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3-Hydroxyanthranilate 3,4-dioxygenase (HAO) is an iron-de-
pendent protein that activates O, and inserts both oxygen atoms
into 3-hydroxyanthranilate (3-HAA). An intriguing question is
how HAO can rapidly bind O,, even though local O, concentra-
tions and diffusion rates are relatively low. Here, a close inspec-
tion of the HAO structures revealed that substrate- and inhibi-
tor-bound structures exhibit a closed conformation with three
hydrophobic loop regions moving toward the catalytic iron cen-
ter, whereas the ligand-free structure is open. We hypothesized
that these loop movements enhance O, binding to the binary
complex of HAO and 3-HAA. We found that the carboxyl end of
3-HAA triggers changes in two loop regions and that the third
loop movement appears to be driven by an H-bond interaction
between Asn®’ and Ile'*?. Mutational analyses revealed that
N27A, 1142A, and 1142P variants cannot form a closed confor-
mation, and steady-state kinetic assays indicated that these
variants have a substantially higher K,,, for O, than WT HAO.
This observation suggested enhanced hydrophobicity at the
iron center resulting from the concerted loop movements
after the binding of the primary substrate, which is hydro-
philic. Given that O, is nonpolar, the increased hydrophobic-
ity at the iron center of the binary complex appears to be
essential for rapid O, binding and activation, explaining the
reason for the 3-HAA-induced loop movements. Because
substrate binding-induced open-to-closed conformational
changes are common, the results reported here may help fur-
ther our understanding of how oxygen is enriched in non-
heme iron-dependent dioxygenases.
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Itis estimated that ~30% of the mass of woody plant material
on earth is comprised of aromatic compounds that are known
for their unusual stability when compared with similar aliphatic
hydrocarbons (1). One strategy devised by nature to overcome
the stability of aromatic compounds is to utilize iron-bound
oxygen directly to cleave the ring, breaking aromaticity. The
ring-cleaving dioxygenase enzymes are abundant and versatile.
These enzymes utilize a mononuclear, nonheme iron ion to
orchestrate electron transfer between an organic substrate and
oxygen molecule with catalytic reaction rates rapid enough for
their catalytic intermediates to escape spectroscopic character-
ization (2). A fundamental question is how these enzymes
accomplish rapid O, binding, a prerequisite for the observed
catalytic rates, whereas local O, concentrations in aqueous
solution are relatively low (200300 um at 1 atm pressure and
room temperature), and the rate of oxygen diffusion from air to
solution is slow relative to the rate of catalysis.

Here, we chose 3-hydroxyanthranilate 3,4-dioxygenase
(HAO),? a ring-cleaving dioxygenase, as a model system to
study this problem. HAO is a nonheme, iron-dependent extra-
diol dioxygenase belonging to the cupin superfamily (3-5). This
enzyme cleaves the aromatic ring of its substrate adjacent to the
substitution groups. It activates and inserts dioxygen between
C3and C4 of its substrate 3-hydroxyanthranilate (3-HAA), ulti-
mately producing quinolinic acid via the intermediary product
a-amino-B-carboxymuconate-e-semialdehyde (Fig. 14). HAO
is present in the kynurenine pathway, where it is essential for
tryptophan degradation and de novo NAD™ biosynthesis in
eukaryotic organisms and a few bacteria (6 —10). This enzyme is
also found in the 2-nitrobenzoic acid catabolic pathway for
energy production in some bacteria (11). HAO from Cupriavi-
dus metallidurans has been shown to operate at a catalytic
turnover rate of 25 s~ ' (3, 12) until near depletion of O,. A
second iron-binding site at the protein surface has been pro-
posed to be an iron storage site for the protein to ensure active-
site iron occupancy when the enzyme is dealing with a substrate
that is also a metal chelator (13).

Previous structural studies of HAO have allowed atomic level
understanding of the overall protein structure and the active

3The abbreviations used are: HAO, 3-hydroxyanthranilate dioxygenase;
3-HAA, 3-hydroxyanthranilate; CIHAA, 4-Cl-3-HAA; PDB, Protein Data Bank;
wtHAO, WT HAO; RMSD, root-mean-square deviation; aKG, a-ketogl-
utarate; PAH, phenylalanine hydroxylase.
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A mechanism for O, enrichment in an extradiol dioxygenase
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Figure 1. Loop region identification and HAO sequence alignment. A, scheme of NAD ™" synthesis from kynurenine pathway. B and C, comparison of overall
structures and colored loop regions in the ligand-free (orange, PDB entry 4L2N), 3-HAA-bound (green, PDB entry 1YFY), and CIHAA-bound (purple, PDB entry
1YFW) wtHAO; the catalytic iron molecules (Fe) are shown as the orange balls. D, alignment of HAO active-site center region sequences from C. metallidurans
(ABF12052), Pseudomonas fluorescens (BAC65311), H. sapiens (P46952), S. cerevisiae (P47096), Mus musculus (Q78JT3), Aspergillus fumigatus Af293 (XP_747271),
Dictyostelium discoideum AX4 (XP_640237), and Ruegeria pomeroyi DSS-3 (AAV95053). The conserved residues are boxed in blue (31), and their similar residues
are highlighted by red shading. The essential residues around the active site are marked by green stars. The loop regions are labeled on the top with blue bars.

site architecture (3-5). A substrate analog, 4-CI-3-HAA
(CIHAA) was tested and defined as an irreversible inhibitor to
prevent the active site from binding with the native substrate
(12). The crystal structures of HAO from C. metallidurans were
also reported previously (3, 13). In this study, a closer inspec-
tion of the substrate-free (PDB entry 4L2N) and substrate-
bound (PDB entry 1YFY) structures of WT HAO (wtHAO)
showed that the enzyme exhibits two distinct conformations
(Fig. 1B), which are hereafter termed open and closed states.
The substrate-bound structure is in the closed conformation,
showing significant structural differences relative to the ligand-
free, open state of three specific loop regions surrounding the
catalytic iron center, which is composed of a ferrous ion coor-
dinated by a His,—Glu,; motif. The crystal structure of HAO in
complex with O, and CIHAA (PDB entry 1YFW) (3, 12) also
shows the closed state with three loops moving toward the
active site (Fig. 1C). Therefore, the questions raised here are the
following: 1) What is the driving force for the loop movement?
2) How are the loop movements on the three loop regions coor-
dinated? 3) What is the potential biological significance of the
loop movement in the context of oxygen binding? To investi-
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gate these questions, we identified and mutated the essential
residues involved in the loop movement, determined kinetic
parameters for both oxygen and 3-HAA, and performed X-ray
crystallographic studies. The results revealed how the nonheme
iron enzyme handles its substrates with disparate polarities
through a primary substrate-induced change of the active site
hydrophobicity.

Results
Insights inferred from sequence and structural alignments

We noted that three largely hydrophobic loop regions in
HAO move toward the catalytic iron center, forming a closed
conformation upon HAO binding with the primary substrate
(PDB entry 1YFY) compared with the ligand-free counterpart
(PDB entry 4L2N) (3, 13). Similar structural features were
obtained in hundreds of repeated data sets of the ligand-free
and substrate-bound structures, indicating that the organic
substrate-binding induced closed conformation is an intrinsic
feature of the enzyme. The three loop regions consist of resi-
dues 21-28 for loop region A (Leu®°-Leu”'-Lys*>-Pro**-
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Figure 2. The positions and interactions between lle'*? and Asn?’ of ligand-free HAO (left), 3-HAA-bound HAO (middle), and CIHAA-bound HAO
(right). The three loop regions involved in loop-movement are highlighted in color. lle'*?, Asn?’, Val?”, Asn*?, and 3-HAA are shown as sticks. The distances

between two-atom pairs are measured in units of A and shown in dashed lines.

Pro”*-Val*>-Gly*®-Asn*’-Arg®®), 40-47 for loop region B
(Val**-val*'-Gly**-Gly**-Pro*>-His**-Arg"’), and 139-148
for loop region C (Leu"*°-Lys'*°-Ser'*!-Ile**2-Val**3-Thr'**-
Asp'*®*-Leu'*®-Pro"*”-Pro'*®). Most of these residues are
highly conserved across the protein sequences of HAO from
various origins (Fig. 1D).

A salient feature is that all three loops are composed of
mostly hydrophobic residues (bolded); 17 of the total 26 resi-
dues (65%) are aliphatic (Fig. S1). Each loop also contains one or
two proline residues. Proline is a cyclic hydrophobic residue
and is commonly utilized as a helix breaker and an aid in for-
mation of turns. Two consecutive proline residues are present
in both loop A and loop C (i.e. Pro**-Pro** and Pro'*’-Pro'*%,
respectively). The proline fragment endows the two loops with
increased hydrophobic structure. It is interesting to note that
the two negatives make a positive, i.e. the Pro'*’-Pro'*® frag-
ment, a double helix breaker, is part of an a-helical structure.
Loop B is a highly hydrophobic fragment with only one proline
residue (Pro*®). Upon 3-HAA binding-induced loop move-
ment, loop A undergoes the largest movement among the three
loops with a shift toward the active site of ~8.6 A in average
when compared with the corresponding loop regions in the
substrate-free form.

Another notable feature of the loop regions in the closed
form of HAO is that the side chains of hydrophobic residues of
Val?®, Val*!, Ile'*?, Val'*?, Leu'®®, and Leu'*® are sequestered
toward to the active site, where the catalytic iron ion is located
(Fig. S1, B and D). Meanwhile, most of the side chains of the
hydrophilic residues point away from the active site: Lys>?,
Arg®®, His*, Lys'*°, Thr'**, and Asp'* (Fig. S1, B and C).
When the three loops are gathered toward the catalytic iron
ion, the ligand-bound iron center becomes significantly more
compact and hydrophobic, which is distinct with respect to the
more open and spacious conformation observed in the ligand-
free structure. The movement of loop A is triggered by the
interaction of the substrate carboxylate group with the side
chains of Asn®” and Asn®® and the backbone of Val®*®, which
form the potential H-bond or salt-bridge network in both sub-
strate-bound and CIHAA-bound structures (Fig. 2). Loops A
and B appear to move synergistically because of the nearly pair-
wise backbone residue interactions and like a “double-door” to
the active site cavity. As shown in Fig. S1C, an H-bonding net-
work forms among the backbones of residues Pro*?, Pro**, and
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Gly*® in loop A and Gly*?, Pro**, and His*® in loop B, gathering
loops A and B toward the active site.

Single-point mutation of Asn®” and lle’*? diminished the
catalytic efficiency by decreasing the oxygen capturing
capacity

One question arising from the structural comparison is how
loop C is triggered to move toward the catalytic iron center.
This loop region is more distant from the active site in the open
conformation. However, the entire a-helix to which loop C is
connected rotates ~10° (Fig. S1B). After binding 3-HAA or
CIHAA, the side chain of Asn®’ and the backbone of Ile'**
moves closer to the iron center by forming hydrogen-bonding
interactions with each other (Fig. 2) (3). Specifically, the dis-
tance between the backbone amide of Ile'** from loop C and the
side chain of Asn®*” from loop A decreases substantially, from
~8.0 to 2.6 A, which results in loops A and C directly moving
together and toward the active site. Thus, Asn*’ and Ile'**
appear to be the critical residues for a coordinated conforma-
tional change during 3-HAA binding to the iron ion.

To determine the connection and especially the effect of the
loop movement on the reaction catalyzed by HAO, we mutated
Asn*” and Ile**? to proline and alanine. The kinetic parameters
of N27A, 1142P, and I142A were determined for both sub-
strates, 3-HAA and O, in separate experiments. With respect to
the organic substrate, 3-HAA, two different buffer environ-
ments were involved. One was the oxygen-saturated buffer by
bubbling oxygen (>1.3 mm) during measurement, and the
other used regular buffer without any treatment and contained
286 = 8 uMm molecular oxygen. Under the regular buffer envi-
ronment, the mutant N27A showed a 6-fold decrease in the k_,,
and a 7-fold increase in the K,, (3-HAA) relative to the WT
enzyme (Table 1), exhibiting a substantially reduced catalytic
efficiency, 2.5% of wtHAO. However, using O, saturated buffer,
the k_,, of N27A reached the same level of wtHAO, indicating
that the primary reason for a substantial negative impact of
the N27A mutation in catalysis with the regular buffer is a
decreased oxygen-binding affinity.

The 1142A and I142P variants showed 53- and 9.5-fold
decreased catalytic efficiency, k_,/K,, toward 3-HAA with
the regular buffer compared with wtHAO, respectively. The
K, 3-11ian) (239.7 um) of I142A increased 10-fold, whereas the
k., decreased by ~5-fold compared with these of wtHAO.

cat
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Table 1
Kinetic constants of the wild-type and mutants of HAO with 3-HAA
Enzyme Buffer Substrate K, Ko k.. /K, X 10°
M st st p,M”

Wild-type” 3-HAA 224 27 25 1120 = 130
Wild-type 0, saturated” 3-HAA 24.7 * 4.7 242+ 2.3 980 * 210
N27A 0O, (286 um) 3-HAA 142 = 18 397 £0.3 28.0 £ 4.1
N27A 0, saturated” 3-HAA 72.0 £ 9.2 26.5* 1.8 368 = 53
1142A 0O, (286 um) 3-HAA 240 = 50 5.01 £0.6 20.9 £5.0
1142A O, saturated” 3-HAA 110 £20 13.9 £ 0.9 126 = 25
1142pP 0O, (286 um) 3-HAA 97 =15 11.5 = 0.7 118 =20
1142pP O, saturated” 3-HAA 187 £ 34 24.8 £ 2.6 133 = 28
Wild-type 3-HAA saturated® 0O, 156 + 36 258 £ 2.8 165 + 42
N27A 3-HAA saturated® 0O, 1144 = 48 157 = 0.5 13.64 = 0.7
1142A 3-HAA saturated® 0O, >2227 >19.5 ND
1142pP 3-HAA saturated® O 1120 %= 250 213 £3.4 19.0 = 5.2

“ Values from a previous study (3).
? The saturated O, concentration is more than 1.3 mm.
¢ The concentration of 3-HAA for wtHAO is 200 uMm and for two mutants is 600 M.

The K,,, ;3.11a4) Of 1142P increased 4.3-fold. With oxygen-satu-
rated buffer, the apparent constants k_,, of [142A and 1142P for
3-HAA are 13.9 * 0.9 and 24.8 = 2.6 s~ ', respectively, showing
a partial or a full rescue of the catalytic efficiency. Interestingly,
both mutants exhibited a near comparable catalytic activity
with that of wtHAO only with oxygen supplementation.
Because of the apparent yet significant increasing of hydro-
phobic environment in the active site, we hypothesize that the
major benefit of the loop movement is to attract the other non-
polar substrate, molecular oxygen. We also determined the K,
value of O,. With a saturating amount of 3-HAA, the K, value
increased ~9-fold, from 124.8 um for wtHAO to 1144 um for
N27A and 1120 uM for I142P, whereas the k_,, remained similar
(Table 1). An attempt to determine the K, for O, of 1142A
mutant failed because of an inability to saturate the enzyme

(K, > 2,227 um).

Mutation of Asn®” evades substrate-binding-induced loop
movement

To assess whether or not the closed conformation would still
be formed upon substrate binding after the alteration of the
primary residue involved in orchestrating the loop movement,
the mutant N27A was crystallized under similar conditions
reported for wtHAO (3, 13). The holo crystal structures of
N27A in the ligand-free form was refined to 1.90 A (Table 2).
Comparison of the structure of N27A (Fig. 34) with wtHAO
(PDB entry 4L2N) revealed no apparent deviations, including
the metal ligands and second sphere residues, as indicated by a
small RMSD value of 0.090 A between the two structures of all
Ca carbons. We then attempted to obtain a ligand-bound
structure of this mutant. N27A crystals were soaked with
3-HAA or CIHAA anaerobically. The crystal structure of N27A
in complex with CIHAA was solved at 2.30 A (Fig. 3B). The omit
map in the active site clearly illustrates the location of carbox-
ylate and amine groups of CIHAA because of its strong salt-
bridge interactions with residue Arg®” (Fig. S2). However, the
phenyl ring and chloride electron densities were incomplete.
Compared with CIHAA-bound wtHAO structures (PDB
entries 1YFW and 1YFX), there is also negative density map
around the chloride of CIHAA (3). Unfortunately, the ES com-
plex structure remained elusive, even after extensive attempts.
Compared with the single-crystal electronic absorption spec-
trum of ligand-free N27A, a N27A crystal soaked with CIHAA

10418 J Biol Chem. (2018) 293(27) 10415-10424

for 5 min exhibits an apparent absorbance peak at 328 nm (Fig.
3C), which is characteristic of CIHAA, indicating that CIHAA is
indeed bound to N27A. The solution state UV-visible spectra of
CIHAA-bound wtHAO and N27A showed similar binding
affinity for the inhibitor (Fig. S3). The absorbance maximum of
the inhibitor is also centered around 328 nm, which agrees well
with the single-crystal UV-visible data.

The electron density map of CIHAA-bound N27A reveals
that the inhibitor binds to the active-site iron with an iron-
hydroxyl distance of 2.7 A, similar to what was observed in the
CIHAA-bound structure of wtHAO. However, the superimpo-
sition of CIHAA-bound N27A and wtHAO structures reveals
several differences. As compared with wtHAO, the phenyl ring
of the inhibitor moved up with an angle of 23° in the mutant
structure, whereas the carboxylate group was fixed in both
structures by a salt bridge with Arg”®, and the hydroxyl group of
the inhibitor was stabilized by an H-bond with side chain of
Glu''®. Both the open form model (PDB entry 41.2N) and the
closed form model (PDB entry 1YFW) were utilized to build the
loop regions. The results showed that the density map of loop
regions could only fit with the model of open form. Unlike
wtHAO, binding of CIHAA to N27A did not lead to the closed
state and did not induce the loop movement. The loop regions
could be well aligned with the substrate-free wtHAO (Fig. 3, D
and E). The distance between the backbone of Ile**? and Ala?”
in the complex structure (9.9 A) was not significantly different
from that of the ligand-free wtHAO structure and not eligible
to form a direct interaction. These results reveal the molecular
details that support the hypothesis by which the interaction
between Asn*” and Ile'** is the key link to bring the loop regions
together toward the catalytic iron center. The incompleted
density map of CIHAA in Fig. 3B might be due to the multiple
conformations of phenyl ring and chloride of CIHAA in the
open form of the active site.

Effect of le’*? on loop regions conformation change

Because the mutation of Ile’*? to proline and alanine also

significantly decreased the oxygen binding and activation
capacity (Table 1), a question raised was whether 1142P and
1142A would also be incompetent to present a closed confor-
mation after binding with the substrate or CIHAA. Considering
the H-bond interaction is observed between the backbone of
Ile'*? and the side chain of Asn?’, the I142A mutant was
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Table 2
Crystallization data collection and refinement statistics

HAON27A  HAON27A HAOI142A HAOI142A  HAOI142A HAOI142P HAOI142P  HAOI142P
ligand-free CIHAA-bound ligand-free CIHAA-bound 3-HAA-bound ligand-free CIHAA-bound 3-HAA-bound

Data collection

Space group P62 P6,22 6,22 P6,22 P6,22 P6,22 P6,22 6,22

Cell dimensions a, b, ¢ (A)  58.4, 58.4, 58.6, 58.6, 589,589, 583,583, 58.4, 58.4, 585,585, 587,587, 589, 58.9,
230.5 2363 232.1 239.6 230.8 232.2 231.9 2323

Resolution 50-1.90 50-2.10 50-1.90 50-2.31 50-2.60 50-2.22 50-1.74 50-1.77

(1.97-1.90)*  (2.18-2.10)  (1.93-1.90)  (2.35-2.31)  (2.64-2.60)  (2.26-2.22) (1.77-1.74)  (1.80-1.77)
No. of observed reflections 19,292 (1816) 14,268 (1466) 20,024 (946) 10,918 (519) 7693 (350) 12,593 (620) 25,473 (1160) 24,171 (1151)

Redundancy 10.3 (5.7) 28.7 (31.4) 108 (8.2) 17.6 (19.0) 15.2 (7.5) 225(22.6) 261 (21.2) 9.9(9.0)
Completeness (%) 99.4(97.3) 100 (94.3) 99.9(99.3)  99.9(99.8) 98.4.(87.1) 99.8(100)  99.5 (92.9) 98.6 (97.9)
I/o(l) 16.7 (1.6) 8.8(10.3) 22.9 (3.6) 17.9 (3.7) 19.0 (2.2) 21.9 (4.8) 42 (3.2) 30.2 (5.5)
Riporge (%) 171 (522)  23.6(39.4) 118(382)  21.1(93.3) 17.8 (43.9) 184(954)  10.1(90.9) 8.2 (31.4)
cCore 0.99(0.85)  0.98 (0.98) 1.00(0.98)  0.99(0.97) 1.00 (0.93) 1.00(0.98)  1.00(0.97) 1.00 (0.99)
Refinement”
Ryoric 19.2 22.8 19.2 20.5 19.2 20.8 199 18.7
. ) 232 26.7 24.1 25.5 24.9 252 237 216
RMSD bond length (A)¢ 0.007 0.011 0.007 0.009 0.007 0.008 0.006 0.006
RMSD bond angles (°) 0.830 0.935 0.896 0.901 0.974 1.174 0.802 0.848
Ramachandran statistics”
Preferred (%) 98.2 97.6 98.3 98.8 97.6 98.3 99.4 98.8
Allowed (%) 1.2 2.4 1.7 1.2 1.2 1.7 0.6 1.2
Outliers (%) 0 0 0 0 1.2 0 0 0
Average B-factor (A?)
Protein/atoms 38.7/1382 44.4/1377 40.0/1428 45.8/1401 31.3/1377 35.3/1408 27.5/1408 21.9/1414
CIHAA or 3-HAA/atoms NA# 53.7/12 NA 62.8/12 38.0/11 NA 30.1/12 22.9/11
Tris/atoms 49.3/8 47.6/8 39.2/8 53.8/8 NA 39.0/8 31.0/8 30.6/8
Iron/atoms 42.4/2 58.4/2 36.6/2 59.6/2 26.2/2 48.8/2 33.4/2 28.8/2
Solvent/atoms 47.2/143 47.8/96 46.5/181 45.9/68 28.9/63 37.8/144 37.8/264 33.0/298
PDB code 6BVP 6BVQ 6BVR 6BVS 6CD3 6D60 6D61 6D62

“ Values in parentheses are for the highest resolution shell.

b Rierge = S Lhkl) — I(hkD)| /21421, (hkD), in which the sum is over all the i measured reflections with equivalent Miller indices 4/, I(hki) is the averaged intensity of
these i reflections, and the grand sum is over all measured reflections in the data set.

¢ According to Karplus and Diederichs (28).

4 All positive reflections were used in the refinement.

¢ According to Engh and Huber (29).

/ Calculated by using MolProbity (30).

£NA, not applicable.
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Figure 3. The mutant N27A disabled CIHAA-induced loop movement. A, comparison of active site residues in ligand-free structure of wtHAO (orange) and
N27A (green) and 1142A (blue) mutants. B, CIHAA-bound structure of N27A. The residues of active site are gray, Ala*” and lle’*? are blue, the inhibitor is yellow,
and the 2F, — F_(gray) and F, — F. (blue) maps for CIHAA are contoured at 1 and 2.5 o, respectively. C, single-crystal electronic absorption spectra of the
ligand-free (top panel) and CIHAA-bound (bottom panel) of N27A mutant. D, comparison of loop regions in wtHAO (green) and CIHAA-bound N27A mutant
(orange). E, comparison of loop regions in CIHAA-bound wtHAO (blue) and CIHAA-bound N27A mutant (orange).
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A

Figure 4. The complex structures of lle’*> mutants with CIHAA or 3-HAA. A and B, the CIHAA- and 3-HAA-bound 1142A structures. Cand D, the CIHAA-and
3-HAA-bound I142P structures. Active site residues are shown in gray, and CIHAA and 3-HAA are shown in yellow. The Asn?” and Ala'*? are shown in blue in A
and B, and Asn?” and Pro’*? are shown in green in C and D. The 2F, — F. (gray) and F, — F. (blue) maps for CIHAA and 3-HAA are contoured at 1 and 2.5 o,

respectively.

expected to have a more subtle effect than N27A or 1142P
mutants on the oxygen binding and activation efficiency. The
potential effects of deletion of the side chain of Ile*** on loop
regions movement were investigated by solving the ligand-free,
enzyme—substrate, and enzyme—inhibitor complex structures.

The superimposed ligand-free structures of 1142A (resolu-
tion 1.90 A) and 1142P (resolution 2.22 A) and wtHAO showed
high similarity with an RMSD of 0.141 and 0.161 A from all
the Ca atoms aligned in these structures. After soaking with
CIHAA for 10 min, an 1142A-CIHAA complex was obtained
and refined at 2.31 A (Fig. 44 and Fig. S4). The single-crystal
electronic absorption spectrum of the I142A crystal soaked
with CIHAA shows absorbance at 328 nm caused by binding of
the inhibitor to the HAO variant (Fig. S5). Like the N27A
mutant, the overall structure of the [142A-CIHAA complex
also exhibited high similarity with wtHAO with an RMSD of
0.144 A. The binding mode of CIHAA to the active-site iron ion
of 1142A was identical to the N27A—-CIHAA complex except
that a water molecule is still bound to iron ion. However, the
distance between the side chain of Asn*” and Ala'** backbone
was 7.7 A, making it too far to form a hydrogen-bond interac-
tion. Three loop regions of the I142A-CIHAA complex align
well with the open form of ligand-free wtHAO structure (PDB
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entry 4L2N in Fig. S6). Moreover, the crystal structure of [142A
in complex with 3-HAA was obtained and refined to 2.60 A
(Fig. 4B). The electron density map reveals that 3-HAA binds to
the active site of [142A in a bidentate chelation pattern. The
superimposition of these two structures reveals a 45° rotation of
the phenol rings of the substrates in the active site. The loop
regions can be well aligned with the substrate-free structure
(Fig. $6). The distance between Ala'** and Asn®” is 7.6 A, not
eligible for formation of an H-bond.

We also crystallized I1142P and soaked its crystals with
3-HAA and CIHAA. As a result, the complex structures of
1142P bound with 3-HAA or CIHAA were determined and
refined to high resolution (Table 2). Fig. 4 (C and D) clearly
show a completed omit density map for both of CIHAA and
3-HAA in a similar binding mode to each other in the active site
but distinct from those observed for the wtHAO. The ligands
are anchored in the active site by interacting with the side
chains of Arg”® and Glu''°. However, they are not directly
ligated to the catalytic iron ion. Additionally, the two water
ligands remain coordinated to the metal ion. Because residue
142 is part of an a-helix structure, and it sits at the start point of
the loop C region, the helical structure of 1142P in loop C is
shorter than that of the wtHAO, resulting in a relatively larger
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change of the loop C than that in I1142A. However, the overall
structures of CIHAA- and 3-HAA-bound 1142P show high sim-
ilarity to wtHAO with an RMSD of 0.180 and 0.166 A, respec-
tively. Moreover, the loop regions well align with the sub-
strate-free, open-form of wtHAO despite a shorter helix in
loop C (Fig. S7). The distances for the two complexes
between Pro'** and Asn*” are 8.5 and 8.4, respectively, and
hence these residues are not able to interact with each other.
Of note, the I142P alteration leads to a new binding mode for
3-HAA and CIHAA, which explains the 330-to-350 nm shift
of the absorbance maximum in the CIHAA-bound 1142P
solution optical spectrum (Fig. S3).

A perusal of the differences between the open and closed
forms of HAO revealed that not only does the backbone of Ile***
form a hydrogen bond with Asn27 in the closed form, but its
bulky, hydrophobic side chain also points toward the active site.
Compared with the ligand-free structure, deletion of the side
chain of Ile'*? led to a larger cavity with seven ordered water
molecules between Ala'** and the iron center in the ligand-free
structure (Fig. S8). The 1142P structure also has extra solvent
between the Pro'** and the iron center. The ligand-free struc-
tures of wtHAO reported were refined at higher resolutions;
therefore the water cluster in the mutant structure is less likely
because of resolution differences. It appears that mutation of
1142 disrupts a water-free, putative oxygen binding channel
connecting protein surface to the catalytic iron ion. Therefore,
the K, values for O, of [142A and I142P increased dramatically.

Discussion
Protein dynamics during HAO reaction

Molecular oxygen is known to have a central role in complex
living systems. Understanding how nature is able to selectively
utilize O,, a nonpolar reagent, to perform specific chemistry in
aqueous solution at a high rate of catalysis is a question of great
fundamental importance and deserving of study (1). It is appar-
ent that the substrate of HAO, 3-HAA, with three polar func-
tional groups, has considerable hydrophilic character. After
binding with hydrophilic 3-HAA, how the HAO binary com-
plex attracts a second, hydrophobic substrate is a question of
fundamental importance. Here, we demonstrated that binding
of 3-HAA induces loop dynamics of HAO to move to make for
a more hydrophobic environment to efficiently capture molec-
ular oxygen. The protein dynamic conformational change has
loop regions moving by 8.6 A and totally involves more than
15% of the protein residues in HAO. It is historically believed
that O, would randomly diffuse into the protein scaffold, and
enzymes that utilize O, have evolved to develop interior hydro-
phobic regions for O, binding. HAO presents a more intelligent
way to facilitate O, binding to its active site. The O,-binding
channel is not permanently composed; it is dynamically formed
in response to substrate binding and changes along with the
reaction process. Presumably, the open conformation is for
exchange of substrate and product, and the closed conforma-
tion is for rapidly incorporating oxygen.

The putative O, binding cavity in the active site of HAO

The loop regions covering the active site of HAO form an
apparently dynamic hydrophobic cavity. In the ternary com-
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plex of HAO-CIHAA-O, structure, this is where the O, binds
with one of the oxygen atoms anchored at the catalytic iron ion.
The cavity in the ligand-free, open-form HAO structure (Fig.
S9A) appears to be connected with the solvent from two differ-
ent directions, potentially serving as a tunnel to facilitate ligand
binding to the active site. In contrast, the cavity in the closed
form wtHAO structure (Fig. S9B) exhibited significant differ-
ences as compared with the open form. The radius of the cavity
decreases by approximately half, and the cavity no longer con-
nects to the bulk solvent, presumably to minimize the impact of
bulk solvent to the reactive intermediates during the catalytic
reaction.

As was mentioned previously, Ile’** and Asn*’ are located
~9 and 11 A away from the catalytic iron ion, respectively.
Elimination of the hydrogen-bonding interaction between
loops A and C (mutant N27A) creates a variant that does not
show the closed conformation upon substrate binding. The cat-
alytic efficiency (k.../K,,) of N27A for both molecular oxygen
and 3-HAA is dramatically decreased compared with WT
(Table 1). The hydrogen bond formed between Asn?” and Ile***
is hypothesized to be the driving force to gather the loop
regions together, which is triggered by the chelation of 3-HAA
or CIHAA. Therefore, the dynamic action of the loop regions
are critical for efficiently performing the dioxygenation.
Meanwhile, the decreased hydrophobic character of loop
region C (mutant 1142A) could also lead to the elimination of
loop movement, and determination of kinetic parameters
with respect to oxygen is not possible. Without the proper
positioning of Asn®*” and Ile'*?, the movement of loop
regions A, B, and C would not occur, so the hydrophobic
environment made by the “closed” form of the loop regions is
broken, which leads to the reduction of oxygen capturing
capacity of the mutants. Therefore, the major contribution
of the loop regions is providing a sealed hydrophobic envi-
ronment for binding and activation.

The loop regions in HAO from other biological origins

A comparison of available structures of 3-HAA dioxygenases
can be found in Fig. S10. With the exception of an extra domain
in HAO from mammalian sources, the overall structures
show high similarity from a broad range of species. Com-
pared with HAO from C. metallidurans, the RMSD values of
HAO from Homo sapiens, Bos taurus, and Saccharomyces
cerevisiae are 0.594, 0.813, and 1.072 A, respectively. More-
over, the loop regions are among the highly conserved
regions. Therefore, the loop regions required for the dioxy-
genation of HAO are one of the conserved structural char-
acteristics during the evolution of HAO. Interestingly, holo-
HAO from bovine crystallized in the closed form with a
hydrogen bond between Asn®*and Leu'?” (5). The isoleucine
from loop C in prokaryotes is replaced by another similar
residue of leucine in HAO from several eukaryotes (Fig. 1D).
Based the alignment results, it is reasonable to believe that
the dynamic action of loop regions for attracting hydrophilic
or hydrophobic substrates has been conserved in HAOs dur-
ing evolution.
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How do the nonheme iron enzymes handle two or more
substrates with distinct polar natures?

It is common in dioxygenases that flexible loop region move-
ment is induced by interactions with substrates to be more
ordered to cover the active site. Such an enzyme—substrate
interaction can be observed and visualized by X-ray crystallo-
graphic structure determination. In an extradiol dioxygenase
LapB, a loop containing His*>*® and Tyr**” was reported to
hydrogen bond with its substrate, causing lower flexibility in
the ligand-bound form (14). These two residues have essential
roles during catalysis. In quercetin 2,3-dioxygenase, after bind-
ing its substrate (flavonol), a flexible loop around the active site
became more ordered to stabilize the loaded substrate, and
then the activation of C2 atom of flavonol was made to bind
oxygen (15).

The nonheme iron and a-ketoglutarate (aKG)-dependent
enzyme family catalyzes a variety of chemical reactions coupled
to the decarboxylation of aKG to succinate. They meet the
similar challenge of dealing with both a hydrophilic substrate
(aKG or other substrates) and a hydrophobic substrate (oxy-
gen). The common strategy is that they usually react with oxy-
gen after binding a primary substrate. Taurine and o« KG-depen-
dent dioxygenase catalyzes taurine to aminoacetaldehyde and
sulfite. Structural comparison reveals that the binding of tau-
rine induced an a-helix region containing hydrophobic resi-
dues to move forward to the active site by forming a hydrogen-
bonding network (16). The strategy of conformational change
around the active site is similar with that of HAO. The a-helix
region would help to form a more hydrophobic environment in
the active site and benefit the capture of oxygen for performing
the dioxygenation. The CurA halogenase also belongs to the
nonheme Fe(II)/aKG-dependent family (17) and catalyzes a
cryptic chlorination on a specific acyl carrier protein. Their
crystal structures with various states indicate “open” and
“closed” conformations. After binding with aKG, the disor-
dered “lid” (open form) containing 27 residues on the top of the
active site became a more ordered closed form, which was trig-
gered by the salt bridge between aKG and Arg®*'. The open
form was proposed to organize the binding sequence in which
the cosubstrate «KG and Cl ™ need to bind to the iron ion prior
to the oxygen and the acyl carrier protein. Although the lid
region does not contain a high percentage of hydrophobic res-
idues, its dynamic action is critical for the chlorination.

Phenylalanine hydroxylase (PAH) is a nonheme iron- and
pterin-dependent enzyme that catalyzed the oxidation of phe-
nylalanine to tyrosine. PAH binds pterin and L-Phe first and
oxygen (hydrophobic) last (18). Structural study reveals that
binding of pterin in the active site of PAH induces a loop region
to move in the direction of the iron center by forming hydro-
gen-bond networks with the residues on the loop. Therefore,
the PAH-pterin complex provides an ideal orientation for
binding oxygen in between pterin and the iron ion (19).

Unlike the nonheme iron-dependent enzymes mentioned
above, the loop regions in HAO do not have an obvious inter-
action with 3-HAA in the active site; rather they provide a
hydrophobic environment for the dioxygenation caused by the
high percentage of nonpolar residues in the loop regions. For
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other dioxygenases, including catechol dioxygenase, 2,3-dihy-
droxybiphenyl dioxygenase, biphenyl dioxygenase, and cys-
teine dioxygenase, substrate binding-induced loop region
movement has not been reported or does not exist.

Structural requirement for capturing O, in iron-dependent
proteins

The most well characterized oxygen binding to an iron pro-
tein is in heme systems. Hemoglobin is well known as an oxy-
gen-transport metalloprotein in the blood cells, carrying oxy-
gen from the respiratory organs to the rest of the body. Because
of the functional requirement, hemoglobin has a high oxygen-
binding capacity (20). The relationship between the oxygen-
binding and structural information has been investigated since
the hemoglobin crystal structures were determined. The histi-
dine gate hypothesis was proposed by Perutz and Mathews (21)
to demonstrate the HisE7 in the distal region controls the
ligand migration rate by a conformation change from an open
to a closed status. Boechi et al. (22) described that the hydro-
phobic effect around HisE7 is the major driving force for oxy-
gen uptake other than steric hindrance from HisE7. Moreover,
Cohen and Schulten (23) compared the characters of O, migra-
tion pathway in 12 monomeric globins from a broad range of
species. The pathway for O, migration shows various configu-
rations from different globins; however, the located residues are
conserved as mainly containing hydrophobic residues (Trp,
Phe, Leu, Ile, etc.). Therefore, the hydrophobic environment of
cavity networks of globins facilitate ligands traveling through
the protein matrix.

Concluding remarks

Although nature has more than one strategy to solve the
low-oxygen-concentration problem in solution for a rapid oxy-
gen consumption reaction at the enzyme active site, the unique
feature of protein dynamics induced by substrate binding
reported here may be the first structurally defined example for
facilitating O, binding to the catalytic iron along with the pri-
mary organic substrate in each catalytic cycle. With a rapid
turnover rate, the O, level could drop significantly after several
seconds of oxygenation reaction, and the O, diffusion to the
solution may not be fast enough and thus may cause a seem-
ingly hypoxic condition. If this occurs, the increased hydropho-
bicity would become more important to attract O,. Given the
vast number of metal-dependent oxygen utilization enzymes,
the protein dynamic-hydrophobicity strategy may be one of
nature’s common strategies to direct molecular oxygen toward
organic substrate-bound metal centers.

Experimental procedures
Materials

The substrate 3-HAA and the inhibitor CIHAA were pur-
chased from Sigma—Aldrich and Enamine Ltd. (Monmouth
Jet., NJ), respectively.

Site-directed mutagenesis and protein preparation

The HAO gene from C. metallidurans was used as the tem-
plate (GenBank™" accession no. CP000353) (3) to construct
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single mutants by the PCR overlap extension mutagenesis
method. The forward primers were 5'-TTGAAGCCGCC-
CGTCGGCGCCCGGCAGGTGTGGCAGGAC for N27A and
5'-GAGGTGCAGCTCAAGAGCGCCGTCACCGACCTCC-
CGCCT for I142A, and 5'-GAGGTGCAGCTCAAGAGCCC-
GGTCACCGACCTCCCGCC for 1142P. The plasmids of
mutants were verified and transformed to the expression host
cells, Escherichia coli BL21(DE3). The purification strategy of
the two mutants’ proteins was the same as wtHAO (3). The
wtHAO and mutants were anaerobically reconstituted with 3
eq. Fe(NH,),(SO,), and excess Fe** was removed by Superdex
75 column before performing kinetic assay and crystallization.

Kinetic assay of wtHAO and mutants toward both substrates

The kinetic assays for wtHAO and mutants toward the sub-
strate of 3-HAA were measured by monitoring the absorbance
increase caused by the product formation (a-amino-B-car-
boxymuconate-e-semialdehyde, €54, ., = 47,500 M " cm %)
with an Agilent 8453 diode-array spectrophotometer (3, 13).
The O,-saturated buffer was made through bubbling with pure
oxygen gas during the analysis. The kinetic assays toward the
substrate of oxygen were monitored with a Clark-type oxy-
gen electrode (Oxygraph, Hansatech Instruments) with sat-
urating 3-HAA concentration. All assays were done at room
temperature.

Crystallization, data collection, processing, and refinement

The mutants were crystallized by the hanging-drop method
in an anaerobic chamber as described previously (3, 13). After
incubation with 20 mm of the inhibitor CIHAA for ~5-20 min,
the soaked crystals were flash-cooled in liquid nitrogen. The
diffraction data sets were collected, processed, and scaled by
HKL-2000 (24). The structures of mutants were solved by
molecular replacement by using the wtHAO (PDB entry 4L2N)
as the template and refined by employing the Phenix 1.11.1-
2575 (25) and Coot 0.8.3 (26). PyMOL (27) was used in drawing
structural figures.
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