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The pterin-dependent nonheme iron enzymes hydroxylate aro-
matic amino acids to perform the biosynthesis of neurotransmit-
ters to maintain proper brain function. These enzymes activate
oxygen using a pterin cofactor and an aromatic amino acid sub-
strate bound to the Fe" active site to form a highly reactive Fe'V =
O species that initiates substrate oxidation. In this study, using
tryptophan hydroxylase, we have kinetically generated a pre-Fe" =
0 intermediate and characterized its structure as a Fe'-peroxy-pterin
species using absorption, Mdssbauer, resonance Raman, and nu-
clear resonance vibrational spectroscopies. From parallel character-
ization of the pterin cofactor and tryptophan substrate-bound
ternary Fe' active site before the O, reaction (including magnetic
circular dichroism spectroscopy), these studies both experimen-
tally define the mechanism of Fe'V = O formation and demonstrate
that the carbonyl functional group on the pterin is directly coor-
dinated to the Fe'" site in both the ternary complex and the peroxo
intermediate. Reaction coordinate calculations predict a 14 kcal/mol
reduction in the oxygen activation barrier due to the direct binding
of the pterin carbonyl to the Fe" site, as this interaction provides an
orbital pathway for efficient electron transfer from the pterin cofac-
tor to the iron center. This direct coordination of the pterin cofactor
enables the biological function of the pterin-dependent hydroxy-
lases and demonstrates a unified mechanism for oxygen activation
by the cofactor-dependent nonheme iron enzymes.

oxygen activation | cofactor-dependent metalloenzymes |
neurotransmitter biosynthesis

he mononuclear nonheme Fe' oxygen activating enzymes

play important roles in many biological processes including
antibiotic, natural product, and neurotransmitter biosynthesis;
DNA and oxygen regulation; and bioremediation (1-9). These
enzymes utilize a high-spin Fe" metal center bound by a con-
served 2-His/1-carboxylate facial triad motif, which leaves three
cis sites available for cofactor, substrate, and oxygen binding
(10). In this broad class of enzymes, the a-ketoglutarate (a-KG)-
and pterin-dependent enzymes use organic two-electron cofac-
tors and Fe'! active sites to reduce O, to form reactive Fe'¥ = O
intermediates that initiate substrate oxidation (Scheme 1) (11).
While the a-KG-dependent enzymes have been more widely
studied (12, 13), both of these enzyme subclasses utilize a general
mechanistic strategy where the simultaneous binding of substrate
and cofactor results in an open coordination position on the Fe!
for the O, reaction (Scheme 1, Left) (14, 15).

The pterin-dependent hydroxylases (also called the aromatic
amino acid hydroxylases) catalyze neurotransmitter biosynthesis
and play critical roles in maintaining proper brain function (4).
Phenylalanine hydroxylase (PAH) and tyrosine hydroxylase (TH)
are part of the dopamine biosynthetic pathway, where PAH
hydroxylates phenylalanine to tyrosine, which then gets converted
to L-DOPA by TH. Similarly, tryptophan hydroxylase (TPH)
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catalyzes the rate-limiting hydroxylation of tryptophan to
5-hydroxytryptophan, which then gets decarboxylated to form
serotonin (4). Unlike the a-KG cofactor, which binds directly
to the Fe', from spectroscopy and crystallography, the pterin
cofactor is thought to bind in the active pocket, but not directly to the
metal center (15-18). When the aromatic substrate binds in the active
site pocket of the pterin-bound Fe'' site, the pterin-dependent
hydroxylases convert to five-coordinate (5C) sites that are primed
for O, reactivity (Scheme 1, Bottom) (15, 16, 19).

Human TPH (hTPH) is found as a homotetramer, and each
monomer has an N terminus regulatory domain, a catalytic do-
main, and a carboxyl terminus tetramerization domain. hTPH
has two different isoforms: isoform 1 that catalyzes tryptophan
degradation in peripheral parts of the human body and isoform
2, isolated more recently, that catalyzes serotonin biosynthesis in
the brain (20). In this study, we have used the catalytic domain of
TPH isoform 2 (referred to as TPH), as it is stable at higher
concentrations (21), to determine the mechanism for pterin re-
duction of O,. We have defined the structure of the pterin- and
tryptophan-bound ternary complex, evaluated its O, reactivity,
and trapped and characterized the key intermediate in Fe'Y = O
formation. We have also computationally defined the mechanism by
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which the pterin cofactor donates its two electrons for O, activation
with the low barrier required for its biological function.

Results

Spectroscopic Definition of the Ternary Complex. From absorption
spectroscopy (Fig. 1 4, Top), addition of tryptophan (Trp) to the
pterin (BH,) bound FeII TPH site (forming the ternary complex)
produces a new absorptron feature at 330 nm (30,300 cm™, & =
3,000 M~ - em™!) that was previously observed in PAH (22)
From low temperature magnetic circular dichroism (MCD) data
(Fig. 1 A, Bottom Inset), an excited state spectroscopy sensitive to
the paramagnetic nature of the ground state at low temperature,
substrate binding to the (Fe'/BH,)-TPH site also results in a
large spectral change in the ligand field region with the ap-
pearance of a transition at ~5,000 cm ™', indicating that the Fe"!
has converted to a 5C site in this ternary complex (analysis in S/
Appendix, Defining Coordination Geometry Using Magnetic Cir-
cular Dichroism (MCD) Spectroscopy). Extending the MCD data
into the charge transfer region (Fig. 14) shows that the
~30,000 cm™" absorption band in the ternary complex has
temperature-dependent intensity at SK (S Appendzx Fig. S1), which
requires that the paramagnetic Fe'” participate in this transition. Thus,
this 330 nm absorptron feature must involve a charge transfer be-
tween the Fe' and either the pterin or tryptophan as transitions in-
volving the other first sphere ligands to the Fe' do not contribute in
this energy region (SI Appendix, Fig. S2). Althou%h this absorption
feature forms upon tryptophan addition to the (Fe'/BH,)-TPH site,
tryptophan cannot coordinate to the Fe™ and perform productive
chemistry because of the lack of a heteroatom oriented toward the
Fe'' center. On the other hand, the carbonyl functional group of
the reduced pterin cofactor can directly bind to the Fe'’ center
to produce the high absorption intensity of this charge transfer.
From time-dependent (TD) density functional theory (DFT)
calculations (SI Appendix, Figs. $3-S6), the 30,000 cm™" absorption
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(Top) Reaction mechanism for the a-KG-dependent enzymes. (Bottom) Consensus mechanism (prior to this study) for the pterin-dependent enzymes.

feature is assigned as a ligand-to-metal charge transfer (LMCT),
which is a transition between the # HOMO (highest occupied
molecular orbital) of the reduced pterin and a dn* orbital on the
Fe'. DFT calculations on the one electron oxidized pterin co-
factor result in structural distortions along the carbonyl (C = O)
and C4a-N5 bonds (SI Appendix, Figs. S7 and S8) that would be
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Fig. 1. (A) Absorption (Top) and 7 T, 5 K MCD (Bottom) spectra for pterin-
bound Fe'-TPH (125 uM, blue) and pterin- and tryptophan-bound ternary
Fe'-TPH (125 uM, red). (Inset, Bottom) Near-infrared MCD spectra demon-
strating the formation of a 5C site upon tryptophan binding (red) to the
(Fe”/BH4)—Trp active site. (B) Resonance Raman data collected at 334.5 nm
(arrow in A) showing resonance enhancement of three vibrations upon tryptophan
binding (0.5 mM, red) to the (Fe'/BH,)-TPH active site (0.5 mM, blue).
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present in resonance Raman spectroscopy, which is a technique
that probes the vibrations associated with metal-ligand distortions
of the charge transfer transition leading to resonance enhancement.
Several resonance enhanced features are observed in the resonance
Raman data collected on the ternary complex (A = 334.5 nm,
Fig. 1B and SI Appendix, Fig. S9), where the highest energy vi-
bration at 1,601 cm™" is 94 cm™" lower than the corresponding
vibration observed for reduced pterin cofactor, which has its car-
bonyl stretch at 1,695 cm™" (23). From frequency calculations on
the pterin-bound ternary complex, the direct coordination of the
pterin through its carbonyl functional group elongates the C-O
bond by 0.037 A, which results in a reduction of the C = O
stretching frequency by 63 cm™ (SI Appendix, Table S1) that re-
produces the experimental Raman data. While there were early
reports that suggested a metal-pterin interaction from spectro-
scopic studies on Cu'-PAH (24, 25) and the ternary complex in
PAH (26), the subsequent crystal structures of the ternary com-
plex of PAH in 2002 showed no pterin coordination (18, 19, 27),
and since then, it has been generally thought that the pterin co-
factor does not bind directly to the iron in the pterin-dependent
hydroxylases. Here, our spectroscopic data have defined the direct
coordination of the pterin cofactor through its carbonyl functional
group to the Fe' ternary active site before O, reactivity.

0, Reaction with Ternary Complex: Formation and Decay of a
Pre-Fe" = O Intermediate. The single turnover reaction of O,
with (Fe''/BH,/Trp)-TPH (with stoichiometric amounts of BH,
and Trp) was monitored by stopped-flow absorption spectros-
copy. The results from this reaction in D,O/sucrose buffer are

presented below as it enables the maximal accumulation of an
intermediate species (reactions were performed in both H,O and
D,0 and with and without 20 weight/volume% sucrose added to
the reaction buffer). From Fig. 24, the decay of the 330 nm
ternary complex LMCT leads to the formation of a new absorption
feature at 442 nm within the first 175 ms of the reaction, which
decays within 2 s (Fig. 2B). The decay of this species is concom-
itant with the growth of an absorption feature at 248 nm (Fig. 2C,
green), which corresponds to the formation of hydroxybiopterin
(hydrolyzed to quinonoid dihydrobiopterin at long times as shown
in ST Appendix, Fig. S10) (28). The formation of hydroxybiopterin
is the marker for the corresponding formation of an Fe'¥ = O
species, indicating that the O—O bond of O, is cleaved in this stage
of the reaction. Thus, the 442 nm absorption feature is associated
with a pre-Fe"Y = O intermediate and is similar to a previously
observed transient signal in another isozyme of TPH (29).

To probe the mechanism of formation and decay of the 442 nm
intermediate, its O, dependence and H/D solvent kinetic isotope
effect (KIE) were evaluated. In Fig. 2D, the formation of the
intermediate is dependent on the concentration of O, and is
approaching saturation at the highest oxygen concentration
(1 mM), requiring an O, equilibrium binding step. Furthermore,
in deuterated buffer, the absorption maximum is higher and
occurs at longer time (Fig. 2E), reflecting a normal KIE on the
decay of the intermediate but no KIE on its formation. Addi-
tionally, the decay of this species has a fast phase and a slow phase
(81 Appendix, Fig. S11, purple and green lines), which cannot be
simply fitted as two decay pathways for the intermediate since it
does not capture the biphasic behavior of the absorption time
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Fig. 2. Stopped-flow absorption spectra monitoring the reaction of 0.15 mM (Fe'/BH4/Trp)-TPH with 1 mM O, in Hepes/(NH,),SO4/sucrose buffer (pD 7)
showing (A) the disappearance of an absorption at 330 nm (black arrow) and the growth of an absorption feature at 442 nm (brown arrow) in the first 175 ms
and (B) its subsequent decay (green arrow) within 2 s. (C) Monitoring the reaction of 0.125 mM (Fe'/BH,/Trp)-TPH in Hepes/(NH4),S0,4 (pH 7) with 1 mM O, at
442 nm (orange, with sucrose added) and 248 nm (green, without added sucrose). (D) Monitoring the reaction of 0.15 mM (Fe'"/BH,/Trp)-TPH in Hepes/
(NH,4)>SO4/sucrose buffer (pD 7) with 0.25 mM O, (blue), 0.5 mM O, (orange), and 1 mM O, (green) at 442 nm. These time traces were fitted (gray dashes) with
the kinetic model presented in Scheme 2. (E) Monitoring the reaction of (Fe”/BH4/Trp)—TPH with 1 mM O, in Hepes/(NH,4),SO4/sucrose buffer at pH 7 (blue,
0.125 mM protein) and pD 7 (orange, 0.15 mM protein) at 442 nm. These time traces are fitted with the kinetic model presented in Scheme 2, and enlarged
fits of both the H,0 and D,0 O,-dependent data are shown in S/ Appendix, Fig. S13.
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trace between 0.6 and 2 s (SI Appendix, Fig. S11, green line). To
capture this biphasic decay, the formation of the intermediate
requires two parallel reactions with two O, binding equilibria (with
the same ternary-O, decay rate, k, in Scheme 2). This kinetic
behavior is interpreted to reflect the differential O, reactivity of
the two temaliy 5C sites observed in the MCD data (Fig. 14) for
the ternary Fe™ complex (as described in SI Appendix, Fig. S12 and
associated text). Fitting the kinetic data in Fig. 2D and SI Ap-
pendix, Fig. S13 to the model in Scheme 2 that includes two O,
binding equilibria [with the 60/40 speciation of the ternary Fe'' site
from Mossbauer spectroscopy (Fig. 34)], the absorption feature of
the 442 nm intermediate has a molar extinction coefficient of
5,500 M~ em™, the fast decay phase has a normal KIE of 4.2 (ks
in Scheme 2, Top), and the slow decay phase (ksp) also has a
normal KIE but is too small to accurately estimate. Importantly,
the fast rate of formation (k,) and slow decay (especially in D,0,
ks) enables accumulation of this intermediate for spectroscopic
characterization.

Spectroscopic Definition of the Pre-Fe'" = 0 Intermediate. The oxi-
dation state of the pre-Fe'Y = O intermediate was characterized
using Mossbauer spectroscopy, which is a nuclear absorption
technique sensitive to the electron density at and around an >"Fe
nucleus. Compared to the ternary Fe'' site (Fig. 34), a new
quadrupole doublet (Fig. 3B, purple) appears with a similar
isomer shift (8§ = 1.25 mm/s) but a smaller quadrupole splitting
(AEq = 2.80 mmy/s), defining it as an Fe"" species. The formation
of the 442 nm absorPtion feature occurs with the decay of the
330 nm pterin-to-Fe' charge transfer in the ternary complex,
which is indicative of pterin oxidation upon reaction with O,.
Since, from Méssbauer, the intermediate is Fe!' and its decay
leads to the formation of an Fe!¥ = O, this intermediate can be
formulated as either an Fe"-superoxide/BH,** (or BH3") or an
Fe''-peroxy/oxidized pterin species. The absorption spectra of
BH,** and BH;* do not reproduce the absorption spectrum in
Fig. 24 (30, 31) and thus indicate that this species is an Fe'-
peroxy/oxidized pterin intermediate.

The Fe'-peroxy/oxidized pterin intermediate can either
maintain or lose the bond between the Fe'™ and the pterin car-
bonyl present in the ternary Fe' site (ST Appendix, Figs. S14 and
S15 for structural comparison). TD-DFT calculations show that,
for both cases, the lowest energy absorption transition is a
metal-to-ligand charge transfer (MLCT) into the oxidized pterin
n orbital, with the more intense transition predicted for the
carbonyl bound structure because of direct orbital overlap (S
Appendix, Figs. S16 and S17). This assignment is confirmed by

resonance Raman spectroscopy (Fig. 3C and SI Appendix, Figs.
S18 and S19 for resonance enhancement) in the metal-ligand
region between 400 and 800 cm™!, as the resonance enhanced
vibrations at 451, 489, and 792 cm™' only have modest isotope
shifts upon '®0, substitution. DFT calculations for the one elec-
tron reduction of a peroxy oxidized pterin (resulting from the
MLCT) predict structural distortions that contribute to the reso-
nance enhancement along the carbonyl C = O and the pyrazine
ring Cg-Ng, bonds (SI Appendix, Fig. S20). From the resonance
Raman data in the intrapterin region above 1,000 cm™! (Fig. 3 C,
Inset and SI Appendix, Figs. S18 and S19 for resonance enhance-
ment), the highest energy vibration at 1,570 cm™ is 110 cm™
lower relative to the carbonyl stretch (1,680 cm™) of an oxidized
pterin (23). Frequency calculations on computational models with
and without the pterin carbonyl bound to the peroxy-Fe™ inter-
mediate demonstrate that, as in the ternary complex, carbonyl
binding leads to a ~100 cm™" decrease in the C = O stretching
frequency (SI Appendix, text below SI Appendix, Fig. S20 and
Table S2 for detailed peak assignment), reproducing the experi-
mental data. Additionally, these calculations also assign the vibra-
tions in the metal-ligand region, where the most intense vibration at
489 cm™! is the Fe-Ocarbonyl Stretch, while the 451 cm™! feature is
the Fe-Operoxy stretch (SI Appendix, Table S2 and Fig. S21). The
modest '*0, isotope shift of the Fe-Operoxy stretch (A =5 cm_]) is
due to its distribution into a number of stretching and bending
modes associated with the formation of a six-membered ring. This
derives from the simultaneous coordination of the pterin carbonyl
and peroxide, thus defining the geometric structure of the peroxy-
Fe" intermediate (Fig. 3F).

The electronic and geometric structures of the Fe' ternary
complex and the peroxy intermediate were further investigated
using nuclear resonance vibrational spectroscopy (NRVS). NRVS
measures the vibrational sidebands of the >’Fe nuclear Mossbauer
transition where the spectral intensity gives the Fe motion in a
normal mode at the observed energy. Thus, this technique is sen-
sitive to changes in ligation around an ’Fe center. In Fig. 3 D, Top,
the NRVS spectrum of the ternary complex (black) has been
overlaid with the spectrum of the intermediate (red). The NRVS
data on the ternary complex (black) and peroxy intermediate (red)
show a redistribution of intensity from 230 and 260 cm™ (black
arrow) to 200 to 220 cm ™, 240 cm ™, and 325 cm™" (red arrows). In
order to interpret the changes in the NRVS data, we employed an
NRVS/DFT methodology to reproduce the vibrational changes in
the experimental data that has been previously used to characterize
Fe'" = O, Fe"-peroxy and Fe"-superoxy intermediates (32-34).
The simulations (Fig. 3 D, Bottom) for the ternary complex, with

. k3,l’| =11.0 s k4 >25s1
K;=0.9 M k, = 13000 s-* kyp = 2.6 5 ks = 0.02 s
ki ko ks FelV=0 —>Fe'l + Trp-OH
(Fe'"YBH4/Trp)-TPH + Oz === (Fe'/BH4/Trp)-TPH-O, — Intermediate —~  + Ks
60% K-1 BH,OH —> BH,
Ke _ 1
Kip ky ksp FeV=0 —Fe" + Trp-OH
(Fe'Y/BHy/Trp)-TPH + Oy === (Fe'/BH4/Trp)-TPH-O, — Intermediate —>  + ks
K1p BH3OH — BH;
40%
K1p =0.5 M kSP,H ~2.7 s

kspp < 28

Scheme 2. Kinetic model for the formation and decay of the O,-dependent intermediate observed at 442 nm in stopped-flow absorption spectroscopy. The
details of how this model was developed are presented in the S/ Appendix. From spectroscopy, 60% of the reaction occurs through the top pathway, and 40%
occurs through the bottom pathway. The kinetic rate constants and equilibrium constants that fit the data are given for each pathway.
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Fig. 3. Mossbauer spectra of the (A) ternary complex and (B) the 442 nm pre-Fe'V =

O intermediate generated by reacting 0.5 mM (Fe"/BH./Trp)-TPH with

1 mM O; in Hepes/(NH,),SO4/sucrose buffer (pD 7). The parameters for the ternary complex and the intermediate are listed in their respective tables. (C)
Resonance Raman spectra using the 457.9 nm laser line of the 442 nm intermediate (0.5 mM (Fe'/BH,/Trp)-TPH + 1 mM O,) rapid-freeze quenched at 150 ms.
(Inset) Raman shifts measured in the 1,480 to 1,610 cm™’ region showing resonance enhanced features at 1,514 and 1,570 cm™". The change in the energies of
the vibrations from the '°0./'®0, isotope perturbation are indicated. Note that the 1,514 and 1,570 cm~" features do not show an O, isotope effect. (D, Top)
NRVS spectra of the ternary Fe" complex (black) and the rapid freeze quenched intermediate (red, 1 mM (Fe”/BH4/Trp)—TPH + 1 mM O,). The error bars in the
processed spectra are represented by vertical lines. The contribution of the ternary complex to the intermediate spectrum was removed and the spectrum
renormalized as described in S/ Appendix, Fig. S22. The black arrow depicts loss of intensity, while the red arrows show gain in intensity going from the
ternary Fe'' complex to the intermediate spectrum. (Bottom) Simulation of NRVS spectra of the ternary complex (black) and the peroxy intermediate (red)
with the pterin carbonyl bound to the Fe" center. Optimized structures of (E) the ternary complex and the (F) peroxy intermediate with the pterin carbonyl

bound. The metal-ligand distances are indicated.

the pterin carbonyl bound to the 1r0n center (black) show two
Fe-His modes at 228 and 241 cm™" as well as two Fe—carboxylate
modes at 275 and 364 cm™". Going from the ternary complex to the
peroxide intermediate with the carbonyl bound to the Fe' (red),
the Fe—His modes shift to 160 and 195 cm™" (lower in energy by 68
and 46 cm™! respectlvely) and the Fe—carboxylate modes shift to
260 and 322 cm™! (lower in energy by 15 and 42 cm™, respec-
tively). In the calculations, these energy decreases reﬂect elonga-
tion of the Fe-His and Fe—carboxylate bonds in going from the 5C
ternary site to the 6-coordinate (6C) intermediate due to the co-
ordination of an anionic peroxide ligand (as shown in Fig. 3 E and
F). These simulations reproduce the experimental data as the gain
in intensity in the peroxo NRVS spectrum at 200 to 220 em™ ! is
due to the Fe—His modes shifting down in energy and at 240 and
325 cm™! are due to the Fe—carboxylate modes sh1ft1ng to lower
energy. Additionally, the loss of intensity at 260 cm™' going from
the ternary complex to the peroxo intermediate is captured by the
decrease in calculated energy of the Fe—carboxylate mode from
275 to 260 cm™. Note that while there is a discrepancy in the
absolute energy Values of the calculated spectra relative to the
experimental data, the trends in intensity going from the ternary to
the peroxy complex are internally consistent. On the other hand,
the active site models without the pterin carbonyl bound do not
reproduce the experimental changes observed in the NRVS data
(SI Appendix, see description with SI Appendix, Fig. S23). Thus, the
NRVS data complement the resonance Raman data on both the
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ternary site and peroxy intermediate and demonstrate the direct
coordination of the pterin carbonyl with the Fe"" in both structures.

0, Reaction Coordinate: Role of Direct Coordination of Pterin to Fe'".
To evaluate the impact of direct pterin coordination on oxygen
activation, we have calculated the reaction coordinates of two 5C
ternary complexes (SI Appendix, Fig. S4), one with and one
without the pterin carbonyl bound to the metal center (Fig. 4).
When the pterin carbonyl is bound, O, binds to the open coor-
dination site on the Fe' to form a superoxide species that is only
uphill by 1.4 kcal/mol (Fig. 44, green). In contrast, when the
pterin is not bound to Fe', O, binding is uphill by 11.7 kcal/mol
(Fig. 44, red), comparable to other nonheme iron enzyme cal-
culations (34, 35). The superoxide then forms the peroxide
species through the attack of its distal O (relative to Fe) on the
C4o position of the pterin cofactor along with a proton transfer
from the N3 amine on the pterin to a nearby carboxylate residue
(Fig. 4B, right circled). When the pterin carbonyl is bound, the
formation of the peroxo intermediate from the superoxo has a
calculated reaction barrier of 5.6 kcal/mol (Fig. 44 and SI Ap-
pendix, Fig. S24), compared to the ~10 kcal/mol barrier esti-
mated (based on the two-dimensional potential energy surface,
SI Appendix, Fig. S25) when the pterin carbonyl is not bound.
Thus, comparing the reaction coordinates with and without
pterin carbonyl bound to Fe", the direct binding of the pterin to the
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Fig. 4. (A) O, activation reaction coordinate of the ternary complex with pterin carbonyl bound to Fe' (green) and without the pterin carbonyl bound to Fe'"
(red). (B) The geometries for the ternary, superoxo, and peroxo complexes in the reaction coordinate with the pterin carbonyl bound. The red dashed ovals
demonstrate the proton transfer from the pterin cofactor to a nearby carboxylate residue. (C and D) Qualitative electronic structures and electron transfer
pathways for the superoxo and TS structures for (C) the reaction coordinate with the pterin carbonyl bound and (D) the reaction coordinate without the

pterin carbonyl bound to Fe'.

Fe"! center reduces the barrier for O, activation by 14.7 kcal/mol
(Fig. 44), which corresponds to an ~10'” increase in kinetic rate.

To understand the origin of this reduction in barrier, the
changes in electronic structures along each reaction coordinate
were assessed and compared. Before the O, reaction, the pterin
carbonyl-bound ternary complex donates electron density to the
Fe center stabilizing the ternary complex by ~8 kcal/mol (SI
Appendix, Figs. S26 and S27). This electron donation corre-
sponds to the LMCT observed in the absorption spectrum for the
ternary complex in Fig. 14 at ~30,000 cm™" and plays a key role
in O, activation. The electronic structures of the superoxide
species in Fig. 4 C and D (formally high-spin Fe(III) [a-spins]
antiferromagnetically coupled to O,*” (B spin) to give Sty = 2;
see SI Appendix, Figs. S28 and S29 for septet versus quintet) with
and without pterin bound demonstrate that there is p electron
transfer from the Fe to O, (red arrow) and a electron transfer
from the pterin to the O, moiety (blue arrow in Fig. 4 C and D
and SI Appendix, Figs. S30 and S31). However, when the pterin
carbonyl is bound to the Fe", there is additional direct donation
of electron density from the pterin cofactor to the iron center
(green arrow) that results in the ~10 kcal/mol stabilization of O,
binding relative to superoxo formation without bound pterin.
From the bound superoxo species, formation of the peroxo in-
termediate completes the three-electron transfer processes
shown in Fig. 4 C and D (red, blue, and green arrows). When the
pterin carbonyl is bound, the electronic structure of the transi-
tion state for peroxy formation (Fig. 4C and SI Appendix, Figs.
S32 and S33) reveals that the electron transfer processes be-
tween the Fe and O, (red arrow) and the pterin and Fe (green
arrow) are far along. However, when the pterin carbonyl is not
bound, the lack of direct overlap between the pterin and iron
requires that this electron transfer be mediated by O,. From
Fig. 4D TS, this process involves the concerted electron transfer
from the O, n* to Fe dy, and from the pterin = to O, n* (SI
Appendix, Figs. S34 and S35). In a transition state-like structure
for the reaction coordinate without pterin carbonyl bound (PES
in SI Appendix, Fig. S25), the electron transfer from the iron to
the O, is far along, but there is only partial electron transfer from
the pterin (B) to the iron (Fig. 4D TS, green arrows). Thus,
relative to the electronic structure of the transition state with the
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pterin carbonyl bound, the lack of carbonyl binding results in less
total electron transfer and increases the barrier for superoxo to
peroxo formation by 5 kcal/mol (Fig. 44). Thus, the direct donation
from the pterin cofactor to the Fe' through its carbonyl leads
to more favorable O, binding and efficient electron transfer, which
collectively result in the 14 kcal/mol lower reaction barrier.

Discussion

In this study, we have defined the geometric and electronic
structures of the pterin- and tryptophan-bound Fe"-TPH active
site and the Fe'-peroxy-pterin intermediate and the reaction
mechanism through which the pterin cofactor provides its two
electrons for O, activation. When both pterin and tryptophan are
bound to Fe'-TPH, we observe a new absorption feature at 330
nm, which is not present when only pterin is bound to the Fe"
site. The 330 nm absorption feature is paramagnetic from MCD
spectroscopy, which establishes that the charge transfer involves

Fig. 5. Comparison of the Fe-superoxide structures without (Left) and with
(Right) the pterin carbonyl bound. The red arrows represent electron
transfer from the iron to O,, the blue arrows represent electron transfer
from the pterin to O,, and the green arrows represent electron transfer from
the pterin to the iron center.
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Scheme 3. Mechanism for the cofactor-dependent enzymes defined by this study. Both the pterin and a-KG cofactors bind to the metal center in the ternary complex
and react with O, to form peroxo intermediate that undergoes heterolytic O-O bond cleavage to form Fe" = O intermediates that catalyze substrate oxidation.

the Fe'l. Additionally, the resonance Raman spectrum associ-
ated with the 330 nm band reveals a direct interaction between
the pterin carbonyl and the metal center based on the © presence
of a carbonyl stretch, which decreases from 1,695 cm™ in a re-
duced pterin cofactor to 1,601 cm™" in the pterin and tryptophan
bound ternary complex. Reaction of this ternary complex wrth 0))
generates a 442 nm absorption feature associated with an Fe'-peroxy-
pterin intermediate. The 442 nm band is a metal-to-pterin charge
transfer transition based on the lack of a resonance-enhanced O-O
stretching vibration and the presence of intrapterin stretches in the
resonance Raman spectrum associated with this band. Furthermore,
the hrghest energy resonance—enhanced features are more than
100 ecm™" lower than the carbonyl stretch for an oxidized pterin co-
factor (1,680 cm™), which demonstrates that the pterin carbonyl is also
directly bound to the iron center in the peroxy-bridged intermediate.
By computationally evaluating the O, reaction coordinate with
and without carbonyl bound to the iron center, we calculate a 14
kcal/mol lower reactlon barrier with the pterin bound, which
corresponds to a 10'%-fold 1ncrease in reaction rate. When the
pterin is not bound to the Fe'" center, O, first binds, the iron is
partially oxidized to Fe", and the O, is partially reduced to
superoxide, which is 10 kcal/mol uphill. In going from the
superoxy to the peroxy species, the pterin cofactor needs to
transfer one electron to the O, and one electron to the iron
center to form the Fe'-peroxy oxidized pterin (Fig. 5, Left).
While the electron transfer from the pterin to the O, is
straightforward (Fig. 5, blue arrow), the second electron transfer
from the pterin to the drx orbital on the iron center needs to
proceed through one of the superoxide n* molecular orbitals
(green arrow). The lack of direct orbital overlap between the
pterin and iron makes this electron transfer less efficient, which
gives rise to the high reaction barrier. On the other hand, when
the pterin carbonyl is bound to the metal center, O, binding is
thermoneutral due to donation from the pterin to the metal
center that compensates the electron transfer from iron to O, as
there is direct orbital overlap between the pterin 1 HOMO and
dn* orbital (Fig. 5, Right, green arrow), which results in a much
lower reaction barrier. In the pterin-dependent hydroxylases,
under turnover conditions, product dissociation is the rate-
limiting step and has a barrier of ~16 kcal/mol (based on a
rate constant of 0.1 to 1 s7) (22, 29, 36, 37). When carbonyl is
not bound to the iron center, the overall calculated barrier
of >21 kcal/mol would result in ~10*fold slower turnover. This
barrier would be similar to that of uncoupled turnover (oxidation
of pterin cofactor, but not substrate) (24, 38), which would result
in enzymatic dysregulation and impact key metabolic pathways
necessary for proper brain function. As the pterin-dependent
hydroxylases catalyze the rate-limiting steps in dopamine and
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heme Fe'" a-ketoglutarate- and O,-dependent halogenase. Proc. Natl. Acad. Sci. U.S.A.
102, 10111-10116 (2005).
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serotonin biosynthesis as well as aromatic amino acid degrada-
tion, impairment of their reactivity has been linked to neuro-
logical diseases such as phenylketonuria (PAH), Parkinson’s,
schizophrenia (TH) and depressive disorders (TPH), highlight-
ing the importance of their coupled reactivity.

Finally, this study defines a unifying mechanism employed by
the cofactor-dependent iron enzymes to enable rapid O, acti-
vation (Scheme 3). For both the pterin and a-KG-dependent
nonheme iron enzymes, both the cofactor and substrate must
simultaneously bind to open a coordination position on the Fe*
which enables O, activation. In the a-KG-dependent nonheme
iron enzymes, substrate coordination to the Fe'/aKG site in-
duces formation of the 5C site needed for O, activation. For the
pterin-dependent hydroxylases, binding of the substrate causes
both the pterin to bind to the iron and also opens a coordination
position for O, activation. Both enzyme classes thus prevent
uncoupled reactivity (i.e., O, activation without substrate oxi-
dation) and autooxidation when only the cofactor is bound to the
enzyme—the a-KG-dependent enzymes by keeping the site 6C
and the pterm dependent enzymes by cofactor bmdmg to the
Fe"! only in the presence of substrate. O, binding results in some
electron transfer from the iron to the O, (i.e., Fe"-superoxo
character), which then requires the cofactor to donate two
electrons gone to O, and one to Fe) to generate the peroxy-
bound Fe' intermediate observed here and proposed to form
in the a-KG-dependent enzymes (35, 39, 40). The peroxy-Fe'
species then undergoes a two-electron reductive cleavage of the
0-0 bond to form the Fe'Y = O intermediate, primed to initiate
substrate chemistry. We have demonstrated that for both sub-
classes, electron transfer from the cofactor to the iron requires
orbital overlap and thus the direct coordination of the cofactor
to the Fe''. Without the cofactor binding to the iron, the oxygen
reaction would be too slow for metabolic function.

Materials and Methods

Details about protein expression and purification, sample preparation,
spectroscopic methods, stopped-flow absorption experiments, and compu-
tational methods are provided in S/ Appendix, Materials and Methods.

Data Availability. All study data are included in the article and/or supporting
information.
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