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assembly of iron-sulfur clusters. Research in this thesis centers around two proteins, NifU
and NifS, and their more general homologues, IscU and IscS. A combination of molecular
biology, biochemistry, and spectroscopy detail a process in which NifS or IscS direct the
assembly of transient iron-sulfur clusters upon NifU or IscU. The spectroscopic and
biochemical properties of NifU and IscU are consistent with a role in providing a scaffold
for the assembly of transient iron-sulfur clusters that are transferred intact to different
apoproteins. In a complementary study, NifEN, which is implicated as a scaffold for the
assembly of the heterometallic Mo-Fe-S cluster that constitutes the active site of
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Chapter |
Introduction

1.1  Summary

The movement of metals into and through cells is a tightly regulated process (1-3),
and many aspects of this metal homeostasis are conserved throughout the three kingdoms
of life (4). One of the most conserved process in metal homeostasis in particular and in
biology in general (5), is the assembly of iron-sulfur clusters. In fact, a search of thirty four
complete genomes reveals twenty eight contain an iron-sulfur cluster assengay, or
gene. Research in this thesis centers around two of these proteins, NifU and NifS, and
their more general homologues, IscU and IscS. A combination of molecular biology,
biochemistry, and spectroscopy detail a process in which NifS or IscS direct the assembly
of transient iron-sulfur clusters upon NifU or Isclhe spectroscopic and biochemical
properties of NifU and IscU are consistent with a role in providing a scaffold for the
assembly of transient iron-sulfur clusters that are transferred intact to different
apoproteinsIn a complementary study, NifEN, which is implicated as a scaffold for the
assembly of the heterometallic Mo-Fe-S cluster (6, 7) that constitutes the active site of
nitrogenase, has also been characterized.
1.2 Iron-Sulfur Proteins: Background

Fe-S clusters are one of the most ancient and ubiquitous prosthetic groups in
biology (8-10). Iron-sulfur cluster containing ferredoxins were first isolated in the 1950's
(11), although the chemical nature of the Fe-S prosthetic group was not understood until
1962 (12). Soon thereatfter, Shethna (13-15) and Rieske (16) discovered the ferredoxins
that to this day bear their names, and by 1963 rubredoxin (17%,][FE2), and [FgS,]
(18) containing proteins were characterized. The advances continued, and by 1872, 1.5-
and 2.8A resolution crystal structures for rubredoxin (19) and$feluster containing

proteins (20) were solved. These Fe-S clusters were involved in electron transport, and
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until 1980 when the (de)hydratase function of the cluster in aconitase was discovered (21),
this remained their only reported biological function. A look at the mitochondrial
respiratory chain, perhaps the most studied area in biology, supports the conclusion that
Fe-S clusters are adept electron carriers. Mitochondrial electron transport using electrons
derived from succinate, nicotinamide adenine dinucleotide (NADH), di-thedation of
fatty acids, involves thirteen iron-sulfur clusters, see Figure 1 (10). Loss of function in any
of these clusters would result in immediate death to an obligate aerobe. Anaerobes
wouldn't fair any better without Fe-S clusters, for although the types of anaerobic
respiration are diverse, there is not a major respiratory pathway devoid of Fe-S clusters.
Beginning in 1980, nearly thirty years after their discovery, entirely new functions
for iron-sulfur clusters began to emerge. It is now clear that iron-sulfur clusters can do
much more than carry electrons. One-hundred and twenty different types of Fe-S cluster
proteins and enzymes have been characterized (8, 10). These enzymes and proteins differ
in either cluster nuclearity, function, or in the spacing of ligating cysteines. For instance,
within [Fe, S)] cluster containing proteins, there are twenty-four functionally distinct
proteins (10, 22-27). Iron-sulfur clusters are now known to act in purely structural roles,
as in the DNA repair enzymes, endonuclease Ill and MutY (28); to generate alimk stab
one electron intermediates in two electron processes, as in ferrodoxin thioredoxin
reductase (29, 30); to catalyze hydration or dehydration reactions as in aconitase (31, 32);
to be involved in iron storage as in the polyferredoxins (33, 34); to act as sensors to
regulate enzyme activity as in glutamine phosphoribosylpyrophosphate amidotransferase
(35); to act as sensors which turn on or off transcriptional regulators as in fumarate nitrate
reductase (FNR) or the iron-responsive protein (IRP), which respongdaiodGron
respectively (31, 36, 37); to serve as substrates as in biotin synthase (38, 39); to generate
radicals as in pyruvate-formate lyase-activating enzyme (27); to act as redox dependent
transcriptional regulators as in SoxR (40); to couple proton and electron transfer as in

Rieske and nitrogenase P-cluster (67-70 ); and to act m®t@ctive clusters as with the
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nitrogenase-associated FeSllI protein (41). The range of functions carried out by Fe-S
proteins makes them one of the most versatile prosthetic groups in biology.
1.3 Iron-Sulfur Proteins: Properties

Both structurally and electronically Fe-S clusters can be considered as being
composed of [E&,] rhombs. It has been established experimentally thaBJFeuster
will couple reductively to form their thermodynamic sink, & clusters (42, 43). As this
has been the observed mechanism fof§ffeluster formation, it is useful to consider
[Fe,S,] clusters as being composed of two, ferhombs. In terms of electronic
structure, Fe-S clusters are best thought of as being composedSF[EE’ units (44,
45), see Figure 2. The mixed-valance form,$§Jé*, can be valance localized with the
high spin Fe(lll) and Fe(ll) sites coupled antiferromagnetically to y&ldl/2 ground
state, or valance delocalized with the spins coupled ferromagnetically t&y82#i
ground state. While the former is generally observed for biologicsB]Feclusters,
Mossbauer studies indicate that the latter is generally present in higher nuclearity [3Fe-
4SPand [Fe,S,)**"1*° clusters. Moreover, as illustrated in Figuré&s29/2 spin state for
the valance delocalized [J=] cluster is required to explain the spin states of the higher
nuclearity clusters. The experimentally observed core oxidation states and ground spin
states which result from magnetic coupling betweer3fenits or [FgS,] units and Fe
units are detailed in Figure 3, for each of the crystallographically defined biological Fe-S
clusters.

In each of the five chapters, Fe-S clusters are characterized spectroscopically using
a range of complementary techniques. These include magnetic circular dichroism (MCD),
which can probe the ground and excited state electronic structure of paramagnetic species
(46-48); electron paramagnetic resonance (EPR) which is a sensitive probe of the
electronic ground state in paramagnetic species (49-53); resonance Raman, which probes
the ground vibrational states in a chromophoric species (54-58); Mdssbauer, a probe of

ground state electronic information (59-61); and finally by UV-visible spectroscopy, a



probe of electronic excited states. There has been a considerable amount of
characterization of both native and mutant Fe-S clusters (29, 62, 63, 63-66). By
comparison of the spectra that were observed for the different Fe-S species in this thesis to
previously characterized mutant and wildtype Fe-S proteins, it was possible to draw
conclusions about the coordination environment and nuclearity of the Fe-S species
observed. Much work has also been done with model systems, where clusters have been
stabilized in both protic and aprotic solvents (42, 71-80). Both are pertinent, as biological
Fe-S clusters are exposed to a mixture of aprotic and protic environments.

1.4 Iron Homeostasis

In accord with the model chemistry, there have been a number of cases in which it
has been possible to remove an iron-sulfur cluster from a protein, separate the protein
from the exogenous iron and sulfur, and then reassemble a functional, iron-sulfur cluster
back into the protein using only Fe(ll) or Fe(lllI¥;,%nd dithiothreitol (DTT) (80-83).
However, such “spontaneous self assembly” of biological iron-sulfur clusters is unlikely to
occurin vivo for two main reasons: 1) iron has a well established cytotoxicity, linked to
the ability to generate hydroxyl radicals via Fenton chemistry (84, 859 aaadingly is
not free in the cytosol; and 2) there have been a number of genes characterized that are
absolutely necessary for iron homeostasis and iron-sulfur cluster assembly.

The clearest picture that has emerged regarding iron homeostasis is in the yeast,
Saccharomyces cerevisiak&s most of the research in this field has been done in the last
few years, a comprehensive review does not exist. A pictorial view of those genes with
published phenotypes is therefore presented. Figure 4 illustrates the forty characterized
genes that are directly involved in iron-homeostasis, a number nearing one percent of the
total genes in this yeast. If the recent rate of discove®y aerevisiaeontinues, there
will be many more iron-homeostasis genes discovered and characterized in the years to
come. In accord with iron-homeostasis being an indispensable process, there are also at

least four separate pathways for iron to enter the cell.
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Yeast are able to uptake insoluble Fe(lll) using either a siderophore uptake
pathways, or a strategy involving cell surface reductases which release iron from its
insoluble ferric forms. Depending on the iron availabii8y cerevisiagan switch on three
different high-affinity or one low-affinity iron uptake pathway (86-88). In one high-affinity
pathway, iron is reduced at the cell surface by Frel (89) or Fre2, oxidized by Fet3 (90, 91)
and then passes through the membrane permease, Ftrl (90). In the second and third high-
affinity iron-uptake pathways, siderophores are used to extract Fe(lll), rather than using
the reductive strategy employed by the first high affinity pathway. The current dogma is
thatS. cerevisiagloes not excrete its own siderophores, but instead use the siderophores
secreted by both prokaryotes and other eukaryotes (86, 88, 92, 93). The siderophore
transport proteins Arnl, Arn2, Arn3 (also known as Sitl) (86), Tafl, Enbl, Arn4 (94),
and Fet3 are responsible for the import of ferrioxamines, ferrichromes, and fusarinine
related siderophores. In the low affinity pathway, iron is reduced by Frel (89) or Fre2 and
transported across the membrane by Fet4 (95, 96).

Once inside the cell, Fe(lll) homeostasis is controlled by the sequestration of iron
in vacuoles (97). Fthlp and Fet5, which are homologous to Ftrl and Fet3, form a
membrane-permease complex (98) which is most likely vacuolar. Cccl, a general divalent
metal permease (99, 100) can adjust cytosolic iron levels through an unknown mechanism
that does not involve excretion, and so is most likely also vacuolar (90) Vsp41, one of
many vacuolar trafficking proteins (101) is responsible for the post Golgi processing of
Fet3. Ctrl and Atx1 (102-104) deliver copper to Fet3, and provide the long missing link
between copper and iron homeostasis. The remaining iron-homeostasis genes are all in the
mitochondria, and with the exception of Yfh1, the homologue of the human frataxin gene,
(105, 106) are involved in iron-sulfur cluster assembly. For the most pa8, the
cerevisiadron-sulfur cluster assembly research has been derivative of the ofiginal
vinelandiistudies, in that it has established phenotypes for yeast genes which have high

homology to characterized genesiirotobacter vinelandiisee Figure 5 (105). In this
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sense, it is best to summarize the iron-sulfur cluster assembly genes in their original
context, and refer to those times when yeast studies provide insight that prokaryotic
studies cannot. One such example is the observation by Lill and coworkers3hat in
cerevisiaethe iron-sulfur clusters of cytosolic proteins are somehow formed in the
mitochondria and then transferred to the cytosol where they are incorporated (107-110).
1.5 Iron-Sulfur Cluster Assembly Genes
Atfter sequencingif specific genes fromA. vinelandii(111, 112), and

systematically creating knockout strains for six of the individual genes (113), Dean and
coworkers found a number of genes which are essential for optimal diazotrophic growth.
Further studies showed that for #éJ andnifS genes, the lack of diazotrophic growth
resulted from an inability to make functional iron-sulfur clusters in the nitrogenase
component proteins (114). As there walsatsmall amount of functional nitrogenase
produced, Dean and coworkers looked for and found a set of housekeeping iron-sulfur
cluster assembly genes. These genes were termed the iron-sulfur cluster asséubly, or
genes (115). The identification of tise genes showed that unlike timevitro assembly of
iron-sulfur clusters, the biological assembly of iron-sulfur clusters involves a number of
different proteins that serve to transfer iron, sulfur, apoproteins, and electrons to the same
place at the same time.

In the simplest sense, the Isc proteins repla@®) F8*, and DTT in the common
in vitro cluster reconstitution. However, there are many proteins that have yet to be
successfully reconstituted vitro. In these cases, there may be a need for protein folding
assistance which could be supplied by genes irst@uster. As with other biological
processes, iron-sulfur cluster assembly must also be regulated, and at least oise of the
genes appears to be a regulatory protein. As a result of the work described in this thesis
and the seminal and ongoing work in the Dean laboratory, it becomes possible to ascribe
functions to many of the genes from thecluster along with their relatedf specific

genes fromA. vinelandij see Figure 5.
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The gene products offSandiscSare cysteine desulfurases which catalyze the
conversion of cysteine to alanine and eitfeorS3", depending on the absence or
presence of reducing equivalents (115, 116). The mechanism of NifS was described in
1993 (117) and involves the production of an enzyme bound cysteine persulfide using a
pyridoxal phosphate cofactor. Interestingly, it would seem that iron-sulfur cluster
assembly is dependent upon pyridoxal phosphate cofactor biosynthesis, although this link
has never been experimentally addressed. Since NifS uses cysteine as a substrate, the
process of iron-sulfur cluster assembly would deplete cellular cysteine &yskgenes,
the product of which are O-acetylserine synthases that catalyze theitatg step in
cysteine biosynthesis (118-120), presumably aid in supplying the excess cysteine needed
for cluster biosynthesis (121). Both thié specific cluster assembly pathway (111), and
theisc pathway contaicysEgenes, namedysE] andcysEZ2respectively. ThédscAand
hscBgenes iA. vinelandiibear homology to thiescAandhscBgenes irEscherichia coli
(122, 123). ThéascAandhscBgenes irE. coliare homologous to tldnaJanddnak
genes, which code for molecular chaperones, and are likely to function in the folding of
apoproteins for cluster insertion (124, 125). The gene proditadli andA. vinelandii
fdx has been characterized, and is g3$Hderredoxin (123, 126, 127). As purified, it
contains a [F&,]?* cluster which can be reduced to a,fEg'* cluster without
degradation and is therefore likely to participate in electron transfer.

Very little is known aboubrfl orf2, andorf3, although the gene product forf2
contains a DNA binding sequence, and the requisite number of cysteines to assemble an
Fe-S cluster, and hence may be a regulatory protein. The gene prodrittiegfars
homology to methyl transferases, but there has been no published work on this gene or its
product that has established its function. Removali@from a plasmid containing an
extra copy of thésc cluster for the purpose of aiding in the overexpression of reporter
ferredoxins irE. coli, did not effect Fe-S cluster production, except in the case of one

reporter ferredoxin where production was impaired by the presence of excess iron.
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Although the authors of this work ascribe to Orf3 a role as an iron chaperone (128), this is
inconsistent with the observation that its function is impaired by excess iron. Further
studies ororf3 and its gene product will hopefully resolve these inconsistencies.

IscAand itsnif homologueorf6, are particularly interesting, and code for proteins
with three conserved cysteines, see Figure 6. A search of thirty four genomes showed that
twenty eight contained ascU homologue, while only fourteen containediscA
homologue. One organisi@ynechocystidoes not contain aacU gene, but does contain
iscAgene (115). The absence ofisA homologue in over half of the published genomes
would suggest that its function, at least in organisms where it is absent, is not absolutely
necessary for biological iron-sulfur cluster assembly. The lack istarhomologue in
SynechocystjsvhereiscAis present, would suggest that IscA can complement the
function of IscU. These observations, taken together with the findings presented in this
thesis which show that IscU can serve as a scaffold for iron-sulfur cluster assembly,
suggest a role for IscA as an alternate scaffold for iron-sulfur cluster assembly.

IscU andnifU are the two remaining iron-sulfur cluster assembly genes in Figure
4, and are the major focus of this thesis. In 1994tral, published an initial
characterization of NifU, which described NifU as a homodimer of mass 66 kDa (129).
NifU contains one [F&,]%"** cluster per subunit, which like the Fdx cluster, is not labile,
and therefore is not a good candidate for a transferable cluster. As described in chapter
two, NifU has three domains. The N-terminal 15kDa is homologous to IscU and contain
three highly conserved cysteine residues, see Figure 7. The middle 20kDa is homologous
to bacterioferritin-associated ferredoxin (130), and the C-terminal 8kailsr 20
Nfulp from yeast (131). Herein, the proteins IscU and NifU are shown to have the unique
ability to assemble iron-sulfur clusters that are both oxidatively and reductively labile, an
important quality for any cluster which is to be transferable. As these genes are so highly
conserved throughout prokaryotes and eukaryotes, see Figure 7, the process described for

A. vinelandiican serve as a model for biological iron-sulfur cluster assembly.
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Exceptions to a universal mechanism of iron-sulfur cluster assembly occur in the
thermophilic archea, wher@&yrococcus horikoshPyrococcus furiosigPyrococcus
abyssj andMethanococcus jannischidlo not contaimscU or iscA homologues. This is
not a general phenomenon with archaearakaeglobus fulgidusontain a homologue
with 65 % similarity to theA. vinelandiilscU, and is not a general phenomenon with
anaerobes, as every other anaerobe with a completely sequenced genome was found to
contain arisc homologue. While the experimental data on iron-sulfur cluster assembly is
scant for these organisms, one striking feature that all four thermophilaearshare is
iron availability. As with all anaerobes, they hageess to soluble ferrous iron, which is
not present in aerobic environments. This fact may account for why anaerobes in general
do not secrete siderophores. Unlike mesophilic anaerobes however, theeat o
environment also allows them access to soluble ferric iron. While thdlisplithe two
major forms of ferric hydroxide are 10and 1M at room temperature (132, 133), ferric
chloride’s solubility is reported at Mbat 25 C. At 100°C, Fe(Ill)ClL is as soluble as
ZnCl, with a reported solubility of 3@ (134, 135). The laboratory conditions in which
these solubilities were measured do dhaplicate the more complex chemical
environments found in nature, but do provide qualitative information that establish the
following trends: 1) as chloride ion concentration increases, so does ferric iron solubility,
and 2) as temperature increases, so does ferric iron solubility. In the thermophilic
archaea’s environment, many of the paradigms of mégopbn homeostasis, such as the
cell surface ferric reductases, and siderophore production are superfluous. Inside the cell,
iron must still be chaperoned, but the need for reduction to labilize iron is diminished by
the increased temperature. The chemistry of iron is different at these temperatures, and it
should be no surprise that the iron homeostasis genes are different as well. A few
pathogens, includinBorrelia burgdorferiandMycobacterium genetialluralso lackisc

homologues, although the significance of this exception is lessened by the fact that
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pathogens rely on their host for the biosynthesis of a number of important cofactors (136)
and are not free living.

NIifEN is not anisc genes. Unlike thesc gene products, which have been shown
to place functional iron-sulfur clusters into a vast array of proteins, NifEN has a very
specific function. It's only role is in the maturation of the nitrogenase FeMoCofactor (137,
138). AsNIfEN knockout strains cannot assembly FeMo-cofactor, and based on the
considerable homology that NifEN shares with the nitrogenase MoFe protein, a role for
NIfEN as a scaffold for the assembly and transfer of FeMo-cofactor has been proposed (6,
139).

1.6 Summary of Presented Work:

Chapter Il is an initial characterization of NifEN. A strainfofvinelandiiwas
constructed which placed tihfEN gene under the control of th6HDK promoter. This
homologous overexpression system produced NifEN as 5-10% of the total soluble
protein. NifEN was purified, and characterized by UV-vis, EPR, MCD, and resonance
Raman spectroscopies. NifEN is shown to befnheterotetramer which contains two,
aff subunit-bridging [F£5,] #** clusters per heterotetramer.

Chapter 11l shows that NifU is a modular protein by producing and characterizing
truncated forms of NifU which are still functional. The N-terminus of NifU, which bears
homology to the IscU protein, is shown to bind a single ferric iron using three conserved
cysteines. Finally, each of the nine conserved cysteines are individually deleted, reinserted
into A. vinelandiiusing gene replacement, and the consequence of the individual cysteine
mutations is assessed by their effect on the rate of diazotrophic growth.

Chapter IV provides evidence for the NifS-directed assembly g&JFeusters in
NifU variants. The truncated form of NifU described in chapter IlI, termed NifU-1, is
shown to assemble a reductively labile,BE* cluster. A mutant in full length NifU,

D37A NifU, is also shown to stabilize a cluster that was assenmblatto. In vivo
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evidence for this cluster formation is also provided, using the mutant, D37A NifU-1,
which purifies with a [F&5,] cluster.

Chapter V provides the first evidence for the assembly of an iron-sulfur cluster in a
native iron-sulfur cluster assembly protein. IscS is shown to mediate the assembly of a
[Fe,S,]* cluster upon IscU. The cluster bound form of IscU was found to be reductively
and oxidatively labile, but was stable enough to allow anaerobic purification to remove
exogenous iron and sulfides, affording samples which could be quantified for cluster
content. The resulting samples were shown to contain og8,J¥eluster per IscU
dimer.

In Chapter VI anaerobic fast performance liquid chromatography was used to
resolve different types of IscU with bound Fe-S clusters. Including the sing&]fFe
cluster which is characterized in chapter 1V, three different forms of Fe-S cluster bound
IscU are purified and characterized. A second form of IscU, which has tu®)]fFe
clusters, was purified and characterized by resonance Raman, Mdssbauer, and chemical
analysis. A third form of IscU, containing a [Bg?" cluster which forms by the reductive
coupling of the two [F£5,]?* clusters, is also characterized. Prior to this work,Jf&
cluster formation by the reductive coupling of two JE¢* clusters had only been
observed in model systems (42, 43). Hence these results show that IscU provides a
scaffold for the assembly of both [)Sg and [FgS,] clusters and provide the first insight
into the mechanism of the biosynthesis of,kclusters.
Abbreviations:
iron-sulfur cluster assembligc; magnetic circular dichroism, MCD; electron
paramagnetic resonance, EPR; iron-responsive protein, IRP; dithiothriotol, DTT; iron-
responsive protein, IRP; anaerobic ribonucleotide reductase, ARR; nicotinamide adenine

dinucleotide, NADH.
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Figure 1-1 Prosthetic groups in the mitochondrial respiratory chain.
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Figure 1-2
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Oxidation states of iron and valance delocalization schemes.Bj,[Fe
[Fe,S,] and [FgS,] clusters. Red indicates ¥eblue indicates Fg and

green indicates &',
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Figure 1-3
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Core oxidation states and experimentally determined spin states for

crystallographically defined biological iron-sulfur clusters.
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Figure 1-4 Characterized iron homeostasis and iron-sulfur cluster assembly gene products
in the yeastSaccharomyces cerevisig®lue colored gene products are
involved in copper transport to Fet3. Yellow colors are involved in genetic
regulation of iron homeostasis. Red colors are involved in iron uptake and
maintenance of cellular iron levels. Pink colors are involved in iron-sulfur

cluster assembly.
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Figure 1-5 Organization of iron-sulfur cluster assembly gen&zatobacter vinelandii
andEscherichia coliand characterized iron-sulfur cluster assembly genes in
the yeasSaccharomyces cerevisiad@he eukaryotic yeast genes are not
clustered, and so their order on the figure does not represent their

chromosomal organization.
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Figure 1-6 Sequence comparison of IsScA homologues.
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Figure 1-7 Sequence comparison of IscU homologues.
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Chapter Il
The Azotobacter vinelandiNifEN Complex

Contains Two Identical [4Fe-4S] Clusters

! Paul J. Goodwin,Jeffrey N. Agaf Jon T. Rolll Gary P. Roberts,
Michael K. Johnsof,and Dennis R. Dea1998)Biochemistry37, 10420-10428.

* Department of Biochemistry, Virginia Tech, Blacksburg, VA 24061, and Department of
Chemistry and Center for Metalloenzyme Studies)iversity of Georgia, Athens, GA
30602, andDepartment of Bacteriology, the University of Wisconsin, Madison, WI
53706.

40



41

ABSTRACT

ThenifE andnifN gene products frorAzotobacter vinelandform anao.,f3,
heterotetramer (NifEN complex) that is required for the biosynthesis of the nitrogenase
FeMo-cofactor. The current model for NifEN complex organization and function is that it
is structurally analogous to the nitrogenase MoFe protein and that it provides an
intermediate assembly site for FeMo-cofactor biosynthesis. In the present work gene
fusion and immobilized metal affinity chromatography strategies were used to elevate the
in vivo production of NifEN complex and to facilitate its rapid and efficient purification.
The NIfEN complex produced and purified in this way exhibits the same FeMo-cofactor
biosynthetic activity as previously described for NifEN complex purified by traditional
chromatography methods. UV-visible, EPR, variable-temperature magnetic circular
dichroism, and resonance Raman spectroscopies were used to show that the NIifEN
complex contains two identical [4Fe-4S] These clusters have a predominaBtly 1/2
ground state in the reduced form, exhibit a reduction potential of -350 mV, and are likely
to be coordinated entirely by cysteinyl residues based on spectroscopic properties and
sequence comparisons. A model is proposed where each NifEN complex [4Fe-4S] cluster
is bridged between a NIfE-NifN subunit interface at a position analogous to that occupied
by the P-clusters in the nitrogenase MoFe protein. In contrast to the MoFe protein P-
cluster, the NIifEN complex [4Fe-4S] clusters are proposed to be asymmetrically
coordinated to the NifEN complex where NifE cysteines-37, -62, and -124 and NifN
cysteine-44 are the coordinating ligands. Based on a homology model of the three
dimensional structure of the NifEN complex, the [4Fe-4S] cluster sites are likely to be
remote from the proposed FeMo-cofactor assembly site and therefore, are unlikely to

become incorporated into FeMo-cofactor during its assembly.



TEXTURAL FOOTNOTES

!Abbreviations: VTMCD, variable-temperature magnetic circular dichroism; RR,

resonance Raman; NHE, normal hydrogen electrode
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INTRODUCTION

Biological nitrogen fixation is catalyzed by nitrogenase, a metalloenzyme
composed of two-component proteins called the Fe protein and MoFe protein (reviewed
in 1-3). The Fe protein [also called dinitrogenase reductase (4)] is a homodimer that
contains a single [4Fe-4S] cluster bridged between its identical subunits (5). The MoFe
protein (also called dinitrogenase) isogf, heterotetramer that contains two pairs of
novel metalloclusters called the P-cluster;f)eand the iron-molybdenum cofactor
(FeMo-cofactor F&S;Mo:homocitrate]). Eachp-unit of the MoFe protein is believed to
comprise a single catalytic unit that contains one P-cluster and one FeMo-cofactor that are
separated by approximately 17 A. During catalysis the Fe protein delivers electrons to the
MoFe protein in a process that involves association-dissociation of the component
proteins, MgATP binding, and nucleotide hydrolysis (4). The nucleotide binding sites are
located on the Fe protein and a minimum of two MgATP are hydrolyzed for each electron
transfer event. The P-cluster is located aufheterface of the MoFe protein and
appears to function as an intermediate electron carrier site that accepts electrons from the
Fe protein and subsequently effects their intramolecular delivery to FeMo-cofactor (6-8)

the site of substrate binding and reduction (9-11).

Because FeMo-cofactor provides the site of substrate binding and reduction, its
structure and assembly has attracted considerable attention. X-ray crystallographic
analyses have shown that FeMo-cofactor consists of a metal sulfur c&8@ideand
one molecule of (R)-homocitrate (12). The metal-sulfur core is constructed from
Fe,S;Mo and FgS; fragments that are connected by three inorganic sulfide bridges located
between pairs of Fe atoms from opposing fragments. Homocitrate is coordinated to the

Mo atom through its 2-hydroxyl and 2-carboxyl groups.

Biochemical and genetic studies using barotobacter vinelandandKlebsiella
pneumoniadave revealed that at least sikspecific gene products, includiigfB,

NifE, NifN, NifV, NifQ, and NifH, are directly involved in the biosynthesis of
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FeMo-cofactor (13). NifB catalyzes the formation of an FeMo-cofactor precursor called
B-cofactor which is composed of an iron-sulfur core that does not include Mo or
homocitrate (14). NifE and NifN form agp, heterotetramer (15) that is able to bind
B-cofactor (16, 17), and in doing so provide an intermediate site for FeMo-cofactor
biosynthesis. NifQ appears to have a role in the activation of Mo for FeMo-cofactor
assembly (18), and NifV is a homocitrate synthase that provides the organic constituent of
FeMo-cofactor (19, 20). The role of NifH (Fe protein) in FeMo-cofactor assembly is not
yet understood but its role does not appear to involve either electron transfer or MgATP
hydrolysis (21- 23). The Fe protein and the product of another gene [NifY in the case of
K. pneumonia€24, 25) and a protein called gamma in the cage ginelandii(26, 27)]

also appear to have some role in the incorporation of FeMo-cofactor into the apo-MoFe
protein. Othenif-specific gene products that might also participate in FeMo-cofactor
biosynthesis include NifS [mobilization of S for Fe-S core formation (28)], NifU
(mobilization of Fe for Fe-S core formation (29)) and NifWZ [possible roles in the

incorporation of homocitrate during FeMo-cofactor formation (21)].

Most of what is known about the assembly of FeMo-cofactor has involved the
application ofin vitro reconstitution (9) ana vitro biosynthetic assays (30) developed
by Shah and coworkers. For examypteyitro reconstitution assays were used to show
that FeMo-cofactor is separately synthesized and then inserted into the apo-MoFe protein
rather than being assembled stepwise into the apo-MoFe protein (31). This observation,
primary sequence comparisons (32, 33), and the two-dimensional electrophoretic
properties of NIifE and NifN (34) ultimately led to the hypothesis that the NifEN complex
provides a molecular scaffold for at least a portion of FeMo-cofactor biosynthesis (32). In
related experiments it was found that NifB- and NifE- or NifN-deficient extracts could be
mixed to achieve FeMo-cofactor formation, providing that Mo and MgATP were also
added to the reaction mixture (30). Experiments of this sort provided an assay that

permitted the isolation of small amounts of the NifEN complex (15), which was shown to
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be ano, B, heterotetramer that contains Fe-S cluster(s). One problem encountered in the
isolation and characterization of FeMo-cofactor biosynthetic enzymes is that they are only
present in very low intracellular amounts. To date, this feature has precluded the
purification of the NifEN complex in the quantities necessary for detailed biophysical
characterization of its associated Fe-S cluster(s). In the present work a gene fusion
approach for overproduction of the NifEN comple)dinvinelandiiand the application of
immobilized metal affinity chromatography for NifEN complex purification are described.
These procedures have permitted purification of active NifEN complex in sufficient

guantities for biophysical characterization.
EXPERIMENTAL PROCEDURES

DNA biochemistry and strain constructiomsansformation of. vinelandiiwas
performed as previously described by Page & von Tigerstrom (35). Strain DJ1061
(Figure 1) was constructed in several steps. In the first step, polymerase-chain-reaction
(PCR)-directed DNA amplification and mutagenesis was used to obtain an approximately
0.9 KbMsd-Sal fragment ofA. vinelandiigenomic DNA (32) that was incorporated into
Sma-Sal-digested pUC119 vector DNA. This plasmid was designated pDB902 and it
contains thé\. vinelandiinifE promoter, as well as upstream and downstream sequences
extending approximately 450 base-pairs in each direction. Plasmid pDB902 was also
constructed so that a unigeld restriction enzyme site overlaps thé¢E translation
initiation site. Plasmid pDB904 was constructed by digesting pDB902Ndighand
incorporating a kanamycin-resistance cartridge derived from pUC4-KAPA (36) at the
Ndd site of pDB902. Plasmid pDB906 was constructed by digesting pDB902Naéh
and then ligating a synthetic DNA cartridge into this site. The sense strand of the
synthetic cartridge has the sequence; 5TEPFFCACCACCATCACCACCAS3'. The
triplet that corresponds to tinE translation initiation codon is underlined in the
synthetic DNA cartridge shown above. This construction places seven in-frame histidine

codons between the initiating methionine-codon and the second codon of the cloned
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portion ofnifE carried on pDB906. Restriction enzyme mapping and DNA sequence
analyses were used to confirm all plasmid constructions. WildAyp&nelandiicells

were transformed using pDB904 DNA as the donor and then selecting for kanamycin
resistance and scoring for ampicillin sensitivity. One transformant that resulted from
double-reciprocal crossover events, and which is Nif-minus, kanamycin-resistant, and
ampicillin-sensitive, was designatedID57. Strain DJ1061 was constructed by
transformation of DJ1057, using pDB906 DNA as the donor, resulting in a Nif-plus,
kanamycin-sensitive phenotype. Strain DJ1061 is genotypically identical to the wild-type
except that there are seven histidine codons immediately following the initiating
methionine codon at the N-terminusrofiE. It should be noted that none of the plasmids
used for strain constructions described in the present work are capable of autonomous

replication inA. vinelandii

Strain DJ1041 (Figure 1) was also constructed in several steps. In the first step a
DNA cartridge, extending from tha@fH translation initiation site to approximately 500
base-pairs upstream, was generated by PCR amplification. This cartridge was constructed
so that arlNdd restriction enzyme site was located at nifél translation initiation site,
and aBglll site was located approximately 500 base-pairs upstream oifthéranslation
initiation site. This cartridge was digestedNiyd andBglll and ligated into
Ndd-Bglll-digested pT-7 plasmid vector DNA (37) to form plasmid pDB591. In the
second step aifE -gene cartridge was generated by PCR amplification so thdtien
site was located at thefE-initiation codon and 8anHlI site was located shortly
downstream of thaifE-coding sequence. This cartridge was ligated into
Ndd-BanHI-digested pJ-7 vector DNA to form pDB558. In the next step pDB558 was
digested witiNdd andBanHI and the resultingifE-cartridge purified and ligated into
Ndd-BanHI-digested pDB591 to form pDB597. Construction of pDB597 results in a
fusion of thenifH-transcriptional and -translational elements to the coding portion of the

nifE gene. In the final step of plasmid constructions pDB597 was digesteNadthnd
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ligated with the same synthetic DNA cartridge described above to form plasmid pDB867.
This construction places seven in-frame histidine codons between the initiating
methionine-codon and the second codon ofiifte -coding sequence. The fusion of the
nifH promoter sequence with théE-coding sequence carried by pDB867 was then
transferred to tha. vinelandii chromosome to yield strain DJ1041. This construction
was accomplished by transformation using congression (coincident transfer of unlinked
genetic markers) where the rifampicin-resistance marker contained in pDB303 (38) was
used as the selected marker. The phenotype of DJ1041 is Nif-minus and

rifampicin-resistant.

Cell growth, purification of the NifEN complex, and assaysvinelandiicells
were grown at 30°C in a 150 liter custom-built fermenter (W. B. Moore, Inc. Easton , PA)
in modified Burk medium (39) containing 10 mM JN&@O,and 10 mM urea. Cultures
were sparged with pressurized air (80 I/min at 5 psi) and agitated at 125 rpm. When the
cell density reached 180 Klett units (red filter) they were derepressei-fpgne
expression by concentration and resuspension in Burk medium with no added nitrogen
source (40). Harvested cells were stored at -80°C until used. Crude extracts were
prepared by the osmotic shock method (41) in degassed buffer containing 25 mM
Tris-HCI (pH 7.9) and 1 mM sodium dithionite. Prior to NifEN complex purification, the
extracts were made 500 mM in NacCl by the addition of degassed, granular NaCl. All
biochemical manipulations were performed under an Argon atmosphere using a Schlenk
apparatus. Approximately 120 grams of cells (wet weight) were processed for each
purification yielding approximately 10 g of total protein in the crude extract. The NifEN
complex was purified using immobilized-metal-affinity-chromatography (IMAC) and
DEAE-sepharose anion-exchange chromatography (Amersham-Pharmacia, Piscataway,
NJ). Cell extracts were loaded on an IMAC Zn(ll)-charged column (30 ml of resin in a
1.5 cm x 15 cm column) using a peristaltic pump. After loading the extract, the column

was washed with three column volumes of the above buffer containing 20 mM
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imidazole-HCI. The protein that remained bound to the column was then eluted using the
above buffer containing 250 mivhidazole-HCI. The eluted protein was collected and
diluted 7 x in a degassed buffer (25 mM Tris-HCI, pH 7.9) containing 1 mM sodium
dithionite. The diluted protein was then loaded onto a DEAE-sepharose column (30 ml of
resinin a 1.5 cm x 15 cm column) and eluted using a linear NaCl gradient (100 mM to 300
mM NaCl over 5 column volumes). The NIfEN fraction, which eluted at approximately
250 mM NacCl, was collected and concentrated using an Amicon concentrator (Beverly,
MA) fitted with a YM10O0 filter. Concentrated protein was pelleted and stored in liquid
nitrogen until used. Protein purity was monitored by SDS-PAGE electrophoresis as
previously described (40). Protein was quantitated by the BCA method using bovine

serum albumin as the standard (42).

NIfEN activity was determined by slight modifications of previously described
procedures (14, 17). Each degassed 9-ml reaction vial included O to 60 mg of isolated
NIifEN, 100 ml of 25 mM Tris-HCI (pH 7.4, 1.0 mM sodium dithionite), 20 ml of 5 mM
homocitrate, 10 ml of 1.0 mM NsloO,, 200 ml of an ATP-regenerating system, and 200
ml of DJ1007 AnifE) crude extract. The reaction vial also included an excess of
B-cofactor, which is necessary for FeMo-cofactor biosynthesis (20 ml of an isolated
B-cofactor preparation provided by V. K. Shah was used [14]). Vials were incubated at
30 °C for 30 min to allow FeMo-cofactor biosynthesis and insertion into apo-MoFe
protein present in the DJ1007 crude extract. An additional 800 ml of the
ATP-regenerating system was then added, the vials brought to 1 atm, and a 30 min
acetylene reduction assay was performed under a 10% acetylene atm at 30 °C. Ethylene
formation was monitored using a Hewlett Packard 5890A gas chromatograph equipped
with an FID detector. The amount of apo-MoFe protein present in the DJ1007 extract
was estimated by the reconstitution system using isolated FeMo-cofactor as previously

described (9). FeMo-cofactor used in the present work was a gift from V. K. Shah.
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Preparation of Antisera Against NifNFor the preparation of antibodies against
NifN for use in western analyses, NifN was produced at a high lefzeldoli and
purified. For this purpose a PCR-generai#l gene cartridge was cloned into the
Ndd-BanHI sites of the cloning vector pI7 to form pDB560. This construct places
expression ohifN under the T control elements. Plasmid pDB560 was then transformed
into theE. colihost strain BL21(DE3). NifN was then produced at a high level and
purified by using essentially the same procedures previously described for the high level of
expression and purification of NifU (29). Purified NifN was then sent to Cocalico
Biologicals Inc., Reamstown, PA, for commercial production of Rabbit anti-NifN antisera.
Chemicals for western analysis were obtained from ICN Biomedicals (Costa Mesa, CA)

and the procedures recommended by the supplier were followed.

Spectroscopic Characterization of NifEN'he sample concentrations given in the
figure captions are based on the quantitation of the purified protein solution by the BCA
method (42). Spectroscopic results and spin quantitations asf-peterodimer.

UV-visible absorption spectra were recorded under anaerobic conditions in septum-sealed
1-mm cuvettes using a Shimadzu 3101PC scanning spectrophotometer.
Variable-temperature magnetic circular dichroism (VTMCD) spectra were recorded on
samples containing 55% (v/v) glycerol in 1-mm cuvettes using an Oxford Instruments
Spectromag 4000 (0-7 T) split coil superconducting magnet (1.5-300 K) mated to a Jasco
J-715C spectropolarimeter. Experimental protocols used for VTMCD studies were
performed as previously described (43,44). X-band (~9.6 GHz) EPR spectra were
recorded on a Bruker ESP-300E EPR spectrometer equipped with a dual mode ER-4116
cavity and an Oxford Instruments ESR-9 flow cryostat. Frequencies were measured with
a Systron-Donner 6054B frequency counter, while the magnetic field was calibrated with a
Bruker ER0O35M gaussmeter. Spin quantitations were carried out under non saturating
conditions with 1mM Cu(ll)EDTA as the standard, using the procedures outlined by Aasa

and Vanngard (45).
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Resonance Raman (RR) spectra were recorded using an Instruments SA Ramanor U1000
spectrometer fitted with a cooled RCA 31034 photomultiplier tube with 90° scattering
geometry. Spectra were recorded digitally using photon-counting electronics, and
signal-to-noise was improved by signal averaging of multiple scans. Band positions were
calibrated using the excitation frequency and,@adl are accurate to +1¢mlLaser

excitation lines were from a Coherent Innova 100 10-W argon ion laser, with plasma lines
removed using a Pellin Broca Prism premonochromater. Raman samplesavedeiph
specially designed sample cell (46) at the end of an Air Products Displex Model
CSA-202E closed-cycle refrigerator and remained at 28 K and under an atmosphere of
argon throughout scanning. The low sample temperature facilitates improved spectral
resolution and prevents laser-induced sample degradation. Scattering was collected from

the surface of a frozen 12 pL droplet.

EPR redox titration was performed at ambient temperature (25-27°C) within a
glovebox under anaerobic conditions, using 20 mM Tris-HCI buffer (pH 7.8) and 300 mM
NaCl. The concentration of the NifEN complex was 140 mM. Each mediator dye was
added to a concentration of 50 mM in order to cover the range of -500 through -100 mV
(vs NHE). The mediator dyes used were methyl viologen, benzyl viologen, neutral red,
safranin O, anthraquinone-2-sulfonate, phenosafranin, and anthraquinone-1-5-disulfonate.
Samples were first reduced by addition of excess sodium dithionite followed by oxidative
titration with potassium ferricyanide. Potentials were measured with a platinum working
electrode and a saturated Ag/AgCl reference electrode. After equilibration at the desired
potential, a 250 mL aliquot was transferred to a calibrated EPR tube and frozen

immediately in liquid nitrogen. Redox potentials are reported relative to the NHE.
RESULTS
Expression and Purification of the NifEN complégure 1 shows a schematic

of the relevant genomiuif-region for the wild type (DJ) and the two strains (DJ1061 &

DJ1041) that were constructed by gene-directed mutagenesis and gene-replacement
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techniques. Strain DJ1041 was designed for elevated productionnifEhgyene

products and facile purification of the NifEN complex by using IMAC. The first of these
goals was achieved by deleting the intervening region between the relativelyrstkbng
promoter and thaifEN structural genes, thereby placing the expressioif&N under

the direction of theifH transcriptional and translational control elements. The second
goal was made possible by placing seven histidine codons between the methionine

initiation codon and the second codon oftif&-coding sequence.

Strain DJ1061 was constructed to: (a) determine whether or not insertion of the
polyhistidine coding sequence at the N-terminusiti alters then vivo activity of the
NIfEN complex and, (b) permit the comparison of the relative amounts of the NifEN
complex that accumulate whaifEN expression is driven by either th#E- or the
nifH-control elements. Both the wild type and DJ1061 grow at the same rate
(doubling-time of 2.2 - 2.4 hours) when cultured under diazotrophic growth conditions.
Thus, because strains deletedridE are unable to grow diazotrophically (33), this result
indicates that placement of the poly-histidine tail at the N-terminal region of NifE does not

impair the NIifEN complex to an extent that can be detenteiyo.

Figure 2A and 2B show SDS-PAGE profiles for fractions obtained during the
purification of the NifEN complex from DJ1061 and DJ1041, respectively. The simple
four-step purification procedure involves passing a crude extract prepared from
nif-derepressed cells over a Zn(ll) charged IMAC column, washing the column with a 20
mM imidazole-HCI buffer, eluting the bound protein wah0 mMimidazole-HCI buffer,
and purifying by anion-exchange column chromatography. The relative amounts of NifEN
complex purified from DJ1061 and DJ1041 shown in Figure 2, which represent different
purifications performed on different days, cannot be quantitatively compared.
Nevertheless, examination of the individual panels in Figure 2, which compare individual
fractions at different stages of purification, clearly indicate that the amount of NifEN

complex that can be purified from DJ1041 is much higher than from DJ1061. About 70
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mg of pure NifEN complex can be routinely obtained from 10 gm of DJ1041 crude extract
protein whereas only about 7 mg of NifEN complex can be obtained from the same
amount of DJ1061 crude extract protein. Also, the estimated amount of NifEN complex
obtained from DJ1061 crude extracts is probably an overestimation because there is a
significant amount of contaminating proteins in the purified sample from DJ1061, as can
be seen by close inspection of lane 5 in Figure 2A. Identification of the protein bands
indicated as NifEN in Figure 2 was confirmed in two different ways. First, bands at a
similar location were not recognized when crude extract from the wild-type strain was
processed in the same way. This result is consistent with the fact that NifE from the
parental wild-type strain does not have a polyhistidine tail. Second, the bands
corresponding to NifN of the NIifEN complex in Figure 2 were identified by western

analysis (data not shown) using rabbit antibodies raised against purified NifN protein that
was heterologously expressedsincoli. Although the amount of NifEN complex

accumulated by DJ1041 is much greater than that accumulated by DJ1061, the yield is still
lower than might be expected for proteins whose synthesis is directedrb-fwntrol
elements. For example, in related studies we have also placed a polyhistidine tag near the
N-terminus omifD, which encodes the a-subunit of the MoFe protein, and whose

synthesis is naturally directed by thiéH-promoter. By using the same IMAC approach
described here for NifEN purification, 350 mg of polyhistidine tagged MoFe protein,

having full catalytic activity 4 2,000 nmoles kevolved « mirt « mg* protein), can be

routinely isolated from 10 g of nitrogenase-derepressed crude extract (Christiansen,
Goodwin, Zheng & Dean, unpublished). Although it is not known why NifEN from

DJ1041 accumulates to levels lower than might be expected, it was found that the amount
of NifEN that can be detected in crude extracts by western analysis drops dramatically
after about three hours of nitrogenase derepression (data not shown). This result indicates

that the NifEN complex might have a relatively sharvivo half-life. Rollet al. (17) have
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also reported that the yield of NifEN complex obtained by using other purification

methods is dependent upon the genetic background from which the complex is isolated.

IMAC-Purified NifEN Complex ActivityPrevious work has shown that the
NIfEN complex isolated from aifB-deficientA. vinelandiistrain can be added to a
nifEN-deficient crude extract to achieve activation of the apo-MoFe protein, providing
other factors necessary for FeMo-cofactor biosynthesis (MgATP, Mo, and homocitrate)
are also included (15, 17). Furthermore, FeMo-cofactor biosynthetic activity is maximized
in this system when an excess of B-cofactor, product of NifB activity, is also added to the
reaction mixture. In the present work it was important to establish that the NifEN
complex isolated by the IMAC method has the same composition and at least a similar
ability to effectin vitro activation of apo-MoFe protein as previously reported for NifEN
complex isolated by other methods. These features were demonstrated in the following
ways. The ability of IMAC-purified NifEN complex to activate apo-MoFe protein in
extracts prepared fromrafE-deletion mutant was shown to be almost identical to that
described for NifEN complex that was purified using the original purification scheme
reported by Paustiagt al (Figure 3B; see Figure 5 in ref. 15). The maximum amount of
activation of apo-MoFe protein effected by IMAC-purified NifEN complex (Figure 3B)
also corresponds to the maximum amount of reconstitution that can be achieved by
addition of isolated FeMo-cofactor to the same extract (Figure 3A). It was also found
that, like the NifEN complex previously characterized (15), IMAC-purified NifEN
complex is an,p3, heterotetramer, is oxygen labile, contains Fe, and exhibits a
characteristic UV-visible spectrum in its oxidized and reduced states (Figure 4).
Biophysical Characterization of the NifEN Complex Fe-S Clusters:

UV-Visible Absorption.Figure 4 shows the UV-visible absorption of oxidized and
reduced NIifEN. The oxidized spectrum with its pronounced shoulder at 410 nmis

characteristic of proteins containing [4Fe-4SJusters (47). Upon reduction with

dithionite, the peak at 410 nnmdnishes and a broad featureless spectrum indicative of a
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[4Fe-4ST cluster appears. The molar extinction coefficients for oxidizgg=13,500
M*cm?) and reducedef,= 9,500 M'cmi®) NIifEN (expressed peif) indicate two
[4Fe-4St* clusters per NIifEN,f,-heterotetramer. These results are also in good
agreement with iron analyses of NifEN, which indicate 9.5 = 0.5 iron atomsfjer

heterotetramer.

EPR and EPR-monitored Redox TitratiorX-band EPR spectra of dithionite-
reduced NIifEN were recorded at temperatures in the range 4.2-100 K with microwave
powers between 0.001 and 100 mW. A less extensive series of experiments were
conducted on NifEN samples containing 55% (v/v) glycerol (i.e. the same samples used
for VTMCD studies), and the EPR properties were found to be unperturbed by the
presence of glycerol. A representative EPR spectra of dithionite-reduced NIfEN is shown
in Figure 5. The protein exhibits a fast relaxing rhombic resongre@,098, 1.927,

1.850, that is only clearly discernible at temperatures below 30 K. This resonance
accounts for 2.3 + 0.3 spiisp,-heterotetramer and except for a minor adventitiods Fe

ion signal centered at= 4.3, there was no evidence for &w 1/2 resonances in the low

field region. Taken together, the spin quantitation, g-values and the relaxation properties
indicate twoS = 1/2 [4Fe-4S] clusters peu.,f3,. In order to assess the midpoint potential

of the [4Fe-4ST* couple, a dye-mediated EPR-monitored redox titration of purified

NIfEN was carried out at pH 7.8. Figure 6 shows a plot of the intensity 8Hg2

resonance as a function of the potential. A one-electron Nernst plot overlays the
individual data points to a good approximation, indicating a midpoint potential of -350 +

20 mV.

VTMCD. Temperature-dependant MCD bands are observed throughout the
300-800 nm region in the VTMCD spectra of reduced NIFEN (Figure 7). The pattern of
these bands is characteristic ¢4Be-4ST cluster (47-50), with the derivative feature
centered around 410 nm arising at least in part from a very minor heme contaminant.

While the absence of a pronounced negative feature centered around 650 nm is generally
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indicative of aS= 3/2 [4Fe-4S] cluster (48, 49), MCD magnetization data collected at

536 nm (Figure 9) indicate that the cluster ground state is predomiSantly2, in

accord with the EPR results. The magnetization data collected at three fixed temperatures
(1.8 K, 4.2 K and 10.0 K) are fit to first approximation by theoretical data constructed
using the EPR-determinggvalues, g = 2.098 and) ,=1.888. The intensities of the
low-temperature MCD spectra of paramagnetic Fe-S clusters, compared under equivalent
conditions after normalizing for concentration and path length, and correcting for sample
depolarization (43, 44), provide an approximate estimation of cluster concentration.
Synthetic and biologic&® = 1/2 [4Fe-4S] clusters haveA values for the positive band

at 520 nm in the range of 60-90m™* at 4.5 T and 2 K (47, 48). The 2 K MCD

spectrum of NifEN, which has = 76 M'cm* when quantified pexf-heterodimer,
complements the UV-visible molar extinction coefficients and the EPR spin quantitation in

suggesting that there is of@Fe-4ST cluster per NifENuf-heterodimer.

Resonance RamanResonance Raman spectra in the Fe-S stretching region,
200-450 crt provide a means for identifying both Fe-S type in diamagnetic redox states
(52, 53) and assessing the cluster ligation (54, 55). The RR spectrum of thionine-oxidized
NIfEN complex obtained with 457.9-nm laser excitation is shown in Figure 9. The
vibrational frequencies and relative intensities of the Fe-S stretching modes are
characteristic of those established for [4FeX4@iisters (56, 57) and can be assigned by
direct analogy under idealized tetrahedral symmetry for t{&°6¢ unit (b = bridging
and t = terminal), i.ev(T,) Fe-S, 251 cnt; v(T,) Fe-S, 265 cnt; v(E) Fe-S, 280 cnt;

v(A,) Fe-3, 340 cnt; v(T,) Fe-S, 356 cnt, v(T,) Fe-S, 383 cmt, v(A,) Fe-S, 390 cnt.

For example, resonance Raman spectra having similar relative band intensities and
frequencies are observed for the [4Fe248Jister contained in the nitrogenase Fe protein
(56) and in synthetic analog complexes having benzyl thiolate ligands (57). The frequency
of the most intense band, which corresponds to the totally symmetric breathing mode of

the FgS, cubane, has been found to a be a useful indicator of noncysteinyl coordination at
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a specific Fe (49). This band occurs at 340 anNifEN, just outside the range

established for [4Fe-43]clusters with complete cysteinyl ligation [333-339'c{#9)]

and within the range established for clusters with oxygenic ligation at a specific Fe site
[339-342 crit (54, 58)]. Although, this raises the possibility of an oxygenic cluster ligand,
the slightly highew(A,) Fe-S frequency could equally well be the result of a hitherto
uninvestigated arrangement of coordinating cysteine residues. For example, sequence
comparisons with the FeMo protein suggest cluster ligation by three cysteines from the
NIfE subunit and one from the NifN subunit, see below. This type of subunit bridging
arrangement would be unique among Fe-S proteins and hence could account for a slightly

higher frequency for the totally symmetric breathing mode.
DISCUSSION

It was previously shown (32, 33) that the products of the FeMo-cofactor
biosynthetic genesiifE andnifN, bear sequence identity when respectively compared to
thea- andp-subunits of the MoFe protein. In other words, NifE has a primary sequence
similar to NifD (MoFe proteiru-subunit), and NifN has a primary sequence similar to
NifK (MoFe proteinp-subunit). Such primary sequence comparisons, the relative
migration patterns of NifD, NifK, NifE and NifN on two-dimensional electrophoretic gels
(34), thein vivo mutual stability requirements for NifE and NifN (34), and the observation
that FeMo-cofactor biosynthesis is completed prior to its insertion into apo-MoFe protein
(31), led to the hypothesis that NifE and NifN form a complex (34) that is structurally
homologous to the MoFe protein and which provides a scaffold for one or more steps in
FeMo-cofactor biosynthesis (33). This hypothesis was supported by Paustis26)
who purified a heterotetrameric form of NifEN frofn vinelandij and reported evidence
that the as-isolated NIfEN complex contains an Fe-S cluster. In the case of the MoFe
protein there are two different types of metalloclusters, the P-cluster and the
FeMo-cofactor (1-3). Thus, by analogy to the MoFe protein, it is reasonable to expect

that the NifEN complex could also have two types of metalloclusters. One such site
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within the NifEN complex could be analogous to the MoFe protein P-cluster site, while
the other provides an FeMo-cofactor intermediate assembly site. In this model the NifEN
complex is expected to cycle between a “charged” form that contains an FeMo-cofactor
intermediate and a “discharged” form that has released the FeMo-cofactor intermediate
during maturation of the apo-MoFe protein (59). Strong evidence supporting this
possibility was reported by Rdlt al (17), who found that the native electrophoretic
mobility of the NifEN complex is different in crude extracts prepared from different
genetic backgrounds. For example, the native electrophoretic mobility of the NifEN
complex present in a NifB-deficient crude extract is different than the native
electrophoretic mobility of NifEN complex present in a MoFe protein-deficient crude
extract. Importantly, the addition of B-cofactor to a NifB-deficient crude extract alters
the native electrophoretic mobility of the NifEN complex so that it now has the same
native electrophoretic mobility as NifEN complex present in a MoFe protein-deficient
crude extract. Because the originally purified NifEN complex was obtained from a
NifB-deficient background and therefore can not contain B-cofactor, the question arises
about the nature and function of the Fe-S cluster contained in the as-isolated NifEN
complex. It should be noted that, although it appears that B-cofactor is attached to the
NIifEN complex in the early stages of its purification from a MoFe protein-deficient
background, NifEN complexes isolated from either a NifB-deficient or MoFe
protein-deficient background appear to be identical (17). In other words, B-cofactor is
lost from the NifEN complex during its purification from a MoFe protein-deficient

background.

In order to purify enough NifEN complex for rigorous biophysical analyses, gene
fusion and affinity purification methods were respectively used to elevaie vha level
of NIifEN complex and to facilitate its rapid and efficient purification. The NifEN complex
produced and purified in this way is apparently unaltered in eithi@rvigo or in vitro

activities. In the present study a combination of UV-visible, EPR, VTMCD, and RR
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spectroscopies have been used to show that the Fe contained in the as-isolated NifEN
complex is organized into two identical [4Fe-4S]clusters. These clusters are ligated to
the protein complex for the most part or entirely by cysteine residues, have predominantly
S=1/2 ground states in the reduced form, and exhibit a midpoint potential of -350 mV.
What then is the function of the [4Fe-4S] clusters contained within the as-isolated NIifEN
complex? Among the obvious possibilities are: (i) they play a structural role in formation
or stabilization of the heterotetrameric complex, (i) they have a redox function that is
necessary for FeMo-cofactor formation, (iii) they are FeMo-cofactor precursors, or (iv)

some combination of these possibilities.

Muchmoreet al.(21) have previously developed a homology model for the
three-dimensional structure of the NIifEN complex that is based on the crystallographically
solved MoFe protein structure (1). This model places four cysteine residues (three from
NIfE - residues-37, -62 and -124; and one from NifN - residue-44) in the appropriate
geometry to form a [4Fe-4S] cluster that is located at the NIifE-NifN interface at a position
analogous to the MoFe protein P-cluster site (Figurel0). We favor this model because the
four proposed [4Fe-4S] cysteine ligands, and the proposed FeMo-cofactor assembly site
cysteine [residue-250 (32, 33)], are the only conserved cysteines among all known NIfE
and NifN primary sequences (60). This model indicates that the NifEN complex [4Fe-4S]
clusters are most likely to play structural and/or redox roles rather than becoming
incorporated into FeMo-cofactor during its assembly, because it places the proposed
[4Fe-4S] cluster sites at positions that are remote from the proposed FeMo-cofactor
assembly sites (21). Site-directed mutagenesis and gene-replacement expenmif@nts s
to those used to alter the functional properties of the P-cluster (61) should be useful in
clarifying the functional role of the [4Fe-4S] clusters contained within the NifEN complex.
This approach, and the availability of relatively large amounts of purified NifEN complex,
should also help extend the experimental strategy describedtRal(17)to clarify the

nature of the interaction of B-cofactor with the NifEN complex and to determine if the
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B-cofactor Fe-S core is rearranged or further processed upon its binding to the NifEN
complex.
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Figure 2-1 Organization oif-specific genes relevant to the present work. Horizontal
arrows indicate the direction of transcription. The approximate position of
thenifH promoter is indicated by a filled box, and filled circles indicate the
approximate positions of promoters for other transcription units. The
cross-hatched bar indicates the region deleted from the chromosome in
construction of DJ1041. Théldd portion at the begininng of thefE gene
for DJ1061 and DJ1041 indicates the position of the respective polyhistidine

tags.
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Figure 2-2

67

IMAC purification of the NIifEN complex from DJ1061 (panel A) and
DJ1041 (panel B). The proteins were separated by 12% SDS-PAGE and
stained with coomasie brilliant blue. Lane 1,d%&ndards (phosphorylase
b, bovine serum albumin, carbonic anhydrase and, soybean trypsin
inhibitor); Lane 2, crude extract; Lane 3, column flow through; Lane 4, 20
mM imidazole-HCI wash fraction; Lane 5, purified NifEN complex.
Leftward arrows indicate the position of NifE (upper band) and NifN
(lower band). The rightward arrow in panel B indicates the position of the
MoFe proteiru- andp-subunits. Corresponding MoFe protein subunit

bands are not seen in panel B becauleK are deleted in strain DJ1061.
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Figure 2-3
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Reconstitution of apo-MoFe protein using either isolated FeMo-cofactor
(panel A) or the FeMo-cofactor biosynthesis system (panel B). Activity is
expressed as nanomoles of ethylene produced per min. Assay conditions
are described in Experimental Procedures. For the biosynthetic assay
shown in panel B all known components required for FeMo-cofactor
biosynthesis are present in excess except for the NIifEN complex. The
same crude extract (9.0 mg for each assay) was used for all reconstitution
assays shown in panel A and panel B. Data points represent the average of

two independent assays.
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Figure 2-4 UV-visible absorption for oxidized and reduced NIifEN. Excess sodium
dithionite was removed from reduced NIifEN (lower spectrum) by
anaerobic buffer exchange. NIfEN was oxidized with thionine (upper

spectrum) and the excess was removed by anaerobic buffer exchange.
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Figure 2-5 X-band EPR spectrum of dithionite-reduced NifEN. The sample (0.4 mM)
was in 20 mM Tris-HCI buffer, pH 7.8, with 1 mM sodium dithionite.
Conditions of measurement: microwave frequency, 9.6 GHz; modulation

amplitude, 0.64 mT: microwave power, 20 mW; temperature 10 K.
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Figure 2-6 EPR signal intensity (arbitrary units) for NifEN (0.15 mM) as a function of
poised potential. Dye-mediated redox titrations were carried out as described
in the Experimental section. Data points correspond to the peak-to-trough
intensity g = 1.927 - 1.850) at 10 K. Solid lined represents a one-electron
Nernst equation with a midpoint potentias NHE) of -350 mV. EPR
conditions: temperature 10 K; microwave power, 20 mW; modulation

amplitude, 1.02 mT; microwave frequency, 9.60 GHz.
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Figure2- 7 VTMCD spectra of dithionite-reduced NifEN. The sample (0.1 mM) was in
20 mM Tris-HCI buffer, pH 7.8, with 1 mM sodium dithionite and 55% (v/v)
glycerol. The MCD spectra were recorded in a 1-mm cuvette with a

magnetic field of 6.0 T, at 1.8, 4.2, and 10.0 K. All bands increase in intensity

with decreasing temperature.
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Figure 2-8 MCD magnetization data for dithionite-reduced NifEN. The sample is
described in Figure 8. NIifEN magnetization collected at 536 nm using
magnetic fields between 0 and 6 T, fixed temperatures: 1049 K4(2 K,
(0) 1.8 K (©). Solid line is theoretical magnetization data f&=a1/2
ground state using EPR-determined g-valygs2.098 andy ,=1.888 and
with m,,, = 1.1.
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Figure 2-9 Low-temperature resonance Raman spectra of thoinin-oxidized NIifEN.
Protein concentration was ~3 mM, and the buffering medium was 20 mM
Tris HCI, pH 7.8. The spectrum was obtained at 28 K using 457.9-nm argon
laser excitation and is the sum of 103 scans. Each scan involved advancing
the spectrometer in 0.5 ¢nncrements, and photon counting for 1s/point
with 6 cnt' spectral resolution. A linear ramp was subtracted to correct for

background fluorescence and lattice modes of ice are indicated by an asterisk.
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Figure 2-10 Comparison of the structural model for the P-cluster (62) in its as-isolated
P state (A) and the proposed structure and organization of the NifEN
complex [4Fe-4S] cluster (B). In the scheme for the NifEN complex
residues from the NiIfE subunit are indicated as (a) and the residue from the
NifN subunit is indicated as (b). Primary sequence comparisons (21, 33)
indicate that MoFe protein residue$2, a-88, a-154, and3-70 are located
at equivalent positions to residue87,a-62, a-124, and3-44, respectively,

in the primary sequence of the NifEN complex.
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Abstract: The NifS and NifU nitrogen fixation-specific gene products are required for

the full activation of both the Fe-protein and MoFe-protein of nitrogenase from
Azotobacter vinelandii Because the two nitrogenase component proteins both require the
assembly of [Fe-S]-containing clusters for their activation, it has been suggested that NifS
and NifU could have complementary functions in the mobilization of sulfur and iron
necessary for nitrogenase-specific [Fe-S] cluster assembly. The NifS protein has been
shown to have cysteine desulfurase activity and can be used to supply sulffiderfor the

vitro catalytic formation of [Fe-S] clusters. The NifU protein was previously purified and
shown to be a homodimer with a [2Fe-2S] cluster in each subunit. In the present work,
primary sequence comparisons, amino acid substitution experiments, and optical and
resonance Raman spectroscopic characterization of recombinantly produced NifU and
NifU fragments, are used to show that NifU has a modular structure. One module is
contained in approximately the N-terminal third of NifU and is shown to provide a labile
rubredoxin-like ferric-binding site. Cysteine residues’®yys? and Cy&* are necessary

for binding iron in the rubredoxin-like mode and visible extinction coefficients indicate that
up to one ferric ion can be bound per NifU monomer. The second module is contained in
approximately the C-terminal half of NifU and provides the [2Fe-2S] cluster-binding site.
Cysteine residues Cy§ Cys*°, Cys’? and Cy%® provide ligands to the [2Fe-2S] cluster.
The cysteines involved in ligating the mononuclear Fe in the rubredoxin-like site and those
that provide the [2Fe-2S] cluster ligands are all required for the full physiological function
of NifU. The only two other cysteines contained within Nifu, Tyand Cy&™, are not
necessary for iron binding at either site nor are they required for the full physiological
function of NifU. The results provide the basis for a model where iron bound in labile
rubredoxin-like sites within NifU is used for [Fe-S] cluster formation. The [2Fe-2S]
clusters contained within NifU are proposed to have a redox function involving the release
of Fe from bacterioferritin and/or the release of Fe or an [Fe-S] cluster precursor from the

rubredoxin-like binding site.
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Introduction

TheA. vinelandiinifU andnifS gene products (NifU and NifS) are proposed to
have specific roles in the formation or repair of the [Fe-S] cores of metalloclusters
contained within the catalytic components of nitrogenaseifS is a pyridoxal
phosphate (PLP)-dependent L-cysteine desulfuas® that is able to catalyze tie
vitro reconstitution of an apo-form of the nitrogenase Fe protein whose [4Fe-4S] cluster
has been removed by chelati@i). ( The active species in this reaction is an enzyme-bound
persulfide that is formed through the nucleophilic attack by an active site cysteine on the

PLP-substrate cysteine addu8}. (

Although a specific function for NifU in nitrogenase [Fe-S] cluster formation is not
known, the available evidence points to a role either as the iron source necessary for
[Fe-S] cluster formation or as an intermediate site for [Fe-S] cluster asséjnbiyof
NifU to serve either of these functions it must have the ability to transiently bind iron that
is destined for [Fe-S] cluster formation. Previous work has shown that isolated NifU is a
homodimer that contains two identical [2Fe-2S] clust&)s [t seems unlikely, however,
that these [2Fe-2S] clusters represent the source of iron necessary for nitrogenase [Fe-S]
cluster formation, since they are tightly bound within the NifU protein and cannot be
removed even with strong chelating reagef}s Thus, we have speculated that the
redox-active [2Fe-28]" clusters contained within NifUE(, = -254 mVlvs SHE), have a
redox role involved in the binding or release of or an [Fe-S] cluster intermediate at a
second site within NifUF). The NifU protein contains nine cysteine residuesCys
Cy<? Cys%, Cys¥, Cys*® Cys’? Cys™, Cyg’?and Cy8™ (5, 6. Based on primary
sequence comparisons to other [2Fe-2S]-containing proteins, NifU residd&s Cys*,
Cys”?and Cy$™are the most likely cluster-coordinating residug)s (Thus, any or all of
the remaining cysteine residues could be involved in binding iron at a second site or

participate in the assembly of an [Fe-S] cluster intermediate.
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Comparison of NifU primary sequences to other proteins contained within the data
base has led to speculation that NifU is a modular protein that is organized into distinct
structural domains/7( 8. One of these modules includes the central portion of NifU
which encompasses the proposed [2Fe-2S] cluster ligands. Another module corresponds
to the N-terminal third of NifU and it contains residues¥ygys? Cys®(Figure 1).
Counterparts to each of the cysteine residues contained within the proposed N-terminal
module of NifU are also strictly conserved in a family of small proteins designated IscU
(9). Inthe cases ddscherichia coliAzotobacter vinelandiiand a variety of other
prokaryotic organisms, thecU gene is cotranscribed with another gene designst&d
(9). The IscS protein shares considerable primary sequence identity when compared to
NifS and it exhibits the same L-cysteine desulfurase activity as 8lif8). Homologs to
iscU andiscSare also widely conserved in nature. For example, a search of the protein
database reveals that homologs to these genes are encoded within the yeast, mouse,
arabidopsis and human genomes. Indeed, Hwaay (8) have suggested that the
N-terminal domain of NifU represents one of the most highly conserved protein sequence
motifs in nature. The wide conservationsdSandiscU genes in nature, and their
apparent co-transcription in many prokaryotic organisms, suggests that IscU and IscS
have housekeeping roles involved in the general mobilization of Fe and S for [Fe-S]
cluster formation9). This hypothesis is further supported by recent studies of
Saccharomyces cerevisiadich demonstrated the crucial role of tisoU genes in
mitochondrial iron metabolismig) and of a NifS-like protein in mitochondrial and
cytosolic [Fe-S] cluster formatiorl?). Hence, the cysteine residues conserved between
NifU and the IscU family of proteins (Figure 1) are excellent candidates for the proposed

second iron-binding site within NifU.

In the present work, the functional significance of each of the nine cysteine
residues encoded within tlée vinelandiinifU gene was assessed by site-directed

mutagenesis and gene-replacement techniques. Purification and spectroscopic
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characterization of NifU proteins altered in this way were also used to identify the

[2Fe-2S] cluster-coordinating cysteine residues. The existence of a labile rubredoxin-like
ferric-binding site in wild type and Adjf\la NifU is demonstrated by the combination of
optical absorption and resonance Raman (RR) spectroscopies. Finally the modular nature
of the NifU polypeptide and the ligands to both metal sites are addressed by spectroscopic
and redox studies of the purified N-terminal and C-terminal fragments of NifU. These
fragments are shown to contain the labile monomeric Fe-binding site and the indigenous
[2Fe-2S] cluster, respectively, each with properties viemjes to those established in

holo NifU.
Materials and Methods
DNA biochemistry, plasmids, and strain constructions.

Site-directed mutagenesis and gene-replacement procedures were performed as
previously describedl@). Isolated pDB800 DNA was used for mutagenesis. This
plasmid was constructed by ligating an approximately 1 Xkdb DNA fragment isolated
from pDB525 B) into the pUC119 cloning vector. Plasmid pDB800 contains the entire
nifU-coding sequence. Point mutations generated within pDB800 were transferred to the
A. vinelandiichromosome using congression as previously descrli3d Preparation of
competentA. vinelandiicells for transformation was performed as previously described by
Page and von Tigerstrorh4). The following plasmids were used for the high level,
heterologous, expressionmfU andnifU fragments in th&. coli host strain BL21(DE3)
(15): pDB525, pDB937, pDB938, pDB822, pDB965, pDB966, pDB967, and pDB1027.
The construction of pDB525 was previously descrit®d (t contains the entirA.
vinelandiinifU gene cloned into the pI7 vector so that the expressiomdtJ is
regulated by the jItranscription and translation control elements. Plasmid pDB822 and
pDB1027 are the same as pDB525 except thatitheCys137 codon was substituted by
an Ala codon (pDB822) or thafU Asp37 codon was substituted by Ala (pDB1027).

Plasmid pDB937 was generated by polymerase-chain-reaction (PCR) amplification of the
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first 393 base-pairs of thefU-coding sequence and the subsequent cloning this DNA
fragment into the pF7 cloning vector in the appropriate orientation. In this construction
the nifU Glu**! codon was substituted by a termination codon. The NifU polypeptide
fragment produced using this construct is referred to as NifU-1 (Figure 1). Plasmid
pDB938 was imilarly generated by PCR amplification 05684 base-pair fragment that
extends from codon 126 within théfU-coding sequence to several base-pairs past the
naturalnifU termination codon. In this construction thi€U lle** codon was substituted

by a translation-initiating Met codon. The NifU polypeptide fragment produced in this
way is referred to as NifU-2 (Figure 1). Oligonucleotides used for PCR-amplification of
the gene cartridges encoding NifU-1 and NifU-2 had the following sequences:
5’ATGCATATGTGGGATTATTCGGAS' and
5TGTCGGATCCCTCTTAGTGGTCGTCC3' for Nifu-1; and
5'CATGCATATGGAGGACGACCACGAAGAGS' and
5'CATGCATAGGAGGACGACCACGAAGAGS3' for Nifu-2. Details of the PCR-based
strategy for construction of pDB937 and pD938 were the same as previously described in
detail for pDB525%). Plasmids pDB965, pDB966, and pDB967 are identical to pDB937
except for the following substitutions in th#U-1 coding sequence: codon &ys
substituted by an Ala codon (pDB965), codon®€gabstituted by an Ala codon

(pDB966), and codon C¥S substituted by an Ala codon (pDB967).

Protein biochemistry

NifU and altered forms of NifU from. vinelandiithat were generated by
site-directed mutagenesis were expresséd ooli and purified as previously described
(5). NifU-1 and altered forms of NifU-1 were heterologously produced in 500 mL batch
cultures ofE. coli strain BL21(DE3) as described by €ual (5). Protein was typically
purified from 30 to 45 grams of wet-weight cells and all manipulations were performed
under an Ar atmosphere. Crude extracts were prepared by resuspension of cell pellets in a

25 mM Tris-HCI, pH 7.4 buffer, rupturing cells by sonication and centrifugation as
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previously describedb]. Crude extract was fractionated by the addition of solid

streptomycin sulfate to 1%, w/v at ambient temperature and centrifugation at 20,000 rpm
for 20 min in a Beckman Type 35 rotor. NifU-1 was then precipitated from the
streptomycin sulfate-treated crude extract by bringing it to 60% saturation with solid
ammonium sulfate. Precipitated NifU-1 was collected by centrifugation as above and
resuspended in buffer at a volume equal to the original supernatant volume. The sample
was then loaded on a 2.5 x 20 cm Q Sepharose column (Pharmacia, Piscataway, NJ) using
a peristaltic pump and eluted using a linear 1.5 L (0.1-to-1.0 M) NaCl gradient. NifU-1
elutes between 0.42 and 0.50 M NaCl. Concentrated sample was then passed over a 2.5 x
20 cm Sephacryl-300 column and eluted using a flow rate of 2.0 mL/min. Purified NifU-1
samples were greater than 95% pure based on denaturing polyacrylamide gel
electrophoresis (Figure 2). Protein concentrations were determined by the biuret reaction
or the BCA method1(6, 17. Buffer, preparation of crude extracts, streptomycin sulfate
treatment and ammonium sulfate fractionation used for NifU-2 purification were the same
as for NifU-1 purification except that 2.0 mM dithiothreitol (DTT) was added to all

buffers and NifU-2 was precipitated at 45% ammonium sulfate saturation. The NifU-2
sample obtained after ammonium sulfate fractionation was further purified as described
above using a Q sepharose column chromatography except that a 0.6 L (0.1-to-0.6 M)
linear NaCl gradient was used. NifU-2 elutes between 0.3 and 0.4 M NaCl. The eluted
NifU-2 fraction was concentrated and brought to 0.4 M ammonium sulfate by the addition
of an equal volume of buffer (25 mM Tris-HCI pH 7.4) containing 0.8 M ammonium

sulfate. The diluted NifU-2 sample was applied to a Pharmacia 1.5 x 15 cm Phenyl
Sepharose column and eluted using a 150 mL linearly decreasing (0.4 to 0.0 M)

ammonium sulfate gradient. Purified NifU-2 was greater than 95% pure based on
polyacrylamide gel electrophoresis (Figure 2). The nitrogenase Fe protein and MoFe
protein were assayed in crude extracts of nitrogenase-derepressed cells by using the same

conditions for the acetylene reduction assay as previously described by Jagtcison
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(18). Units for nitrogenase component protein activities are expressed as hanomoles
acetylene reduced per minute per mg of crude extract prodeminelandiicells were
cultured in Burk mediuml@©) and grown at 30C with or without the addition of

ammonium acetate (30 mM final concentration) as a fixed nitrogen source.
Spectroscopic and electrochemical characterization of NifU, NifU-1 and NifU-2.

The sample concentrations given in the figure captions and used to quantify the
intensity of absorption, EPR and variable-temperature magnetic circular dichroism
(VTMCD) spectra, are based on protein determinations and are expressed per NifU,
NifU-1 or NifU-2 monomer. UV-visible absorption spectra were recorded under
anaerobic conditions in septum-sealed 1 mm and 1 cm cuvettes, using a Shimadzu 3101PC
scanning spectrophotometer fitted with a TCC-260 temperature controller. VTMCD
spectra were recorded using samples containing 55% (v/v) glycerol in 1 mm cuvettes
using an Oxford Instruments Spectromag 4000 (0-7 T) split-coil superconducting magnet
(1.5-300 K) mated to a Jasco J-715 spectropolarimeter. The experimental protocols used
for accurate sample temperature and magnetic field measurement, anaerobic sample
handling, and assessment of residual strain in frozen samples have been described in detail
elsewhereZ0, 2)). X-band (~ 9.6 GHz) EPR spectra were recorded using a Bruker
ESP-300E EPR spectrometer equipped with a dual-mode ER-4116 cavity and an Oxford
Instruments ESR-9 flow cryostat. Frequencies were measured with either a
Systron-Donner 6054B frequency counter or Hewlett Packard 5350B microwave
frequency counter, and the magnetic field was calibrated with a Bruker ERO35M
gaussmeter. Spin quantitations were carried out under non-saturating conditions with
1mM Cu(l)EDTA as the standard, as described by Aasa and Vangird3pectral
simulations were carried out using the QPOW program developed by Prof. R. L. Belford

and coworkers.

Resonance Raman spectra were recorded using an Instruments SA Ramanor

U1000 spectrometer fitted with a cooled RCA 31034 photomultiplier tube with 900
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scattering geometry. Spectra were recorded digitally using photon-counting electronics,
and signal/noise was improved by signal averaging multiple scans. Band positions were
calibrated using the excitation frequency and,@@tl are accurate to +1 émLaser
excitation lines were generated by Coherent Innova 100 10-W argon ion, and Coherent
Innova 200 krypton ion lasers. Plasma lines were removed usifijnaBReca Prism
premonochromator. For RR studies, aid2droplet of concentrated protein (1-4 mM)

was placed in a specially designed sample 28}l dttached to the cold finger of an Air
Products Displex model CSA-202E closed-cycle refrigerator. The sample temperature was
maintained at 18 K during scanning in order to minimizes laser-induced sample
degradation. Bands due to the frozen buffer solutions have been subtracted from all the
spectra shown in this work after normalization of lattice modes of ice centered at 229
cm™.

Iron-binding studies of NifU-1, NifU and Adffla NifU at 2 °C were carried out
under strict anaerobic conditions after gel filtration to remove DTT, using a Shimadzu
TCC-260 temperature controller and monitoring the absorption changes over a period of
90 mins following the addition of a 1.2 or 2.4-fold excess of freshly prepared ferric citrate.
The samples of NifU and A$fla NifU used in iron binding studies were purified in the
presence of 1 mM DTT and NifU-1 samples were pre-treated with 1 mM DTT prior to
use. RR samples of Fe-bound NifU-1, NifU and afa NifU were prepared by
anaerobic incubation of DTT-free, highly concentrated samples (~ 4 mM) with 5

equivalent/monomer of ferric citrate for 1 hour aC2

Midpoint potentials of [2Fe-238}" clusters in Nifu and NifU-2 were measured by
cyclic voltammetry at a glassy carbon electrode using neomycin (2 mM) as a promoter.
The electrochemistry cell used was identical to that described by Hx§ewith glassy
carbon, Pt and Ag/AgCl as the working, counter and reference electrodes, respectively.

The working electrode was prepared by polishing it with g®Alurry (0.3.:m) and
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then with diamond spray (@m). The scan rate was 10 mV/sec over the potential range

-200 to -900 mV (versus the Ag/AgCl electrode).
Results
Identification of cysteine residues required for full NifU function

Each of the nine cysteine codons contained witktild were individually
substituted by alanine codons and, in some cases, by a variety of other codons. Mutations
resulting in such amino acid substitutions were transferred tA. thieelandi
chromosome using a gene-replacement proced@je Mutant strains constructed in this
way were isogenic to the wild-type control strain except for the particular mutation.
Because there is no direct enzymatic assay for the effect of amino acid substitutions within
NifU, their effect on the maturation of the nitrogenase catalytic components can only be
evaluated by indirect physiological effects upon diazotrophic growth rates and by their
effect on nitrogenase component protein activities. Typical results for the effects of amino
acid substitutions within NifU on diazotrophic growth rates are summarized in Table 1.
Figure 3 compares the diazotrophic growth rates for the wild-type strain, a mutant strain
that produces an altered NifU protein having*®substituted by alanine, and a strain
deleted fomifU. The results show that substitution at the'€ymsition results in a
lowered diazotrophic growth capability for the mutant strain, but that the effect is not as
severe as for a strain havingU deleted {8). Analogous results were obtained for all
strains having substitutions for any of the cysteine residues except those substituted at the
Cys" or Cy€” positions. These latter strains exhibited normal diazotrophic growth that
could not be distinguished from the wild-type. The low diazotrophic growth rates for the
other mutant strains are also reflected in lower activities for both the nitrogenase Fe
protein and MoFe protein in nitrogenase-derepressed crude extracts. For example, the
wild-type strain exhibits an Fe protein specific activity of 42 units and MoFe protein
specific activity of 52 units, whereas, the strain having®€gabstituted by alanine has an

Fe protein specific activity of 12 units and MoFe protein a specific activity of 22 units (see
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Materials and Methods for activity units). Thus, as in the case offthaleletion strain
(18), substitution for any NifU cysteine residue except?Cys Cy<” results in a mutant
strain having substantially lower specific activities for both the Fe protein and MoFe

protein.

Cysteine residues 137, 139, 172 and 175 provide [2Fe-2S] cluster ligands and are

contained within a modular domain.

In order to determine which of the 9 cysteine residues provide the [2[e@:&8}
ligands, altered NifU was purified from each of rihecoli strains which individually
produce an altered NifU protein having one of the cysteines substituted by alanine. On the
basis of the UV-visible spectra of the oxidized proteins and the EPR spectra of the
reduced proteins, variant NifU proteins with &y€ys? Cys® Cy<’? or Cys™
individually replaced by Ala, #itcontained a [2Fe-2S] cluster with properties
indistinguishable from that of wild-type. In contrast, variant NifU proteins with*Cys
Cys®, Cys" or Cys™ individually replaced by Ala, did not contain a [2Fe-2S] cluster.
To further confirm that residues C¥s Cys*, Cys’?and Cy$™ are [2Fe-2S] cluster
ligands, and that they are contained within a modular domain, a gene cartridge was
produced and cloned, which directs the synthesis of a NifU fragment that includes residues
126 to the C-terminus of NifU (designated NifU-2, see Figure 1). NifU-2 that was
heterologously produced i coli was isolated (Figure 2) and found to contain a
[2Fe-2St* cluster. Gel exclusion chromatography showed that isolated NifU-2 is a
homodimer (data not shown). The midpoint potentials for the [2F&-28iisters in NifU
and NifU-2 were determined by cyclic voltammetry at a glassy carbon electrode using
neomycin as a promoter. Within experimental error, the midpoint potentials were the same
for NifU and NifU-2,E,, = -250 +10 mV ys SHE), and this value is in excellent
agreement with that determined by dye-mediated optical redox titrations forEy#U,

254 £20 mV b).
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The ground and excited properties of the [2Fe-2S] cluster in oxidized and reduced
forms of NifU-2 were investigated using the combination of UV/visible absorption, EPR,
VTMCD and RR spectroscopied he UV/visible absorption characteristics of as-purified
and dithionite-reduced NifU-2 (Figure 4) are quantitatively indistinguishable from those of
the NifU holoprotein%). As previously discusse8)( the spectra and extinction
coefficients are indicative of one [2Fe-2Scluster per NifU-2 monomer. RR spectra of
diamagnetic [2Fe-28] clusters in the Fe-S stretching region provide a more rigorous
assessment of the structural integrity of the cluster in NifU-2 fragment compared to the
holoprotein. The spectra are particularly sensitive to the-Be<S dihedral angles and
hydrogen-bonding interactions of coordinating cysteine resid®e87). Consequently,
different subclasses of 2Fe-containing ferredoxins, each with complete cysteinyl ligation,
but differing in terms of the primary sequence arrangements of coordinating cysteines, are
readily distinguishable by RR spectroscop§,(27). As shown in Figure 5, the RR
spectrum of the [2Fe-28]center in NifU-2 is broader than that obtained for the
holoprotein under identical conditions, indicating greater inhomogeneity in the cluster
environment, but the relative intensities and the frequencies of individual bands are in good
agreement. On the basis of the assignments advanced for the all-cysteine-ligated
[2Fe-2SF center in NifU under effectiv®,,, symmetry b), the most significant frequency
difference lies in predominantly bridging, Bmode which shifts from 356 chin NifU to
364 cmt' in Nifu-2. Since the frequency separation in the predominantly bridging and
terminal B, modes is known to be dependent on the cysteinyl dihedral aBgjesafnd
the B, modes are assigned to the bands at 288anmd 289 cm in NifU and NifU-2,
respectively ), this difference is tentatively attributed to minor changes in the dihedral

angles of one or more of the coordinating cysteine residues.

The ground and excited properties of paramagnetic [2FeeRS}er in reduced
NifU-2 have been investigated using EPR (Figure 6) and VTMCD (Figure 7)

spectroscopies, and the results are compared to those previously obtained and analyzed
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for NifU (5). Reduced NifU-2 exhibits ad=1/2 EPR signalj = 2.022, 1.928, and 1.890
(based on spectral simulation), that is observed without significant broadening up to 50 K
and accounts for 0.9 spin/monomer. Thgsalues and relaxation properties are
characteristic of a [2Fe-2S¢luster and indicate that the ground-state properties are
essentially identical to those of the completely cysteinyl-ligated [2Feelter in the
holoprotein,g = 2.019, 1.927, 1.892 (based on spectral simulation). The VTMCD
spectrum of paramagnetic [2Fe-28lusters provides a more sensitive monitor of the
excited state properties than the absorption spec&unmHence, the near identical
VTMCD spectra of reduced NifU-2 and NifU (Figure 7) attest to the same excited state
structure for the [2Fe-2Stlusters. Thus, both NifU and NifU-2 contain one [2Fe*2S]
cluster per monomer and neither the ground nor the excited state properties are
significantly perturbed when the [2Fe-28lusters from the NifU and NifU-2 proteins are

compared.
Identification of a monomeric Fe-binding site in NifU.

Evidence for ferric ion binding to NifU and the A88a variant of NifU was
provided by optical absorption and RR studies of samples treated with ferric citrate. DTT
was removed by anaerobic gel filtration just prior to iron binding studies in order to avoid
complications due to the formation of iron-DTT complexes. Theé’Alpvariant of Nifu
was originally constructed to address the possibility that’Asjmvolved with iron-
ligation. Although the results presented below show that this is not the case, the ferric-
bound form of this variant was more stable and yielded analogous, but higher quality

spectroscopic data.

The visible absorption of NifU gradually increased at all wavelengths over a period
of 40 mins on anaerobic incubation with a 1.2-fold excess of ferric citrateCafupper
panel of Figure 8A). The absorption changes were monitored for up to 90 mins, but the
data after 40 mins are complicated by the progressive increase of a scattering baseline

attributed to protein aggregation. Analogous changes in the absorption spectrum were
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observed in parallel experiments with Agga NifU (upper panel of Figure 8B). For this
variant, the spectral changes were complete after 55 mins, and no further changes were
apparent after an additional 1 hour &tQor after adding an additional 1.2-fold excess of
ferric citrate. The additional absorption was gradually lost over a period of 1 hr on
warming ferric citrate-treated samples of wild-type and®#da NifU to room

temperature, indicating that it originates from a kinetically labile chromophore.

The absorption spectrum of the additional chromophore generated in wild type and
Asp*’Ala NifU on incubation with ferric citrate was assessed by difference spectra (middle
panels of Figs. 8A and 8B). The resulting spectra are quantitatively very similar and are
characteristic of a rubredoxin-type ferric center, i.e. a tetrahedral ferric center with
predominant or exclusive thiolate ligation. On the basis of the detailed electronic
assignments available for rubredoxin-type Jeshters 28-31), the bands centered at 360
nm and 490 nm are assigned to multiple overlapping (Cgs)3ge(lll) charge transfer
transitions. In rubredoxins, the Fe is coordinated by two pairs of cysteines in C-X-X-C
arrangements, and each of these bands is split into two resolvable components largely a
result of predominantly axial distortion of the idealized tetrahedral geometry. However,
the absence of resolvable splittings in these bands for the rubredoxin-type ferric center in
NifU does not in itself enable assessment of the extent of cysteinyl ligation. For example,
both desulforedoxin [absorption bands centered at 370 nm and 5@2)pand the
Cys’Asp variant ofClostridium pasteurianurmubredoxin [absorption bands centered at
365 nm and 515 nn88)] exhibit unresolved absorption bands very similar to those of
rubredoxin-type ferric center in wild-type and A¢da NifU. In desulforedoxin, the Fe
center is coordinated by four cysteines in -C-X-X-C- and -C-C- arrangerBdjits (
whereas in the rubredoxin variant, the Fe is coordinated by three cysteines and presumably
an aspartate in -C-X-X-D- and -C-X-X-C- arrangemeB®).(The extinction coefficient
for the rubredoxin-type ferric center in wild type and Eafa NifU (g,9, = 4200
M-'cm') is comparable to those reported for desulforedaxipf 7000 M'cm* (32)]
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and the Cy#\sp variant ofC. pasteurianumubredoxin {5, = 5200 M'cm* (33)].

Since the RR data presented below indicate that the rubredoxin-type ferric center in NifU
is ligated by three cysteine residues, Bgp variant ofC. pasteurianunmubredoxin is

more appropriate for quantitative comparison. Hence we conclude that NifU can bind up
to one ferric ion per monomer. The lability of the bound ferric ion at room temperature
prevented meaningful assessment of the stoichiometry via quantitative iron analysis.

NifU residues Cys’, Cys*, Cys’ and Cy$™ were identified as providing the
[2Fe-23] cluster ligands, and residues®Cyand Cys" were not found to be necessary for
the full physiological function of NifU. It therefore seemed logical to expect that residues
Cys®, Cy$? and Cy¥® would participate in binding of ferric ion in the rubredoxin-type
site. This possibility isugpported by the strict conservation of residues corresponding to
Cys®, Cy$? and Cy$® within a class of proteins designated IscU which are proposed to
have housekeeping functions related to [Fe-S] cluster form&)jpade Figure 1. The
IscU proteins are much smaller than NifU and exhibit a high degree of primary sequence
identity when compared to the N-terminal region of N\ (The primary sequence
comparisons between NifU and IscU (Figure 1) provided the rationale for the design of a
nifU gene fragment cartridge which includes €y€ys? and Cy&* and therefore
encompasses the region encoding the proposed second Fe-binding domain within NifU.
This nifU fragment encodes NifU residues 1 through 131 and the corresponding protein,
designated NifU-1 (Figure 1), was heterologously producé&d aoli and isolated (Figure
2). Gel exclusion chromatography showed that isolated NifU-1 is a homodimer (data not

shown).

In order to test the hypothesis that the rubredoxin-type ferric binding site resides in
the NifU-1 domain, iron binding experiments analogous to those described above for wild
type and AsffAla NifU were conducted with the NifU-1 fragment. Anaerobic incubation
of NifU-1 with a 1.2-fold excess of ferric citrate &tQ@resulted in the gradual appearance

of the same rubredoxin-type chromophore that was apparent by difference spectroscopy in
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ferric citrate treated wild type and Apla NifU (middle and lower panels of Figure 8A

and 8B, respectively). The absorption was maximal after 20 min and no additional increase
in the absorption intensity was apparent for samples treated in the same way with a 2.4-
fold excess of ferric citrate. Although the maximal extinction coefficiggs € 850

M~*cm?) indicates sub-stoichiometric (~20%) ferric ion binding to the NifU-1 fragment,

as compared to full length NifU under these conditions, the close similarity in the
absorption spectra demonstrates that this domain contains the rubredoxin-type ferric
binding site.

Strong support for an analogous rubredoxin-type center in ferric-bound forms of
NifU-1, NifU and Asg’Ala NifU comes from low-temperature RR studies (Figure 9A and
9B). The samples of ferric-bound proteins used in RR experiments were prepared using
the same protocol developed for the optical absorption studies by incubating concentrated
samples of precooled protein (~ 2 mM) with a 5-fold excess of ferric citrate and
incubating for 1 hour at°Z under strict anaerobic conditions. As for the absorption
studies, the RR spectra of the monomeric ferric centers in wild type afdladgifU
were obtained by subtracting the spectra associated with the indigenous [2Free®]s
(spectra c in Figs. 9A and 9B). The intensities of the dominant 288eamd of the [2Fe-
2SF* centers were equalized prior to subtraction. The resulting RR spectra for the
monomeric ferric sites in NifU-1 and A8pla NifU are in excellent agreement (Figure
9B), demonstrating that A%pis not an Fe ligand and that the coordination environment at
this site is not perturbed by the C-terminal truncation. In both cases the spectra comprise
two broad bands of comparable intensity centered at 314 and 36&lthough the same
bands are apparent in the difference spectrum corresponding to the mononuclear ferric
center in wild-type NifU, the spectrum is broader with additional features centered at 325
and 356 cnt (cf .spectra ¢ and d in Figure 9A). On the basis of the absorption results

discussed above, this heterogeneity is likely to be a consequence of protein aggregation.
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The RR bands at 314 and 368 cassociated with the mononuclear ferric site in
NifU proteins are readily identified as the symmetric and asymmetric Fe-S stretches of
approximately tetrahedral rubredoxin-like center units by analogy with the spectra and
assignments made for wild-type and mutant rubredo8iBs35-37 and wild-type
desulforedoxin38). Distorted tetrahedral Fg8nits in rubredoxins and desulforedoxins
have intense symmetric Fe-S stretching bands in the range 312-320dweaker,
partially-resolved asymmetric Fe-S stretching bands in the range 335-387luen
splitting in the asymmetric Fe-S stretching modes is most pronounced for the more axially
distorted site in desulforedoxin which has well resolved bands at 343 and 3§B&m
Although the Fe-S stretching frequencies of rubredoxin-type site in NifU proteins are in
accord with a distorted tetrahedral EeBe, the relative intensities of the symmetric and
asymmetric stretching modes and the absence of a resolvable splitting in the asymmetric
stretching mode are not. Replacing one of the coordinating cysteines with an oxygenic
ligand (serinate or aspartate) in mutant rubredoxins has been found to result in major and
diverse changes in the RR spectra in the Fe-S stretching r8§ios6, 3J. However,
there are examples of mutant rubredoxins with one oxygenic ligand, such as*BeICys
variant ofC. pasteurianunmubredoxin that have RR spectra comprising two bands of
comparable intensity centered at 324'and 377 cm (37). The ~10-cm' downshifts for
labile mononuclear ferric site in NifU-1 and A&§la NifU are readily rationalized in terms
of slightly weaker Fe-S bonds. Hence the overall weakness and relative intensity of the
symmetric and asymmetric Fe-S modes of the mononuclear ferric site in NifU are best
interpreted in terms of a tetrahedral BéSite with Cys®, Cys? and Cy$* providing the

thiolate ligands and X being an unknown O or N ligand..

Attempts to characterize the ground and excited state properties of the monomeric
Fe site in NifU-1, NifU and AsfiAla NifU using EPR and VTMCD spectroscopy were
only partially successful. EPR studies of the ferric-bound forms of NifU-1, NifU and

Asp*’Ala NifU at 4 K and 10 K revealed weak absorption-shaped features centgred at
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9.6 and an intense derivative-shaped featuge=a#.3. Such a resonance is indicative a
rhombicS = 5/2 speciesH/D ~ 0.33). However, these are also the EPR properties of

ferric citrate and adventitiously bound ferric ion, as well as those of tetrahedral ferric
centers with complete cysteinyl ligation or three cysteines and one oxygenic ligand (serine
or aspartate)33, 36, 37. Consequently EPR is of little utility for discriminating between
different types of high-spin ferric species in NifU proteins. Addition of 50% (v/v) glycerol

to ferric-bound NifU-1, NifU and AsjfAla NifU at room temperature or X resulted in
complete and immediate loss of absorption features associated with monomeric ferric
center. Hence the addition of the glycerol enhances the lability of the bound ferric ion,
thereby preventing the investigation of the electronic excited state properties via VTMCD
studies. The mononuclear Fe site also appears to be reductively labile, as evidenced by the
complete absence of charge transitions characteristic of Fe(ll)-rubredoxin type centers in
the 300-350 nm regior38, 39 in both the 2C absorption and VTMCD spectra of

dithionite-reduced samples of ferric-bound NifU-1 (data not show).
Residues Cy% Cy$? and Cy$°are necessary for Fe binding to NifU-1.

The results presented above indicate that residuég Cys? and Cy&® within
NifU are involved in the transient binding of Fe that is destined for nitrogenase [Fe-S]
cluster core formation. If this is correct, substitution of alanine for any of these three
cysteine residues would be expected to eliminate the second Fe-binding site within NifU.
This possibility was tested by producing three different NifU-1 formseaeah have one
of the respective cysteine residues substituted by alanine. Each of these altered NifU-1
proteins was purified and compared to intact NifU-1 in terms of their ability to bind Fe
based on optically monitored ferric citrate titrations. None of the altered NifU-1 proteins
exhibited the characteristic absorption bands associated with the rubredoxin-type ferric
center on anaerobic incubation of DTT-treated samples with up to a 5-fold of ferric citrate
at 2°C (data not shown). Coupled with the spectroscopic results presented above, the

mutagenesis result strongly suggests that all three of the N-terminal domain cysteines in
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NifU, i.e.Cys®, Cys?and Cy& are involved with ligating iron bound at the rubredoxin-
type site.

Discussion

Spectroscopic and functional characterization of site-directed variants of NifU in
which each the nine cysteine residues have been targeted individually, and of
heterologously expressed N-terminal and C-terminal fragments of NifU containing the first
three and last six cysteine residues, respectively, have shown that NifU is a modular
protein with at least two distinct domains. The C-terminal half, NifU-2, contains a
[2Fe-2St* cluster coordinated by residues EYLCys%*, Cys’ and Cy$”®, as evidenced
by the observation that the cluster is not assembled in variants in which any one of these
cysteines residues is substituted by alanine. The important role of the NifU [ZFF&-2S]
cluster in nitrogenase [Fe-S] cluster assembly is demonstrated by the low diazotrophic
growth rates and specific activities of the nitrogenase Fe-protein and MoFe-proteins in
strains grown with variant NifU proteins that are deficient in this cluster. Substitutions for
either of the cysteines closest to the C-terminus?’&ysCy<$”, did not alter the
spectroscopic properties of the indigenous [2Fé28luster, and produced no effect on
diazotrophic growth or the ability of the NifU/NIifS system to assemble [Fe-S] clusters in
the nitrogenase Fe-protein and MoFe-protein. However, a gene encoding a protein with
sequence identity to the C-terminal region of NifU and containing only the two C-terminal
cysteine residues, has recently been identifidl icerevisia@nd shown to be involved
with mitochondrial iron metabolisni{). Hence the C-terminal region of NifU containing
Cys?and Cy$”is likely to correspond to a third domain, but the function of the two

conserved cysteines residues has yet to be determined.

The ability of NifU-2 to assemble a [2Fe-2S]cluster with spectroscopic and
redox properties almost identical to that of the holoprotein, coupled with the evidence that
NifU-1 and NifU are capable of binding ferric ion at a similar rubredoxin-like site, is

consistent with NifU having a modular nature in which the C-terminal (NifU-2) domain
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can function separately from the N-terminal (NifU-1) domain, as previously suggested by
Hwanget al (8). Moreover, there are examples of NifU-2-like proteins, such as the
bacterioferritin-associated ferredoxin fr&ncoli (40, 41, which have the same
arrangement of cluster-ligating cysteines as NifU, but lack the three N-terminal and two
C-terminal cysteines (Figure 1). Bacterioferritin-associated ferredoxin contains a
[2Fe-2SF* cluster with UV-visible absorption, RR, VTMCD, EPR, and redox properties
very similar to those of the equivalent cluster in NifU and Nifl#@, @J). It has been
suggested, although not yet proven, that bacterioferritin-associated ferredoxin plays a
crucial redox role in mediating the release or uptake of Fe from bacteriofed)tinig

light of the nearly identical properties of NifU-2 and bacterioferritin-associated ferredoxin,
their respective functions are likely to be similar. Hence a possible role for the indigenous
[2Fe-2S] cluster in NifU lies in redox chemistry related to the acquisition of Fe for [Fe-S]
cluster formation. Alternatively, the [2Fe-2S] cluster in NifU may play a redox role in the
release of bound ferric ion from the NifU-1 domain and/or the formation/release of an
[Fe-S] cluster intermediate from the NifU-1 domain. Defining more precisely the role of
the [2Fe-2S] cluster in NifU is a major goal of our ongoing research into [Fe-S] cluster

assembly.

By working at low temperatures and utilizing a variant form of NifU A&ia)
that is less susceptible to aggregation in the absence of DTT, both NifU-1 and NifU have
been shown to be capable to binding a mononuclear ferric ion in an analogous rubredoxin-
like environment, using the combination of optical absorption and RR spectroscopies. The
lability of the Fe bound at this site inhib#scurate assessment of the binding
stoichiometry. Nevertheless, the RR spectra are best interpreted in terms of an
approximately tetrahedral site involving three rather than four cysteinate ligands, and the
maximal visible extinction coefficient are comparable to those observed for rubredoxin
variants with three cysteine and one oxygenic ligand. Hence we conclude that up to one

ferric ion can be bound per monomer in a site with three cysteine ligands. The nature of
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the fourth ligand is undetermined at present and water or a protein based oxygenic or
nitrogenous ligands are all viable candidates. Compelling evidence that all three of the
cysteines in the NifU-1 domain are involved with Fe binding and the role of NifU in [Fe-S]
cluster assembly is provided by amino acid substitution results. Individual Cys-to-Ala
substitutions involving each of the three N-terminal cysteines in NifU?> Gyg<?, and

Cys® show that all three are essential for optimal diazotrophic growth rates, producing
nitrogenase component proteins with optimal activities, and binding ferric ion in a labile
rubredoxin-type site in the NifU-1 domain. Moreover, the NifU-1 domain is very similar in
size and shows a high degree of primary sequence identity when compared to the IscU
proteins that are widespread in prokaryotic and eukaryotic orgarg@$msd implicated in

the general mobilization of iron for [Fe-S] cluster formati®oni2).

The ability of NifU to bind ferric ion provided the first direct evidenceupport
of the hypothesis that NifU is involved with the mobilization of Fe for [Fe-S] cluster
assembly. However, many questions still remain concerning the function of NifU. Of
paramount importance is the question of whether NifU provides an Fe or [Fe-S] cluster
delivery system. Binding Fe to NifU may be the precusor to assembly of a transient [Fe-S]
cluster in the presence of NifS which is then transferred intact to an apoprotein. Indeed we
have recently been successful in obtaining optical absorption and RR evidence for the
assembly of a labile [2Fe-2S]n wild-type and AsffAla NifU-1 and in Asp’Ala NifU in
the presence of ferric ion, L-cysteine and catalytic amounts of AljS Klence the notion
of NifU as a scaffold for assembly of a [2Fe-2S] unit that can be inserted intact into an
apoprotein is a viable hypothesis. The possibility that it is capable of performing either Fe
or [Fe-S] delivery roles as the need dictates, must also be considered. For both processes
the question of the mechanism of release of the transiently bound Fe or [Fe-S] cluster
fragment has yet to be addressed. Reductive release mediated by the indigenous
[2Fe-2SF* cluster is an attractive hypothesis in light of the absence of spectroscopic

evidence for a cysteinyl-ligated Fe(ll) site in reduced NifU-1.
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In summary, site-directed mutagenesis and gene replacement techniques have been
used to determine that NifU cysteine residuesT@y<? Cys®, Cys¥, Cys* Cys’
and Cy$' are all necessary for full physiological function. Residues$*Cyys>°, Cys’
and Cy$"™ have been identified as the [2Fe-2S] cluster ligands and residu&sGygs,
Cys'% have been shown to be necessary for binding Fe at a second site within NifU.
These results, and the lability of Fe binding at the second site, are consistent with a model
where Fe destined for [Fe-S] cluster formation is transiently bound at this site.
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Table 3-4. Effects of substituting NifU cysteine residues

Residue Diazotrophic S=1/2 EPR
Substituted Growth Signaf
Cys-35 Slow Yes
Cys-62 Slow Yes
Cys-106 Slow Yes
Cys-137 Slow No
Cys-139 Slow No
Cys-172 Slow No
Cys-175 Slow No
Cys-272 Normal Yes
Cys-275 Normal Yes

®All residues were substituted by alanine and, in some
cases, by a variety of other amino acids. All phenotypes
were the same for any substitution at a particular
position.’Typical diazotrophic growth rates are shown

in Figure 3. “Indicates the presence or absence of the
characteristic EPR spectrum of the isolated NifU

protein. This spectrum is shown in Figure 6.



Figure3-1.
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Comparison of the primary sequence of NifU flanainelandii

(Av-NifU) to the sequence of IscU frof vinelandii(Av-IscU) and the
primary sequence of the bacterioferritin-associated ferredoxinEraculi
(Ec-Fdx). Conserved sequences are blue. The nine cysteines contained
within NifU are indicated by a dagger above the sequence. A schematic
representation of NifU and the nine cysteines contained within NifU is
shown below the sequence comparisons. The segments of NifU

corresponding to NifU-1 and NifU-2 are also shown.



Av-NifU MWD YSEKWKEHFYNPKNAGAVEGANA---I G
Av-IscU MA  YSDKMID HYENFRNVGKLDAQDPDVGT
135
Av-NifU D VGSLSCGMIALRLTLKVDPETDM LDAGFQT
Av-IscU M VGAPACGLIYMRLQIKWN-EQGII EDAKFKT
162
Av-NifU F GCGSAIASSSLTEMWKA TLDEALKIS NQDA
Av-IscU Y GCGSAIASSEATEWMGRTLEEAETIK NTQA
1106

Av-NifUu DY LDA.PPEKMHCSWGRELQAAVANYRGETIEDD
Av-IscU EE LA-LPPVKI HCS\LAEDAIK AAVARDYKHKKGLV

NifU-1

1371 1139
Av-Nifu HEEGALI CKCFAVDEVMRDTI RANKLSTVEDVTNYTHKA
Ec-Bfd MYV  CLCNGISDKKIRQAVRQFSPHSFQQLKKFIPG
1721 1175

Av-NifU GG CSACHEAIERVLTEELAARG&VFVAAPIKAKKKV
Ec-Bfd NQCGKCVRAARE/MEELMQLEFKESA

NifU-2
Av-NifU KVLAPEPAPAPVAEAPAAAPKLSNLQRIRRIETVLAAIRPTLOQR

DKGDV

272t 1275

Av-NifUu ELIDVDGKNVYVKLTGACTGCQMASMTLGGIQQRLIEELGEF

VIPVS

C C C CC cCC CC

K

NiIfU-1

NIfU-2
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Figure 3-2.  Polyacrylamide gel electrophoretic analysis of purified NifU, NifU-1, and
NifU-2. Lanes: A, molecular weight standards that include phosphorylase
b, bovine serum albumin, ovalbumin, trypsin inhibitor, and lysozyme; B,

purified NifU; C, purified NifU-1; D, purified NifU-2.
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Figure 3-3.
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Growth of wild-type and mutant strainghoVinelandiiusing N as the
sole nitrogen source. Growth was monitored using a Summerson-Klett
meter, equipped with a # 66 filter; Wild-type)( strain DJ961X), strain
DJ105 @&). Strain DJ961 has thefU cysteine 106 residue substituted by
alanine and strain DJ105 is deletedridlJ.
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Figure3-4.
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Room temperature UV-visible absorption spectra of NifU-2. The upper
spectrum is NifU-2 as isolated, and the lower spectrum is NifU-2 with a
10-fold stoichiometric excess of sodium dithionite. Protein concentration
was 0.21 mM, and the buffering medium was 25 mM Tris/HCI buffer, pH
7.4. The dominant absorption centered at 314 nm in the reduced

spectrum results from dithionite.
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Figure 3-5.
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Comparison of the low-temperature resonance Raman spectra of NifU and
NifU-2 as prepared. Protein concentrations were ~ 1mM, and the

buffering medium was 25 mM Tris/HCI, pH 7.4. The spectra were

obtained at 18 K using 457.9 nm argon laser excitation and each is the
sum of 40 scans. Each scan involved advancing the spectrometer in 0.5

cnit increments and photon counting for 1 s/point with 6 casolution.
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Figure 3-6.  Comparison of the X-band EPR spectra of dithionite-reduced NifU and
NifU-2. Conditions of measurement: microwave frequency, 9.60 GHz;
modulation amplitude, 6.43 G; microwave power, 0.51 mW; temperature,
20 K. Protein concentrations were 0.3 mM, and the buffering medium
was 25 mM Tris/HCI, pH 7.4. Simulated spectra are offset directly under
each of the experimental spectra. The spectra were simulated with the
following parameters: NifUg, , ;= 2.019, 1.927, 1.892 and linewidths
l,,5=1.12, 1.10, 3.34 mT; NifU-2y, , .= 2.022, 1.928, 1.890 and
linewidthsl, , ;= 0.90, 0.93, 3.00 mT.
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Figure 3-7.
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Comparison of the VTMCD spectra of dithionite-reduced NifU and
NifU-2. Protein concentrations were 0.11 mM, and the buffering medium
was 25 mM Tris/HCI, pH 7.4, with 55% (v/v) ethylene glycol. MCD
spectra were recorded in 1-mm cuvettes with a magnetic field of 6.0 T, at
1.70, 4.22, and 10.0 K. All bands increase in intensity with decreasing

temperature.
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Figure3- 8.  (A) Low temperature (L) absorption spectra of ferric-bound forms of
NifU and NifU-1. Upper panel: Nifu (0.04 mM in 100 mM Tris-HCI
buffer, pH 8) before (lower spectrum) and after (upper spectrum)
incubation with a 1.2-fold stoichiometric excess of ferric citrate for 40
mins at 2°C in a 1-cm pathlength cell. Middle panel: Difference spectrum
of the spectra shown in the upper panel. Lower panel: NifU-1 (0.10 mM
in100 mM Tris-HCI buffer, pH 8) after incubation with a 1.2-fold
stoichiometric excess of ferric citrate NifU for 40 mins &2in a 1-cm
pathlength cell. (B) Low temperature {€) absorption spectra of ferric-
bound forms of AspAla NifU and wild-type NifU-1. Upper panel:

Asp®*’Ala NifU (0.57 mM in 100 mM Tris-HCI buffer, pH 8) before (lower
spectrum) and after (upper spectrum) incubation with a 1.2-fold
stoichiometric excess of ferric citrate for 55 mins 4C2in a 1-mm

pathlength cell. Middle panel: Difference spectrum of the spectra shown in

the upper panel. Lower panel: As lower panel in A
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Figure 3-9.
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(A) Low temperature (18 K) resonance Raman spectra of ferric-bound
forms of NifU and NifU-1. (a) NifU incubated with a 5-fold excess of
ferric citrate at ZC for 60 mins. (b) NifU as isolated. (c) Difference
spectrum (a) minus (b). (d) NifU-1 incubated with a 5-fold excess of ferric
citrate at 2°C for 60 mins. (B) Low temperature resonance Raman
spectra of ferric-bound forms of A8Ala NifU and wild-type NifU-1. (a)
Asp*’Ala NifU incubated with a 5-fold excess of ferric citrate &tC2for
60 mins. (b) AspfAla NifU as isolated. (c) Difference spectrum (a) minus
(b). (d) NifU-1 incubated with a 5-fold excess of ferric citrate aCZor
60 mins. The spectra in panels A and B were collected on samples (~4
mM in 100 mM Tris-HCI buffer at pH 8) maintained at 18 K. Each
spectrum was recorded using 496-nm excitation with 70-mW of laser
power at the sample and is the sum of 40-50 scans. Each scan involved
advancing the spectrometer in 1-timcrements and photon counting for

2 s/point with 6 cm resolution.
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Chapter IV
NifS-directed assembly of a transient [2Fe-2S] cluster within the NifU

protein®

3

Pramvadee Yuvaniyarageffrey N. Agaf, Valerie L. Cash, Michael K.
Johnsorf,and Dennis R. Dedin (2000)Proc. Natl. Acad. Sci. U.S.A7, 599-604
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Abstract

The NifS and NifU proteins frorAzotobacter vinelandare required for the full
activation of nitrogenase. NifS is a homodimeric cysteine desulfurase that supplies the
inorganic sulfide necessary for formation of the Fe-S clusters contained within the
nitrogenase component proteins. NifU has been suggested to complement NifS either by
mobilizing the Fe acessary for nitrogenase Fe-S cluster formation or by providing an
intermediate Fe-S cluster assembly site. As isolated, the homodimeric NifU protein
contains one [2Fe-23J cluster per subunit, which is referred to as the permanent
cluster. In this report, we show that NifU is able to interact with NifS and that a second,
transient [2Fe-2S] cluster can be assembled within Mifitro when incubated in the
presence of ferric ion, L-cysteine, and catalytic amounts of NifS. Approximately one
transient [2Fe-2S] cluster is assembled per homodimer. The transient [2Fe-2S] cluster
species is labile and rapidly released on reduction. We propose that transient [2Fe-2S]
cluster units are formed on NifU and then released to supply the inorganic iron and sulfur
necessary for maturation of the nitrogenase component proteins. The role of the
permanent [2Fe-2S] clusters contained within NifU is not yet known, but they could have
a redox function involving either the formation or release of transient [2Fe-2S] cluster
units assembled on NifU. Because homologs to both NifU and NifS, respectively
designated IscU and IscS, are found in non-nitrogen fixing organisms, it is possible that
the function of NifU proposed here could represent a general mechanism for the

maturation of Fe-S cluster-containing proteins.



132
Introduction

Iron-sulfur clusters are found in numerous proteins that have important redox,
catalytic, or regulatory properties (for a recent review, see ref. 1). Moreover, Fe-S
clusters are intimately involved in the respective functions of these proteins. For example,
Fe-S clusters are known to act as electron carriers or environmental sensors or to be
involved in substrate binding and activation. Advances in our understanding of the
structures, organization, and reactivity of certain biologically relevant Fe-S clusters have
involved determination of the spectroscopic and electronic properties of protein-bound
Fe-S clusters, characterization of clusters chemically extruded from their polypeptide
matrices, and preparation of synthetic Fe-S clusters. Until recently, however, the
biological mechanism by which Fe-S clusters are formed has received scant attention. It
was shown many years ago that Fe-S clusters could be spontaneously incorporated into
apo-forms of certain ferredoxins by simply incubating thewitro in a solution that
contains iron and sulfide (2). However, considering the toxicity of free iron and sulfide, it
is unlikely that protein-bound Fe-S clusters are spontaneously fonmwea from free
iron and sulfide. It is more likely that the iron and sulfur necessary for Fe-S cluster

formation are delivered to the cluster assembly site by intermediate carrier proteins.

Previous work has led to the proposal that the NifU and NifS nitrogen
fixation-specific gene products are involved in the acquisition of iron and sulfur necessary
for the maturation of the two nitrogenase component proteins, both of which contain
Fe-S clusters (3). It was shown that NifS is a pyridoxal phosphate-dependent L-cysteine
desulfurase and that an enzyme-bound persulfide is an intermediate in that reaction (4, 5).
Thus, NifS has been targeted as the source of inorganic sulfide necessary for nitrogenase
Fe-S cluster formation. We have recently found that NifU is a modular protein with two
distinct types of iron-binding sites (see Figure 1). One of these binding site types is
located within the central third of the NifU primary sequence (6, 7) and binds a

[2Fe-2SF* cluster (one cluster binding site per subunit). The second type of site is a
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labile mononuclear iron-binding site (7) located within the N-terminal third of the NifU
primary sequence (one mononuclear site per subunit). Because the [2FeSiers

present in isolated NifU are tightly bound to the protein (6), the labile mononuclear site is
the likely source of iron for nitrogenase Fe-S cluster assembly. If NifS and NifU do have
complementary functions in the mobilization of sulfur and iron for nitrogenase Fe-S

cluster assembly, several different pathways for this process can be considered. For
example, NifS and NifU could either operate independently during Fe-S cluster formation
or they could function together. If NifU and NifS function together, then iron and sulfur
could be separately released from each of them during cluster assembly or an Fe-S cluster
precursor could be preformed and then released. In the current work we have addressed
these issues by asking whether NifU and NifS are able to form a macromolecular complex

and whether a labile Fe-S cluster species can be formed on NifU.
Experimental Procedures

Plasmids and StrainsConstruction of plasmids used for the heterologous
expression of altered forms of NifU Eescherichia colhas been described (7). Plasmid
pDB822 was used to express a full-length version of NifU for which th€'@gsidue is
substituted by Ala. This form of NifU is designated NifU (€{ala). Plasmid pDB1041
was used to express a full-length version of NifU for which theé’Asgidue was
substituted by Ala [designated NifU(ASpla)]. Plasmid pDB937 was used to express a
truncated form of NifU that includes the first 131 residues of NifU. This truncated form
of NifU is designated NifU-1. Plasmid pDB1044 was obtained by the
oligonucleotide-directed mutagenesis of pDB937. This plasmid expresses a form of
NifU-1 that has the Aspresidue substituted by Ala and is designated NifU-1 {Aéq).
Figure 1 is a schematic representation of NifU and different forms of NifU used in the

current work.

Biochemical ManipulationsThe purification of NifS and altered forms of NifU

was performed as previously described (4, 7). The optiniizedro Fe-S cluster
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biosynthetic system includes the following: 0.05 mM NifU-1 dimer (or other form of

NifU-1 or NifU)/0.1 mM ferric ammonium citrate/5 mtmercaptoethanol/1 mM
L-cysteine/1 pM NifS/0.1 M NacCl in a 25 mM Tris-HCI (pH 7.4) buffer. All volumes

were 1.0 ml, and reactions were carried out anoxically in a septum-sealed cuvette under
an Ar atmosphere. Protein samples were purified under Ar, and buffers used were
extensively degassed and sparged with Ar before use. Anoxic conditions were maintained
with a Schlenk apparatus and/or an anaerobic glovebox. Reactions were initiated by the
addition of L-cysteine and were monitored by UV-visible spectroscopy as described

below.

NifU and NifS complex formation was monitored by gel exclusion HPLC
(Beckman System Gold) column chromatography with a Zorbax GF-250 column.
Volumes of 100 pl containing 6 nmol of NifU or NifS (or 6 nmol of NifU plus 6 nmol of
NifS) in a 25 mM Tris-HCI (pH 7.4) buffer containing 20 mM NaCl/1.0 mM DTT were
injected onto the column. Samples that contained a mixture of NifU and NifS were
preincubated at room temperature for 8 min before loading the column. For sample
mixtures in which a molar excess of NifU or NifS was used, the sample contained
approximately 6 nmol of one protein and 12 nmol of the other. Elution of the protein
samples was monitored by visible A at 405 nm. Results obtained by using the Beckman
System Gold HPLC were also independently confirmed with an Amersham-Pharmacia

FPLC chromatography system fitted with a Superose 12 column.

Spectroscopic MethodsAll sample concentrations are based on protein
determinations and are expressed per NifU or NifU-1 monomer. UV-visible absorption
spectra were recorded under anoxic conditions in septum-sealed 1-mm and 1-cm
cuvettes, by using a Shimadzu 3101PC scanning spectrophotometer or a Cary diode array
spectrophotometer. X-band (9.6 GHz) EPR spectra were recorded by using a Bruker
ESP-300E EPR spectrometer equipped with a dual-mode ER-4116 cavity and an Oxford

Instruments ESR-9 flow cryostat.



135

Resonance Raman spectra were recorded by using an Instruments SA (Edison,
NJ) Ramanor U1000 spectrometer fitted with a cooled RCA 31034 photomultiplier tube
with 90° scattering geometry and lines from a Coherent Radiation (Palo Alto, CA)
Sabre10-W argon ion laser. Spectra were recorded digitally with photon-counting
electronics, and the signal/noise ratio was improved by signal averaging multiple scans.
Band positions were calibrated by using the excitation frequency and CCl4, and these
positions are accurate to +1 ¢tnBamples consisted of 12-ul droplets of concentrated
protein (2-4 mM) that were placed in a custom designed sample cell attached to the cold
finger of an Air Products Displex model CSA-202E closed-cycle refrigerator. The sample
temperature was maintained at 18 K during scanning to minimize laser-induced sample
degradation. Bands caused by the frozen buffer solutions have been subtracted from all of
the spectra shown in this work after normalization of lattice modes of ice centered at 229
cmt.,
Results

NifU and NifS Complex FormationThat NifU and NifS do not form a tight
complex was determined in two different ways. First, NifU was not found to copurify
with NifS when NifS was isolated from crude extracts prepared from nitrogen-fixing
Azotobacter vinelandiells. Second, specific immunoprecipitation of either NifU or NifS
from A. vinelandiicrude extracts did not result in the coprecipitation of the
complementary protein. However, NifU and NifS can form a transient complex because
an equimolar mixture of NifU and NifS results in the appearance of a new peak during
size-exclusion column chromatography when compared with individually
chromatographed samples of either NifU or NifS (Figure 2). Calibration of the column
and denaturing gel electrophoresis of the peak fraction of the NifU-NifS complex indicate
formation of a heterotetrameric complex. When a twofold molar excess of NifU was
mixed with NifS, a peak corresponding to the NifU-NifS complex and a peak

corresponding to uncomplexed NifU could be resolved by gel exclusion chromatography.
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The converse experiment involving the addition of a twofold molar excess of NifS also
resulted in the appearance of two peaks during chromatography of the sample, one
corresponding to NifS and the other corresponding to the NifU-NifS complex. The
shoulder recognized in the NifU-NifS complex fraction shown in Figure 2 is reproducible

and probably indicates that dissociation of the complex occurs during chromatography.

Experimental Rationale.In previous work we found that seven cysteines
contained within NifU are required for its fudl vivo function (7). Four of these cysteines
(Cys™¥, Cys*®, Cys’® and Cy% are contained within a central segment of NifU and
provide the ligands for the [2Fe-2S] cluster present in each monomer of the dimeric NifU
protein as isolated. Because the [2Fe-2S] clusters contained within isolated NifU are
tightly bound and cannot be released by chelating reagents, we refer to them as the
permanent clusters and consider it unlikely that they represent precursors destined for
assembly of the nitrogenase metalloclusters. We therefore became interested in whether a
second, more labile cluster might be assembled elsewhere on NifU. The three other
cysteines (Cy8, Cys? and Cy¥) required for fullin vivo NifU function were targeted
as the most likely residues to participate in providing such an assembly site for formation
of a transient cluster. The possibility for assembly of a second Fe-S cluster on NifU was
also considered because we recently obtained evidence for the presence of one
mononuclear Fe-binding site within each subunit of the NifU protein as isolated (7).
Thus, we considered the possibility that binding of Fe at the mononuclear site could
represent an intermediate stage in the assembly of a transient Fe-S cluster on NifU.

Binding of Fe at the mononuclear site(s) requires residue€s Cys?, and Cy¥®.

Our ability to test whether a transient Fe-S cluster could be assembled on NifU
was complicated by the presence of one permanent [2Fe-2S] cluster in each monomer of
intact isolated NifU. This problem was circumvented in two different ways. First, a
portion of NifU was recombinantly expressed and then isolated that corresponds only to

the N-terminal third of the NifU coding sequence. This truncated form of NifU is referred
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to as NifU-1, and it does not include those cysteines that provide the coordinating ligands
to the permanent [2Fe-2S] cluster contained within full-length NifU. Thus, the isolated
form of NifU-1, which is a homodimer, does not contain the permanent [2Fe-2S] clusters
contained within full-length NifU (see Figure 1). Second, a full-length form of altered

NifU that carries an alanine substitution for one of the 2Fe-2S cluster-coordinating
residues (residue Cy§ was also recombinantly produced and isolated. This altered NifU
protein is referred to as NifU(Cy#Ala) and also does not contain the permanent

[2Fe-2S] cluster in its isolated form (Figure 1). Purified samples of NifU-1 and NifU
(Cys™Ala) were then used in experiments described below, which demonstrate that they

can serve as scaffolds for NifS-catalyzed formation of [2Fé&-28&isters.

NifU-1 and NifU(AI&*") Can Serve as Scaffolds for Assembly of a [2Fé:2S]
Cluster. It was possible to develop an optimizedritro Fe-S cluster biosynthetic system
that includes a 0.05 mM NifU-1 dimer or NifU (C§&la)/0.1 mM ferric ammonium
citrate/5 mMB-mercaptoethanol/l mM L-cysteine/1 uM NifS. In this biosynthetic
system, NifS is present at only very low levels when compared with NifU-1 or
Nifu(Cys'*’Ala). One reason for performing the biosynthetic assay in this way was to
ensure that the pyridoxal-phosphate chromophore present in NifS would not interfere
with the ability to detect Fe-S cluster formation by UV-visible absorption and resonance
Raman spectroscopies. Also, by using only catalytic amounts of NifS, it was possible to
monitor the time-dependent formation of Fe-S clusters. A typical experiment in which
NifU-1 was used as a scaffold for Fe-S cluster assembly is shown in Figure 3A and B.
These data show that there is a time-dependent assembly of a chromophoric species in
NifU-1 that exhibits absorbance inflections at 325, 420, 465, and 550 nm (Figure 3A).
This UV-visible absorption spectrum is characteristic of [2F&*28]ster-containing
proteins (8), although the absorption peaks are less well defined in our sample when
compared with similar spectra from typical [2Fe28]uster-containing proteins. The

most likely explanation for the relatively featureless nature of the absorption spectrum is
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that, once formed, the [2Fe-2S¢luster is relatively unstable at ambient temperature.

This instability is manifested by a concomitastumulation of a colloidal precipitate of

iron sulfide that is responsible for the spectral inflections becoming increasingly less well
defined upon incubation of the sample beyond about 200 min. A colloidal iron-sulfide
precipitate also accumulates when NifU-1 is omitted from the reaction mixture, but this
occurs at a much slower rate than the rate observed for Fe-S cluster biosynthesis in the

complete system.

Figure 3B (curves a and b) shows the time dependence of [2Fe-2S] cluster
assembly on the NifU-1 scaffold. These data also show that cluster formation is
dependent on the concentration of NifS, with an approximate doubling in the rate of
cluster formation when the amount of NifS in the reaction mixture is doubled. The results
of control experiments presented in Figure 3B also show that an altered form of NifS, for
which the active site C¥& residue was substituted by alanine (5), is not active in cluster
formation. Altered forms of NifU-1, in which any one of the three cysteine residues
(Cys®, Cys?, and Cy¥® has been substituted by alanine, were also ineffective in cluster
assembly. Finally, no [2Fe-2S] cluster formation occurred if any of the above-mentioned
components of the biosynthetic mixture was omitted. When NifUt@ya) was
substituted for NifU-1 in the assembly mixture, a spectrum having a very similar line

shape and intensity and the same absorbance maxima was observed (data not shown).

Isolation of an NifU-1 Variant That Contains a Stabilized [2Fe?28]uster.
The [2Fe-2SY cluster assembled onto NifU-1 or NifU(C¥/#la) is labilein vitro. For
example, as judged #420/A280 ratios, more than 50% of the cluster was lost when
gel filtration was used to remove excess reagents. Such lability (also see below) was not
unexpected considering that the proposed physiological function of the cluster is to
supply the iron and sulfur necessary for nitrogenase metallocluster assembly. In other
words, the transient [2Fe-2S] cluster must have a mechanism to escape from the NifU

scaffold during the maturation of the nitrogenase component proteins and therefore
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should not be tightly bound to NifU. During the course of our studies with altered forms
of NifU-1 as an approach to examining the nature of the mononuclear iron-binding site,
we fortuitously identified an altered form of NifU-1 that contains some [2F&-28%ter

in its isolated state (Figure 3C). This altered form of NifU-1 has thé’ Asgidue

substituted by alanine and is referred to as NifU-1 {Ad@). The isolated form of

NifU-1 (Asp*’Ala) contained 0.15 Fe per monomer. Moreover, the [2F&-2Bkter
contained within isolated NifU-1 (AdfAla) is stable with no loss or change in the
UV-visible spectrum even after incubation at ambient temperature for 12 h. Stabilization
of an Fe-S cluster resulting from an amino acid substitution has precedence for the FNR
protein fromE. coli. In this case a variant form was identified that contains a more stable
[4Fe-4S] cluster and is affected in signal transduction events dependent on cluster

assembly and disassembly (9).

When NifU-1 (Asg’Ala) was used as a scaffold for cluster assembly (Figure 3F),
a threefold increase in visible absorption intensity over 200 min was observed. The
resulting spectrum is characteristic of a biological [2F&-2%nter and, in agreement
with the Fe analyses of the isolated sample, the extinction coefficientsAd2.= 3.0
mM* cm?) are indicative of approximately 0.5 clusters per monomer or 1.0 cluster per
homodimer. This conclusion is based on the range of extinction coefficients for typical
[2Fe-2St proteins A420 = 6-11 mNt cni* (8)]. Analogous biosynthetic cluster
reconstitution experiments were also carried out with a full-length form of NifU for
which the Asp’ residue is substituted by alanine [designated NifU{/Ada)]. The
resulting UV-visible absorption spectrum was indistinguishable from that of the starting
spectrum originating from the permanent [2Fe?28isters, except for a uniform 30%
increase in absorption intensity in the 300- to 800-nm region. This result is consistent
with the formation of about one additional [2Fe-2$]uster per homodimer (data not
shown). It should be noted that, in the biosynthetic system described here, only one ferric

ion is added per each protein monomer. Consequently, no more than one [2Fe-2S]
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cluster could be formed per homodimer. Nevertheless, during the development of the
biosynthetic system, we found that the addition of higher levels of ferric iron did not
increase the amount of transient cluster accumulated when any of the various forms of
NifU was used in the assembly cocktail. The main consequence of a twofold or fivefold
increase in the ferric ammonium citrate concentration was to decrease the quality of the

absorption data owing to an increase in the accumulation of colloidal iron sulfide.

Resonance Raman Evidence for Assembly of the Transient [2FechSiter.
Resonance Raman spectroscopy was used to identify and further characterize the
transient [2Fe-29] clusters present in the various forms of NifU proteins investigated in
this work. A comparison of the low-temperature resonance Raman spectra of the
permanent [2Fe-28]" clusters in Nifu and of the transient [2Fe-23{ssembled in
NifU-1 by using 488-nm excitation is shown in Figure 4A and B. In both spectra, the
pattern and frequency of bands in the Fe-S stretching region are uniquely indicative of
[2Fe-2S¥ clusters (6, 10-12). The relative intensities of equivalent bands are remarkably
similar for both clusters, but the frequencies are all up-shifted by 6:&certhe transient
[2Fe-2S¥ cluster in NifU-1 when compared with the permanent clusters in NifU. Hence,
the vibrational assignments made for the permanent clusters in NifU (6) can be
transferred directly to the transient cluster. Also, the relative intensities and frequencies of
the bands in NifU-1 are almost identical to those of the [2F&-2Bter in human
ferrochelatase (ref. 12; Figure 4), which has recently been shown to have complete
cysteinyl ligation by amino acid substitution (13) and crystallographic studies (H. A.

Dailey, personal communication). This result strongly suggests that the cluster assembled
on NifU-1 has complete cysteinyl ligation. Because there are only three cysteines
available in each monomer, this situation indicates that the transient cluster is most likely
bridged between the subunits. The higher Fe-S stretching frequencies for the transient
cluster in NifU-1 compared with the permanent clusters in NifU indicate stronger Fe-S

bonds for the transient structure. Thus, the lability of the transient cluster is more likely to
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be a consequence of enhanced solvent actégsésulting from its location at the

subunit interface, rather than from an intrinsic thermodynamic ititstab

Although the lability of the transient [2Fe-2S¢luster has thus far impeded our
attempts to obtain resonance Raman spectra from reconstituted full-length NifU, the
decreased lability in NifU (AsSpAla) has provided an opportunity to assess the resonance
Raman spectrum of the cluster in a full-length version of NifU (Figure 5). The spectrum
of the reconstituted form of NifU (AdfAla) (Figure 5a) is clearly dominated by the
permanent clusters of as-isolated NifU (Figure 5b). Nevertheless, the difference between
the reconstituted and as-isolated data sets (Figure 5c) reveals a spectrum very similar to
that of the reconstituted [2Fe-2S¢luster in NifU-1 (Asp’Ala) (Figure 5d) and having
approximately half the intensity of the permanent clusters. Because Fe-S stretching
frequencies are very sensitive to minor perturbations in the cluster environment, this
result indicates a negligible change in the transient cluster environment on removal of the
C-terminal domain. Moreover, there is a close similarity in the resonance Raman spectra
of the transient clusters reconstituted in NifU-1 (Figure 4b), NifU-1 {Adp) (Figure
5d), and NifU (Asp’Ala) (Figure 5c¢). The main differences among these species lie in the
frequencies of the total symmetric predominantly Fe-S(Cys) modes assigned at 349, 337,
and 340 cm in Nifu-1, NifU-1(Asp*Ala), and NifU(Asg’Ala), respectively. This
variability is likely to originate from differences between the wild-type and’Atp
variant in terms of cysteinyl Fe-S-C-C dihedral angles and/or hydrogen bonding
interactions involving cysteinyl-S atoms. An attractive possibility is that substitution of
the Asp’ residue by alanine reduces cluster lability by decreasing salweessittity and
that this feature is reflected in the resonance Raman as a result of perturbed
hydrogen-bonding interactions involving the ligating cysteine S atoms. In summary, all of
the resonance Raman spectra clearly demonstrate NifS-mediated assembly of a similar

transient [2Fe-2S] cluster in a variety of different forms of NifU.
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Release of the [2Fe-2S] Cluster on Its Reductidvi-visible spectra and/or
resonance Raman spectra of the Fe-S clusters formed in the biosynthetic system described
here provides evidence for the catalytic formation of a labile [2F&-2i8%ter within the
NifU protein. Complementary spectroscopic evidence for this conclusion could not be
obtained by using either electron paramagnetic resonance or variable-temperature
magnetic circular dichroism spectroscopy, because of the extreme redudtiyeofaihe
cluster. For example, dithionite-mediated reduction of the transient [2FeeRB}er
resulted in an immediate, complete, and irreversilgladbling of the visible spectrum.

Also, no paramagnetic form of the transient cluster could be trapped even by freezing the
sample within 10 s after addition of a twofold excess of dithionite. The dithionite-reduced
samples exhibited nB= 1/2 EPR signals over the temperature range 10-100 K and no
temperature-dependent magnetic circular dichroism bands, suggesting that the [2Fe-2S]
form is unstable and degraded immediately on reduction. The lability of the transient
[2Fe-2S] cluster on reduction was also shown by quantitative capture oftlienFe

released during dithionite reduction by using th&-Ekelating reagent,a'-N-dipyridyl

(data not shown).
Discussion

NifU contains two distinct types of iron-binding sites. In as-isolated NifU, one of
these types of sites is occupied by a [2Fe“23]uster that we refer to as the permanent
cluster (6). The other type of iron-binding site is a mononuclear site that is predominantly
unoccupied in the as-isolated protein but can be filadtro by the addition of ferric ion
(7). In the current work, we show that L-cysteine and catalytic amounts of NifS can be
used to assemble an additional labile [2Fe=2@ister within a variety of different forms
of the NifU protein. The lability of this cluster and the presence of the permanent clusters
have so far prevented definitive identification of this transient cluster in full-length
wild-type NifU. However, a combination of UV-visible absorption and resonance Raman

studies has provided abundant evidence forrtiwtro assembly of this cluster in samples
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of NifU-1 and the NifU (Cy§"Ala) variant, neither of which contains the permanent
clusters. Other evidence has been obtained with the NifU-£gdapand NifU

(Asp®’Ala) variants, in which the transient cluster is less labile. The same three cysteine
residues necessary for iron binding at the mononuclear site are also required for
NifS-directed assembly of the transient [2Fe-2S] cluster (Figure 1). Although we cannot
yet rule out the possibility that a set of conditions exists whereby one transient [2Fe-2S]
cluster can be assembled within each subunit, the available data are consistent with a
model in which ferric ions bound at the individual mononuclear sites are rearranged on
donation of sulfur by NifS, to form a [2Fe-2S¢luster that is bridged between the two
NifU subunits. Evidence supporting this mode of binding includes (i) thigyialh the
transient [2Fe-2S] cluster; (ii) the iron-binding stoichiometry at the mononuclear sites;
(i) a maximal UV-visible absorption intensity consistent with no more than one transient
[2Fe-2S] cluster per NifU homodimer, and (iv) a resonance Raman spectrum that is
interpreted in terms of four cysteine ligands, owing to its close correspondence to the

spectrum of human ferrochelatase.

The lability of the transient cluster and its release from the polypeptide matrix on
reduction is consistent with the hypothesis that the function of the transient cluster is to
provide iron and sulfide necessary for the formation of the Fe-S cores of the nitrogenase
metalloclusters. The role of the permanent [2Fe-2S] clusters contained within NifU is not
yet known. However, the observed release of the transient cluster on reduction indicates
that the role of the permanent clusters could be to provide reducing equivalents for that
process. In this context we note that both irons contained in the NifU-bound transient
cluster are in the ferric oxidation state and that previous work has shown that chemical
reconstitution of Fe-S cluster-containing proteins is most effective when ferrous ions are
used in the reconstitution system (2). Thus, reduction of the transient cluster might be
important not only for its release but also for placing irons destined for nitrogenase

metallocluster core formation in the appropriate oxidation state. It is also possible that
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the permanent [2Fe-28] clusters could have a redox function in the acquisition of iron
for initial binding at the mononuclear sites. There iamoiori reason why the

permanent clusters could not participate in all of these functions.

Genes encoding homologs to NifU and NifS are also located within the genomes
of a wide variety of non-nitrogen fixing organisms (14). We have designated thsse as
genes to indicate the proposed role of their products in the housekeeping function of
general Fe-S cluster assembly. In line with this proposal the isc genes have been found to
be essential foA. vinelandiiviability (14). There is also mounting biochemical and
genetic evidence from other laboratories thatisbgene products are involved in Fe-S
cluster assembly in both prokaryotic (15) and eukaryotic (16-19) organisms. A
comparison of the organization of the NifU protein and its proposed housekeeping
counterpart, designated IscU, is relevant to the work described here. For example, the
IscU protein is considerably truncated when compared with NifU, bearing sequence
identity only to the N-terminal third of NifU. This portion of NifU corresponds to the
NifU-1 fragment described in the present work. The NifU*ys? and Cy$*
residues contained within this segment are also strictly conserved in all iscU gene
products identified so far. In fact, the IscU primary sequence is among the most
conserved sequence motifs in nature (20). The IscU protein does not contain a sequence
corresponding to the permanent [2Fe22S¢luster-binding domain present in NifU.
However, there is another gene contained withinsihgene cluster whose product does
harbor weak primary sequence identity when compared with the [2F&-2S]
cluster-binding region of NifU. This small ferredoxin has been purified and shown to
contain a [2Fe-238]* cluster that is nearly identical in its spectroscopic and electronic
properties when compared with the [2Fe-2S] clusters contained within as-isolated NifU
(21, 22). Thus, a function analogous to that provided by the NifU permanent cluster
might also be duplicated by this ferredoxin. It is interesting that a bacterial

ferritin-associated [2Fe-23]" ferredoxin having the same spatial arrangement of
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cluster-coordinating cysteines, as well as the same spectroscopic and electronic
properties as thisc-specific ferredoxin, has also been identifiedircoli (23, 24). This
observation has led to speculation that a function of the bacterial ferritin-associated
ferredoxin could involve the release of iron from ferritin for Fe-S cluster assembly, a
suggestion also in line with a possible role for the permanent clusters contained within

NifU.

Although it is not yet known whether a [2Fe-2S] cluster can be assembled on
IscU, both IscU and IscS from A. vinelandii have been recombinantly produced and
isolated. IscS exhibits an L-cysteine desulfurase activity (14) similar to that demonstrated
for NifS (4). Also, in preliminary work, IscS and IscU have been found to form a
macromolecular complex similar to that described for NifS and NifU (our unpublished
results). Despite these similarities the assembly of Fe-S clusters catalyzed by the Isc
system might be considerably more complex than we have found so far for the Nif
system. For example, there are heat-shock-cognate (Hsc) proteins encoded within
bacterial genomes that have been suggested to have chaperone functions involving either
the formation of Fe-S clusters or their insertion into various target proteins (13). Also, in
Saccharomyces cerevisjamertain Hsc proteins have already been implicated in the
physiological assembly of Fe-S clusters (16, 18, 25). In contrast, there are no known

nif-specific gene products homologous to the Hsc family of proteins.

Finally, there remain a number of important gaps in our understanding of the
mobilization of the iron and sulfur required for maturation of Fe-S cluster-containing
proteins. Although the current work demonstratesrthatro ability of NifU to assemble
a transient [2Fe-2S] cluster in the presence of NifS, whether this system functions by
directly donating a [2Fe-2S] unit fam vivo cluster assembly still needs to be determined.

If Fe-S clusters are assembled in this way, then there are fundamental issues concerning
how the transient cluster is delivered to the target protein and how the [2Fe-2S] units

might be assembled into higher-order clusters. In addition, it is not yet known how the
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NifS-bound persulfide is physiologically released for assembly of the transient cluster. We
believe that the Nif system will continue to provide a model for the biochemical-genetic
approach to address these issues.
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Figure 4- 1
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Schematic representation of NifU and different forms of NifU. The
uppermost line represents full-length NifU. Above the line are indicated the
cysteine (C) and aspartate (D) residues relevant to the present work. The
numerical residue positions are indicated below the line. Substituting residues
present in altered forms of NifU or NifU-1 are indicated by a bold, underlined
letter at the appropriate position. Dashed brackets at the top of thefigure
indicate the respective mononuclear iron/transient [2Fe-2S] cluster domain

and permanent [2Fe-2S] cluster domain within the NifU primary sequence.
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Figure 4-2 Complex formation between NifU and NifS. The figure shows the elution
profiles of NifS, NifU, or an equimolar mixture of NifU and NifS, by using
size exclusion chromatography. Conditions used are described in Materials

and Methods.
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Figure 4-3
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NifS-dependennt vitro Fe-S cluster assembly. (A) UV-visible spectrum of
NifU-1 beforein vitro Fe-S cluster assembly [before L-cysteine was added
to initiate assembly (lower spectrum) and after 140 mim @ftro cluster
assembly (upper spectrum)]. The post assembly spectrum shown in A is the
maximum that could be obtained. (C) UV-visible spectrum of
NifU-1(Asp®'Ala) beforen vitro cluster assembly (lower spectrum) and after
80 min of in vitro Fe-S cluster assembly (upper spectrum). The post
assembly spectrum shown in C represents approximately 60% of the
maximum that could be obtained. (B) Time dependence of Fe-S cluster
assembly as monitored by the change in extinction coefficient at 465 nm vs.
time after initiation of the Fe-S cluster assembly reaction. The time
dependence for cluster assembly shown in line a of panel B corresponds to
the same sample shown in panel A. Line b of panel B shows cluster assembly
under the same conditions as for line a, except that half of the amount of
NifS was added to the assembly cocktail. Data shown in the lines labeled c
are controls. One data set corresponds to conditions that are the same as for
line a except that an altered form of NifS having the active-sit&@gsidue
substituted by alanine was used. The other data set in C corresponds to
conditions that are the same as used for line a, except that an altered form of
NifU-1 having the Cy¥ residue substituted for by alanine was used.

Conditions for Fe-S cluster assembly are described in Materials and Methods.



154

Wavelength/nm

120

B
Minutes

40

" 650

350 480 550
Wavelength/nm




Figure 4-4
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Comparison of the low-temperature resonance Raman spectra of the
[2Fe-2St clusters in as-isolated NifU (a), reconstituted Nifu-1 (b), and
human ferrochelatase (c). All samples (2-4 mM in 100 mM Tris-HCI, pH 7.8,
buffer) were in the form of concentrated frozen droplets maintained at 18 K.
The spectra were recorded by using 488-nm excitation with 70-mW of laser
power at the sample and are the sum of 19, 90, and 80 scans for a, b, and c,
respectively. Each scan involved advancing the spectrometer in*1 cm

increments (0.5 cfor ¢) and photon counting for 1 s/point with

6-cm’ resolution.
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Figure 4-5
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Low-temperature resonance Raman spectra of transient [2Feh2$érs.

(a) NifU(Asp*’Ala) after treatment by the cluster biosynthetic system; (b)
as-isolated NifU(AspAla); (c) difference spectrum (spectrum a minus
spectrum b); (d) NifU-1(AsffAla) after treatment with the cluster
biosynthetic system. The conditions used are the same as those described in

Figure 4, and each spectrum is the sum of 33 scans.
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Chapter V
Role of the IscU Protein in Iron-Sulfur Cluster Biosynthesis:

IscS-mediated assembly of a [E8,] cluster in IscU*

4 Jeffrey N. Agal, Limin Zheng?, Valerie L. Cash Dennis R. Deanand Michael K.
Johnsoh (2000)J. Am. Chem. So&22 2136-2137.Department of Chemistry and
Center for Metalloenzyme Studies, University of Georgia, Athens, GA 30602 and
Department of Biochemistry, Virginia Tech, Blacksburg, VA 24061
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Abstract: Iron-sulfur cluster biosynthesis in both prokaryotic and eukaryotic cells is
known to be mediated by two highly conserved proteins, termed IscS and IscU in
prokaryotes. The homodimeric IscS protein has been shown to be a cysteine desulfurase
that catalyzes the reductive conversion of cysteine to alanine and sulfide. In this work, the
combination of absorption and resonance Raman spectroscopies has been used to
demonstrate IscS-mediated assembly of a reductively labis,]JFecenter in the

homodimeric IscU protein. Analytical data and visible extinction coefficients indicate that
up to one [Fs5,]* cluster can be assembled per IscU dimer. In addition, gel filtration

and chemical cross-linking studies indicate the formationogfp aheterotetrameric

complex between the IscU and IscS proteins. The results indicate a general mechanism
for Fe-S cluster biosynthesis in which IscU provides a scaffold for IscS-mediated

assembly of [F€u,-S),] core units.
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Iron-sulfur clusters are ubiquitous in natdifayt the mechanisms for assembly and

insertion of these centers in their cognate proteins are largely unknown. Recent genetic
and biochemical studies point to a common mechanism, centered around two proteins
termed IscS and IscU in prokaryofasat has been preserved for general Fe-S cluster
biosynthesis in both prokaryotic and eukaryotic ¢ells-unctional and primary sequence
homologs of IscS and IscU were first identified as the products of the nitrogen fixation
nifSandnifU genes that specifically target the biosynthesis of the nitrogenase Fe-S
clusters inAzotobacter vinelandfi IscS is closely related to NifS and both have been
shown to be homodimeric, pyridoxyl phosphate-dependent L-cysteine desulfurases,
catalyzing the reductive conversion of cysteine to alanine and sulfide via an enzyme-
bound persulfide intermediaté. The importance of IscU for Fe metabolism, in general,
and Fe-S cluster biosynthesis, in particular, can be gauged by the fact that it is one of the
most conserved sequence motifs in naturecU has three conserved cysteine residues
(Cys”, Cys?, and Cy¥?in A. vinelandiiandE. colilscUY and corresponds to the N-
terminal third of NifU2” which has been overexpressed as a separate domain and termed
NifU-1.® These similarities, along with the observation thanifspecific iron-sulfur
cluster assembly operon is less complicated due to the absence of putative molecular
chaperone genes, have led to our usingiihspecific pathway as a model for general
biological iron-sulfur cluster assembly. Although we were successful in obtaining
evidence for NifS-mediated assembly of a transienfgJ¢é cluster within Nifu® the

lability of this cluster and interference from the permanenidjf&* cluster present in

the central domain of NifU, impeded unambiguous characterization of this transient
cluster in full-length Nifl? The involvement of IscU/IscS system in general Fe-S cluster
biosynthesis and the lack of a permaneni$ffeluster in IscU, clearly make this a more
attractive system for investigating cluster assembly in IscU. Using pukifiechelandii

IscU and IscS, we report here the IscS-mediated assembly of a reductively I3Bilg TFe

cluster in IscU and evidence for the formation aff® heterotetrameric complex
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between the homodimeric IscU and IscS proteins. The results support a general
mechanism for biological iron-sulfur cluster assembly in which IscU (or NifU) provides a

scaffold for IscS (or NifS)-directed assembly of a reductively labilgSFeluster.

The initial evidence for the assembly of afE§"* cluster inA. vinelandiilscU
was provided by UV-visible absorption spectroscopy, see Figure 1. Samples of IscU do
not exhibit a visible chromophore as purified, but turn red over a period of 60 min on
anaerobic treatment with catalytic amounts of IscS in the presence of excess L-cysteine
and a stoichiometric amount of ferric ammonium citrate (based on the concentration of
IscU monomery. The resulting spectrum has bands centered at 320 nm, 410 nm, and
456 nm and a pronounced shoulder at 510 nm and is characteristic 8K [ERister™®
Control experiments in the absence of IscU confirm that this chromophore is associated
with the IscU protein (see inset in Figure 1) and the absorption intensity of this
chromophore only increased for ferric concentrations up to one equivalent per IscU
monomer (based on experiments with 0.5, 1.0, 2.0, and 8.0 equivalents of ferric
ammonium citrate, data not shown). The maximal visible extinction coefficigpts,
4.6 mM'cm* ande,,, = 4.7 mM'cm* are indicative of approximately one [Bg?*
cluster per IscU dimer based on the published values for well-characterized 2Fe
ferredoxins g, = 6-10 mM'cni* andg,,, = 8-11 mM'cni™.*® In addition, the
stoichiometry of one [E&,]** cluster per IscU dimer is supported by iron analyses and
the A,s/Asg, ratio. In contrast to NifU-2the [FgS,]** cluster assembled in IscU stayed
intact during brief exposure to excess EDTA (10-fold excess with respect to iron for <5
mins) followed by anaerobic gel filtration and anion exchange chromatography to remove
excess reagents. Samples of,fskcontaining IscU prepared using the above procedure
with an 8-fold stoichiometric excess of ferric ion per IscU monomer for 3 hours and
subjected to EDTA treatment followed by chromatographic repurification prior to
analysis, yielded 1.0 +0.1 Fe per IscU monomer (average of three determinatiines).

resulting sample exhibited visible absorption characteristics identical to that shown in



163

Figure 1, withA,.4A,5, = 0.20. This ratio is approximately half the value observed for
2Fe ferredoxins with similar numbers of UV-absorbing aromatic residues per monomeric

unit and therefore indicative of one [Bg?* cluster per IscU diméef.

Conclusive evidence that the chromophore assembled in IscU isSs|{Feluster
was provided by resonance Raman spectroscopy, see Figure 2. The spectrum in the Fe-S
stretching region is uniquely indicative of a J64** center’® and the individual bands are
readily assigned based on the isotope shifts and normal mode calculations reported for
2Fe ferredoxins and model complexésee Table 1. Although the Fe-S stretching modes
of the [FgS,]** cluster assembled . vinelandiilscU all occur at higher frequencies,
compared to that assembleddinvinelandiiNifU-1 and the all-cysteinyl-ligated [£8,]*
clusters present in as-purified sampleé&o¥inelandiiNifU and human ferrochelatase,
the relative intensities of individual modes using 488- and 457 nm excitation are strikingly
similar in all four of these proteiri&®*>This strongly suggests analogous all-cysteine
coordination environments for the [Sg?* centers in all four proteins with slightly
stronger Fe-S(Cys) and Fe-S(bridging) bonds being responsible for the higher frequencies
of the [FgS,]?* center in IscU® Coordination by four cysteine residues requires the
cluster to be bridging subunits in IscU and this is consistent with the cluster stoichiometry

based on absorption and analytical data presented above.

The reductive lability of the [E&,]* cluster assembled in IscU was demonstrated
by three distinct types of experiment. First, anaerobic reduction with stoichiometric
dithionite resulted in complete and oxidatively irreversible bleaching of the visible
absorption. Second, EPR studies gave no indication of the formatidh-oll& [FeS,]*
cluster on reduction, even in samples frozen within 2 seconds of dithionite addition.
Third, the iron released on dithionite reduction was quantitatively accounted for using

ferrous ion chelators such as ferrozine.@f-N-dipyridyl.

Evidence that IscS and IscU are able to interact with each other was obtained in

two different ways. First, gel exclusion chromatography was used to show that an
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equimolar mixture of isolated IscS dimer and isolated IscU dimer results in formation of a
weakly boundx,, heterotetramer (data not shown). Second, the thiol-specific cross-
linking reagent dibromobimane could be used to cross-link one subunit of IscS to one
subunit of IscU, see Figure 3. For chemical cross-linking experiments 0.06 puM IscS was
mixed with 0.06 puM IscU in a final volume of 18 pl. After incubation at room
temperature for 20 minutes, the cross-linking reaction was initiated by addition of 0.5 pl
of a 20 mM solution of dibromobimane prepared in N,N"-dimethylformamide. The
sample was incubated an additional 1.5 hours at room temperature then analyzed by
denaturing polyacrylamide gel electrophorési€ontrols included a sample that was not
treated with dibromobimane and separate samples of IscS and IscU that were individually
treated with dibrombimane. The results of these experiments are consistent with the
hypothesis that persulfides catalytically formed onise® be specifically transferred to

IscU for cluster assembly through association of the two proteins.

The results indicate a general mechanism for Fe-S cluster biosynthesis in which
IscU provides a scaffold for IscS-mediated assembly g|i5S),] cores®® Structurally
and electronically these units constitute the fundamental building blocks of biological
[Fe,S)], [Fe;S,] and [FeS,] centers. Hence our current working hypothesis is that these
units are transferred intact into apo-proteins. The Fe-S cluster biosynthesis gene cluster
that is widely conserved in prokaryotes, encodes for several proteins whose functions are
currently unknown, but are good candidates for mediating such transfer. The most likely
candidates are the IScA protein that contains three conserved cysteine residues and the
heat shock proteins HscA and HscB that bear sequence homology to the molecular
chaperone$ Determining how the Beion is acquired by IscU and how the [E4 cores
assembled in IscU are released and transferred into apo-proteins present fascinating

challenges for future studies.
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Table 5-4.Fe-S stretching frequencies (djrand assignments for the [Sg** centers
assembled ii\. vinelandiilscU and NifU-1 and present A vinelandiiNifU

and human ferrochelatase.

Mode (D,) ® IscU NifU-1° Nifu*® Ferrochelatas
ed
B, 425 ~420 417 420
Ay 406 401 393 398
B, 367 364 356 365
A 353 349 342 350
By 328 320 314 320
B., 296 294 288 295

2Symmetry labels under idealiz&g, symmetry for a F&,°S, unit, where Sand

S indicate bridging and terminal (cysteinyl) S, respectively. The predominantly
terminal B,/ and B, modes have not been assigned since they are generally not
observed with 488 nm excitation. These modes are expectiedlat fequencies
since they differ only in the phasing of the asymmetric Fs#r&tches on opposite
sides of the ES,° core and may contribute to the broad bands assigned tq'the A

mode.
*Taken from Yuvaniyama et &l.
“Taken from Fu et dP

9Taken from Crouse et &l.



Figure 5-1
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IscS-mediatedh vitro assembly of a [E&,]** cluster in IscU. UV-visible
absorption spectrum @f. vinelandiilscU before (lower spectrum) and

after 30 min of IscS-mediated cluster assembly (upper spectrum). Cluster
biosynthesis was initiated by addition of 4 mM L-cysteine to 28 uM IscU

in the presence of 0.4 uM IscS and 5 fdvhercaptoethanol under

strictly anaerobic conditions. The inset shows the time course monitored
at 460 nm for reactions carried out in the prese#dea(id absencel) of

IscU.
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Figure 5-2  Low-temperature resonance Raman spectfa winelandiilscU after
IscS-mediated cluster assembly. The sample was prepared as described in
Figure 1 with the reaction allowed to proceed for 3 hr before anaerobic
centricon ultrafiltration to give a concentrated droplet, ~2 mM in
monomer in 100 mM Tris-HCI buffer, that was frozen on the cold finger
of a Displex unit at 18 K. The spectra were recorded using 488- and 457-
nm excitation with 70-mW of laser power at the sample. Each spectrum is
the sum of 40 scans, with each scan involving photon counting for 1 s at
1-cm* increments, with 6 cthresolution. Bands due to lattice modes of

the frozen buffer solution have been subtracted from both spectra.
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Figure 5-3  Denaturing polyacrylamide gel electrophoresis showing dibromobimane
cross-linking of IscU and IscS. Lane 1, mixture of IscU and IscS with no
added dibromobimane; Lane 2, purified IscS treated with dibromobimane;
Lane 3, purified IscU treated with dibromobimane; Lane 4, mixture of
IscU and IscS treated with dibromobimane. Lane M, molecular-weight
markers: bovine serum albumin (66,200), ovalbumin (45,000), carbonic
anhydrase (31,000), soybean trypsin inhibitor (21,500), lysozyme
(14,400). The top arrow indicates the position of the IscU-IscS cross-
linked heterodimer in Lane 4 and the lower arrow indicates the position of

the IscU cross-linked dimer in Lane 3.
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Abstract:

Iron-sulfur cluster biosynthesis in both prokaryotic and eukaryotic cells is known
to be mediated by two highly conserved proteins, termed IscS and IscU in prokaryotes.
The homodimeric IscS protein has been shown to be a cysteine desulfurase that catalyzes
the reductive conversion of cysteine to alanine and sulfide. In this work, the time course
of IscS-mediated Fe-S cluster assembly in IscU was monitored via anaerobic anion
exchange chromatography. The nature and properties of the clusters assembled in
discrete fractions were assessed via analytical studies together with absorption, resonance
Raman and Mdssbauer investigations. The results show sequential cluster assembly with
the initial IscU product containing one [2Fe-28luster per dimer converting first to a
form containing two [2Fe-28]clusters per dimer and finally to a form that contains one
[4Fe-4St cluster per dimer. Both the [2Fe-2Sind [4Fe-4S] clusters in IscU are
reductively labile and are degraded within minutes on being exposed to air. On the basis
of sequence considerations and spectroscopic studies, the [2Fek2Sgrs in IscU are
shown to have incomplete cysteinyl ligation. In addition, the resonance Raman spectrum
of the [4Fe-4ST cluster in IscU is best interpreted in terms of noncysteinyl ligation at a
unique Fe site. The ability to assemble both [2F&:28id [4Fe-43] clusters in IscU
supports the proposal that this ubiquitous protein provides a scaffold for IscS-mediated

assembly of clusters that are subsequently used for maturation of apo Fe-S proteins.
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INTRODUCTION

Iron-sulfur clusters are ubiquitous in nature and exhibit diverse functions which
include mediating electron transport, providing the active sites of redox and nonredox
enzymes, acting as sensors for regulatory processes, and generating organic radicals to
initiate radical reactionsl¢4). While the past two decades have witnessed a proliferation
of data concerning the structure-function relationships of Fe-S clusters, the detailed
mechanism of Fe-S cluster biosynthesis has remained elusive. Much of what is currently
known stems from investigations into the function of specific genes involved with
nitrogen fixation inAzotobacter vinelandiiTwo gene products, NifS and NifU, have
been extensively characterized and found to be essential for full activation and cluster

assembly in both nitrogenase component protéiisly.

On the basis of sequence homology withritiggenes that specifically target
nitrogenase Fe-S cluster biosynthesisisaifiron-sulfur cluster) gene cluster was
identified in a wide range of nitrogen-fixing and non-nitrogen fixing prokaryotes and
proposed to be responsible for general Fe-S cluster biosyntt@sisT(vo of the nine
isc genesjscSandiscU, encode for homodimeric proteins whose sequences are
homologous to NifS and NifU, respectively. Furthermore, in common with NifU and
NifS (11), the gene products IscU and IscS have been shown to produce a
heterotetrameric compled?). IscS was purified frorscherichia coliandA. vinelandii
and shown to be a pyridoxal phosphate-dependent L-cysteine desulfurase closely related
to NifS (13, 14. Recently X-ray crystal structures of two members of this general class
of enzyme have appearetb( 1§ and the active site structures are in good agreement
with previous mechanistic proposals involving an active-site cysteine persulfide
intermediate §). IscU corresponds to the N-terminal domain of NifU and contains three
conserved cysteine residues (€y€ys®, and Cy¥*°in A. vinelandiiandE. colilscU
(13)). In accord with the notion that Fe-S clusters are among the most ancient types of

prosthetic group, the Isc proteins, in general, and IscU and IscS, in particular, have been
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widely conserved throughout evolution. Indeed, IscU is widely considered to be one of
the most conserved protein sequences in natjefloreover, in the past two years,
proteins homologous to the prokaryascSandiscU gene products have been shown to

be involved in Fe-S cluster assembly in eukaryotic organi$&1J), on the basis of

both biochemical and genetic evidence. Hence, understanding the function of the IscU
and IscS proteins in prokaryotes is likely to provide insight into iron homeostasis and Fe-
S cluster assembly in mitochondria, with potential relevance to iron-storage diseases and

the control of cellular iron uptake.

The absence of a permanent [2Fe-2S] cluster in IscU and the enhanced stability of
transient clusters assembled in IscU compared to the stability of those in NifU, make
IscU an attractive system for investigating further the putative role of this proteins as a
scaffold for Fe-S cluster biosynthesis. Support for this role has come from our recent
studies which demonstrated IscS-mediated assembly of one reductively labile [2Fe-2S]
cluster per dimer ir\. vinelandiilscU (12). In the work presented here, we report a
detailed investigation of the time course of IscS-mediated cluster assebly in
vinelandiilscU using preparative FPLC to separate fractions and the combination of
analytical, absorption, Mossbauer and resonance Raman studies to establish the number,

type, and properties of clusters in discrete fractions.
MATERIALS AND METHODS

A. vinelandiilscS and IscU were heterologously producel.inoli and purified
as previously describedZ, 13. IscS-mediated cluster assembly experiments, including
time-based separation of discrete fractions using a Pharmacia FPLC system and the
preparation of all spectroscopic samples, were carried out under rigorously anaerobic
conditions inside a Vacuum Atmospheres glovebox under an Ar atmosphere (< 1 ppm
0O,). Typical experiments involved initiating cluster biosynthesis by addition of 4 mM L-
cysteine to a reaction mixture containing 100-400 uM IscU in the presence of 0.5-5.0

UM IscS, a 5-fold excess of freshly prepared ferric ammonium citrate (relative to the IscU
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concentration) and 4 migtmercaptoethanol. The rate of cluster assembly was controlled
by varying the IscU:IscS ratio, antFe-enriched ferric ammonium citrate (>95%
enrichment) was used whenever Méssbauer samples were to be prepared. At selected
time intervals, samples were loaded onto a an 8 mL mono-Q column (Pharmacia) and
eluted with a shallow 0.1 to 0.4 M NaCl gradient. Individual fractions were concentrated
and desalted via ultrafiltration prior to spectroscopic studies. All spectroscopic and
cluster assembly studies were carried out in 50 mM Tris-HCI buffer, (pH 7.8).
Concentrations are based on IscU monomer (MW = 13,742 for the apoprotein) and were
assessed by protein determinations carried out after trichloroacetic acid precipitation and
redissolution using the BCA metho22j. Iron analyses were conducted colorimetrically

on dithionite-treated samples using the ferrous ion chetadoN-dipyridyl (g5, = 8.4
mM-tcnm?).

UV-visible absorption spectra were recorded under anaerobic conditions in
septum-sealed 1 mm and 1 cm cuvettes, using a Shimadzu 3101PC scanning
spectrophotometer fitted with a TCC-260 temperature controller. Resonance Raman
spectra were recorded on droplets of frozen protein solutions at 17 K using an
Instruments SA Ramanor U1000 scanning spectrometer fitted with a cooled RCA 31034
photomultiplier tube and lines from a Coherent Sabre 10-W argon ion laser. Mossbauer
spectra in the presence of weak and strong applied magnetic fields were recorded using
the previously described instrumentati@3)(and specific experimental conditions are
given in the figure legend. Analysis of the Mdssbauer data was performed with the

program WMOSS (WEB Research).
RESULTS

FPLC and UV-Visible Absorption Analysis of the Time Course of IscS-Mediated
Cluster Assembly in IscUOur previous studies on IscS-mediated cluster assembly in

IscU under strictly anaerobic conditions revealed the progressive development of a

[2Fe2St chromophore over a period of approximately 1 h. These experiments involved
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a reaction mixture comprising IscU with 0.5-8 equiv of ferric ammonium citrate, catalytic
amounts of IscS (70:1 IscU:IscS ratio), and ex@esercaptoethanol, and initiating the
reaction by addition of excess L-cysteine. On the basis of visible extinction coefficients
and Fe quantitation of EDTA-treated samples, it was concluded that one [ZFe-2S]
cluster was assembled per IscU dimer under these conditions. However, monitoring
cluster assembly in IscU by UV-visible absorption over longer time periods was impeded
due to the concomitant formation of iron sulfides. Consequently a more detailed
investigation of the time course of cluster assembly in IscU was undertaken using
anaerobic FPLC with a mono-Q column and a 0.1 to 0.4 M NaCl gradient to separate
fractions contained in samples taken from the reaction mixture at discrete time intervals.
Mono-Q columns are capable of separating fractions with small conformation differences
and have been shown to be effective in separating fractions of specific Fe-S proteins that
differ in terms of cluster type or stoichiometB4). The results of two sets of FPLC
experiments in which protein absorbance at 280 nm was monitored at selected times

during IscS-mediated cluster assembly in IscU are shown in Figure 1.

In the first FPLC experiment (Figure 1A), the IscU/IscS ratio was increased to
460:1 to slow the reaction and thereby afford temporal resolution of IscU species that
cannot be observed in 1:1 mixtures. The level of the IscU apoprotein (fraction 1) that
dominates prior to L-cysteine addition (O h) progressively decreases as the reaction
proceeds with a concomitant increase in the level of fraction 2 (2.5 h). No apoprotein is
observed after 6.5 h, but a new fraction (fraction 3) starts to appear and is the dominant
form of IscU after 7.5h. Iron and protein analyses indicated 1.2 and 1.9 Fe
molecules/IscU monomer, for fractions 2 and 3, respectively. These values are likely to
be an overestimate for fraction 2 and an underestimate for fraction 3 due to the difficulty
in obtaining baseline separation of fractions 2 and 3. The UV-visible absorption spectra of
fractions 2 and 3 are both characteristic of [2F&*2%Inters (Figure 2), with the former

corresponding to that reported previously for IscU samples containing one [ZFFe-2S]
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cluster per IscU dimerl@). In accord with the Fe analyses, comparison of the visible
extinction coefficientsg;s = 5.8 mM*cm* and 9.2 mNMcmi* for fractions 2 and 3,
respectively) and th&,;4/A,q, ratios (0.31 and 0.44 for fractions 2 and 3, respectively)
with well-characterized [2Fe-2%]jcontaining proteins25) (after correction of the 280
nm absorbance for the one W and four Y residues per IscU monomer), shows that
fractions 2 and 3 as containing one and two [2Fé:28jsters per IscU dimer,

respectively.

Because our previous studies showed that IscU samples containing one [2Fe-
2SF* cluster per IscU dimer were stable to EDTA treatm#8}, fractions 2 and 3 were
combined, treated with a 20-fold excess of EDTA for 10 min, and repurified by FPLC.
The resulting sample contained only fraction 2 (Figure 1A), thereby providing
homogeneous samples of IscU containing one [2F&-2@kter per dimer for
spectroscopic investigations. The absorption spectrum of the EDTA-treated sample
(Figure 2) has agy., of 4.6 mM'cmi* and anmA,,/A,g, of 0.27, in good agreement with
our previous results1@). We conclude that forms of IscU with two [2Fe-2SJusters

per dimer can be prepared, but that one cluster is readily removed by Fe chelators.

In the second FPLC experiment (Figure 1B), the IscU:IscS ratio was decreased
from 460:1 to 28:1. Under these conditions, IscU containing two [2F&-@G§ters per
dimer (fraction 3) is the dominant species after 2.5 h. However, over the next 10 h, the
level of this fraction decreases with a concomitant increase in the level of a new fraction
(fraction 4). The UV-visible absorption spectrum of fraction 4 (Figure 2) comprises a
broad absorption centered at ~390 nm and is characteristic of a [fFeldSEr 25).

Iron and protein analyses for fraction 4 revealed 1.9 Fe molecules/IscU monomer.
Moreover, the visible extinction coefficient,{, = 7.4 mM'cm™) and theA,,/A,g, ratio
(0.34), when compared to those of well-characterized [4F&-d&jtaining proteins26,

27) after correction for the number of 280-nm-absorbing W and Y residues in IscU, are

indicative of one [4Fe-48]cluster per IscU dimer. Subsequent FPLC experiments with a
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1:1 IscU:lIscS ratio showed that the IscS-mediated cluster assembly reaction proceeds

rapidly to yield only the [4Fe-48}containing fraction in less than 1 h.

UV-visible absorption studies showed that the Fe-S chromophores present in
IscU fractions 2, 3 and 4 were irreversibly and completely degraded within minutes after
exposure to air or immediately upon anaerobic addition of a 10-fold excess of dithionite.
Moreover, EPR spectra of samples frozen within 2 s of dithionite addition did not reveal
any resonances indicative of paramagnetic [2Fé-@9UFe-4S] clusters. Consequently,
resonance Raman and Mdssbauer studies were carried out to confirm cluster type and

assess cluster ligation.

Resonance Raman Characterization of [2FeZ28knters Assembled in IscU
The resonance Raman spectra of fractions 2 and 3 in the Fe-S stretching region (Figure
3) are identical within experimental error and indicative of [2Fé:28hters. Hence the
two [2Fe-2S]" clusters in fraction 3 and the single [2Fe228luster in fraction 2 must
all have very similar environments. The spectra are in good agreement with those
previously reported and assigned for [2Fe228pntaining IscU using 457-nm excitation
(12). The only significant differences compared to previously published spectra are
decreased intensity, improved resolution, and 3-downshifts for the bands in the 340-
370 nm region. Since the IscU samples in these initial resonance Raman studies were
used without chromatographic separation of discrete fractions, these differences are
readily interpreted in terms of contributions from the [4Fe~4&)ntaining form of IscU

(fraction 4).

As previously noted1(2), the resonance Raman characteristics of the [2F&-2S]
center in IscU can be interpreted in terms of either complete cysteinyl ligation or partial
noncysteinyl ligation. However, since the results presented herein show that two [2Fe-
2SF* clusters can be assembled per IscU dimer and each subunit contains only three
cysteine residues, each cluster can maximally have three cysteine ligands. The frequencies

of theAj andB,, predominantly Fe-S(Cys) stretching modes of biological [2Fé&-2S]
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clusters generally provide an indication of cluster ligats).(For the [2Fe-29] cluster

in IscU, these bands occur at anomalously high frequencies (356 and 296 cm
respectively) compared to those of the all-cysteine-ligated [2F&-@&§ters in

ferredoxins (281-291 and 326-340 tmespectively), but within the ranges established

for [2Fe-2S}" clusters with one serinate ligand introduced via site-directed mutagenesis
(332-356 crit and 289-302 cih respectively) Z8). Currently, the only known exception

is the all-cysteinyl-ligated [2Fe-28]cluster in human ferrochelatase which hasAhe

andB, Fe-S(Cys) stretching modes at 350 and 295, caspectivelyZ8). In this case,

the recent X-ray crystal structure indicates that the anomalous high frequencies of these
modes are a consequence of dramatic differences in hydrogen-bonding interactions and
cysteinyl Fe-SC,;-C, dihedral angles compared to those of ferredo@s The

resonance Raman data provide only limited information about the number or nature of
the noncysteinyl [2Fe-2S] cluster ligands in IscU. However, the Raman spectra argue
against ligation by the side-chains of a histidyl and tyrosyl residues. On the basis of
studies studies of a Rieske proted@)( histidyl ligation would be expected to decrease
Fe-S(Cys) stretching frequencies due to the larger effective mass of the imidazole ring
and the characteristic Fetyrosinate vibrational mode81) are not observed. Water/OH

, serinate, aspartate, and glutamate are the best candidates for oxygenic ligation, although

nitrogenic ligation from lysine or the N-terminal amino group cannot be ruled out.

Mossbauer Characterization of the [2Fe-2STenters Assembled in IscU.
Direct evidence for at least partial noncysteinyl ligation at one of the Fe sites of the
[2Fe-2St clusters in IscU was provided by Méssbauer spectroscopy. Parts A and B of
Figure 4 show the 4.2 K Modssbauer spectra recorded in the presence of a weak magnetic
field of 50 mT for samples of IscS-reconstituted IscU corresponding to fractions 2 and 3,
respectively. The fraction 2 sample corresponds to the EDTA-treated sample described
above and characterized by FPLC and absorption in Figures 1 and 2, respectively. The

fraction 3 sample contained some unresolved fraction 2 and FPLC analysis of the



185

concentrated sample used for Méssbauer analysis indicated ~60% of the two [2Fe-2S]
clusters per dimer form (fraction 3), ~30% of the one [2Fé:2%]ster per dimer form
(fraction 2), and ~10% of the one [4Fe-#SJuster per dimer form (fraction 4). The

latter presumably formed during the concentration step. The Mdssbauer spectra of both

samples are very similar and comprise two partially resolved quadrupole doublets.

The spectrum of fraction 2 (Figure 4A) can be least-squares fitted with two
guadrupole doublets of equal intensity, indicating the presence of two iron sites with
equal concentration but different coordination environments. The results of the fits are
plotted as a solid line overlaid with the experimental spectrum (Figure 4A). The
parameters obtained for both Fe sites (Table 1) are typical for high-spin ferric ions. The
smaller isomer shift, 0.26 mm/s, determined for site 1 is indicative of tetrahedral sulfur
coordination 82), while the larger isomer shift, 0.32 mm/s, obtained for site 2 suggests
the presence of non-sulfur ligan@S). The fact that these two high-spin ferric sites
exhibit quadrupole-doublet spectra at 4.2 K suggests that either they are associated with
an integer-spin system or their electronic relaxations are fast in comparison witfethe
nuclear Larmor precession. The latter is rare for high-spin ferric ions at 4.2 K. To
distinguish these two situations, we have recorded the spectrum of the fraction 2 at 4.2 K
in a parallel applied field of 4 T (Figure 4D). The solid line plotted over the experimental
spectrum is a theoretical simulation using the parameters determined for the two doublets
and assuming diamagnetism. The agreement between the simulation and experiment
indicates that the two iron sites are indeed associated with a diamagnetic system. For the
all-ferric Fe-S clusters, diamagnetism is unique to the [2F&-2Bkter, of which the
two ferric ions are antiferromagnetically coupled to form a diamagnetic ground state
(34). Consequently, the Mossbauer data presented above confirm that the EDTA-treated
IscU sample contains only [2Fe-2Stlusters and indicate the presence of noncysteinyl
ligation at one of the iron sites. The only crystallographically defined biological [2Fe-

2SF* center with noncysteinyl ligation that has been characterized by Méssbauer



186

spectroscopy is the Rieske protein which has two histidyl ligands on one RR8s&8)(

Within experimental uncertainties, the Mossbauer parameters obtained for the [2Fe-2S]
cluster in IscU are identical to those of the [2Fe?28{ister of the Rieske protei@3).

However, the Mossbauer parameters for the noncysteinyl ligated site are not expected to
be sensitive to O or N ligation. Hence, although the resonance Raman data and the lack
of two conserved histidine residues in Isd3)(argue strongly against a histidyl-ligated
Rieske-type center, the Méssbauer data dictate one or two noncysteinyl ligands at one Fe

site of the [2Fe-29] cluster in IscU.

Comparison of panels A and B of Figure 4 shows that the Mdssbauer spectra of
the forms of IscU with one and two [2Fe-2Sjlusters per dimer are the same within
experimental error. The only significant difference in the Méssbauer spectra of these
samples is a shoulder at ~ 1 mm/s in the predominantly fraction 3 sample (Figure 4B).
The position of this shoulder coincides with that of the high-energy line of the [4Fe-4S]
cluster that is present in fraction 4 (Figure 4C, see below). Therefore, in accord with the
FPLC data, analysis of the Mdssbauer spectrum indicates that approximately 10% of the
iron absorption can be attributed to a [4Fe?48ister that must have formed during
concentration of the sample. The dashed line plotted in Figure 4B is the spectrum of the
[4Fe-4S¥ cluster in fraction 4 normalized to 10% absorption of the experimental
spectrum. Removal of this contribution of the [4Fe248lister from the raw data
yielded a spectrum that can be fitted with two quadrupole doublets of equal intensity.
Within experimental errors, the parameters obtained from the fit (listed in Table 1) are
identical to those of the [2Fe-ZStluster in fraction 2. The solid line plotted over
spectrum B is generated by addition of the [4F&“4§Jectrum (10%) to the least-
squares fit of the [2Fe-28]spectrum.

Resonance Raman Characterization of the [4F&4Ggnter Assembled in IscU

Both resonance Raman and Mdssbauer studies confirm the characterization of fraction 4

as a homogeneous [4Fe-#Sjontaining form of IscU. The resonance Raman spectrum
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(Figure 3) is uniquely indicative of a [4Fe-4S3enter 86) and is dominated by the

totally symmetric breathing mode of the [4Fe-4S] core at 348 8ince the resonance
enhancement of the Fe-S stretching modes in the Raman spectra of [ZFe=8]s is
approximately 5-fold greater than for [4Fe-#SJusters with 457-nm excitatioB€), the
absence of bands indicative of the [2Fe22&&nters in IscU, shows that fraction 4 is a
homogeneous [4Fe-4S]containing form of IscU. Moreover, all the observed bands can
be rationally assigned by direct analogy with the detailed vibrational assignments that
have been made for model complexes and ferredoxins on the basis of extensive isotope
shift data and normal mode calculatioB§,(37). The frequency of the totally symmetric
breathing mode of the [4Fe-4S] core has been found to be a useful indicator of
coordination by a noncysteinyl ligand at a unique Fe site of a [4F&elSiter 27, 39.

The currently observed ranges are 333-339 funcomplete cysteinyl ligation and 340-
343 cm' for clusters with OH serinate, or aspartate ligation at a unique FeZile By

this criterion, the single [4Fe-45kluster in IscU is likely to have noncysteinyl ligation at
one Fe site, and therefore could be located exclusively within one subunit or bridging

subunits using ligands from both subunits.

Mossbauer Characterization of the [4Fe-&#STenter Assembled in IscThe
Mossbauer spectrum of fraction 4 recorded at 4.2 K in a parallel magnetic field of 50 mT
exhibits a slightly asymmetric quadrupole doublet (Figure 4C). The solid line plotted
over the data is the result of a least-squares fit to the data assuming two unresolved
guadrupole doublets of equal intensity. The parameters obtained are listed in Table 1 and
are typical for [4Fe-43] clusters 84, 39, 40). Studies of [4Fe-48]model compounds
with tetrahedral coordinate Fe sites having mixed terminal ligands (thiophenolate and/or
phenolate) indicate that the Mdssbauer parameters are relatively insensitive to the nature
of the ligand type41). Figure 4E shows a spectrum of this sample recorded at 4.2 K in a
parallel field of 4 T. The solid line plotted over the experimental spectrum is a theoretical

simulation using the parameters obtained from the least-squares fit of the weak-field
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spectrum and assuming diamagnetism. The agreement between the experiment and
simulation indicates that the cluster has a diamagnetic ground state as expected for a

[4Fe-4St" cluster.
DISCUSSION

Our working hypothesis for Fe-S cluster biosynthesis is that the IscU protein
provides a scaffold for IscS-directed assembly of clusters that can be inserted intact into
apo forms of Fe-S cluster-containing proteins, possibly via other associated carrier
proteins {1, 12. While intact cluster transfer from IscU has yet to be demonstrated, this
hypothesis is further supported by thditgtof IscU to accommodate both [2Fe-Z5]
and [4Fe-43] clusters as evidenced by the UV-visible absorption, resonance Raman, and
Mossbauer studies presented herein. Moreover, it is clear that IscS-mediated cluster
assembly in IscU proceeds in sequential steps involving well-defined forms of IscU
containing one [2Fe-28]cluster per dimer, two [2Fe-2Sklusters per dimer, and one
[4Fe-4St cluster per dimer. The rates at which these individual species appear are
critically dependent on the IscU:IscS ratio, and the reaction proceeds rapidly to yield the
[4Fe-4St cluster form in less than 1 h when a 1:1 IscU:lscS ratio is used. IscU and IscS
have been shown to form a 1:1 compl&®)( However, it is clearly premature to draw
any conclusions concerning which of the cluster-containing forms of IscU that can be

producedn vitro, are physiologically relevant.

The [2Fe-2S7 clusters in both the one- and two- [2Fe®2&iister-containing
forms of IscU have been shown by the combination of UV-visible absorption, resonance
Raman, and Méssbauer spectroscopies to have very similar protein environments with at
least one and possibly two oxygen (nontyrosyl) or nitrogen (nonhistidyl) ligands at one Fe
site. Since IscU has three conserved cysteine residues, each subunit can therefore
accommodate one [2Fe-2S¢luster. However, the possibility that both [2Fe?2S]
clusters bridge subunits cannot be excluded at this stage, and the observation that one of

the two [2Fe-2S] clusters is selectively removed by EDTA treatment clearly merits
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further investigation. The ligation and subunit location of the [4Fé4fister in IscU

are less well defined. The resonance Raman properties are best interpreted in terms of
three cysteinyl ligands and one oxygenic ligand, but the possibility of complete cysteinyl
ligation with anomalous Fe-S vibrational frequencies resulting from differences in H-
bonding and/or Fe-8C;-C, dihedral angles compared to those of other biological [4Fe-
4SF* centers, cannot be ruled out. In either case, the single [4Fec#tSter in IscU

could be located within one subunit or bridging between subunits.

The results also offer some insight into the mechanism of assembly of a [4Fe-4S]
cluster in IscU. The conversion of the form of IscU containing two [2F&-2Bkters
per dimer to the form containing one [4Fe4S]uster per dimer occurs in the absence
of apoprotein and without an increase in the level of the apoprotein fraction (fraction 1)
or the one- [2Fe-28Lluster-containing fraction (fraction 2). Furthermore, it is not
accompanied by the appearance of an IscU fraction containing one [ZFes&5pne
[4Fe-4St cluster or two [4Fe-48] clusters. These observations argue against
mechanisms for [4Fe-43]cluster assembly involving degradation of [2Fe228lsters
and reassembly of a [4Fe-4Sjluster in apo IscU or building onto individual [2Fe-2S]
clusters. Rather, the data are most consistent with a concerted [4Fe-4S] cluster assembly
process with reductive conversion of two [2Fe228lusters to one [4Fe-45cluster.
Reductive coupling of two [2Fe-23klusters has long been known to be a viable
approach for synthesizing [4Fe-4Sjlusters in aprotic medi@®). The work presented
here provides the first evidence that this type of chemistry might be used in a general
pathway of [4Fe-43] cluster biosynthesis.
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Table 6-4 Mossbauer parameters at 4.2 K for the Fe-S clusters assembled in IscU
cluster 0 4E,
sample type fe site (mm/s) (mm/s) n

fraction 22 [2Fe-2ST 1 0.26 +0.03 0.64 +0.05 1.0
2 0.32 £ 0.03 0.91 +0.05 0.7

fractions 2 & 3  [2Fe-2Sf" 1 0.27 +0.02 0.66 + 0.04 1.0
2 0.32 £ 0.02 0.94 +0.04 0.7

fraction 4 [4Fe-43] pair I 0.44 £ 0.02 0.98 £ 0.04 0.3
pair Z 0.45 +£0.02 1.23+0.04 0.7

& Homogeneous fraction 2 prepared by EDTA treatment of a combined sample of

fractions 2 and 3 described in the text

® On the basis of FPLC and M&ssbauer analysis of this sample fractions 3, 2, and 4

contribute 71, 18, and 11% to the total MOssbauer absorption, respectively. See the

text for further details.

¢ [4Fe-4S¥ clusters may be considered to comprise of two valence-delocalized

Fe(Il)Fe(lll) pairs.
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Anaerobic FPLC analysis of the reaction mixture during IscS-mediated
cluster assembly in IscU. Samples taken at selected time intervals after
addition of 4 mM L-cysteine to the reaction mixture were loaded on a
mono-Q column, eluted with a 0.1-0.4 M NacCl gradient and monitored by
absorption at 280 nm. Each trace is aligned in a stack plot based on the
conductivity of the eluting fraction. A. Reaction mixture: 370 uM IscU,
0.8 uM IscS, 1.85 mM ferric ammonium citrate and 4 mM
B-mercaptoethanol. Conductivity range:156-193 mM NaCl. The trace
labeled EDTA-treated corresponds to a sample in which fractions 2 and 3
were combined and treated with a 20-fold excess of EDTA for 10 min
before being reloaded on to the column. B. Reaction mixture: 140 pM
IscU, 5.0 uM IscS, 0.7 mM ferric ammonium citrate and 4 faM

mercaptoethanol. Conductivity range: 131-350 mM NacCl.
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FIGURE6-2  UV-visible absorption spectra of Fe-S cluster-containing IscU samples.
Upper panel fraction 2 (dash line); fraction 3 (thick line); EDTA-treated

(thin line). Lower panel Fraction 4. The samples used are defined in

Figure 1.
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FIGURE6-3
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Low-temperature resonance Raman spectra of Fe-S cluster-containing
IscU samples. The samples corresponding to fractions 2, 3, and 4 are
defined in Figure 1 and were concentrated to ~ 2 mM in IscU monomer
prior to freezing a 10 pl droplet on the cold finger of a Displex unit at 17
K. The spectra were recorded using 457-nm excitation with 100-mW of
laser power at the sample. Each spectrum is the sum of 100 scans, with
each scan involving photon counting for 1 s at 1téncrements, with 6

cm* resolution. Bands due to lattice modes of the frozen buffer solution

have been subtracted from all spectra.
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FIGURE 6-4
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Mossbauer spectra of Fe-S cluster-containing IscU samples: EDTA-
treated (A and D), non-EDTA-treated (B), and fraction 4 (C and E). The
spectra were recorded at 4.2 K in a field of 50 mT (A, B,and C)or4 T
(D and E) applied parallel to tlrebeam. The dash line in B is spectrum C
normalized to 10% of the total absorption area of spectrum B. The solid
lines are either least-squares fits or theoretical simulations that have been

described in text.
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Chapter VII
Conclusions and Future Work:

The papers presented herein provide evidence that two proteins, NifU and IscU,
are capable of assembling Fe-S clusters with properties that separate them from hitherto
characterized clusters. The properties of oxidative and reductive lability, as well as the
propensity of the [E&,]?* clusters to reductively couple, forming [Bg % clusters, are
consistent with clusters which are built not for the purpose of serving in redox or catalytic
roles, but to be transferrelth vivo evidence which supports tirevitro cluster assembly
findings was presented for D37A NifU-1, where a,BE" cluster is present in the as-
purified protein. NifEN was shown to be @32 heterotetramer which contains two,
subunit bridging, [F£5,] *** clusters per heterotetramer.

Both IscU and NifU are capable of serving as scaffolds for the assembly of
transient cluster, and future experiments must assess the physiological significance of this
ability. The transfer of an intact cluster from IscU or NifU and into another protein is of
utmost importance in this regard. It has long been known that model Fe-S clusters can
undergo ligand substitution reactions in which stoichiometric loss of one ligand occurs
concomitant to the gain of another ligand (70). Axtgct cluster transfer between IscU
and another protein must involve a similar mechanism. The fact that I1sg&]] [Elaster is
released reductively, taken together with the mechanistic requirement for the substitution
of IscU cysteines with those of an apoprotein, lead to the prospect of reduction mediated,
ligand exchange as the mechanism of iron-sulfur cluster transfer. If such a process occurs,
the noncysteinyl IscU cluster ligands identified in chapter V are surely significant, and
would tend to have a decreased affinity towards ferrous, as opposed to ferric iron. Indeed,
Lippard has synthesized a bridged di-iron complex, albeit without sulfur ligands, in which
the p-oxo bridges fall apart upon reduction (140). A reversible, reduction baded, 12

translocation of iron from a site with oxygenic ligands to a site with softer nitrogen ligands

204
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has also been characterized (141) Assessing whether a cluster is transferred intact, or as
the result of breakdown of the cluster into its components followed by reassembly into an
apoprotein (142), Wbe a daunting task. Attempts will be made to fully load IscU and

NifU with isotopically labeled iron-sulfur clusters, and then to transfer clusters in a
solution with excess, natural abundance iron. This process can be monitored by using
radioactive’Fe, or by using’Fe in conjunction with Méssbauer. Creating and
characterizing an Fe-S cluster bound formvibddtype NifU, has yet to be achieved and is

a necessary step if NifU is to be used as a cluster done. Méssbauer studies of a cluster-
bound form of NifU are now underway.

Whole-cell MGssbauer studies of overexpressed IscU or NifU may also provide
insight into physiological intermediates and will be pursued. The structures, obtained
either by crystallography or NMR are also fundamental to understanding these proteins,
and will be the focus of future study. The development of a kinetic assay of cluster
assembly upon IscU, should provide valuable insight into the mechanism of the reactions
of iron, cysteine, IscU, and IscS. Finally, the mutation of conserved amino acids, an
integral part of any structure function study, began with the D37A mutant described in
chapter Ill, and must continue.

Although NifU and IscU are both involved in the process of Fe-S cluster assembly
and share considerable homology, these proteins may not function in exactly the same
way. InA. vinelandij NifU is responsible for the assembly of the higher nuclearity P-
cluster and [F£5,]>"* cluster of the nitrogenase component proteins(113;129)is€he
genes in contrast, have been shown to aid in the formation SJFé" clusters in a
number of different ferredoxins(143;144), and can also aid in the formation of the higher
nuclearity nitrogenase clusters (111;115). Furthermore, NifU and NifU-1 can bind Fe(lll)
in a stable, rubredoxin-like environment at low temperatures, whilst IscU cannot.
Mossbauer studies of the Fe-S cluster(s) formed upon NifU should provide valuable

insight into the nature and ligands of the clusters formed upon NifU.
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After IscS and IscU, there remain four genes that are irs¢lmperon which do
not have obvious homology to characterized proteins or a known function. The genes
products obrfl, orf2, orf3, andiscAremain to be characterized, and will provide a
fascinating area of study. Orf2 has a DNA binding motif, and enough cysteines to
assemble a regulatory Fe-S cluster, as with the iron-regulator proteins (31;145). In future
publications, this gene will be referred tolssR to denote its involvement in the
regulatory process. Assessing the role of the putative iron-sulfur cluster in the regulatory
process will be an active area of research.

Further studies with NifEN will parallel those presented for IscU and NifU, by
trapping and characterizing FeMoCofactor assembly intermediates upon NifEN. Unlike
theisc proteins, which can assemble clusters into a variety of apoproteins, NifEN has only
one, very specific task- to aid in the maturation, and perhaps insertion, of the nitrogenase
FeMo cofactor. The parallels and differences in the specific and non-specific Fe-S cluster
assembly proteins will provide an interesting area of research.

References foconclusions and futurework are on pages 12-25.



