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Abstract: Nature provides a rich source of compounds with
diverse chemical structures and biological activities, among
them, sulfur-containing metabolites from bacteria and fungi.
Some of these compounds bear a disulfide moiety that is
indispensable for their bioactivity. Specialized oxidoreductases
such as GliT, Himl, and DepH catalyze the formation of this
disulfide bridge in the virulence factor gliotoxin, the antibiotic
holomycin, and the anticancer drug romidepsin, respectively.
We have examined all three enzymes by X-ray crystallography
and activity assays. Despite their differently sized substrate
binding clefts and hence, their diverse substrate preferences,
a unifying reaction mechanism is proposed based on the
obtained crystal structures and further supported by muta-
genesis experiments.

Disulfide bridges are known as integral structural compo-
nents of peptides and proteins. Yet, disulfide moieties are also
found in various natural products where they play a pivotal
role in determining biological activity. Important examples
are the broad-spectrum antibiotic holomycin (1; Scheme 1)
from Streptomyces clavuligerus, the FDA-approved anti-
cancer depsipeptide romidepsin (2) from Chromobacterium
violaceum, and gliotoxin (3) from the human pathogenic
fungus Aspergillus fumigatus. Gliotoxin has been implicated
as virulence factor in invasive aspergillosis, a frequent cause
of death in immunosuppressed patients,’] and it is the most
prominent representative of epipolythiodioxopiperazines
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(ETPs). The toxicity of ETPs is linked to their reactive
epidithio moiety,” which inactivates essential sulfur-contain-
ing proteins by conjugation, disturbs the intracellular redox
equilibrium, and generates reactive oxygen species.”!

In the past years the biosynthesis of 3 has been studied
genetically and biochemically.! The sulfur moieties are
introduced to the diketopiperazine core’® by the addition of
glutathione (GSH)®! and its sequential degradation to the
free thiol precursor (4)." A flavin adenine dinucleotide
(FAD)-dependent oxidoreductase, termed GIiT, finally oxi-
dizes 4 to the disulfide-containing gliotoxin (3), thereby
conferring resistance of the fungus to its own toxin.® It is very
conceivable that GliT-type enzymes catalyze the final bio-
synthesis step of all ETPs.™

Oxidoreductases closely related to GliT have been found
in bacteria” and fungi and can be grouped in three distinct
clades according to their prototypes TrxR, DepH, and HImlI
(Figure S1A in the Supporting Information). The TrxR family
is crucial for intracellular redox regulation,!'’! while the HlmI
and DepH groups presumably oxidize small molecules
(Scheme 1). Specifically, HImI is involved in the biosynthesis
of 1”1 and DepH installs the disulfide bridge in 2. The four
clades of oxidoreductases share the catalytically active Cys-X-
X-Cys motif, but their substrate specificities are fairly diverse.
In order to shed light on the differences between these
enzyme families and to elucidate their reaction mechanisms,
we solved the X-ray structures of GIiT from A. fumigatus
(1.9 A; Rye. 222%) as well as of the two closely related
bacterial oxidoreductases HlmI from S. clavuligerus (1.6 A;
Riyee 15.9%) and DepH from C. violaceum (1.9 A; Ry,
19.9%), respectively (Table S1 in the Supporting Informa-
tion). All three enzymes are homodimers and display the
typical fold of thioredoxin reductases with one FAD molecule
bound per monomer, [rmsd C,(HImI/DepH/GIiT) <2.2 A;
rmsd C,(HImI/DepH/GIiT/TrxR) < 6.6 A; Figure 1A; Fig-
ures S2 and S3 and Table S2 in the Supporting Informa-
tion)."! Each monomer comprises one FAD and one
nicotinamide adenine dinucleotide phosphate (NADP*/
NADPH) binding domain that adopt the f-a-p-a-3 Rossman
fold and that are connected by an antiparallel 3-sheet. At the
primary sequence level the FAD recognition site is split by the
NADP*/NADPH binding domain (Figure S1B in the Sup-
porting Information). The FAD-binding domains, in partic-
ular the helices H1 and H2 and their connecting loop, form
a dimerization interface of 2200 A2 to 2750 A2 In contrast to
DepH,™ the NADP*/NADPH binding sites of GIiT and
HlmI are assumed to be nonfunctional, as both use O, instead
of NADP* as a cosubstrate and terminal electron accept-
or.’% The NADP*/NADPH binding domains also harbor
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the conserved Cysl45-X-X-Cys148 motif
(CXXC; numbering according to Figure S1B
in the Supporting Information), a hallmark of
numerous oxidoreductases.'!! Connolly surface
illustrations reveal that in each of the two
0/‘(& 6 protein subunits the active cysteines are located
o at the bottom of a pronounced substrate-bind-
DepH | Chromobacterium Ter‘ Escherichia  ing pocket formed by the dimer interface (Fig-
violaceum coli ure 1A and C).
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o sensitivity towards gliotoxin, similar to the
gliotoxin holomycin romidepsin thioredoxin AgliT knockout (Figure 2C), indicating that
3) M @ this motif is crucial for GliT-mediated self-
Scheme 1. Specialized oxidases install transannular disulfide bridges in fungal and resistance. The helical conformation of the
bacterial secondary metabolites. The structurally related bacterial TrxR catalyzes the CXXC box enables the formation of a disulfide
reduction of a disulfide bond in thioredoxin. bridge between Cysl45 and
Cys148. Likewise in TrxR, the
active-site cysteines of GliT, HlmlI,
and DepH stack against the Re side
of the isoalloxazine ring. However,
) in GIiT, HlmI, and DepH the
% ‘ — disulfide bond is perpendicular to
. ‘ the flavin system. This orientation
of the catalytic disulfide resembles
that in glutathione reductases,
but contrasts with the more parallel
positioning in  TrxR  (Fig-
ure S2C)." Due to its close prox-
imity to the C4* atom of the
FAD %0 C145 prosthetic  group  (3.1-3.5 A),
’a‘.}u.\ Cysl148 is supposed to mediate
k4 electron transfer to the FAD cofac-
tor during catalysis, whereas
Cys145, located more distal from
the FAD (5.3-5.8 A), forms the
mixed disulfide with the substrate.
Such a differential reactivity of the
catalytic cysteines has also been
observed for dihydrolipoamide
dehydrogenase, the E3 component
of the pyruvate dehydrogenase
complex.?]
The crystal structures of GIiT,
HlmI, and DepH allowed us to
propose the following reaction

FAD-binding domain
< NADP/NADPH-
binding domain
~ &

NADP'/NADPH-
binding domain

Figure 1. X-ray structures of GIiT, HIml, and DepH. A) Ribbon illustration of the enzymes with their
cofactor FAD and their catalytic cysteines depicted as stick models. B) Enlargment of the active site
of the respective enzymes. Residues (except for Thr/Ser/Ala52) are labeled according to the sequence
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alignment provided in Figure S1B. Water molecules are shown as light blue spheres; black dotted
lines indicate important interactions/distances. In GliT and HIml a water molecule near the N5 atom
of FAD functions as a proton donor (distance: 2.9-3.3 A); in DepH, His149 assumes this function
(distance: 3.0 A). The water molecule next to Cys145 in GliT and DepH is oriented by the helix dipole
H4 of the CXXC box and replaced in HIml by GSH (Figure S5). The distance between the electron-
donating Cys148S and the electron-accepting C4“ atom of FAD in the GSH-bound HIml is shorter
(3.1 A) than in the apo structures of GliT and DepH (3.4 A). C) Connolly surface representations of
the substrate-binding clefts depict their difference in size. Positive and negative electrostatic surface
potentials are contoured from —30 kT/e (red) to 30 kT/e (blue). The active-site cysteines and the FAD
moiety were removed for surface calculations.

www.angewandte.org © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mechanism for thiol oxidation in
natural compounds, which is anal-
ogous to that for disulfide forma-
tion in proteins™ (Figure 3):
Deprotonation of one of the sub-
strate’s thiols creates a reactive
thiolate anion that nucleophilically
attacks the enzyme’s catalytic disul-
fide. Hereby, the substrate becomes
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Figure 2. Biochemical characterization of GliT, HIml, and DepH.

A) Wild-type GIiT oxidizes 4 under the consumption of O,; mutations
in the CXXC motif prevent enzymatic activity. B) Substrate conversion
by various GliT mutants; for example, the CLFC motif was exchanged
for the CPYC box from HIml and DepH. C) Sensitivity of A. fumigatus
towards 3 is strongly increased when GIiT is absent or nonfunctional
due to mutation of the active-site cysteines. D) In contrast to GIiT,
HIml and DepH do not accept 4 as a substrate in an O,-depletion
assay. E) DepH is not able to oxidize 4 in the presence of NAD* or
NADP*,

covalently linked to Cys145 of the enzyme and a thiolate at
Cys148 is formed, which forms a transient charge-transfer
complex with the C4“ atom of the electron-deficient, oxidized
FAD. The resulting negative charge at the N5 atom of the
flavin system is neutralized by a proton provided by either
His149 (DepH) or an adjacent water molecule (GliT/HlmlI;
Figure 1B, Figure 3, and Figure S2 in the Supporting Infor-
mation), which is preoriented by Aspl490D2/His149NE2,
His540, and the O4 and N5 atoms of FAD. As in TrxR,["
mutation of aspartic acid 149 to either Asn or Ala completely
inactivates GIiT (Figure 2 B), indicating that aspartic acid 149
protonates the N5 atom of the cofactor via the above-
mentioned water molecule and hereby activates the FAD. In
addition, the positive pole of helix HS8, pointing onto the O2
atom of the cofactor, reinforces the electron-withdrawing
effects of the flavin moiety.""" Transfer of the second
electron from Cys148SG to FADH prompts the N1 atom of
the prosthetic group to grab the proton of the substrate’s
second thiol. By a concerted cascade of electron-pair shifts
the disulfide-bridged natural product is formed and the
oxidized state of the CXXC box is restored. In the final
reaction step GlT and HImI use their gained reductive
equivalents to produce H,0, from O,.f%! By contrast,
FADH, in DepH donates the electrons to NADP*.®! The
reduction of NADP*' is assumed to require structural
rearrangements as in TrxR.['-1°)
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Figure 3. Proposed reaction mechanism for the oxidation of 4-6 by the
oxidoreductases GIiT, HIml, and DepH, respectively.

Substrate binding in GliT, HImI, and DepH may involve
Arg48 and His144. Noteworthy, the orientation of Arg4S8 is
identical in all three enzymes and its mutation to Ala impairs
GliT’s activity. His144 adopts distinct conformations in GliT,
HimlI, and DepH, and its replacement by either Ala or Asn
severely reduces the catalytic activity (Figure 1B and Fig-
ure 2B). Initial deprotonation of the substrate may be
triggered by His144 and by the positive N-terminal dipole
of the CXXC helix H4 (Figure 3). Evidence for the relevance
of this helix dipole is provided by a water molecule occupying
the center of the helix bottom in the GIiT and DepH apo
structures (Figure 1B). The active site of HImI shows strong
additional positive electron density, which in agreement with
mass spectrometric analysis has been interpreted as a GSH
molecule covalently bound to Cys145 (Figures S4 and S5 in
the Supporting Information). As the ligand is only poorly
defined in the 2 F5—F electron density map, its occupancy
has been set to 0.5. Remarkably, the thiol of GSH occupies
the position of the water molecule in GliT and DepH and is
thus perfectly aligned with the positively charged H4 helix
dipole (Figure SSC in the Supporting Information). This
arrangement facilitates deprotonation of the substrate by
lowering its pK, value and stabilizes the resulting negative
charge for the subsequent nucleophilic attack on the enzyme’s
disulfide. Unlike natural substrates, GSH lacks the second
thiol that is required to resolve the enzyme-ligand complex.
Consequently, the negative charge is captured at Cys148. In
agreement, the distance between Cys148SG and the C4“ of
FAD in GSH-bound HIml is shorter (3.1 A) than that in the
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nonliganded structures GliT and DepH (3.4 A; Figure 1B and
Figure S5 in the Supporting Information).

Even though GIiT, HImI, and DepH employ identical
reaction mechanisms to oxidize thiols, their substrate-binding
clefts and specificities differ substantially (Figure 1C). The
sizes of the natural substrates 5 and 6 conform to the narrow
active-site cavity of HImI and the spacious pocket of DepH,
respectively. However, in comparison to 4, the rather large
pocket of GIiT might confer broad substrate specificity. For
instance, GIiT has been shown to cross-react with 5,0 making
it attractive for protein-engineering attempts. In contrast, 4 is
converted solely by GIiT (Figure 2D,E), implying that it may
not fit into HimI and may not be properly stabilized in DepH.

In conclusion, the disulfide-forming flavoenzymes GIiT,
HlmlI, and DepH are engaged in highly diverse biosynthetic
pathways across unrelated microbial kingdoms. Despite
marked differences in their substrate specificity, they share
a common reaction mechanism. These traits may be
employed to tailor oxidoreductases for biocatalytic applica-
tions. In addition, the presented X-ray structures may also set
the basis to establish GliT from A. fumigatus as a novel drug
target for the treatment of invasive aspergillosis and to
promote the design of selective inhibitory compounds for this
type of oxidoreductases.
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