that of the wild type (not shown).
residues, most of them (fourteen out of fifteen) are clustered
in the 31-48 and 8195 segments of the sequence.
number of charge inverting mutations have therefore been
introduced in these two regions (see Table 1). The behavior The 2F€pFd affinity column did not bind the nitrogenase
of the E31K, E34K, E38K, E31K/E38K, E48K/E71K, D82K, Fe protein, neither when present@ pasteurianuncrude
E92K, EBBK/E92K, and E95K variants in the cross-linking extracts (Figure 1) nor in its purified state (not shown). The
reactions will be considered below. The chromophores of absence of significant interactions between the two proteins
these mutated forms were identical to that of the wild type, was confirmed by cross-linking experiments similar to those
and their stability was not significantly impaired. Additional described above with the MoFe protein: no bands arising
double or triple mutations involving these residues have beenfrom covalent cross-linking between the Fe protein and the
performed, but the corresponding proteins were not stable2FeCpFd were detectable on gel electrophoreses in the
enough to be satisfactorily implemented in cross-linking various conditions implemented above with the MoFe protein
reactions. The E48K/E71K, D82K, E92K, E88K/E92K, and (not shown). While the Fd appeared not to interact directly
E95K mutated forms produced cross-linking patterns with with the Fe protein, the posssibility that it might interfere
the MoFe protein that were identical with that of the wild with the interaction between the two nitrogenase protein
type protein (not shown). In contrast, the E31K, E34K, components has been considered, and investigated by cross-
E38K, and E31K/E38K variants displayed lower affinities linking with EDC. When reacted on its own with EDC, the
(Figure 4). With the E31K (lane 4) and E34K (lane 5) Fe protein, like the MoFe protein, underwent no covalent
proteins, the cross-linking with subuifitwas barely detect-  cross-linking. This again was in line with previous observa-
able, and that with subunit was visible but weaker than tions with A. vinelandii nitrogenase (Willing et al., 1989).
with the wild type. The E38K (lane 6) variant showed an Incubation of mixtures of the two nitrogenase components
even weaker cross-linking with subunit and none at all  with EDC resulted in the production of only one major band,
with subunitg. With the E31K/E38K doubly mutated Fd  of which the apparent size suggested the cross-linking of
(lane 7), no cross-linked products were observed whatsoeverone subunit of the Fe protein with one subunit of the MoFe
In all cases the cross-linking reactions were apparently lessprotein (Figure 5, lanes -13). Blotting and N-terminal
efficient with thes than with theo. subunit (see in particular ~ sequencing of the band of interest identified it as arising from
lanes 3-6). Whereas this may reflect a selective weakening the cross-linking of one subunit of the Fe protein with one
of the interaction of the mutated ferredoxins with the  subunita of the MoFe protein. The initial sequencing yields,
subunit of the MoFe protein, it should be kept in mind that extrapolated from the first fifteen cycles were 7.3 pmol for
even for the wild type Fd more cross-linked material was the Fe protein subunit and 6.5 pmol for tle subunit,

i
[
Wi

Interaction of Molecular Variants of 2FeCpFd with MoFe
Protein

Cross-Linking Reactions lolving the Nitrogenase Fe
Protein
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Ficure 5: Cross-linking reactions involving the two nitrogenase
components and the 2EpFd. Conditions were as described in
Materials and Methods. The reactions were analyzed by-SDS
PAGE (3% stacking, 7% separation). lanes31 Cp1l concentration
was 5uM, Cp2 was 25%uM. The reaction buffer was 20 mM Tris-
HCI, pH 7.4, containing 0.2 M NaCl (lane 1), 0.1 M NaCl (lane
2), or 0.05 M NaCl (lane 3). lanes4: The reaction buffer was
20 mM Tris-HCI, pH 7.4, 0.1 M NaCl. Cpl1 concentration was 5
uM in all reactions. Cp2 concentration was 28 (lanes 4-6) or

0 uM (lane 7). 2F€pFd concentration was 12/M (lane 4), 25
uM (lane 5), 50uM (lane 6), or 35uM (lane 7). Molecular mass
markers (in kDa) were as in Figure 1.

confirming the stoichiometry of one to one. WithA.
vinelandii nitrogenase a single cross-linked product has
previously been described, but then it involved one subunit
of the Fe protein and ong subunit of the MoFe protein
(Willing et al., 1989). This discrepancy was not unexpected
since the sequences of theandj subunits differ between
Cpl and Avl. Also, these two nitrogenases differ by the
respective contributions of the and S subunits to the Fe
proteinr—MoFe protein interface (Kim et al., 1993). The

amount of cross-linked material was found to increase upon

increasing the ratio of Cp2 to Cp1, at least up to a value of
5 to 1 (not shown). This ratio was implemented in the
investigation of the effects of the ionic strength on the
coupling (Figure 5, lanes-13). The highest amount of

cross-linked polypeptides was obtained with 0.05 M NacCl
(lane 3). It decreased slightly with 0.1 M NacCl (lane 2) and
considerably with 0.2 M NaCl (lane 1). This indicated that

Golinelli et al.

interaction with the MoFe protein. The effects of charge
inversions on residues 31 and 38 were found to be additive
(Figure 4). Although the three-dimensional structure of the
Fd is still unknown, the segment encompassing residues 30
40 can be predicted to form an alpha helix. Among all other
mutated forms of the Fd, the only one that differed from the
WT with respect to its interaction with the MoFe protein
was the C16419—30 variant, which has a deletion (residues
19-30) located in a flexible region of the molecule (Golinelli
et al.,, 1996). In contrast, a deletion shorter by only two
residues, as in C16/19-28, did not impair binding to the
MoFe protein. Since residues 29 and 30 are serine and
valine, respectively, they are unlikely to be directly involved
in the interaction. Instead, their deletion possibly displaces
the presumptive 3040 helical region in a way that weakens
the contribution of the charged residues 31, 34, and 38 to
the interaction. A number of other negatively charged
residues are not involved in electrostatic interactions with
the MoFe protein, since the E48K/E71K, D82K, E88K/
E92K, and E95K mutations had no effect. The positively
charged residues, though fewer than the acidic ones (seven
versus fifteen), are more scattered along the sequence, and
therefore have the potential of providing valuable information
for the mapping of the interface between the Fd and the
MoFe protein. Residues K19 and K27 are most unlikely to
be involved since they have been deleted in the 8168

28 variant which is wild type-like as to its interaction with
the MoFe protein. The effects of mutations on residues K5,
R15, R43, K98, and R99 are currently being investigated.

Although crystal structures are available for MoFe proteins
from bothA. vinelandii (Avl) (Kim & Rees, 1992) andC.
pasteurianum(Cp1l) (Kim et al., 1993), no information on
the three-dimensional structure of the ZpEd has been
obtained yet. Thus, the interaction between Cpl and
2FeCpFd cannot at this point be discussed in any structural

electrostatic forces are involved here as well, and that the detail. However, from the fact that the Fd is a dimer in
interaction is probably weaker between the nitrogenase solution, and therefore must possess a 2-fold symmetry

components than between the MoFe protein and th€gFe:
(Figure 2B).
When the cross-linking reactions between the two nitro-

element, it may be inferred that its interaction with Cp1 most
likely takes place on a 2-fold symmetry element of the latter
protein. Thea,S, Cpl tetramer is formed of a pair of3

genase components were performed in the presence ofdimers that are related by a 2-fold rotation axis (Kim et al.,

increasing amounts of 2BgFd, the band arising from the

1993). Either the upper or the lower face of Cpl, near this

covalent reaction between the two nitrogenase proteins2-fold axis, could thus provide a docking site for the Fd.
weakened and eventually disappeared. It was replaced byHowever, the structures of Cpl and Avl in these regions
the bands arising from the reaction between the Fd and theare very conserved (Kim et al., 1993), which would seem to

MoFe protein (Figure 5, lanes6). Thus, the binding of
the 2F€pFd to the MoFe protein appears to prevent the
interaction of the two nitrogenase component proteins. It

disagree with the different affinities of the Fd for Cpl and
Avl (see Results). MoFe proteins also possess pseudo 2-fold
symmetry elements relating tlkeand$ subunits within each

was noted that no bands attributable to cross-linked ternaryo pair (Kim & Rees, 1992). These provide potential
complexes, i.e., with masses higher than 100 kDa, werebinding sites for the Fd which would be consistent with both

observed (Figure 5, lanes 4 to 6).

DISCUSSION

Both the affinity chromatography and the cross-linking

the different affinities of the Fd towards Avl and Cpl, and
with its competing with the Fe protein for the binding to
Cpl. Indeed, the surface regions near the pseudo 2-fold axes
differ significantly between Avl and Cp1l (Kim et al., 1993;

experiments have afforded compelling evidence for a strongHoward & Rees, 1994; Peters et al., 1995) and have been

and specific interaction of the 2EpFd with the nitrogenase
MoFe protein. In both occurrences the interaction was

proposed to encompass the surface of interaction with the
Fe protein (Kim & Rees, 1992; Howard & Rees, 1996).

inhibited by increasing salt concentrations, which suggests Previous investigations have given indications that the

an important contribution of electrostatic forces. Cross-
linking reactions implementing a number of molecular

2FeCpFd might be involved in nitrogen fixation. It was first
observed to be present in higher abundanceifixihg than

variants of the Fd have pointed to three negatively chargedin NHs-grown cells (Hardy et al., 1965). The amounts of
residues, E31, E34, and E38 as significant agents in the2FeCpFd present in cells under these two growth conditions
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