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ABSTRACT: Two short chain dehydrogenase/reductases mediate naphthol reduction reactions in fungal
melanin biosynthesis. An X-ray structure of 1,3,6,8-tetrahydroxynaphthalene reductase (4HNR) complexed
with NADPH and pyroquilon was determined for examining substrate and inhibitor specificities that differ
from those of 1,3,8-trihydroxynaphthalene reductase (3HNR). The 1.5 Å resolution structure allows for
comparisons with the 1.7 Å resolution structure of 3HNR complexed with the same ligands. The sequences
of the two proteins are 46% identical, and they have the same fold. The 30-fold lower affinity of the
4HNR-NADPH complex for pyroquilon (a commercial fungicide that targets 3HNR) in comparison to
that of the 3HNR-NADPH complex can be explained by unfavorable interactions between the anionic
carboxyl group of the C-terminal Ile282 of 4HNR and CH and CH2 groups of the inhibitor that are countered
by favorable inhibitor interactions with 3HNR. 1,3,8-Trihydroxynaphthalene (3HN) and 1,3,6,8-
tetrahydroxynaphthalene (4HN) were modeled onto the cyclic structure of pyroquilon in the 4HNR-
NADPH-pyroquilon complex to examine the 300-fold preference of the enzyme for 4HN over 3HN.
The models suggest that the C-terminal carboxyl group of Ile282 has a favorable hydrogen bonding
interaction with the C6 hydroxyl group of 4HN and an unfavorable interaction with the C6 CH group of
3HN. Models of 3HN and 4HN in the 3HNR active site suggest a favorable interaction of the sulfur atom
of the C-terminal Met283 with the C6 CH group of 3HN and an unfavorable one with the C6 hydroxyl
group of 4HN, accounting for the 4-fold difference in substrate specificities. Thus, the C-terminal residues
of the two naphthol reductase are determinants of inhibitor and substrate specificities.

1,3,6,8-Tetrahydroxynaphthalene reductase (4HNR)1 is a
newly discovered enzyme fromMagnaporthe griseathat
operates in the fungal melanin biosynthetic pathway (Figure
1) (1). The enzyme and its sibling, 1,3,8-trihydroxynaph-
thalene reductase (3HNR), of the same pathway are typical
short chain dehydrogenase/reductases (SDR), a superfamily
of enzymes known for shared structural motifs and the
diversity of its substrates (2, 3). M. griseais the causal agent
of blast disease in rice, and it requires fungal melanin, a
polymer of 1,8-dihydroxynaphthalene, for infection of host
cells (4-6). Beginning with 1,3,6,8-tetrahydroxynaphthalene,

the biosynthetic pathway inM. griseaproceeds through two
alternating reduction and dehydration steps to yield 1,8-
dihydroxynaphthalene. 3HNR is the physiological target of
the commercial blasticides phthalide, pyroquilon, and tricy-
clazole (Figure 1), which bind in the naphthol pocket of the
3HNR active site (7-9). From more than two decades in
practice, millions of pounds of these compounds have been
applied to rice paddies for controlling the disease. Efforts to
discover more efficacious inhibitors of the enzyme are re-
ported (9-11). There is a single gene encoding the dehy-
dratase of the pathway, known as scytalone dehydratase (SD),

‡ Atomic coordinates of the 4HNR-NADPH-pyroquilon complex
have been deposited in the Protein Data Bank as entry 1JA9.

* To whom correspondence should be addressed. D. B. Jordan.
Telephone: (302) 695-4280. Fax: (302) 695-4507. E-mail: doug.b.
jordan@dupontpharma.com. D.-I. Liao. Telephone: (302) 695-8332.
Fax: (302) 695-1351. E-Mail: der-ing.liao@usa.dupont.com.

§ DuPont Central Research and Development.
| DuPont Agricultural Products, Newark.
⊥ Present address: Merck & Co., P.O. Box 2000, Rahway, NJ 07023.
@ DuPont Agricultural Products, Wilmington.
# DuPont Pharmaceuticals Company.
1 Abbreviations: 4HNR, 1,3,6,8-tetrahydroxynaphthalene reductase;

3HNR, 1,3,8-trihydroxynaphthalene reductases; 2HN, 1,8-dihydroxy-
naphthalene; 3HN, 1,3,8-trihydroxynaphthalene; 4HN, 1,3,6,8-tetrahy-
droxynaphthalene; SD, scytalone dehydratase; SDR, short chain de-
hydrogenase/reductases; Tris, tris(hydroxymethyl)aminomethane; HEPES,
N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid.

FIGURE 1: Fungal-melanin biosynthesis. 3HNR is the physiological
target of the inhibitors.
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which efficiently catalyzes the dehydration of scytalone and
vermelone (12-16). SD is the physiological target of
blasticides that have recently been commercialized (17-18)
or are in development (19-26).

Genetic evidence prompted the discovery of 4HNR (1).
M. griseamutants lacking 3HNR accumulate 3HN (and its
oxidation products), and double mutants lacking 3HNR and
SD accumulate scytalone (Figure 1). The phenotypes of the
mutants led to the hypotheses that either there is another
reductase for mediating the conversion of 4HN to scytalone
or there is another route to scytalone altogether inM. grisea.
The problem was resolved by cloning the gene for the other
reductase (4HNR) that encodes a protein that is 46% identical
in sequence to 3HNR. Double mutants ofM. griseathat lack
3HNR and 4HNR accumulate 4HN (and its oxidation
products), thus indicating that 4HN is the sole source of
scytalone and validating the pathway shown in Figure 1.M.
griseamutants lacking 4HNR have wild-type phenotypes and
produce fungal melanin.

Substrate specificities of the two enzymes for 3HN and
4HN account for the observed phenotypes in the mutants
lacking 3HNR or 4HNR (1). According to thekcat/Km ratios,
3HNR prefers 3HN over 4HN by a factor of 4 and 4HNR
prefers 4HN over 3HN by a factor of 300. Thus, inM. grisea
mutants lacking 4HNR, 3HNR may catalyze the reduction
of 3HN and 4HN, the latter substrate being only 4-fold less
efficient than the former, and the mutant organism reflects
a wild-type phenotype from its production of fungal melanin.
In M. grisea mutants lacking 3HNR, 4HNR activity is
sufficient to mediate the reduction of 4HN, but the 300-fold
lower efficiency of the enzyme for 3HN precludes clearing
of 3HN, which accumulates to produce the distinct phenotype
of the mutant.

X-ray structures of 3HNR in the absence and presence of
NADPH and inhibitors have been determined (7, 9, 27).
3HNR binds the inhibitors phthalide, pyroquilon, and tricy-
clazole with the following affinity progression: 3HNR-
NADPH > 3HNR-NADP+ > 3HNR. This is consistent
with the view that the inhibitors mimic the hydride-accepting
keto tautomer of the naphthol substrate (8, 9). The pro-S
hydrogen of NADPH (the hydrogen that is transferred to
naphthol substrates as a hydride) is directed toward the
inhibitors and, in the case of pyroquilon, toward its carbonyl
carbon (7, 9). The 1.7 Å resolution X-ray structure of 3HNR
complexed with NADPH and pyroquilon provides a simple
guide for docking substrates 3HN and 4HN into the active
site (9). Doing so shows causes overlap between the van
der Waals surfaces of the C6 hydroxyl group of 4HN (the
hydroxyl is replaced with a hydrogen in 3HN) and the SD
sulfur atom of Met283, an electrostatic repulsion that can
account for the 4-fold preference of 3HNR for 3HN over
4HN (9). Met283 is the C-terminal residue of 3HNR, and
its position changes rather little among the X-ray structures
of 3HNR (9). Since the C-terminus of 4HNR is one residue
shorter than 3HNR according to a sequence alignment, it
was suggested that electrostatic repulsion between 4HN and
the protein would be relieved (9). However, it was not lost
upon us that the lack of electrostatic repulsion is not a
particularly satisfying explanation for the 300-fold preference
for 4HN over 3HN held by 4HNR, and we sought experi-
mental guidance for the binding mode of naphthol substrates
in the 4HNR active site. The naphthol substrates, 3HN and

4HN, are unsuitable for cocrystallization studies with the
enzyme due to their propensity for oxidation and polymer-
ization. Pyroquilon, a flat cyclic molecule containing a
carbonyl group, is the best inhibitor in complex with 3HNR
and NADPH for modeling the naphthol substrates (9), and
so for this work, we have determined the X-ray structure of
4HNR complexed with NADPH and pyroquilon. From the
high-resolution structure, we also hoped to gain insight into
why the affinity of pyroquilon for the 4HNR-NADPH
complex is 30-fold lower than that for the 3HNR-NADPH
complex.

EXPERIMENTAL PROCEDURES

Crystallization. Crystals of the 4HNR-NADPH-pyro-
quilon complex were obtained by cocrystallization of 4HNR
in the presence of 10 mM NADPH and 2 mM pyroquilon.
Crystals of the 4HNR-NADPH-pyroquilon complex were
grown at 4°C by using the hanging-drop diffusion method
with 1.5 M Li2SO4 and 0.1 M HEPES-NaOH (pH 7.4) in
the wells, a condition optimized from the Hampton Screen
1, Condition 16 (Hampton Research). A mixture of 1µL of
the protein/inhibitor solution [20 mg of protein/mL, 10 mM
NADPH, 2 mM pyroquilon, and 50 mM Tris-HCl (pH 7.0)]
and 1µL of the well solution were contained in the hanging
drops. Small crystals (0.02 mm× 0.05 mm× 0.1 mm)
appeared after a few days, and they were stable for a few
weeks. Larger crystals were obtained by adjusting the salt
concentration; however, invariably the larger crystals failed
to diffract as well as the small crystals. Seeding studies were
not attempted. Immediately prior to data collection, crystals
were washed briefly in a solution of 1.6 M Li2SO4, 0.1 M
HEPES-NaOH (pH 7.4), and 20% glycerol, mounted on
nylon loops with a diameter of 0.05-0.1 mm, and directly
frozen in a nitrogen cold stream at-170 °C.

Data Collection.4HNR crystals were too small to produce
a diffraction pattern by using our in-house X-ray source
produced by a Rigaku rotating anode generator with MSC
focusing mirrors. A 2.5 Å data set from a single crystal was
collected at the Brookhaven X12B synchrotron beam line
using an ADSC Quantum 4 CCD detector. Data were
processed by using the DENZO-SCALEPACK package (28).
The crystal was tetragonal in space groupP42212 with the
following cell dimensions:a ) b ) 95.5 Å andc ) 71.8
Å. There is one molecule in the asymmetric unit, and the
solvent content of the crystal is 40%. Subsequently, a 1.5 Å
data set was collected from a single crystal at the Argonne
Advanced Photon Source, sector 5, insertion-device beam
line using a MAR CCD detector. This data set was processed
in a manner similar to that of the first and used for the final
refinement of the structure. The data collection statistics are
listed in Table 1.

Structure Determination.Molecular replacement was car-
ried out with the program AMoRe from the CCP4 program
suite (29). Residues 25-283 of the refined model of the
3HNR-NADPH-pyroquilon complex (PDB entry 1GO0)
were used as the searching model with NADPH, the inhibitor,
and the side chains other than the Câ atoms eliminated. The
electron density map, calculated using the phase information
from the molecular replacement solution, was displayed, and
models of the side chains were built by using a Silicon
Graphics system and the program O (30). NADPH and
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pyroquilon were incorporated into the model after one run
of molecular dynamics refinement by using the slow-cool
protocol of XPLOR (31). A portion of the data (10%) was
omitted from the refinements for the purpose of calculating
Rfree (32). With the X12B data set, the model was refined to
a final workingR value of 20.8% and anRfree value (32) of
31.5%, without the addition of water molecules. This model
was then refined against the high-resolution APS-5ID data
set. Refinement statistics for the final model are listed in
Table 1.

Other Methods.TheM. grisea4HNR was heterologously
overexpressed inEscherichia coliand purified to homogene-
ity as described previously (1). Pyroquilon was modified to
4HN in the 4HNR-NADPH-pyroquilon complex by using
the Build/Edit function of the modeling package Sybyl
(Tripos, Inc.) and the numbering system of Figure 2 to
overlay the substrate onto the inhibitor. The nicotinamide
rings of NADPH in the 3HNR-NADPH-pyroquilon and
4HNR-NADPH-pyroquilon complexes were overlaid upon
one another by using the Fit Atoms function in Sybyl. Figures
3, 4, and 6 were generated using the program RIBBONS
(33).

RESULTS

OVerall Structure of Tetrahydroxynaphthalene Reductase.
The three-dimensional structure of 4HNR complexed with
NADPH and pyroquilon was determined by using molecular
replacement methods and the protein coordinates of the
3HNR-NADPH-pyroquilon complex (PDB entry 1GO0)
(9). Even though the single crystal of the 4HNR-NADPH-
pyroquilon complex used for data collection was quite small,
with synchrotron radiation coupled to an undulator it
diffracted to 1.5 Å resolution. The electron density map

provides excellent definition of most of the protein, including
the inhibitor, NADPH, and residues of the active site (Figure
3a). Good statistics for data collection and refinement were
obtained (Table 1). For the convenience of making com-
parisons with 3HNR, which has an N-terminus that is eight
residues longer than that of 4HNR in the alignment, the
numbering of 4HNR begins with residue 9. The model
includes residues 24-282, lacking assignments for the first
15 residues, which includes the N-terminal Met-Ala dyad,
which is removed upon production of 4HNR inE. coli (1).
The electron density is clearly incompatible with an Ile at
position 231 as assigned from the nucleotide sequence.
Resequencing (three times) of the DNA indicates a Met
residue at position 231, which agrees with the electron
density, and Met231 is assigned in the PDB file.2 4HNR
has the same fold as 3HNR, and an rms difference of 0.95
Å results from an overlay of CR atoms of 4HNR and 3HNR.
The asymmetric unit contains a single subunit of 4HNR, and
after four of these have been merged, it is clear that 4HNR
likely exists as a homotetramer with 222 symmetry (Figure
3b) as does 3HNR (7, 9). The binding mode of NADPH is
similar in the 3HNR and 4HNR structures. The structural
motif (Gly-X-X-X-Gly-X-Gly) shared by SDR members for
discriminating between NADP(H) and NAD(H) forms of the
dinucleotide substrates is perfectly conserved between 3HNR
and 4HNR (Gly36-Ala37-Gly38-Arg39-Gly40-Ile41-Gly42),
and the residues occupy similar space relative to the
2′-phosphate of NADPH in the two structures. The structural
motif commonly found in SDR members for mediating
catalysis (Tyr-X-X-X-Lys) is Tyr178-Ser179-Gly180-Ser181-
Lys182 in 3HNR and Tyr178-Ala179-Gly180-Ser181-
Lys182 in 4HNR. In both 3HNR and 4HNR, residues 178-
182 form a loop with the two end residues (Tyr178 and
Lys182) constituting part of the proposed proton shuttling
route in 3HNR (9) and 4HNR (see Catalysis).

Inhibitor Binding. The electron density allows for an
unambiguous assignment of the orientation of pyroquilon in
the 4HNR active site (Figure 3a). Likewise, the electron
density of the inhibitor in the 3HNR-NADPH-pyroquilon
complex provides a clear assignment (see the Supporting
Information for a figure showing the electron density
surrounding pyroquilon in the 3HNR-NADPH-pyroquilon
complex). In comparison to the orientation in the 3HNR-
NADPH-pyroquilon complex, pyroquilon is upside down
in the 4HNR-NADPH-pyroquilon complex. That is, when
the nicotinamide rings of the NADPH molecules of the
3HNR-NADPH-pyroquilon and 4HNR-NADPH-pyro-
quilon complexes are overlaid, the pyroquilon molecules are
at 180° with respect to one another, pivoted about the
inhibitor’s carbonyl oxygen atom (Figure 4a). The two
orientations of pyroquilon with respect to the nicotinamide
ring of NADPH in the 3HNR and 4HNR structures occupy
similar space in the two active sites, and either inhibitor
orientation can be accommodated in the 3HNR and 4HNR
active sites without severe steric conflicts with protein
residues.

Many of the inhibitor interactions in the new structure are
reminiscent of those seen in the 3HNR-NADPH-pyro-
quilon complex: the hydroxyl groups of Ser164 and Tyr178

2 The corrected nucleotide sequence has been reported to the
GenBank.

Table 1: Data Collection and Refinement Statisticsa

Data Collection
wavelength (Å) 0.963 no. of unique

reflections
51109

resolution (Å) 30-1.5 completeness (%) 97.5 (71.6)
space group P42212 Rmerge(%) 7.9 (38.1)
cell dimensions (Å) 94.8, 94.8,

71.2
no. of molecules per

asymmetric unit
1

no. of observations 487876 water content (%) 40

Refinement
resolution (Å) 6.0-1.5 rmsd for bond

angles (deg)
1.53

Rwork 0.189 no. of non-hydrogen
atoms

1889

Rfree 0.221 no. of water
molecules

218

rmsd for bond
lengths (Å)

0.012

a Values are for the data set collected using a single crystal at the
Argonne Advanced Photon Source. Values in parentheses refer to the
highest-resolution shell (1.53-1.50 Å).

FIGURE 2: Molecular modeling by the numbers. In the 4HNR-
NADPH-pyroquilon complex, pyroquilon atoms were changed to
those of 4HN according to the numbering system that guides an
overlay of the two molecules.
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are hydrogen bonded to the inhibitor’s carbonyl oxygen, the
ring of Tyr223 is stacked with the inhibitor’s ring system,
thepro-Shydrogen atom of NADPH is directed toward the
inhibitor’s carbonyl carbon, and hydrophobic interactions are
provided by several residues (Figure 4b). Within a 4 Åsphere
surrounding the inhibitor of the 4HNR-NADPH-pyroquilon
complex are elements of 16 protein residues. Eight residues
(Ser164, Ile165, Tyr178, Pro208, Gly209, Gly210, Met215,

and Tyr223) are conserved in 3HNR, and eight 4HNR
residues are replaced in 3HNR as follows: Glu118Val,
Ala166Thr, Met169Ala, Phe216Tyr, Asn219Val, Ser220Cys,
Leu240Ala, and Ile282Cys. The Glu118Val replacement,
perhaps the most dramatic change, is softened because the
side chains point in different directions and away from the
inhibitor. The hydrogen bond between the carboxyl group
of Glu118 and the hydroxyl group of Tyr223 in 4HNR is

FIGURE 3: Structure of tetrahydroxynaphthalene reductase. (a) Stereoview of theFo - Fc omit map of pyroquilon in the active site of
4HNR. The map is contoured at 3.5σ. (b) The homotetramer of tetrahydroxynaphthalene reductase.

FIGURE 4: Binding of pyroquilon by the 4HNR-NADPH and 3HNR-NADPH species. (a) The relative orientations of pyroquilon in the
4HNR-NADPH-pyroquilon and 3HNR-NADPH-pyroquilon structures. The nicotinamide rings of the two structures were overlaid to
obtain the relative orientations of pyroquilon. Pyroquilon from the 4HNR structure has gray carbon atoms and C-C bonds. Pyroquilon
from the 3HNR structure has yellow carbon atoms and C-C bonds. The electron density maps provide unambiguous assignments for
pyroquilon in the 4HNR-NADPH-pyroquilon structure (Figure 3a) and the 3HNR-NADPH-pyroquilon structure (Supporting Information).
(b) Stereoview of the pyroquilon binding pocket in the 4HNR-NADPH-pyroquilon complex. WAT denotes a crystallographic water
molecule. Dotted lines represent hydrogen bonds.
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replaced by a hydrogen bond between the imidazole group
of His175 and the hydroxyl group of Tyr223 in 3HNR.

A schematic shows that within a 3.8 Å radius of the
inhibitor are numerous contacts between 4HNR residues and
pyroquilon (Figure 5). There are about twice as many
contacts than are seen in the 3HNR-NADPH-pyroquilon
complex (see Figure 4 of ref9 and the Supporting Informa-
tion for schematic views of pyroquilon contacts in the
3HNR-NADPH-pyroquilon complex). However, theKi

value for the 4HNR-NADPH-pyroquilon complex (420
nM) is 30-fold larger than that of the 3HNR-NADPH-
pyroquilon complex (14 nM) (1). In both the 3HNR-
NADPH-pyroquilon and 4HNR-NADPH-pyroquilon struc-
tures, the inhibitor is covered well by the protein. However,
in the 4HNR structure, there is a crystallographic water
molecule held next to a methylene group of pyroquilon (the
water molecule is hydrogen bonded to the carboxyl group
of Ile282), whereas in the 3HNR structure, there is no
crystallographic water near pyroquilon nor is there room for
one (see Figure 3 of ref9). The space of the crystallographic
water of 4HNR is occupied by the sulfur atom of Met283 in
3HNR. Thus, the desolvation energies of the inhibitor are
expected to be more beneficial to binding in the 3HNR
complex than in the 4HNR complex.

Additional contributions to the differences in the affinities
of 3HNR and 4HNR for pyroquilon arise from the respective
C-terminal residues and their inhibitor contacts. In the
4HNR-NADPH-pyroquilon complex, the carboxyl group
of Ile282 is near the C6 CH and C9 CH2 groups of the
inhibitor (Figure 5). The Ile282 carboxyl group is near
crystallographic water molecules, so it is expected to be in
an anionic form that would have an unfavorable interaction
with the inhibitor. If the orientation of pyroquilon in the
3HNR-NADPH-pyroquilon complex is placed into the
4HNR active site, the carboxyl group of Ile282 is located
near a different CH group (C8) of the inhibitor (4.0 Å
between the oxygen and carbon atoms). The CH interaction
with the carboxyl group may be even less favorable than

the one with the CH2 group; certainly, the CH group mimics
an interaction with 3HN against which the enzyme selects
(see Substrate Specificities). In the case of the 3HNR-
NADPH-pyroquilon complex, the S8 sulfur atom of Met283
is nearest to the C1 CH2 group of the inhibitor (4.2 Å
between the carbon and sulfur atoms). If the orientation of
pyroquilon in the 4HNR-NADPH-pyroquilon complex is
placed into the 3HNR active site, the S8 sulfur atom becomes
close to a different methylene group (C9) of the inhibitor
(3.7 Å between the carbon and sulfur atoms). In this
orientation, the van der Waals radii of the S8 sulfur atom
and the C9 CH2 group of pyroquilon are in contact, perhaps
accounting for why 3HNR selects against it and favors the
determined orientation (9).

Substrate Specificities.The structure of 4HN was mapped
onto that of pyroquilon of the 3HNR-NADPH-pyroquilon
structure to provide a view of the naphthol in the 3HNR
active site (9). As pyroquilon has a different disposition in
the 4HNR active site, a modified method for mapping the
atoms of 4HN onto those of the inhibitor was employed
(Figure 2) that results in the 4HNR-NADPH-4HN model
shown in Figure 6a. This method places 4HN in the active
site of 4HNR in a position similar to that obtained when
4HN is transferred from its docked position in the 3HNR
model (9) by overlaying the nicotinamide ring atoms of
NADPH in both structures (see the Supporting Information
for a figure showing the model of the 4HNR-NADPH-
4HN complex obtained by this method). Alternatively, when
4HN is transferred from our model of the 4HNR-NADPH-
4HN complex to the 3HNR-NADPH complex by overlaying
the NADPH atoms, the position of 4HN in the 3HNR active
site (Figure 6b) is similar to that provided by the previous
model obtained by the other method (see Figure 5 of ref9).
In essence, the two methods of docking 3HN and 4HN into
the 3HNR and 4HNR active sites that are based on the
positions of pyroquilon in the 3HNR-NADPH-pyroquilon
and 4HNR-NADPH-pyroquilon X-ray structures, respec-
tively, produce similar models implicating the C-terminal
residues of 3HNR and 4HNR and the C6 substitutions of
the naphthol substrates in roles of deciding whether 3HN or
4HN is preferred.

Models of 4HN complexed with the 4HNR-NADPH
species predict that there is a hydrogen bond formed between
the C-terminal carboxyl group of 4HNR (Ile282) and the
C6 hydroxyl group of 4HN, providing a favorable binding
interaction (Figure 6a and Supporting Information). The
carboxyl group of Ile282 is partially exposed to solvent (and
near crystallographic water molecules), meaning it likely
exists in an anionic form which would have a favorable
binding interaction with the hydroxyl group of 4HN but an
unfavorable one with the position 6 CH group of 3HN. In
addition, it is conceivable that the carboxyl group of Ile282
could produce a nonproductive binding complex with 3HN
by hydrogen bonding to the C3 hydroxyl group, thus
preventing access of C3 of 3HN to thepro-Shydrogen of
NADPH.

When our model of the 4HNR-NADPH-4HN complex
is used to position 4HN in the structure of the 3HNR-
NADPH-pyroquilon complex, the resulting 3HNR model
shows that the van der Waals radii of the oxygen atom of
the 4HN C6 hydroxyl group and the S8 sulfur atom of
Met283 of 3HNR are in contact, which would result in an

FIGURE 5: Schematic of pyroquilon contacts in the 4HNR-
NADPH-pyroquilon complex. Contacts within a 3.8 Å radius of
the inhibitor (hydrogen atoms not included) are indicated. Distances
between non-hydrogen atoms are in angstroms. The numbering
system for pyroquilon atoms of Figure 2 is used. For simplicity of
presentation, several interactions with the ring atoms of Tyr223
are not indicated. Compare with the schematics of pyroquilon
contacts in the 3HNR-NADPH-pyroquilon complex (Figure 4 of
ref 9 and Supporting Information).
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unfavorable electrostatic interaction (Figure 6b). The 3HNR-
NADPH-4HN model prepared by the method of mapping
4HN onto the structure of pyroquilon in the 3HNR-
NADPH-pyroquilon structure shows overlap between the
van der Waals surfaces surrounding the S8 sulfur atom of
Met283 and the C6 hydroxyl group oxygen atom of 4HN
(9), similarly suggesting an unfavorable interaction between
4HN and the protein but with a greater degree of severity.
In both of our models, the C6 CH group of 3HN is directed
toward the sulfur atom of Met283 of 3HNR, producing an
attraction or, at least, not an unfavorable interaction.

Catalysis.3HNR and 4HNR have similar residues in place
for promoting the reduction of naphthols, so the catalytic
cycles are likely similar. Unlike 3HN, in aqueous solution a
significant portion of 4HN exists in keto form (34, 35), the
tautomer expected to accept the hydride. Like the model of
3HNR (9), 4HNR has hydroxyl groups of Ser164 and Tyr178
positioned to stabilize the 3-keto tautomer of the naphthol
through hydrogen bonds to the carbonyl oxygen (Figure 7).
The ring of Tyr223 is modeled as stacked with the 4HN
naphthol ring on the face of the substrate opposite the
nicotinamide ring of NADPH. Although it is modeled as

FIGURE 6: Docking of 4HN into the active sites of 4HNR and 3HNR. (a) Stereoview of the modeled 4HNR-NADPH-4HN complex
obtained from the 4HNR-NADPH-pyroquilon complex with pyroquilon transformed to 4HN as described in the legend of Figure 2.
Dotted lines represent hydrogen bonds. (b) Stereoview of the modeled 3HNR-NADPH-4HN complex obtained by transferring 4HN from
its orientation with respect to the nicotinamide ring of NADPH in the 4HNR-NADPH-4HN model of panel a to the 3HNR-NADPH-
pyroquilon structure maintaining the orientation of 4HN with respect to the nicotinamide ring of 3HNR and removing pyroquilon from
3HNR. The van der Waals surfaces of the C6 hydroxyl oxygen of 4HN and the S8 sulfur atom of Met283 are shown.
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being too far away in the ground state (3.7 Å) to do so, in
the transition state the hydroxyl group of Tyr223 may serve
to hydrogen bond to the 3-keto oxygen atom of the naphthol
substrate to assist in puckering the ring at C3 for approaching
an ideal conformation for hydride acceptance. In promoting
this function, the hydroxyl group of Tyr223 is hydrogen
bonded to the carboxyl group of Glu118, which likely exists
in neutral form because of the hydrophobic environment. The
Glu118 carboxyl group is, in turn, hydrogen bonded to the
imidazole group of His175. In 3HNR, the hydrogen bonding
interaction of Tyr223 is with His175 whose imidazole group
is also in a hydrophobic environment. In the 3HNR-catalyzed
reaction, protonation of the substrate’s carbonyl oxygen is
proposed to occur through a proton shuttling mechanism that
proceeds through the hydroxyl group of Tyr178, the 3′-
hydroxyl group of NADPH, the NZ group of Lys182, and a
crystallographic water molecule, the ultimate donor (9). All
of these groups (including the crystallographic water mol-
ecule) are in place in the X-ray structure of the 4HNR-
NADPH-pyroquilon complex. Similar to that in the 3HNR
structure, the crystallographic water molecule in the 4HNR
structure has a relatively lowB factor of 13.2 Å2 in
comparison to the averagedB factors of the crystallographic
water molecules (28.4 Å2) and the protein atoms (13.9 Å2).
Taken together, this adds a measure of support for the
proposed protonation route in the 3HNR mechanism and
extends the proposal to the mechanism of 4HNR. Similar
protonation routes are suggested by the X-ray structures of
other SDR catalysts (9).

DISCUSSION

The high-resolution structure of the 4HNR-NADPH-
pyroquilon complex complements the high-resolution struc-
ture of the 3HNR-NADPH-pyroquilon complex (9). To-
gether they provide a unified view of enzyme-catalyzed
reduction of naphthols, which includes stabilization of the
keto tautomer of substrate, puckering of the ring system for
hydride acceptance, and a proton shuttling route. Differences
in the substrate specificities of 3HNR and 4HNR appear to
reside in forces of electrostatic attractions and repulsions
between the respective C-terminal residues and the C6 substi-
tutions of the naphthol substrates. Such forces are common
determinants of substrate specificities among enzymes, per-
haps most widely known in dehydrogenases that discriminate
between the 2′-substitutions of NAD(H) and NADP(H) forms
of their substrates (36-39). Although there are some cases
where substrate or cofactor recognition is through a C-
terminal residue (40-42), the example presented in this work
is the only known case where the C-terminal residues of two
enzyme homologues are determinants of discrimination be-
tween alternate substrates. There is a 1300-fold difference
in the relative substrate specificities for 3HN and 4HN be-
tween 3HNR and 4HNR (1). In perspective, however, the
SDR family is rich with respect to the diversity of its sub-
strates and has another example of substrate discrimination
between enzyme homologues that is particularly relevant;
i.e., the two tropinone reductases (64% identical in sequence
with the same fold) catalyze the addition of hydride to the
opposite faces of the substrate carbonyl group, producing
opposite diastereomers of the alcohol (43). If pyroquilon were
accepted as a substrate by 3HNR and 4HNR [it is not a
substrate (1, 9)], the products of the two enzyme-catalyzed
reactions would have opposite stereochemistry because the
pro-Shydrogen of NADPH is directed toward the opposite
faces of the inhibitor carbonyl in the 3HNR-NADPH-
pyroquilon and 4HNR-NADPH-pyroquilon structures.

Like their influences on the binding of 3HN, the influences
of C-terminal residues of 3HNR and 4HNR on the binding
of pyroquilon and likely the other two commercial fungicides
of Figure 1 appear to be opposite. The S8 sulfur atom of
Met283 has favorable interactions with the three fungicides
according to the X-ray structures (9), whereas the carboxyl
group of Ile282 has unfavorable interactions with the CH
and CH2 groups of pyroquilon. Apparently, the forces
involving the two C-terminal residues that dictate discrimina-
tion between 3HN and 4HN are involved in determining
inhibitor binding affinities. The physiological implication of
the linkage between the dual roles of substrate and inhibitor
recognition has practical significance; e.g., if 4HNR retained
its lower affinities for the commercial fungicides but had
equal substrate specificities for 3HN and 4HN, then it could
provide a means of resisting the inhibitory effects of the
compounds on the biosynthesis of fungal melanin inM.
grisea, thus neutralizing the effectiveness of the fungicides
shown in Figure 1.

Understanding the naphthol reductases of fungal melanin
biosynthesis began with the realization that the rather simple
heterocycles of commercial significance (Figure 1) operate
by inhibiting the function of 3HNR in fungal cultures (44-
46). Genetic analyses of fungal-melanin deficient mutants
of M. griseaindicated that 3HNR is the product of a single

FIGURE 7: Proposed mechanism for the 4HNR-catalyzed reduction
of 4HN to scytalone.
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gene and suggested the presence of another reductase in the
biosynthetic pathway that could mediate the reduction of
4HN to scytalone (4). The “other reductase” must have lower
inhibitor affinities than 3HNR because the commercial
inhibitors of 3HNR lead to the accumulation of 3HN and its
byproducts rather than 4HN and its byproducts, the latter
intermediate preceding the former according to the sequence
of Figure 1. Adding mystery to the idea of different binding
affinities was the report that tricyclazole was a noncompeti-
tive inhibitor of 3HNR activity with respect to its naphthol
substrate and the suggestion that the inhibitor binds in an
allosteric site (47). Thereafter, the X-ray structure of the
3HNR-NADPH-tricyclazole complex was determined, and
it strongly suggests that tricyclazole occupies the naphthol
binding site (7), a finding that was sustained by a reevaluation
of tricyclazole inhibition of 3HNR activity (8).

Occupation of the naphthol binding pocket by the inhibi-
tors could suggest that 3HNR and the other reductase might
have considerably different active site architectures to
account for the effects of inhibitors and mutations on fungal-
melanin biosynthesis inM. grisea. However, an alignment
of the 3HNR and 4HNR sequences predicts that there are
not major changes in the active sites of the two proteins (1).
It could be envisioned that the C-terminus of 4HNR which
is one residue shorter than that of 3HNR would accommodate
4HN better and weaken inhibitor binding, but this is an
indirect effect according to the specific mechanisms sup-
ported by this work. Instead, it is apparent that the anionic
C-terminal carboxyl group of 4HNR is involved in promoting
the productive binding of 4HN over 3HN and compromising
the binding of pyroquilon and that the C-terminal Met of
3HNR effects the opposite. In the end, differences of
substrate and inhibitor affinities between 3HNR and 4HNR
seem to boil down to the chemistry of their respective
C-terminal residues, chemistry as simple as the commercial
inhibitors that are responsible for bringing the proteins into
known existence. The tales of the two naphthol reductases
(including mode of inhibitor action, genetic, and enzymology
studies) elaborate on the properties of the (C-terminal) tails
of the two naphthol reductases.
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Figures showing the electron density defining the orienta-
tion of pyroquilon in the 3HNR active site, a schematic
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from the 3HNR-NADPH-pyroquilon structure, and the
orientation of 4HN in the 4HNR active site as modeled from
the modeled orientation of 4HN in the 3HNR active site.
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