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Dihydroxyacid dehydratase (DHAD) is the third enzyme
required for branched-chain amino acid biosynthesis in bacte-
ria, fungi, and plants. DHAD enzymes contain two distinct types
of active-site Fe—S clusters. The best characterized examples are
Escherichia coli DHAD, which contains an oxygen-labile [Fe,S,]
cluster, and spinach DHAD, which contains an oxygen-resistant
[Fe,S,] cluster. Although the Fe-S cluster is crucial for DHAD
function, little is known about the cluster-coordination envi-
ronment or the mechanism of catalysis and cluster biogenesis.
Here, using the combination of UV-visible absorption and cir-
cular dichroism and resonance Raman and electron paramag-
netic resonance, we spectroscopically characterized the Fe-S
center in DHAD from Arabidopsis thaliana (At). Our results
indicated that AtfDHAD can accommodate [Fe,S,] and [Fe,S,]
clusters. However, only the [Fe,S,] cluster—bound form is cata-
lytically active. We found that the [Fe,S,] cluster is coordinated
by atleast one non-cysteinyl ligand, which can be replaced by the
thiol group(s) of dithiothreitol. Inz vitro cluster transfer and recon-
stitution reactions revealed that [Fe,S,] cluster— containing NFU2
protein is likely the physiological cluster donor for in vivo matura-
tion of AtfDHAD. In summary, Af{DHAD binds either one [Fe,S,] or
one [Fe,S,] cluster, with only the latter being catalytically compe-
tent and capable of substrate and product binding, and NFU2
appears to be the physiological [Fe,S,] cluster donor for DHAD
maturation. This work represents the first in vitro characterization
of recombinant AfDHAD, providing new insights into the proper-
ties, biogenesis, and catalytic role of the active-site Fe—S center ina
plant DHAD.

Biosynthesis of branched-chain amino acids (BCAAs),*
namely leucine, isoleucine, and valine, is of particular research
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interest, not only because they are among the essential amino
acids required by mammals, but also because the enzymes
along their biosynthetic pathways are crucial in fermentative
production of important industrial products (1). Dihydroxyacid
dehydratase (DHAD, EC 4.2.1.9) catalyzes the third step of the
BCAA biosynthesis, i.e. dehydration and tautomerization of
2,3-dihydroxyisovalerate and 2,3-dihydroxy-3-methylvalerate
to the corresponding 2-keto acids, and an active-site Fe—S clus-
ter has been shown to play a central role in catalysis (2—4).

DHADs have been identified in bacteria, archaea, fungi, and
plants (2, 3, 5, 6) and are best characterized in Escherichia coli
and spinach (Spinacia oleracea). As-isolated E. coli DHAD con-
tains a [Fe,S,]*" cluster that is probably coordinated by a non-
cysteinate ligand at a specific iron site, as indicated by reso-
nance Raman (RR) spectroscopy (3). As is the case for other
Fe—S cluster—containing (de)hydratases, such as aconitase
(7-9), the [Fe,S,]*" cluster in E. coli DHAD is readily degraded,
particularly in the presence of O, or reactive oxygen species
(ROS). As a result, even when purified under anaerobic condi-
tions, the enzyme contained traces of cubane and linear
[Fe,S,]' " cluster species, which correspond to the initial O,-in-
duced degradation products of the [Fe,S,] cluster (3). DHAD
activity loss resulting from O,-induced [Fe,S,] cluster degrada-
tion has been studied both in vivo and in vitro (4, 10). Moreover,
the NO-induced cluster degradation of bacterial DHADs has
been implicated in the mammalian immune response against
pathogens (11-13). In contrast, DHAD as-isolated from spin-
ach has been shown to accommodate a [Fe,S,]*" cluster, which
is rare among the large family of Fe-S cluster—containing
(de)hydratases (2). Dithionite-reduced spinach DHAD con-
taining a [Fe,S,]' " cluster was found to have 15-20% of the
oxidized enzyme activity and exhibited EPR signals that
undergo significant changes on binding substrate or product. In
contrast to the [Fe,S,]*>" center in E. coli DHAD, the [Fe,S,]*"
cluster in spinach DHAD is stable in the presence of O,. The
mechanism of the O, resistance has yet to be determined,
but it is suspected to be associated, at least in part, with the
intrinsic oxygen stability of the all ferric [Fe,S,]*" clusters
compared with oxidized forms of the mixed-valence [Fe,S,]*"
clusters (10).

The catalytic mechanisms of DHADs are not yet fully under-
stood, but have been shown to involve an enol intermediate
with loss of a proton on the a-carbon during the tautomeriza-
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Figure 1. Postulated catalytic mechanisms for E. coli DHAD (A) and spinach DHAD (B). In both mechanisms, DHAD is depicted as binding to a unique iron
site of the cluster solely by the 3-hydroxyl group of the substrate. However, the possibility that the substrate carboxyl and/or 2-hydroxyl groups are also bound

to the cluster cannot be excluded. Adapted from reference (18).

tion process (14). The substrate specificity and stereochemistry
of DHADs have been studied in various organisms. It appears
that both hydroxyl groups and the R-configuration at the «-car-
bon are required for the binding and recognition of the sub-
strate, whereas configuration at the B-carbon is less important
(15-17). The configuration of the 3-carbon was retained after
turnover, i.e. the hydrogen was added on the same side where
the hydroxyl group was removed, implying that the enol inter-
mediate was not released until the tautomerization was com-
pleted (14). Based on spectroscopic data and substrate specific-
ity studies, it is postulated that the Fe—S cluster acts as a Lewis
acid to activate the 3-hydroxy group of the substrate during the
catalytic cycle (2, 16). The proposed mechanisms for both the
[Fe,S,] and [Fe,S,] cluster—bound enzymes are depicted in Fig.
1(18).

Thus far, studies on DHADs have been focused on the enzy-
mology perspective, whereas little is known concerning active-
site maturation and mechanisms of activation/inactivation.
Over the last 2 decades, a number of highly conserved biosyn-
thetic machineries dedicated to the biogenesis of Fe—S clusters
have been discovered (19, 20). In vivo maturation of Fe—S pro-
teins involves sulfur removal from cysteine by cysteine desul-
furase, specific sulfur and iron delivery to the scaffold proteins,
cluster assembly on the scaffold proteins, and intact cluster
transfer to target enzymes either directly or via intermediate
cluster carrier proteins (19, 20). However, the immediate clus-
ter donor for [Fe,S,] or [Fe,S,] cluster— containing DHADs has
yet to be determined. Insight into the mechanism of inactiva-
tion/activation of [Fe,S,] DHADs came from the observation
that the loss in DHAD activity observed when E. coli cells are
exposed to hyperbaric O, levels is restored upon incubation in
ambient air, without elevated protein expression levels (4). Sub-
sequent in vitro reconstitution of inactive DHAD using E. coli
crude cell extract identified four proteins that were involved in
activation of DHAD, including IscS, a cysteine desulfurase, and
three other enzymes involved in the cysteine metabolism path-
way (21, 22). Other proteins that may be involved in the activa-
tion or maturation of E. coli DHAD are IscA and SufA, potential
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iron or Fe-S cluster carrier proteins (23-26) that have been
shown to be required for bacterial [Fe,S,] cluster biogenesis
under oxidative stress conditions (27). By incubating apo E. coli
DHAD with iron-loaded E. coli IscA/SufA in the presence of
IscS and cysteine, Ding and co-workers (27) successfully
restored DHAD activity. Moreover, Lill and co-workers (28)
have performed in vivo studies to show that yeast (Saccharomy-
ces cerevisiae) Isal/Isa2, homologs of bacterial IscAs, are essen-
tial for the maturation of [Fe,S,]>* centers in mitochondrial
proteins but are not required for the maturation of DHAD.
Based on this observation and phylogenetic analyses, it was pro-
posed that yeast DHAD contains a [Fe,S,] cluster, as is the case
in plant enzymes (28).

In plants, BCAAs are synthesized in plastids (29, 30). Conse-
quently, it is highly likely that plant DHADs are also located in
plastids. Numerous proteins have been implicated in the bio-
genesis of Fe—S clusters in plastids, which utilize the SUF (sulfur
utilization factors) machinery, including SUFBCD, SUFAI,
SUFS, and SUFE, in addition to other proteins such as three
NFU proteins (NFU1, NFU2, and NFU3), two monothiol glu-
taredoxins (GRXS14 and GRXS16), and the high chlorophyll
fluorescence 101 (HCF101) protein (31, 32). Among these pro-
teins, only NFU2 (33-36), GRXS14/S16 (37), and SUFAL (38,
39) have been shown to bind [Fe,S,] clusters and therefore
could potentially serve as Fe—S cluster donors for the matura-
tion of plant DHAD. In this work, we present a comprehensive
spectroscopic characterization of recombinant Arabidopsis
thaliana (At) DHAD expressed in E. coli and an in vitro char-
acterization of the immediate plastidial cluster donor for mat-
uration of apo-DHAD.

Results
Spectroscopic characterization of as-purified AtDHAD

DHAD purified from spinach leaves was reported to contain
stoichiometric [Fe,S,] clusters (2). Although A{DHAD heter-
ologously expressed in E. coli and purified under aerobic con-
ditions was found to exclusively contain [Fe,S,] clusters, the
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Figure 2. Room temperature UV-visible absorption and CD spectra of
AtDHAD, as-purified (black lines), dithionite-reduced (blue lines), and as-
purified after addition of DTT (red lines). All eand Aevalues were calculated
based on the concentration of DHAD monomer.

spectroscopic results discussed below and the iron and protein
analyses (0.64 *= 0.06 iron per protein monomer) indicate
sub-stoichiometric [Fe,S,] cluster content. Purification under
strictly anaerobic conditions did not significantly increase the
[Fe,S,] cluster content, indicating that the [Fe,S,] cluster is not
lost during aerobic purification. Hence, it is likely that the clus-
ter was not fully loaded by the E. coli host cells. In E. coli, mat-
uration of the [Fe,S,] cluster active site of DHAD probably
requires a distinct pathway for cluster assembly. Therefore,
E. coli may lack the specific cluster donor that is required for
effective clusterloading of A_(DHAD, yielding only sub-stoichio-
metric cluster-bound forms of the plant enzyme.

Both UV-visible absorption and CD spectroscopy of as-puri-
fied recombinant AtfDHAD indicate binding of a [Fe,S,]*"
cluster. The absorption spectrum is uniquely characteristic of a
[Fe,S,]*" center, with sulfur-to-Fe(III) charge transfer bands
centered at 320, 420, and 460 nm and a broad shoulder ~550
nm, with extinction coefficients of 6.6, 3.0, 2.9, and 1.0 mm "
cm™ ', respectively (Fig. 2). The extinction coefficients are
indicative of ~0.33 [Fe,S,]*" clusters per DHAD monomer
(36), in agreement with the iron and protein determinations
that indicate 0.32 * 0.03 [Fe,S,]*>" clusters per DHAD mono-
mer. The CD spectrum is dominated by positive—negative—
positive—negative—positive bands, centered at 320, 385, 467,
538, and 620 nm, respectively. Upon incubation with a 20-fold
excess DTT, both the absorption and CD spectra underwent
remarkable changes over the entire wavelength region. The
absorption spectrum became more intense and less well-re-
solved throughout the UV-visible region, and the CD spectrum
was completely different. These changes are not the result of

4424 | Biol. Chem. (2018) 293(12) 4422-4433
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Figure 3. X-band EPR spectra of reduced [Fe,S,]'* center in AtDHAD. All
spectra presented were recorded at 35 K using 9.60 GHz microwave fre-
quency, 6.4 G modulation amplitude, and a microwave power of 5 mW,
except that B used 1 mW microwave power. A, dithionite-reduced DHAD; B,
dithionite-reduced DHAD frozen immediately after addition of substrate;
C, sample (B) after incubation with substrate at room temperature for 30 min; D,
dithionite-reduced DHAD after incubating with DTT. The principal g-values cor-
responding to the major component(s) in each spectrum are indicated.

4000

cluster reduction, because dithionite reduction results in UV-
visible absorption/CD and EPR spectra characteristic of a
valence-localized S = 1/2 [Fe,S,]'" center (Figs. 2 and 3), and
the DTT-treated sample exhibits no EPR signal. Therefore, the
spectroscopic changes induced by DTT appear to result from
DTT binding to the [Fe,S,]*" cluster as a unidentate or biden-
tate thiolate ligand. In accord with this interpretation, the
absorption and CD spectra revert to those of the as-purified
[Fe,S,]*" cluster on extensive dialysis to remove excess DTT.
Further evidence for a [Fe,S,]*>" cluster that binds DTT in
AtDHAD was provided by RR studies in the Fe—S stretching
region (Fig. 4). RR spectroscopy provides information on the
vibrational properties and coordination environment of Fe—S
clusters and is sensitive to cluster ligation. The bands observed
for as-purified DHAD are readily assigned based on normal
mode calculations and **S/3*S isotope shift data for previously
characterized synthetic and biological [Fe,S,] centers (40 —42).
Two predominantly Fe—S(Cys) terminal stretching modes, Bj,
and A; have been shown to be particularly useful in identifying
non-cysteinyl ligands. As-purified AfDHAD exhibited these
two bands at 302 and 352 cm ™!, respectively, which are above
the ranges established for all-cysteinate coordinated [Fe,S,]*"
clusters (281-295 and 326 -340 cm ™', respectively), but are in
the range established for the clusters with an oxygenic ligand
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Figure 4. Low temperature (17 K) resonance Raman spectra of as-puri-
fied AtDHAD using 488-nm laser excitation line. A, as-purified DHAD; B,
as-purified DHAD after addition of substrate; C, as-purified DHAD incubated

with DTT. Bands resulting from the frozen buffer solution have been sub-
tracted from all spectra.

(289-302 and 332-356 cm ™', respectively) (36, 40, 42—46).
Moreover, the absence of bands below 280 cm ™! rules out the
possibility of partial histidyl cluster ligation. Addition of the
substrate did not significantly perturb the RR spectrum, sug-
gesting that bound substrate or product also binds via an oxy-
genicligand. In contrast, the presence of DTT significantly low-
ered the frequencies of the two bands to 292 and 332 cm ™',
respectively, which is consistent with [Fe,S,]*>" centers with
complete thiolate ligation. Therefore, the RR results indicate
that DTT replaces an oxygenic ligand at the substrate-binding
site of the [Fe,S,]*" cluster.

As-purified AtDHAD did not exhibit an EPR signal attribut-
able to a Fe—S cluster center, in accord with a S = 0 [Fe,S,]*"
center. However, on dithionite reduction to the valence-local-
ized [Fe,S,]" " reduced state, S = 1/2 resonances very similar to
those previously characterized for reduced spinach DHAD
were observed (Fig. 3) (2). Reduction of as-purified DHAD
resulted in a complex resonance resulting from two overlap-
ping S = 1/2 species (Fig. 34): a minor rhombic species with
g-values of 2.01, 1.92, and 1.82 (species I, g,, = 1.92) and a
dominant rhombic species with g-values of 2.04, 1.89, and 1.82
(species II, g,, = 1.92). These resonances can be separated by
microwave power and temperature dependence studies based
on differences in relaxation behavior. Compared with species I,
which undergoes no significant broadening at 70 K, species Il is
faster relaxing and is significantly broadened above 50 K. These
resonances show increased g-value anisotropy and decreased
g, values compared with the all-cysteine—ligated [Fe,S,]'"
centers. However, similar EPR spectra have been observed for
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Cys-to-Ser variants at the reducible site of all-cysteine—ligated
[Fe,S,]'" centers in ferredoxins (45-49) and of [Fe,S,]" " cen-
ters with one or two His ligands at the reducible site (50 —54).

Samples of dithionite-reduced DHAD frozen immediately
after addition of substrate gave rise to a dominant faster relax-
ing species with g-values 0f2.06,1.91, and 1.88 (speciesIII, g,, =
1.95) and a minor slower relaxing species with g-values of 2.00,
1.90, and 1.81 (species 1V, g,, = 1.90) (Fig. 3B). Species III is
attributed to the substrate-bound form, because thawing the
sample and incubating at room temperature for 30 min resulted
exclusively in the product-bound species IV (Fig. 3C). Evidence
that species IV is a product-bound species also comes from the
observation that an identical EPR signal was observed when
reduced spinach DHAD was treated with the product 2-keto-
isovalerate (2). Addition of DTT results in an almost axial spec-
trum, g-values 0f2.02, 1.92, and 1.90 (species V, g,, = 1.95), that
is similar to those reported for fully cysteinyl-ligated clusters
(Fig. 3D) (48, 51, 52). Taken together with the UV-visible
absorption/CD and RR studies of the oxidized enzyme, the EPR
results indicate that DTT binds to both the oxidized and
reduced [Fe,S,]*"' " centers in DHAD.

IscS-mediated in vitro Fe-S cluster reconstitution of AtDHAD

Because recombinant AtDHAD is expressed in E. coli with
sub-stoichiometric [Fe,S,] clusters, IscS-mediated cluster
reconstitution was attempted to obtain samples with maximal
cluster content. Apo-DHAD was anaerobically incubated with
excess L-cysteine, ferrous ammonium sulfate, and a catalytic
amount of IscS for 4 h. Unexpectedly, repurification of the
reconstitution mixture yielded a colored fraction that con-
tained a different type of cluster, based on comparison of the
UV-visible absorption and CD spectra with as-purified DHAD
(Fig. 5). The reconstituted DHAD contained 3.9 = 0.4 iron per
monomer and exhibited a broad shoulder centered around 400
nm with an extinction coefficient of 16.0 mm~" ¢cm™', indi-
cative of a DHAD sample containing approximately one
[Fe,S,]>" cluster/monomer. Reconstituted DHAD contained a
trace of residual [Fe,S,] cluster—bound form, as evidenced by
the CD spectrum of the oxidized and dithionite-reduced forms
(Fig. 5). The contribution of [Fe,S,]**"'" clusters to the CD
spectrum is negligible. Dithionite reduction of reconstituted
DHAD resulted in fast-relaxing S = 1/2 resonance with g-values
0f2.05,1.91, and 1.82 (g,, = 1.93) accounting for 0.3 = 0.1 spin
cluster (Fig. 6). The sub-stoichiometric spin quantification is
attributed to a low-potential [Fe,S,]*"'* cluster, which is only
partially reduced by dithionite at pH 8 to yield a S = 1/2
[Fe,S,]'™ cluster. This conclusion is based on the absorption
changes on reduction and the lack of significant low-field EPR
features at low temperatures and high powers indicative of a
S =13/2[Fe,S,]'" cluster (55,56). The EPR signal broadens with
increasing temperature and is almost unobservable above 40 K,
relaxation properties that are indicative of an S = 1/2 [Fe,S,]* "
cluster. The EPR signal was not perturbed by addition of the
substrate, even after rapid freezing, suggesting that the assem-
bled [Fe,S,] cluster is not able to bind substrate.

We subsequently investigated the nature of the cluster
reconstituted on DHAD in the presence of the plastidial carrier
protein A(INFU2. NFU2 was chosen for three reasons. First,
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Figure 5. Room temperature UV-visible absorption and CD spectra of
reconstituted AtDHAD (black lines), dithionite-reduced reconstituted
DHAD (blue lines), and DHAD reconstituted in the presence of NFU2 (red
lines). e and Ae values were calculated based on the concentration of DHAD
monomer.
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Figure 6. X-band EPR spectra of dithionite-reduced [Fe,S,] cluster-
bound reconstituted AtDHAD. Spectrum recorded at 10 K using 9.60 GHz
microwave frequency, 6.4 G modulation amplitude, and 5 mW microwave
power.

early studies provided indirect in vivo evidence for the involve-
ment of NFU2 in the maturation of both [Fe,S,] and [Fe,S,]-
containing proteins in plastids (33, 34). Second, recent in vivo
studies have shown that BCAA synthesis is affected in an
A. thaliana nfu2 mutant.® Third, in vitro studies have shown
that NFU2 is able to sequentially reconstitute both [Fe,S,]*"
and [Fe,S,]*" clusters in the absence of DTT and to transfer
these clusters rapidly and quantitatively to appropriate plastid-
ial Fe—S proteins (36). After repurification, DHAD reconsti-

® B.Touraine, F. Vignols, J. Przybyla-Toscano, T. Dhalleine, H.-C. Wu, C. Magno,
N. Berger, J. Couturier, S. Caffarri, M. Havaux, N. Rouhier, and F. Gaymard,
unpublished results.
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tuted in the presence of NFU2 contained near-stoichiometric
[Fe,S,]1*" clusters based on UV-visible absorption and CD
extinction coefficients (Fig. 5) and iron/protein determina-
tions, 1.8 * 0.3 Fe/monomer. [Fe,S,] cluster—bound NFU2
came off in a separate fraction. Moreover, there was no evi-
dence, based on UV-visible absorption/CD and EPR studies, for
the presence of [Fe,S,] cluster—bound DHAD in the sample
reconstituted in the presence of NFU2. These results strongly
implicate a role for AtfNFU2 in the biogenesis of [Fe,S,] clusters
in DHAD.

Maturation of AtDHAD via cluster transfer

The above results prompted an investigation into the rate of
in vitro cluster transfer to apo DHAD using NFU2 pre-loaded
with [Fe,S,]*" clusters. The marked difference in the UV-visi-
ble CD spectra of the [Fe,S,] cluster-replete donor and accep-
tor proteins enables quantitative monitoring of the rate of clus-
ter transfer (Fig. 7A). Upon addition of a 3-fold excess of apo
DHAD, with respect to the [Fe,S,] cluster content of NFU2, the
CD spectrum converts to that of holo DHAD with a single set of
isosbestic points. This indicates intact [Fe,S,]*" cluster trans-
fer from NFU2 to DHAD, which is >90% complete within 24
min. Intact cluster transfer was also demonstrated by the obser-
vation that the rate of cluster transfer was not perturbed by the
presence of 1 mMm EDTA. The rate of cluster transfer was
assessed by monitoring the change in CD intensity at 466 nm
(Fig. 7C). Fits to second-order kinetics based on the initial con-
centration of [Fe,S,] clusters on the AtNFU2 donor (42 um) and
the concentration of the monomeric AfDHAD acceptor (126
wM) indicate a second-order rate constant of 1000 + 100 M~ *
min~ .

[Fe,S,]>" cluster transfer from NFU2 to apo DHAD also
occurred in the presence of 1 mm DTT to yield the DTT-bound
form of DHAD, using a 1:1 cluster acceptor/donor ratio (Fig.
7B). However, the lack of a single set of isosbestic points and the
rapid loss of the CD signal of the NFU2 [Fe,S,]** center during
the first 4 min, without commensurate cluster assembly on
DHAD, suggest a biphasic reaction most likely involving a
DTT-bound [Fe,S,]*" cluster intermediate. The second-order
rate constant for the cluster insertion step (1050 = 100 M~ '
min~ ') was assessed at 620 nm, where [Fe,S,] NFU2 has negli-
gible CD intensity, and was found to be similar to that observed
in the absence of DTT (Fig. 7C). Interestingly, the UV-visible
absorption and CD spectra of [Fe,S,]*" cluster—bound NFU2
are not significantly perturbed by the 1 mm DTT (compare Fig.
7, A and B). This suggests that the binding of [Fe,S,]*" cluster—
bound NFU2 to apo DHAD exposes the cluster, making it
accessible to ligation by DTT. Such DTT-mediated cluster
transfers are unlikely to be physiologically relevant.

There are several other potential carrier proteins that have
been implicated in the biogenesis of [Fe,S,] cluster— containing
proteins in plastids, namely GRXS14, GRXS16, and SUFA1. To
assess the capability of these proteins to transfer clusters to
DHAD, we also carried out parallel in vitro experiments using
cluster-loaded forms of these alternative donors. Negligible
(<10%) [Fe,S,]** cluster transfer to apo AtDHAD was
observed after 50 min using [Fe,S,]*" cluster—bound GRXS14
as the donor with a 1:1 cluster acceptor/donor ratio (Fig. 7D).
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spectroscopy. All Ae values are based on the concentrations of [Fe,S,]>* clusters on the donor proteins in the reaction mixture, i.e. buffer A in the absence of
1 mmDTT unless otherwise as indicated. Arrows indicated the direction of change in CD intensity with time at selected wavelengths. The thick red lines and black
lines in A, B, and D-F indicate the CD spectra of DHAD replete with [Fe,S,]*" clusters and the CD spectra of the [Fe,S,]>* cluster donors in the reaction mixture,
prior toinitiating the reaction by the addition of DHAD, respectively. A, CD spectra of a reaction mixture containing AtNFU2 (42 umin [Fe,S,1?* clusters) and apo
AtDHAD (126 um) at4, 8, 13,19, 24, 36, 55, and 100 min (thin gray lines). B, CD spectra of a reaction mixture containing AtNFU2 (42 umin [Fe,S,]?" clusters), apo
AtDHAD (42 um), and 1 mm DTT at 4, 13, 21, 31, 41, 51, 61, 91, and 120 min (thin gray lines). C, kinetic simulations of cluster transfer from [Fe,S,]-NFU2 to
apo DHAD in the absence (black line) and presence (red line) of 1 mm DTT, based on second-order kinetics and the initial concentrations of [Fe,S,] clusters on
NFU2 and of apo DHAD. Percent cluster transfer in the absence of DTT was assessed at 466 nm (black circles) and simulated with a second-order rate constant
of 1000m~ " min~". Percent cluster transfer in the presence of DTT was assessed at 620 nm (red circles) and simulated with a second-order rate constant of 1050
M~ "min~ . D, CD spectra of a reaction mixture containing AtGRXS14 (45 umin [Fe,S,]>* clusters) and apo AtDHAD (45 umin monomer) at 4 and 50 min (thin gray
lines). E, CD spectra of a reaction mixture containing AtGRXS16 (45 umin [Fe,S,]?* clusters) and apo AtDHAD (45 pmin monomer) at 4 and 50 min (thin gray lines). F, CD

spectra of a reaction mixture containing AtSUFA1 (42 umin [Fe,S,]*>" clusters) and apo AtDHAD (42 um in monomer) at 4 and 50 min (thin gray lines).

Analogous results were observed using [Fe,S,]*" cluster—
bound GRXS16 in place of GRXS14 as the donor (Fig. 7E). In
addition, no evidence for any [Fe,S,]** cluster transfer to apo
AtDHAD cluster transfer was observed after 50 min using
[Fe,S,]*" cluster—bound SUFA1 as the donor with a 1:1 accep-
tor/donor ratio (Fig. 7D). Clearly, in vitro cluster transfer exper-
iments point to [Fe,S,]*" cluster—bound AfNFU?2 as the prob-
able physiological cluster donor for maturation of AtfDHAD.

Activity studies of AtDHAD samples

As shown in Fig. 8, the specific activities of A{DHAD samples
correlate well with the level of [Fe,S,]*" cluster incorporation
and demonstrate that the samples reconstituted with [Fe,S,]*"
clusters are inactive. These results are in accord with the EPR
results presented above that show that the reduced [Fe,S,]' "
clusters in DHAD can bind both the substrate and product at
a unique iron site, whereas the EPR signal of the reduced
[Fe,S,]'" is not perturbed by the substrate. The spectroscopic
results also show that DTT can bind to both the oxidized and
reduced [Fe,S,]>"'" centers in DHAD. This was confirmed by
the activity results, which show a 63% decrease in activity on
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addition of a 20-fold excess of DTT that is largely reversed on
removal of DTT by dialysis. This is consistent with DTT acting
as a competitive inhibitor for DHAD.

Discussion

DHAD catalyzes a key step in the BCAA biosynthetic path-
way in plant plastids, and in vivo studies in A. thaliana have
shown that DHAD is essential and highly expressed in most
vegetative and reproductive tissues (57). In addition, reduced
expression of AtfDHAD results in a short-root phenotype due to
reduction of all three BCAAs in plant roots (57). This work
describes the first in vitro characterization of recombinant
AtDHAD expressed in E. coli and provides new insights into the
nature, properties, biogenesis and catalytic role of the active-
site Fe—S center. In particular, AfDHAD was shown to bind
either one [Fe,S,] or one [Fe,S,] cluster, with only the latter
being catalytically competent and capable of binding substrate
and product. Moreover, in vitro cluster transfer studies with
potential plastidial [Fe,S,] cluster donors and Fe-S cluster
reconstitutions carried out in the presence of A{INFU2 impli-
cate NFU2 as the physiological [Fe,S,] cluster donor for matu-
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Figure 8. Specific activities and [Fe,S,]** cluster-content of different
types of AtDHAD samples. Specific activity and [Fe,S,]*" cluster-content
are presented as a % of maximal values. The samples from bottom-to-top are
as follows: as-purified DHAD containing substoichiometric [Fe,S,]1** clusters;
reconstituted DHAD containing near-stoichiometric [Fe,S,]°" clusters and
only trace amounts of [Fe,S,1?* clusters; DHAD reconstituted in the presence
of apo-NFU2 containing near-stoichiometric [Fe,S,1>* clusters; DHAD recon-
stituted with stoichiometric [Fe,S,]>" clusters by cluster transfer from
[Fe,S,1** cluster-bound NFU2; DHAD with stoichiometric [Fe,S,1** clusters
treated with 20-fold excess of DTT (+ DTT); and DHAD with stoichiometric
[Fe,S,1** clusters treated with 20-fold excess of DTT followed by dialysis to
remove DTT (—=DTT).

ration of DHAD. These observations, coupled with the finding
that the short-root phenotype associated with DHAD and
NFU2 depletion (33, 57) can be rescued by the addition of
BCAAs,” provide compelling in vitro and in vivo evidence that
NFU?2 plays a role in DHAD maturation.

Coordination environment of Fe-S clusters in AtDHAD

As a member of the Fe—S cluster— containing (de)hydratase
family, the AtDHAD Fe-S cluster would be expected to be
coordinated by three cysteine residues and have a water- or
hydroxide-bound site for substrate binding and activation (7).
However, as a rare example of a (de)hydratase that utilizes a
[Fe,S,] cluster active site, plant DHADs may have unique clus-
ter coordination compared with [Fe,S,] cluster—containing
(de)hydratases. Indeed, EPR experiments on spinach DHAD in
H,'”0 buffer showed negligible broadening due to '”O (I = 5/2)
binding, which argues against a water- or hydroxide-bound site
(2). In addition, DHAD enzymes from different organisms
assemble either [Fe,S,] or [Fe,S,] clusters, and the work pre-
sented herein shows for the first time that a DHAD can accom-
modate both types of cluster. Hence, it is of interest to compare
sequence alignments of AtfDHAD with other DHAD enzymes
that contain [Fe,S,] or [Fe,S,] cluster active sites based on
spectroscopic characterization and/or phylogenetic analysis.
Sequence alignments of A{DHAD with eight other sequences
from bacteria, fungi, and plants (top three with [Fe,S,] active
sites and bottom five with [Fe,S,] active sites, based on phylo-
genetic analysis (28)) reveal three strictly conserved cysteine
residues, Cys-173, Cys-239, and Cys-245 (numbered according
to A. thaliana DHAD) (Fig. 9). Although there are nine addi-
tional conserved cysteines for the [Fe,S,] DHADs and one addi-
tional conserved cysteine for the [Fe,S,] DHADs, the three that
are conserved for all DHADs are the best candidates for being
cluster ligands. In addition, several serine or aspartate residues
are fully conserved or conserved only in [Fe,S,] DHADs, mak-
ing them candidates for oxygenic cluster ligands in the resting

4428 J Biol. Chem. (2018) 293(12) 4422-4433

AtDHAD enzyme. The intriguing questions concerning the
nature of the fourth ligand and how AtDHAD can accommo-
date either a [Fe,S,] or a [Fe,S,] cluster, with only the former
being functional in catalysis, will need to be addressed by struc-
tural studies using X-ray crystallography. The ability of other
[Fe,S,] cluster—containing DHADs to accommodate [Fe,S,]
clusters, and vice versa, is another interesting question that
needs to be addressed.

The spectroscopic studies of the reduced and oxidized
[Fe,S,]1> "' centers in At{DHAD indicate binding of substrate,
product, and the competitive inhibitor DTT at a unique iron
site of the [Fe,S,] cluster. Importantly, the RR studies rule out
the possibility of partial histidyl cluster ligation for the oxidized
[Fe,S,]*" cluster and support ligation by three cysteinates and
an oxygenic ligand in the as-purified, substrate-bound, and
product-bound forms of the enzyme and three cysteinates
and one DTT thiolate in the DTT-inhibited enzyme. The
reduced enzyme has ~15% of the oxidized enzyme activity (2)
and exhibits distinct EPR spectra as purified and in the presence
of substrate, product, and the competitive inhibitor DTT (Fig.
3). The g-value anisotropy and g,, value of [Fe,S,]'" centers
depends on distortions or changes in the coordination at the
Fe(II) site of a localized valence [Fe,S,]'" cluster (48, 51, 52).
Consequently, the observation of two species (I and II) with
large g-value anisotropy and low g, values (1.92) in the reduced
resting enzyme is attributed to heterogeneity at the Fe(Il) site,
possibly due monodentate/bidentate aspartate ligation or ser-
ine/serinate ligation. The product-bound form, species 1V, is
homogeneous with g-value anisotropy and a g, value (1.90)
similar to the resting enzyme species I, implying monodentate
or bidentate product ligation at the Fe(II) site of the reduced
cluster. In contrast, the substrate-bound form, species III, has
decreased g-value anisotropy and a g, value (1.95) similar to the
DTT-bound form, species V (1.95). This implies that substrate
binding as a monodentate or bidentate ligand induces a change
in the site of reduction, so that the substrate is bound to
the Fe(II) site and the Fe(II) site has two thiolate ligands. This is
in accord with the observation of some activity for the
reduced enzyme, because Fe(IlI) is a much stronger Lewis
acid catalyst than Fe(II) for activating the 3-hydroxyl group
on the substrate and facilitating the elimination reaction
(Fig. 1). Clearly structural studies and/or EPR/ENDOR stud-
ies involving isotopically labeled substrate and product will
be required for a complete understanding of the cluster envi-
ronment, mode of substrate/product binding, and detailed
catalytic mechanism of DHAD.

Maturation of apo DHAD

In vitro cluster transfer studies involving apo AtDHAD and
four potential plastidial [Fe,S,] cluster donors, i.e. NFU2,
GRXS14, GRXS16, and SUFA1, clearly implicate NFU2 as a
viable physiological [Fe,S,] cluster donor. Although the rate
constant for in vitro cluster transfer is relatively slow compared
with the extremely fast [Fe,S,]>" cluster transfer from A¢{NFU2
to AtAPR1 (150,000 M~ ! min~?) (36), it is similar to that
observed for [Fe,S,]>" cluster transfer from AfNFU2 to
AtGRXS16 (7000 M~ min~?) (36), human NFU1 to human
FDX1/2 (36005500 M~ * min~?) (58), and other intact in vitro
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Ec 1 MPKYRSATTTHGRNMAGARALWRATGMTDADFGKPIIAVVNSFTQFVPGHVHLRDLGKLVAEQIEAAGGVAKEFNTIIAVDDGIAMGHGGMLYSLPSRELIADSVEYMVNAHCADAMVCISN@DKIT
Se 1 MPKYRSATTTHGRNMAGARALWRATGMTDSDFGKPIIAVVNSFTQFVPGHVHLRDLGKLVAEQIEASGGVAKEFNTIIAVDDGIAMGHGGMLYSLPSRELIADSVEYMVNAHCADAMVCISN@DKIT
Hi 1 MPKLRSATSTQGRNMAGARALWRATGMKENDFGKPIIAVVNSFTQFVPGHVHLKDMGQLVAAEIEKAGGVAKEFNTIIAVDDGIAMGHGGMLYSLPSRDLIADSVEYMVNAHCADAMVCISN@DKIT
Bs 4 DLRIKSHVISEDERRAPNRAMLRAVGFTDEDFKKPMIGIASTWSEVTPCNIHINELAFKAKDGAREAGGAPLVENTIITVSDGISMGTEGMRYSLPSRDLIADSIETVVGGESLDGFVAIGGEDKNM
Sy 5 PFPLRSQVVTQGVQRSPNRAMLRAVGFRDEDFGKPIVGIANAHSTLTPCNMGIQTLAERAEAALRTAGCMPQVFGTIITISDGISMGTEGMKYSLVSREVIADSIETVVNGQSMDGLLAIGGEDKNM
Sc 22 KLNKYSYIITEPKGQGASQAMLYATGFKKEDFKKPQVGVGSCWWSGNPCNMHLLDLNNRCSQSIEKAGLKAMOFNTIIGVSDGISMGTKGMRYSLOSREIIADSFET IMMAQHYDANIAIPS@DKNM
Nc 38 QLNKVSANITQPKSQGASQAMLYATGLNEDDMNKAQVGISSVWYEGNPCNMHLLDLSGLVKESVAKAGLVPMRENTIIGVSDGISMGTTGMRYSLQSREIIADSIETVMNGQWYDANISLPGEDKNM
Rc 59 KLNKYSSRVTEPKSQGGSQAILHGVGLSDEDLSKPQIGISSVWYEGNTCNMHLLSLSEAVKQGVQDAGMVGFRENTIIGVSDAISMGTRGMCFSLOSRDLIADSIETVMSAQWYDGNISIPGEDKNM
At 52 KLNKYSSRITEPKSQGGSQAILHGVGLSDDDLLKPQIGISSVWYEGNTCNMHLLKLSEAVKEGVENAGMVGFRENTIIGVSDAISMGTRGMCFSLOSRDLIADSIETVMSAQWYDGNISIPGEDKNM
Ec 127 PGMLMASLRLNIPVIFVSGGPMEAGKTKLS..... DQITIKLDLVDAMIQGADPKVSDSQSDQVERSABPTCGS@SGMEFTANSMNCCLTEALGLSQPGNGSLLATHADRKQLFLNAGKRIVELTKRYY
Se 127 PGMLMASLRLNIPVIFVSGGPMEAGKTKLS..... DQITIKLDLVDAMIQGADPKVSDDQSNQVERSABPTCGS@SGMEFTANSMNCCLTEALGLSQPGNGSLLATHADRKQLFLNAGKRIVELTKRYY
Hi 127 PGMLMAAMRLNIPTIFVSGGPMEAGKTKLS..... DQLIRLDLVDAMIEAADPNVSDERIDAIERSABPTCGS@SGMFTANSMNCCLTEALGLSLPGNGSMLATHADRKELFLKAGRQIVELCKRYY
Bs 130 PGCLMAIARMNLPAVEVYGGTIKPGKLQG...... QDIDIVSVFEGVGQFNGGAIDKAGLNEIECHABPGAGS@GGMYTANTMASSAIEALGMSLPGSSSNPAETDEKRQDCHEAGKAVYRLLE. . .
Sy 131 PGAMIAMARLNVPSIFVYGGTIKPGHYNG...... RDLTIVSAFEAVGEFSAGRISEEELLAVERHABPGAGS@GGMYTANTMS SSAFEAMGMSLPYSSTMAAEDEEKAESAAQSAKVLAEAIK. . .
Sc 148 PGVMMAMGRHNRPSIMVYGGTILPGHPTCGSSKISKNIDIVSAFQSYGEYISKQFTEEEREDVVEHABPGPGSE@GGMYTANTMASSAAEVLGLTIPNSSSFPAVSKEKLAECDNIGEYIKKTME. . .
Nc 164 PGVLIAMGRVNRPSIMVYGGTIKPGCNMKG. .. .. ENIDIVSAFQAYGQYISGEIDEKQRFDIIRNABPGGGARGGMYTANTMATTATIETLGMTLPGSSSYPAESPEKKNECLSVGEATIKNLLR. . .
Rc 185 PGTIMAMGRLNRPSIMVYGGTIKPGHENG...... HTYDIVSAFQVYGEYVSGSISDEDRRNVVRNS@PGAGABGGMY TANTMASSAIEAMGMSLPYSSSIPAENQLKLDECRLAGKYLLELLR. . .
At 178 PGTIMAMGRLNRPGIMVYGGTIKPGHFQD...... KTYDIVSAFQSYGEFVSGSISDEQRKTVLHHSEPGAGABGGMY TANTMASSATIEAMGMSLPYSSSIPAEDPLKLDECRLAGKYLLELLK. .

Ec 248 EQNDESALPRNIASKAAFENAMTLDIAMGGSTNTVLHLLAAAQEAEIDFTMSDIDKLSRKVPQLCKVAPSTQKYHMEDVHRAGGVIGILGELDDRAGLLNRDVKNVLGLTLPQTLEQYDVMLTQDDA
Se 248 EQNDESALPRNIASKAAFENAMTLDIAMGGSTNTVLHLLAAAQEAEIDFTMSDIDKLSRKVPQLCKVAPSTQKYHMEDVHRAGGVLGILGELDDRAGLLNRNVKNVLGLTLPQTLEQYDITVTQDEA
Hi 248 EQDDASVLPRSIGTFDAFENAMSLDIAMGGSSNTVLHLLAAAQEAGVDFKMEDIDRLSRKVPCLSKIAPNTNKYHMEDVHRAGGIMGLLGELDDRAGLIHKNTHTVLGMSMGEQLDQYDIIRNQDEE
Bs 247 ....QDIRPRDILTKEAFENAITVVMALGGSTNAILHLMATAHSAEVDLSLEDFNRLOKTVPHIADLKP.SGKYVMONLHEAGGVSAVMKMLLLREGLLHGDCLTVTGKTLAENLEEAEDL. ... ..
Sy 248 ....ANIRPRDIITRKSIENAISVIMAVGGSTNAVLHFLAIAHAAEVPLTLDDFETIRARVPVLCDLKP.SGRFVATDLHRAGGIPQVMKMLLLNHGLLHGDCLTISGQTIVEVLRDVPDE. ... ..
Sc 271 ....LGILPRDILTKEAFENAITYVVATGGSTNAVLHLVAVAHSAGVKLSPDDFQRISDTTPLIGDFKP.SGKYVMADLINVGGTQSVIKYLYYENNMLHGNTMTVTGDTLAERAKKAPSL. .. ...
Nc 282 ....EDIRPTDILTRQAFENAMIVVNILGGSTNAVLHLIATADSVGIKLTIDDFQAVSDRTPFLADLKP.SGKWVMEDLSKIGGTPALLKFLLLKEGILDGSGITSTGKTMKENVEKFPDF. ... ..
Rc 302 ....MDLKPRDIITRKSLRNAMVVVMALGGSTNAVLHLIATARSVGLELTLDDFQKVSDEVPFLADLKP.SGKYVMEDLHKIGGTPAVIRYLLLEHGFMDGDCLTVTGKTLAENVRNCPPL. .....
At 295 . .MDLKPRDIITPKSLRNAMVSVMALGGSTNAVLHLIATARSVGLELTLDDFQKVSDAVPFLADLKP. SGKYVMEDIHKIGGTPAVLRYLLLELGLMDGDCMTVTGQTLAQNLENVPSL. . . ...

Ec 374 VKNMFRAGPAGIRTTQAFSQDCRWDTLDDDRANGCIRSLEHAYSKDGGLAVLYGNFAENGCIVKTAGVDDSILKFTGPAKVYESQDDAVEAILGGKVVAGDD.
Se 374 VKKMFRAGPAGIRTTQAFSQDCRWDSLDDDRAAGCIRSLEYAYSKDGGLAVLYGNFAENGCIVKTAGVDDSILKFTGPAKVYESQDDAVEAILGGKVVEGDD.
Hi 374 LHKFFRAGPAGIRTTQAFSQDCRWDTVDNDRVNGCIRNKENAISQEGGLAVLFGNLAEDGCIVKTAGVDESIWKFTGTAIVFESQEDAVAGILGGKVKEGHH.
. .QKVIYPLNAPLRENGPLVVLKGNLAPEGAVAKVSGLKV .
. .QEVIRPWHSPLYPQGHLAILKGNLAPEGAVAKITGVKN.
. .QEIIKPLSHPIKANGHLQILYGSLAPGGAVGKITGKEG.
. .QAIIRPLSNPIKETGHIQILRGSLAPGGSVGKITGKEG.
. .QDIIRALENPIKKTGHLQILRGNLAPEGSVAKITGKEG.
QEIIRPLSNPIKETGHIQILRGDLAPDGSVAKITGKEG.

.VVVIRYEGPKGGPGMQEMLYPTS
.VVVIRYEGPKGGPGMQOEMLYPTS
.VVVIRYEGPKGGPGMQEMLYPTS
. TRHTGPAKVEDDEESATDAVLKGDIQAGDD. .VLVIRYEGPKGGPGMPEMLSISG
.PQITGPARVFDSEESCLQAILSGQIRAGDD. .VVVIRYEGPKGGPGMREMLSPTS
. TYFKGRARVFEEEGAFIEALERGE IKKGEEKTVVVIRYEGPRGAPGMPEMLKPSS
. LRFEGKARCFDYEDGFIEALERGE IKKGEEKTVVVIRYEGPKGGPGMPEMLKPSS
.LYFSGPALIFEGEEAMIAAISEDPMSFKGG . KVVWVIRGEGPKGGPGMPEMLTPTS
.LYFSGPALVFEGEESMLAAISADPMSFKGG . TVVVIRGEGPKGGPGMPEMLTPTS

Ec 498 FLKSMGLGKACALITDGRFSGGTSGLSIGHVSPEAASGGSIGLIEDGDLIAIDIPNRGIQLQVSDAELAARREAQDARGDKAWTPKNRERQVSFALRAYASLATSADKGGAVRDKSKLGG
Se 498 FLKSMGLGKACALITDGRFSGGTSGLSIGHVSPEAASGGTIALIEDGDTIAIDIPNRSIQLOLSEAEIAARREAQEARGDKAWTPKNRQRQVSFALRAYASLATSADKGGAVRDKSKLGG
Hi 498 YLKSMGLGKKCALLTDGRFSGGTSGLSIGHVSPEAASGGAIGLVRNGDIINIDIPNRAINLEISNEELATRRAEQDQKG. ..WQPANREREVSFALKVFGHFATSADKGGAVRDKTLLK

Bs 455 ILVGKGLGESVALLTDGRFSGGTHGLVVGHIAPEAQVGGPIALIQTGDRITIDSTEQTLEVDVSPAELEERKKS........ WDPP.PLLTRG.ALAKYTRLVSSASRGGAVIDHFEEEPAARPLKV
Sy 457 AIIGAGLGDSVGLITDGRFSGGTYGMVVGHVAPEAYVGGTIALVEEGDLITIDAPARQLHLHVSEEELARRRAR........WSPPEPRYKRG.TLAKYAKLVSSSSLGGAVTDLNLWD

Sc 481 ALMGYGLGKDVALLTDGRFSGGSHGFLIGHIVPEAAEGGPIGLVRDGDEIIIDADNNKIDLLVSDKEMAQRKQS. ....... WVAPPPRYTRG . TLSKYAKLVSNASNGGCVLDA

Nc 492 AIMGYGLGKDVALITDGRFSGGSHGFLIGHIVPEAMEGGPIGLVRDGDTIVIDAEKKVLDLEVPEEELAKRRKE. ....... WKAPEPKAKRG . TLRKYAQLVKDASSGGCVTDA

Rc 511 AIMGAGLGKDCALLTDGRFSGGSHGFVVGHICPEAQEGGPIGLIRNGDIINVDVRERRIDVQLTDQELAERKRN. . . .

. .WTPPPYKATGG.VLYKYIKNVQSASKGGCVTDE

At 504 AIMGAGLGKECALLTDGRFSGGSHGFVVGHICPEAQEGGPIGLIKNGDIITIDIGKKRIDTQVSPEEMNDRRKK........ WTAPAYKVNRG . VLYKYIKNVQSASDGGCVTDE

Figure 9. Sequence alignment of DHADs from various organisms: Ec, E. coli; Se, S. enterica subsp. enterica sv. Javiana strain GA_MM04042433; Hi,
H. influenzae Rd KW20; Bs, Bacillus subtilis sp. NRRL B-14911; Sy, Synechococcus sp. JA-2-3'a(2-13); Sc, S. cerevisiae; Nc, Neurospora crassa OR74A; Rc,
Ricinus communis; and At, A. thaliana. Residues conserved for at least eight of nine sequences are highlighted in gray. Cysteine residues conserved in all
sequences are highlighted in red, and those partially conserved are highlighted in yellow. Based on spectroscopic studies and/or phylogenetic analysis, the top
three (E. coli, S. enterica, and H. influenzae) contain [Fe,S,] cluster active sites and the bottom six (B. subtilis, Synechococcus, S. cerevisiae, N. crassa, R. communis,

and A. thaliana) contain [Fe,S,] cluster active sites.

cluster transfers that have been documented in the literature
under comparable conditions (37, 59). Other plastidial NFUs
may serve for maturation of DHAD in vivo. For instance, the
study of nfu2 and nfu3 mutants indicated partial functional
redundancy in terms of the roles of AZINFU2 and A¢{NFU3 in the
maturation of [Fe,S,] cluster— containing subunits in photosys-
tem I (34, 60) and complementation of NFU2 function by NFU3
in roots.” Hence, it seems likely that both AtNFU2 and NFU3
are capable of binding and transferring both [Fe,S,] and [Fe,S,]
clusters, and we cannot rule out the possibility that AtNFU2
and NFU3 have redundant functions for maturation of DHAD
in plant shoots. However, recombinant AtNFU3 expressed in
E. coliis purified as an apo protein under aerobic and anaerobic
conditions. Also, in contrast to a recent report (60), anaerobic
cluster reconstitution of AfNFU3 has failed to result in a stable
[Fe,S,] or [Fe,S,] cluster—bound form in our laboratories.
Although there is still much to be learned about the roles and
specificity of the diverse types of NFU proteins in Fe-S cluster
biogenesis, this work provides the first compelling evidence
that NFU proteins are involved in the maturation of [Fe,S,]
centers as well as [Fe,S,] centers (33, 34, 36). A role for NFU
proteins in [Fe,S,] cluster trafficking may be confined to
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plastids and photosynthetic bacteria with high O, levels,
because bacterial and mitochondrial NFU proteins generally
appear to be limited to [Fe,S,] cluster trafficking (61-66).
The only exception is human mitochondrial NFU1, which
has been shown to be capable of [Fe,S,] cluster trafficking in
vitro (58), but there is as yet no in vivo evidence in support of
this role.

Recent studies by Barondeau and co-workers (67, 68) have
demonstrated the possibility of DTT-mediated, non-physio-
logical Fe-S cluster transfer reactions. The [Fe,S,] cluster
transfer from AtNFU2 to apo DHAD in the presence of DTT
provides another example of a DTT-mediated cluster transfer
and demonstrates that CD spectroscopy can identify such reac-
tions. The CD time course of the cluster transfer is clearly a
two-step process in the presence of DTT, with the first step
involving DTT-induced removal of the [Fe,S,]*>" cluster from
NFU?2 in NFU2-DHAD transient complex, followed by inser-
tion of the DTT-bound cluster into apo DHAD. Although pre-
treatment of the apo acceptor protein with DTT is commonly
used to cleave protein disulfides, it is clearly necessary to
remove DTT prior to conducting cluster transfer reactions
under strictly anaerobic conditions.
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Comments on the nature and the origin of the plant DHAD
[Fe,S,] cluster active site

Among the many (de)hydratase enzymes reported, plant
DHADs are a rare example of the [Fe,S,] cluster— containing
member of this class of enzymes. The most obvious explanation
for this is that the [Fe,S,] cluster— containing plant DHADs
appear to be O,-tolerant and -resistant to ROS (2), whereas
most of the regular [Fe,S,] cluster—containing (de)hydratases,
including E. coli DHAD, are highly susceptible to oxygen and
readily lose activity upon O, exposure (7, 10). Because chloro-
plasts are O,-evolving organelles, stability in an aerobic envi-
ronment is obviously an attractive proposal for the use of the
less O,-sensitive [Fe,S,] cluster as the active site in plant
DHADs. The only other dehydratase reported to bind a [Fe,S,]
cluster is E. coli 2-methylcitrate dehydratase (PrpD), but this
cluster was sensitive to oxygen and not as well-characterized
(69). However, the reason why DHADs from different organ-
isms utilize different types of clusters is still a mystery and is
likely to be evolutionarily or metabolically relevant.

Some clues are provided by two recent phylogenetic studies
on DHAD. By studying archaeal DHADs, Kim and Lee (5) sug-
gested that bacterial DHADs and eukaryotic DHADs are genet-
ically more closely related to Euyarchaeota and Crenarchaeota,
respectively. So the differentiation point for different types of
DHAD may have occurred early on the evolutionary time scale
(5). Based on a more comprehensive phylogenetic tree involv-
ing 73 organisms, Lill and co-workers (28) classified DHADs
from most of the eukaryotes and aerobic or chemoor-
ganotrophic bacteria as [Fe,S,] cluster—containing, whereas
the [Fe,S,] cluster—containing branch consisted primarily of
facultative anaerobic bacteria, indicating that the types of clus-
ters may be a result of aerobic growth. A sequence alignment of
nine DHAD:s (five from bacteria, two from fungi, and two from
higher plants) is shown in Fig. 9. Only 21% of residues are
identical throughout all sequences. If only prokaryotes or
eukaryotes are compared, the total number of identical residues
increases to 29 and 46%, respectively. Among the 10 conserved
cysteine residues for plants, three (Cys-173, Cys-239, and Cys-
245 in Arabidopsis) are conserved for all nine sequences and
potentially serve as cluster ligands. In addition, three more cys-
teine residues (Cys-100, Cys-282, and Cys-604 in Arabidopsis)
are conserved for all the eukaryotic DHADs, and these may be
involved in an oxygen-resistance mechanism. Another feature
worth noting is that sequences of the three facultative anaero-
bic bacteria (E. coli, Salmonella enterica and Haemophilus
influenzae) have an insertion of about 33 amino acid residues
starting at around position 368 of the E. coli sequence. In fact,
all the sequences of the [Fe,S,] cluster branch of the phyloge-
netic tree built by Lill and co-workers (28) have the same inser-
tion, and the sequence identity for this group is close to 80%,
which separate them from the other branch. Taken together,
the appearance of [Fe,S,] cluster—containing DHADs may
have resulted from an early evolutionary splitting as a strategy
for coping with the gradual change from an anaerobic to an
aerobic atmosphere on earth due to the production of O, by
cyanobacteria, the evolutionary precursors of chloroplasts.
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Experimental procedures

All the chemicals and supplies used in this work, unless oth-
erwise specified, were purchased from Sigma or Thermo Fisher
Scientific. Anaerobic operations were performed inside a Vac-
uum Atmospheres glovebox under argon atmosphere with oxy-
gen levels <2 ppm. Chromatography instruments and columns
were purchased from GE Healthcare.

Plasmid construction

The AtDHAD (At3g23940) coding sequence was amplified
by PCR from rosette cDNAs using the following primers:
AtDHAD forward (5'CCCCCCATGGCTACTGACACCAAT-
AAGCTC3’) and AtDHAD reverse (5 CCCCGGATCCTTAC-
TCGTCAGTCACACA'). The PCR product was digested with
Ncol and BamHI, cloned into the pET3d vector, and verified by
DNA sequencing. The amplified sequence encodes a protein
lacking the first 53 amino acids, corresponding to the putative
plastid targeting sequence. Because of the use of the Ncol re-
striction, a codon for an alanine was added in the primer to keep
the sequence in-frame.

Heterologous expression and purification of enzymes

Azotobacter vinelandii (Av)IscS (70), AtINFU2 (36), AtSUFA1
(39), and AtGRXS14/516 (37) were heterologously expressed
and purified as described previously. The plasmid containing
the AtDHAD coding sequence was used for expression into the
E. coli BL21(DE3) strain. An overnight LB-agar plate-grown
colony was used to inoculate 1 liter of LB containing 100 ug/ml
ampicillin and grown at 37 °C until reaching exponential phase.
The culture was then treated with 0.5% (v/v) ethanol and kept at
4 °C for 2 h before induction by 200 wg/ml isopropyl 1-thio-g-
D-galactopyranoside. After an overnight incubation at 20 °C,
the cells were harvested by centrifuging at 6690 X gat4 °C for 5
min and stored at —80 °C for later use.

In a routine purification of DHAD, 15 g of cell paste were
resuspended in 40 ml of 100 mm Tris-HCI buffer, pH 8.0, con-
taining 2 milliunits/ml DNase (Roche Applied Science), 0.5
pg/ml RNase (Roche Applied Science), 150 pg/ml phenyl-
methanesulfonyl fluoride, and 0.05% (v/v) polyethylenei-
mine. The cells were lysed by intermittent sonication using
an ultrasound dismembrator model 500 (Thermo Fisher Sci-
entific) and centrifuged at 39,800 X g at 4°C for 1 h to
remove insoluble components. The supernatant was sub-
jected to 40% saturation of ammonium sulfate treatment,
and the precipitate was removed by centrifugation at
39,800 X gfor 20 min. The clear supernatant was then loaded
onto a 70-ml phenyl-Sepharose column pre-equilibrated
with 100 mm Tris-HCI buffer, pH 8.0, containing 1.0 m
ammonium sulfate. Fractions containing DHAD eluted be-
tween 300 and 100 mM ammonium sulfate as determined by
SDS-PAGE. The fractions were pooled and concentrated by
Amicon ultrafiltration using a YM30 membrane (EMD Mil-
lipore) and loaded onto a 25-ml Q-Sepharose column.
DHAD (>90% pure as judged by SDS-PAGE) eluted between
300 and 400 mm NaCl.
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Preparation of apo DHAD and IscS-mediated in vitro
reconstitution of DHAD

As-isolated DHAD in 100 mm Tris-HCl buffer, pH 8.0 (buffer
A), was incubated with at least 50-fold excess of DTT, sodium
dithionite, and EDTA for 3 h and desalted using a gel-filtration
column. The resulting samples of apo AtDHAD contained
<0.03 [Fe,S,] clusters per monomer, as judged by UV-visible
absorption and CD spectroscopies. In vitro reconstitution of
DHAD was initiated by addition of a catalytic amount of AvIscS
to the reaction mixture containing 0.5-1.0 mm apo DHAD,
10-fold excess of ferrous ammonium sulfate, and 10-fold excess
of L-cysteine under strictly anaerobic conditions in a glove box
under argon. The reaction was monitored by absorption and
CD spectroscopies for 3-5 h, and the cluster—bound protein
was repurified using a 15-ml HiTrap Q HP column inside the
glove box. A stoichiometric amount of apo A{NFU2 was added
to the reaction mixture prior to the addition of IscS for anaer-
obic reconstitution of DHAD in the presence of NFU2.

Spectroscopic and analytical methods

All samples for spectroscopic studies were prepared under
strictly anaerobic conditions. UV-visible absorption spectra
were recorded using a Shimadzu UV-3101 PC scanning spec-
trophotometer. CD spectra were recorded using a JASCO J-715
spectropolarimeter. Septa-sealed quartz cuvette cells with
either a 1-mm or 1-cm pathlength were used for both absorp-
tion and CD spectroscopies. Resonance Raman spectra were
acquired using a Ramanor U1000 scanning spectrometer
(Instruments SA, Edison, NJ) fitted with a cooled photomulti-
plier tube and photon-counting electronics (Instruments SA,
Edison, NJ), using excitation lines from a Sabre argon laser
(Coherent, Santa Clara, CA). A droplet of concentrated sample
(~2 mm in Fe-S clusters) was frozen at 17 K on a gold-plated
sample holder mounted to a cold finger of a Displex Model
CSA-202E closed cycle helium refrigerator (Air Products,
Allentown, PA). Each RR spectrum is a sum of 80-100 scans
with each scan involving photon counting for 1 s at 0.5-cm ™!
increments with 7-cm™' spectral resolution. X-band (~9.6
GHz) EPR spectra were recorded using a Bruker ESP-300D
spectrometer equipped with an ER-4116 dual mode cavity and
an Oxford ESR 900 flow cryostat.

Protein concentrations were determined by DC protein assay
(Bio-Rad) using bovine serum albumin as standard (71). Iron
concentrations were determined colorimetrically with batho-
phenanthroline under reducing conditions using 1000 ppm
atomic absorption iron as standards, after digesting proteins
with KMnO,/HCl (72).

Cluster transfer from [Fe,S,] cluster- bound proteins to apo
DHAD

The [Fe,S,] cluster—bound forms of AtNFU2, GRXS14,
GRXS16, and SUFA1 were prepared by IscS-mediated recon-
stitution as described previously (36, 37, 39). Prior to the initi-
ation of the cluster transfer reaction, apo DHAD was incubated
with 1 mm DTT or 5 mm TCEP for at least 30 min. DTT or
TCEP was then removed by dialysis prior to cluster transfer
experiments, unless otherwise indicated. The cluster transfer
experiments were carried out in buffer A and initiated by addi-
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tion of stoichiometric or excess apo DHAD to cluster—bound
forms of NFU2, GRXS14, GRXS16, or SUFA1, each of which
had [Fe,S,]>" cluster concentrations between 40 and 50 um.
The time course of cluster transfer was monitored by CD spec-
troscopy at room temperature for up to 120 min. Kinetic data
for cluster transfer experiments were analyzed using the Chem-
ical Kinetics Simulator software package (IBM).

Enzymatic activity of DHAD

DHAD was assayed spectrophotometrically by a modifica-
tion of methods described by Kiritani and Wagner (6). The
substrate (2,3-dihydroxyisovalerate) was synthesized using the
procedure described by Nielsen et al. (73). The assay was con-
ducted in buffer A containing 5 mm MgCl,. The formation of
the 2,4-dinitrophenylhydrazone (from the keto product of the
enzymatic reaction) was measured by absorption at 550 nm.
The activity was recorded as specific activity (unit/mg of pro-
tein), where 1 unit is defined as amount of enzyme that converts
1 pmol of substrate to product per min at 37 °C.

Author contributions—H. G. and M. K. J. data curation; H. G., T. A.,
S. R, and M. K. J. formal analysis; H. G., N. R., and M. K. J. supervi-
sion; H. G., T. A, S. R.,and J. C. investigation; H. G.,]. C., and M. K. J.
methodology; H. G. and M. K. J. writing-original draft; H. G., T. A,
S. R, J. C, N. R, and M. K. J. writing-review and editing; N. R. and
M. K. J. conceptualization; N. R. and M. K. J. resources; N. R. and
M. K.J. funding acquisition; N. R. and M. K. J. project administration.
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