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Abstract: Phenylalanine hydroxylase (PAH) is a tetrahydrobiopterin-dependent, nonheme iron enzyme
that catalyzes the hydroxylation of L-Phe to L-Tyr in the rate-limiting step of phenylalanine catabolism. This
reaction is tightly coupled in the wild-type enzyme to oxidation of the tetrahydropterin cofactor. Dysfunction
of PAH activity in humans leads to the disease phenylketonuria (PKU). We have investigated two PKU-
inducing mutants, Arg158GIn and Glu280Lys, using kinetic methods, magnetic circular dichrosim (MCD)
spectroscopy, and X-ray absorption spectroscopy (XAS). Analysis of the products produced by the mutant
enzymes shows that although both oxidize pterin at more than twice the rate of wild-type enzyme, these
reactions are only ~20% coupled to production of L-Tyr. Previous MCD and XAS studies had demonstrated
that the resting Fe'" site is six-coordinate in the wild-type enzyme and converts to a five-coordinate site
when both L-Phe and reduced pterin are present in the active site. Although the Arg158GIn mutant forms
the five-coordinate site when both cosubstrates are bound, the Fe' site of the Glu280Lys mutant remains
six-coordinate. These results provide insight into the PAH reaction and disease mechanism at a molecular
level, indicating that the first step of the mechanism is formation of a peroxy-pterin species, which
subsequently reacts with the Fe' site if the pterin is properly oriented for formation of an Fe—OO-pterin
bridge and an open coordination position is available on the Fe'.

nonheme iron atom that must be in the' Feidation state for
reactivity/~19 During the hydroxylation of -Phe, the enzyme
uses dioxygen and the tetrahydrobiopterin (Bldofactor to
produceL-Tyr and C4a-hydroxy-Bh! In the wild-type (WT)
penzyme, this reaction is tightly coupled and the dioxygen is
partitioned between the two produétsi?A C4a-hydroperoxy-
BH, intermediate has been frequently proposed as an intermedi-
ate for the coupled hydroxylation reaction but has not been
observed.

Both L-Phe and Bl have regulatory interactions with PAH

1. Introduction

Phenylalanine hydroxylase (PAH, EC 1.14.16.1) catalyzes the
rate-limiting step in phenylalanine catabolidnt. Dysfunction
of this enzyme in humans leads to accumulation of toxithe
metabolites and severe, irreversible mental retardation throug
the disease phenylketonuria (PKU), which is the most common
inherited disease of amino acid metabolism in the United States.
PAH is one member of a family of three aromatic amino acid
hydroxylases; the other two enzymes, tyrosine hydroxylase
(TyrH)3~5 and tryptophan hydroxylase (TrpF¥;® have also

been linked to proper brain function.

PAH is found in the liver and exists as a homodimer or
tetramer of 51.7 kDa subunits. Each subunit contains a single
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in addition to their roles in the catalytic cycle. BHeduces
PAH from the Fé' to the Féd staté®~15 while L-Phe activates

the enzyme through cooperative binding to an allosteric effector

site?16 The formation of reduced, activated PAH is concurrent
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with the appearance of a catalytically competent species. The
L-Phe-induced transition from the resting, low-affinity (“tense”)
state (PAH) to the activated, high-affinity (“relaxed”) state
(PAHR) has a large energetic barrier 0f34 kcal mot?
(unphosphorylated enzyme) and is accompanied by a large
structural rearrangement of the protéin.

We have previously demonstrated through the use of circular
dichroism (CD), magnetic CD (MCD), and X-ray absorption
spectroscopic (XAS) techniques that the res{ifrg'} PAHT[ ] Glu280

form of the enzyme (empty brackets indicate the absence of P L\
N .

either substrate or cofactor in the active site) is six-coordinate |

(6C) with a distorted octahedral geometry composed of nitrogen el ki
and oxygen ligands. Binding of either the substnatéhe or

the cofactor analogue 5-deaza-6-methyltetrahydropterin (5-
deaza-6-MPH) does not significantly affect the active site and
neither cosubstrate binds to the''Fitself 1819 Binding of both Figure 1. Iron atom is shown in red, ligands to the iron are shown in blue,

. . oxidized pterin cofactor is shown in green, and the Arg158 and Glu280
cosubstrates, however, results in the loss of a ligand to form & esjdues are shown in magenta (left and right, respectively). Other residues
five-coordinate (5C) Pesite with an open position available shown in white are those within 10 A of the iron atom. Figure created
for dioxygen reactivity:20 suggesting that a highly reactive  using PDB file 18U
oxygen intermediate can be generated only when both substrat
and cofactor are presefit.Extended X-ray absorption fine
structure (EXAFS) analysis indicated that the ligand lost from
the active site is likely a watéf. Subsequent crystallography
on truncated forms of PAH support these findings, showing a
5C Fé' site when both Biland a substrate analogue are bound
to the catalytic domain of the prote?4-2° The loss of a ligand
to prepare the site for dioxygen reactivity is consistent with the
ordered mechanism of PAH, in which the quaternary complex

| R[ _
of {Fe'}PAHTL-Phe, BH, O must be formed before any The majority of mutations that give rise to PKU/HPA disorders

product is released:?6?7It is also consistent with a general : . . o :
. . . are found to be uniformly distributed in the catalytic iron domain
mechanism observed in several nonheme ferrous enzymes, in y yt

which the resting Pesite is coordinatively saturated (6C), and (=105), yet no mutations have been identified that involve the

binding of substrate(s) leads to the loss of a ligand and the iron binding residues? I . o
formation of an open coordination position for, @ interact Consequently, we have initiated spectroscopic and kinetic
with the Fd 212829 studies to correlate the chemical/structural basis of PKU/

HPA with mechanistic changes. Two PKU-inducing mutants,
Glu280Lys (E280K) and Arg158GIn (R158Q), have been ex-

%eterogeneity of PKU/HPA can be rationalized by this genetic
heterogeneity! Nevertheless, very little is known about the
chemical/molecular basis of this heterogeneity. Expression
analysis of the known PKU/HPA mutants can be grouped into
three general categories based on their in vivo kinetic and/or
stability properties? (i) mutations affecting both kinetic and
stability properties of PAH, (ii) kinetically perturbed mutants
that are structurally stable, and (iii) mutations having normal
kinetic properties but reduced stability both in vivo and in vitro.

The structural insights afforded by the recent crystallographic

data on PAH suggest that it is now possible to begin to o -
. . ; ._pressed, purified, and characteriZédhe Glu280 and Arg158
understand the chemical basis for PKU/hyperphenylalaninemic residues form a hydrogen-bonded pair (2.9 and 2.8 A) in a

(HPA) disorders. Over 280 different mutations (including . . L
. ; L . solvent-exposed:-helix (Figure 124 The R158Q mutation is
missense, deletion, nonsense (termination), and splicing muta associated with PKU haplotype 4 and is found primarily in

tions) in the PAH gene have been characterized at the DNA . . . .
o . . German, Swiss, and Northern Italian populatiéhis constitutes
levePP and recent studies have shown that the observed clinical ) .
nearly 40% of all mutant haplotype 4 alleles in Europe. In vitro

(16) Shiman, R.; Jones, S. H.; Gray, D. WBiol. Chem199Q 265, 11 633 expression of R158Q PAH in cDNA constructs showed that
11 642. . A MRNA levels are the same as wt PAH and immunoprecipitation
(17) Kappock, T. J.; Harkins, P. C.; Friedenberg, S.; Caradonna,J).Bol. .. ..
Chem.1995 270, 30 532-30 544. results indicated that the protein is fully expressed compared
(18) Loeb, K. E.; Westre, T. E.; Kappock, T. J.; MititN.; Glasfeld, E.; 36 i i
Caradonna, J. P.; Hedman, B.; Hodgson, K. O.; Solomon, JEAm. Chem. to WT PAH. The E280K mutation _IS one of the few PKU
S0c.1997 119, 1901-1915. mutations that are found on multiple haplotypes: mutant

(19) Kemsley, J. N.; MiticN.; Zaleski, K. L.; Caradonna, J. P.; Solomon, E. I. H H H i H
J. Am. Chem. 504999 121 1538-1536. haplotype 1 is found in the Danish population, haplotype 4 in

(20) Wasinger, E.; MificN.; Hedman, B.; Caradonna, J. P.; Solomon, E. I.; the French population, and haplotype 38 in the French and
1) gg?ognigﬂ' E ?'Bé?jﬂglrg'ﬂtf%qoéaﬁs6,\2/|11|_.6K2§;'5|ey 3 N Lee sk Algerian populations. This mutation has an incidence of 1.5%
Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y.-S.; ZhouClem. Re.

200Q 100, 235-349. (31) Okano, Y.; Eisensmith, R. C.; @ler, F.; Lichter-Konecki, U.; Konecki,
(22) Flatmark, T.; Stevens, R. ©Chem. Re. 1999 99, 2137-2160. D. S.; Trefz, F. T.; Dasovich, M.; Wang, T.; Henriksen, K.; Lou, H.; Woo,
(23) Erlandsen, H.; Bjgrgo, E.; Flatmark, T.; Stevens, RBidchemistry200Q S. L. C.New Engl. J. Med1991, 324, 1232-1238.
39, 2208-2217. (32) Flatmark, T.; Knappskog, P. M.; Bjgrgo, E.; Maseg, A. In Chemistry
(24) Andersen, O. A.; Flatmark, T.; Hough, E.Mol. Biol. 2001, 314, 279- and Biology of Pteridines and FolatePfleiderer, W., Rokos, H., Eds.;
281. Blackwell Science: London, 1997; pp 56308.
(25) Andersen, O. A.; Flatmark, T.; Hough, E.Mol. Biol. 2002 320, 1095~ (33) Erlandsen, H.; Fusetti, F.; Margz, A.; Hough, E.; Flatmark, T.; Stevens,
1108. R. C.Nat. Str. Biol.1997, 4, 995-1000.
(26) Tourian, A.Biochim. Biophys. Actd971, 242 345-354. (34) Datta, S.; Acharya, T.; MiticN.; Li, H.; Caradonna, J. P., manuscript in
(27) Xia, T.; Gray, D. W.; Shiman, R. Biol. Chem1994 269 24 65724 665. preparation.
(28) Solomon, E. llnorg. Chem.2001, 40, 3656-3669. (35) Dworniczak, B.; Aulehle-Scholz, C.; Horst,Jum. Genet1989 84, 95—
(29) Solomon, E. I.; Decker, A.; Lehnert, Rroc. Nat. Acad. Sci. U.S.2003 96.
(in press). (36) Okano, Y.; Wang, T.; Eisensmith, R. C.; Steinmann, B.; Gitzelmann, R.;
(30) http://www.mcgill.ca/pahdb. Woo, S. L. C.Am. J. Hum. Genetl99Q 46, 18—25.
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worldwide3” E280K expressed in COS cells was reported to
possess immunoreactivity at-B%, implying low stability3!
but expression using a pET 11d construcEircoli (HMS 174)
reported 100% immunoprecipitatidf.

In this investigation, we use kinetics studies, MCD spectros-
copy, and XAS to investigate the effects of the R158Q and
E280K mutations on the reactivity and geometric and electronic
structure of the{ Fé'}PAH active site’® The reported results
offer insight into the coupled hydroxylation mechanism of PAH
and contribute to our understanding of PKU/HPA at a molecular
level.

2. Materials and Methods

2.1. Chemicals All commercial reagents were of the highest grade
available and were used without further purificatiarPhe, 4-mor-
pholinepropanesulfonic acid (MOPS), and other supplies were from
Sigma. Sodium dithionite and,D (99.9 atom % D) were from Aldrich.
KCl was from Mallinckrodt. GlyceroHs; (98 atom % D) was obtained
from Cambridge Isotopes Laboratories.

2.2. Synthesis of 5-Deaza-6-methyltetrahydropterinThe oxidized
cofactor analogue 5-deaza-6-methyltetrahydropterin (5-deaza-6)MPH
was synthesized from 2,4-diamino-6-hydroxypyrimidine and 3-amino-
2-methylacrolein following literature protocdl$?! The pterin was
reduced over platinum dioxide following literature procedufes.
Spectroscopic characterizatiofsl @nd**C NMR, UV—vis absorption)

(Shiman) assay in which the formation of tyrosine from 1 m¥he
is monitored at 275 nm in the presence of @@ 6-methyltetrahy-
dropterin [6-MPH] and 6 mM dithiothreitol in 0.1 M phosphate buffer
(pH = 6.8) with 3000 units mL! catalasé.

Levels of 6-MPH oxidation were determined by measuring the
extent of 6-MPH production using a coupled assay with dihydro-
pteridine reductase (DHPR), monitoring the decrease in absorbance at
340 nm due to NADH oxidatiof? 1.2 uM PAH enzyme and 1 mM
L-Phe were incubated for 3 min at 2& with 0.15 mmol of NADH,
an excess of DHPR, and 12M pterin in 0.1 M phosphate buffer
(pH 6.8) with 3000 units mt! of catalase. The level of 6-MPH
oxidation was determined for different time periods for each of the
mutants and the WT enzyme. Background levels of oxidized pterin
arising from autoxidation of reduced pterin were controlled for when
calculating the levels of 6-MPHproduction.

H,0; levels were determined by the method of Matsubara &f al.,
utilizing the formation of a titanium/kD,/4-(2-pyridylazo)resorcinol
(Ti—PAR) mixed ligand complex that absorbs at 508 nm. Concentra-
tion-dependent curves were linear from 0 to 10 nmol ofOH
Incubations were performed in 0.1 M phosphate buffer {18.0) at
25°C for 3 min with 1.2uM PAH, 1 mM I|-Phe, 0.15 mmol of NADH,
300uL of Ti—PAR reagent, an excess of DHPR, and 120 pterin.
Parallel control assays, containing the same components as described
above except that no enzyme was used, were routinely performed. This
background peroxide production was taken into account when calculat-
ing the amount of peroxide produced during enzyme turnover.

of the oxidized and reduced pterins were equivalent to those reported 2.6. Preparation of MCD and XAS SamplesThe specific activities

in the literature®42
2.3. Construction of Plasmid Vectors.Selected overexpression

of the enzyme used for spectroscopic samples were 0.9 unitsforg
R158Q and 0.1 units mg for E280K where 1 unit= 1 umol of L-Tyr

vectors containing PKU-inducing mutant genes of PAH were generated min—*. The active iron content per subunit was 0.84 (90% of total Fe)

using standard molecular biological methd&éi§he mutants R158Q
and E280K were prepared by site-directed mutagenesis of pKKPAH
using PCR-based techniqué©ligonucleotides containing the required

in R158Q, whereas that of E280K was 0.59 (91% of total Fe).
Approximately 56-55 mg of protein were used for a typical spectro-
scopic sample.

mutation were synthesized and used as the mutagenic primers. Primers 2.6.1. Preparation of R158Q-PAFPS[] and E280K-PAH™s] ].47

complementary to the' &nd 3 ends of the coding regions of pKKPAH

Concentrated storage stock solutions of the appropriate enzyme samples

and containing the appropriate restriction sites were also synthesized.were diluted to approximately 1 mg mtin phenylalanine-free buffer
The PCR protocols were performed in two stages using the mutagenic(0.1 M MOPS and 0.3 M KClI, pH= 7.3 at 25°C). The protein was

primers and the flanking primers with the recombinant vector pKKPAH
as template. The amplified fragments were then cloned into the
corresponding restriction sites of pKKPAH using standard molecular

filtered through a 0.4am syringe filter to remove aggregates and then
concentrated in a 50 mL Amicon ultracentrifugation device over a 45
mm YM 30 membrane to a final volume 6f2 mL. The concentrated

biological techniques. The DNA sequences of the expression constructssample was again centrifuged at 14 000 rpm for 2 min to remove any

in the region encoding the PKU rPAH mutants were obtained from
both strands by automated DNA sequencing.

2.4. Bacterial Cell Growth and Protein Purification. Recombinant
PKU-inducing mutant forms of PAH were overexpresseBsoherichia
coli BL21(DE3 cells) using previously described protocdl¥ The
purification scheme was equivalent to that described previously for WT
PAH.Y" Purified enzyme was stored at80 °C until use.

2.5. Kinetic Assays.All kinetic assays were performed on an

aggregates. The samples were then exchanged four times into 0.1 M
MOPS, 0.3 M KCI buffer made up in f and adjusted to pD 7.3 with
DCI. The respective enzyme solutions were again centrifuged between
the solvent exchanges to remove protein aggregates. Final protein
concentrations were determined by Bradford dye binding assays.
Aliguots of each sample (without glycerd}) were set aside for CD
experiments when appropriate. MCD samples were generated by the
very slow addition of 76-75 vol % of glyceroles with careful mixing

Hewlett-Packard 8452 diode array spectrophotometer. The total iron Such that a homogeneous solution was formed. The resuttiro

content of the enzymes was determined by atomic absorption spec-

glycerolds PAH solution was concentratech ia 3 mL Amicon

troscopy and the fraction of catalytically competent iron was measured Ultrafiltration unit over a YM 30 membrane. When samples of the

by quantifying the formation of the catechol adduct as described
previously}” Enzyme activity was determined using the standard PAH

(37) Byck, S.; Tyfield, L.; Carter, K.; Scriver, C. Rlum. Mutat.1997 9, 316—
321

(38) Knappskog, P. M.; Eiken, H. G.; Mangz, A.; Olafsdottir, S.; Haavik, J.;
Flatmark, T.; Apold, JAdv. Exp. Med. Biol.1993 338 59-62.

(39) All studies were done ofF€'} PAH unless otherwise indicated.

(40) Breitmaier, E.; Gassenmann, Ghem. Ber1971 104, 665-667.

(41) Stark, E.; Breitmaier, ETetrahedron1973 29, 2209-2217.

(42) Moad, G.; Luthy, C. L.; Benkovic, P. A.; Benkovic, S.1.Am. Chem.
Soc.1979 101, 6068-6076.

(43) Maniatis, T.; Fritsch, E. F.; SambrookMolecular Cloning: A Laboratory
Manual Cold Spring Harbor Laboratory Press: Cold Spring Harbor, New
York, 1982.

(44) Ausubel, F. M.; Brent, R.; Kingston, R. E.; Moore, D. D.; Seidman, J. G.;
Smith, J. A.; Struhl, KCurrent Protocols in Molecular BiologyWiley-
Interscience: New York, 1991; Vol. 2.

desired concentration were obtained, the protein was reduced anaero-
bically using a solution of sodium dithionite (inD) freshly standard-

ized with KsFe(CN}) (ferricyanide— ferrocyanideAe€sz nm = 1020

M~t cm™Y). The samples were frozen and then storee-&d °C.

2.6.2. Preparation of R158Q-PAH[L-Phe, 5-deaza-6-MPH| and
E280K-PAH3[L-Phe, 5-deaza-6-MPH]. Concentrated storage stock
solutions of the appropriate enzyme samples were diluted to ap-
proximately 1 mg mttin 0.1 M MOPS, 0.3 M KCI buffer (pH= 7.3

(45) Dix, T. A.; Benkovic, S. JBiochemistryl985 24, 5839-5846.

(46) Matsubara, C.; Nishikawa, Y.; Yoshida, Y.; TakamuraAlidal. Biochem.
1983 130, 128-133.

(47) Allosteric activations in both mutants is hyperbolic as opposed to the
sigmoidal behavior seen for the WT enzyme (ref 34). For this reason, we
refer to the mutants as resting (P&#) or activated (PAFF) rather than
using the PAH/PAHR nomenclature as for WT.
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at 25 °C) containing 1 mML-Phe. The protein samples were then
activated by incubation at 28C for 10 min. The resulting solutions
were then filtered and concentrated~@ mL at which point additional

X-ray absorption spectra were recorded at the Stanford Synchrotron
Radiation Laboratory (SSRL) on beam line 35! Data were obtained
to k =15 A-2with 1 mm high in-hutch slits using internal calibrati#h,

L-Phe was added to bring the final concentration to 10 mM. 5-deaza- assigning the first inflection pointto 7111.2 eV. The FeflKiorescence
6-MPH, was similarly added in 15-fold excess to the iron content. The data were measured using a 30-element Ge solid-state array detector
D,O exchange was performed as described above except that thewith a three-wavelength Mn filter and Soller slits. Data were monitored

exchange buffer containadPhe.
2.7. CD and MCD SpectroscopySamples for CD were thawed in
an N, atmosphere and injected ina 1 cmpath length Infrasil quartz

for sample integrity by averaging sets of four successive scans and
comparing a four-scan average to the previous averages. No change in
the edge or EXAFS regions was observed; thus all scans of a given

cuvette (Wilmad) adapted with a ChemGlass stopcock to prevent air sample were used for a final, averaged data set including 33, 34, 34,
oxidation during the time course of the experiment. Near-IR CD spectra and 32 scans for R158Q-PAH| ], R158Q-PAH¢{L-Phe, 5-deaza-6-
(278 K, 606-2000 nm) were obtained using a Jasco J200-D spec- MPH,], E280K-PAH?®[ ], and E280K-PAH¢[L-Phe, 5-deaza-6-MPH{

tropolarimeter with a liquid Bcooled InSb detector. The sample
temperature was maintained at°€ by a recirculating water bath

respectively. Reduction and normalization of the averaged data were
performed according to established meth&d® The intensities and

attached to the cell holder. Data acquisition was achieved by using energies of the pre-edge features of all samples were quantified using

routines written within the software package LabVIEW (National

the fitting program EDG FIT,” with procedures as described in ref

Instruments). Contributions to the CD intensity due to buffer and cell 20.
backgrounds were subtracted from the protein CD spectra. CD spectra Theoretical EXAFS signalsy(k), were calculated using FEFF

of the R158Q mutant were taken with and without glycetoito
determine that the glassing agent did not affect tHedetive site (see

(version 6) and the crystal structure as a starting model. The model
was fit to the EXAFS data using EXAFSPAR.The structural

Supporting Information, Figure S1). One sample each of R158Q- parameter®, the bond distance in A, ane?, the bond variance in A

PAHs[5-deaza-6-MPH with and without glycerold; were run at Fe
concentrations of 1:52.0 mM; four samples without and three samples
with glycerold; were run at Fe concentrations of +8.6 mM for
R158Q-PAR°[L-Phe, 5-deaza-6-MP} CD data were not collected
for the E280K mutant due to sample instability.

MCD samples were thawed in arn, ldtmosphere and injected into

were varied in the fits of each sample. The threshold energy in eV
(k = 0, Eg), was kept to a common, variablA,) value relative to

7130 eV for all components within a given fit of a sample. Fits were
evaluated by comparing the normalized error for each fit, F, and by
visual inspection of the fits to the EXAFS data and the respective
Fourier transforms. Although the first coordination spheres for the PAH

an MCD cell assembled with a neoprene spacer (0.3 cm path length) samples do not have solely nitrogen ligation, distinguishing between
sandwiched between two Infrasil quartz disks (Heraeus Amersil or nitrogen and oxygen backscatterers is not possible; therefore, all first
Esco Products) and stabilized between two fitted copper plates. Thecoordination sphere components were fit with nitrogen phases and

sample was then quickly frozen in liquid,Mind stored in the same
until it was inserted into the cryostat under high flow of He gas.

amplitudes. More distant second shell single scattering and multiple
scattering waves were fit with carbon components from FEFF. For

Sample numbers and Fe concentrations were as follows: four R158Q-preliminary fitting, outer shell single- and multiple scattering paths were

PAH®[] at 1.9-2.1 mM, five R158Q-PAEF{L-Phe, 5-deaza-6-MPH
at 1.5-2.2 mM, two E280K-PAFF[] at 1.2-1.5 mM, and four
E280K-PAH{L-Phe, 5-deaza-6-MPjHat 1.6-2.0 mM. Low-temper-
ature near-IR MCD spectra (60 K, 600-2000 nm) were obtained

linked together at input model distances with the respective first
coordination sphere component. DebyWaller factors were set to
initial values of 0.005 00 Aand allowed to float in all fits. In the final
fits, the distance link was released and all components were allowed

using the Jasco J200-D spectropolarimeter with an Oxford Instrumentsto float. In all cases, the outer shell components moved very little
SM4000-7T superconducting magnet/cryostat suspended in the beam(<0.05 A) from their linked positions. On the basis of studies of
path. Depolarization of frozen samples was monitored by measuring complexes of known structures, the uncertainties in final distances are

the differential CD intensity of a nickeH{)-tartarate solution placed
before and after the sample compartnféhCD spectra were corrected
for zero-field baseline effects induced by variability in glass quality
by subtracting off the correspondjrO T scans at each temperature.
Alternatively, the directionality of the applied magnetic field was
reversed and the subtracted average of-#¥%eT and—7 T scans,

[7 — (=7))/2 T, was used.

within 0.02 A. The total coordination number was obtained from pre-
edge analysis (vide infra) and not varied; however, the distribution of
ligands into shorter or longer components was varied in integer steps
to determine the best fit.

3. Results and Analysis
3.1. Kinetics. 3.1.1. Investigation of Product/Cofactor

Spectra were fit to Gaussian band shapes using the program PeakFiCoupling for WT and PKU-Inducing PAH. Oxidation of
(SPSS Science). Saturation magnetization data were normalized to thethe redox active cofactor required for PAH activity is tightly
maximum observed intensity and fit according to published procedures coupled to formation of produat; Tyr, during normal enzyme-

to extract ground-state paramet&% Application of both negative and
positive zero-field splitting models to the VTVH MCD data was used
to determine the best fit.

2.8. XAS.Samples were thawed in arp Btmosphere and syringed
into a 23x 1 x 3 mm Lucite XAS cell with 37um Kapton windows.
They were immediately frozen in liquid2¥ind stored in the same until

loaded into an Oxford Instruments liquid helium CF1208 cryostat.

(51) Ring conditions: 3 GeV, 50100 mA. Beam line conditions: Rh-coated
pre-monochromator, harmonic rejection and collimation mirror; 111 keV
cutoff; Si(220) double-crystal monochromator fully tuned; cylindrical bent
Rh-coated focusing post-monochromator mirror; energy resolutibm
eV.; edge position reproducibility0.2 eV.

(52) Scott, R. A.; Hahn, J. E.; Doniach, S.; Freeman, H. C.; Hodgson, K. O.
Am. Chem. Sod 982 104, 5364-5369.

(53) Cramer, S. P.; Hodgson, K. ®rog. Inorg. Chem1979 25, 1-39.

3)
Sample measurement was conducted at 10 K. Final sample concen(5gg Scott, R. AMethods Enzymoll985 117, 414-459.

trations were 1.8, 2.8, 1.3, and 1.6 mM for R158Q-P&H,
R158Q-PAH[L-Phe, 5-deaza-6-MP#{ E280K-PAH®s[], and
E280K-PAH[L-Phe, 5-deaza-6-MP# respectively.

(48) Browett, W. R.; Fucaloro, A. F.; Morgan, T. V.; Stephens, PJ.JAm.
Chem. Soc1983 105 1868-1872.

(49) Solomon, E. I.; Pavel, E. G.; Loeb, K. E.; CampochiaroC6ord. Chem.
Rev. 1995 95, 369-460.

(50) Pavel, E. G.; Kitajima, N.; Solomon, E.J. Am. Chem. S0d.998 120,
3949-3962.
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(55) DeWitt, J. G.; Bentsen, J. G.; Rosenzweig, A. C.; Hedman, B.; Green, J.;
Pilkington, S.; Papaefthymiou, G. C.; Dalton, H.; Hodgson, K. O.; Lippard,
S. J.J. Am. Chem. S0d.991, 113 9219-9235.

(56) Zhang, H. H.; Hedman, B.; Hodgson, K. O. Inorganic Electronic
Structure and Spectroscapgolomon, E. I., Lever, A. B. P., Eds.; John
Wiley & Sons: New York, 1999; pp 513554.

(57) George, G. N. EDGFIT; Stanford Synchrotron Radiation Laboratory,
Stanford Linear Accelerator Center, Stanford University, Stanford, CA
94309.

(58) George, G. N. EXAFSPAK; Stanford Synchrotron Radiation Laboratory,
Stanford Linear Accelerator Center, Stanford University, Stanford, CA
94309.



Spectroscopy and Kinetics of PKU mutants of PAH

ARTICLES

Table 1. Cofactor/Product Coupling versus H,O, Production
during Enzyme Turnover
NADH TyrINADH released mass
Tyrd (= total pterin)? (= coupling) H,0,20 balance®
WT 19254+ 14 1950+ 50 0.98 40+ 25 10143
R158Q 111Gt19 4790+ 65 0.23 392Gt 40 105+ 2
E280K 855+ 15 4750+ 59 0.18 416Gt 30 105+ 2

a All amounts are in nmol and are normalized with respect to active Fe.
Measurements are for 8 8Background production of D, was determined
to be 1680+ 10 in the absence of PAH; values in the table are corrected
for this background amount.Total production of Tyrt+ H,O,, expressed
as a percentage of NADH consumption.

catalyzed reaction®. A second pathway, however, also exists
that involves the direct oxidation of tetrahydropterins gPté
quinonoid dihydropterinsgtPH,), producing HO,. This un-
coupled pathway in WT PAH is nonproductive with respect to

product formation and does not proceed through the formation

of the C4a-hydroxy-Phispecies® The partitioning of cofactor

utilization between coupled and uncoupled pathways was
examined using parallel assays designed to quantify production

of both L-Tyr and oxidized 6-MPH Results of these experi-

ments for WT PAH and the R158Q and E280K mutants are
shown in Table 1. Each reaction was performed in triplicate

and under cofactor-limiting conditions. Control reactions utiliz-
ing WT PAH indicate that oxidation of the synthetic cofactor
6-MPH, is tightly coupled to hydroxylation of-Phe toL-Tyr
(98% coupled). A comparison of 6-MRKonsumption (based
on NADH utilization) as compared to tyrosine formation for

the R158Q mutant shows a significant decrease in cofactor

coupling (to 23%) in addition to a diminished specific activity
of the mutant enzyme (6 Amol Tyr min-* mg~* for WT PAH
vs 0.9umol Tyr min~t mg~! for R158Q PAH). Although a

comparable decrease in cofactor coupling is observed for the

tyrosine production over the same time period (8 s). As shown
in Table 1, only trace amounts of,8, (2%) were observed in
control reactions with WT PAH. In contrast, hydrogen peroxide
production is significant in the reactions of both R158Q and
E280K. This is unlike the uncoupling process observed for
p-Cl—Phe (35% coupled) or PH56% coupled), in which a
lack of significant levels of KO, were reported® Table 1 also
shows that the molar quantities of NADH utilized for each
enzyme system equals, within experimental errors, the moles
of L-Tyr and HO, produced. These data indicate that the
uncoupled pterin oxidations give rise to,® and that the
peroxide leaves the active site and is detected prior to
background reactions that may involve the breakdown &H

to hydroxyl radicals$’® which are proposed to be the species
responsible for PAH inactivation.

3.2. MCD SpectroscopyThe®D ground state for the®d~€'
free ion is split under octahedral symmetry intéTaq ground
state (d, dy» dy) and a°Eg4 excited state (g, de—?), separated
by 10Dg ~ 10 000 cnt? for oxygen and nitrogen ligands. The
splitting of the SEy excited state ASEg, is sensitive to the
coordination number and geometry of the! Biée and transitions
to these orbitals can be observed in near-IR CD and MCD
spectroscopy284°Model studies have shown that 6C distorted
octahedral Pesites have two transitions centered~at0 000
cm 1 with |ASEg| ~ 2000 cm'l, 5C sites have two transitions
at~10 000 cm? and~5000 cntt with |ASEg| ~ 5000 cm?,
and 4C sites have two transitions in the region of 400000
cm~150 For 5C sites, the two transitions shift from higher to
lower energy as geometry changes from trigonal bipyramidal
to square pyramidal.

The temperature and field dependence of these transitions is
characterized by the nesting (nonsuperimposing behavior) of

E280K mutant versus WT PAH (18% coupled), there is an isotherms when MCD intensity is plotted versgid/2kT and

approximate 60-fold decrease in the specific activity (griol
Tyr min~t mg-1 for WT PAH vs 0.1umol Tyr min~1 mg™? for
E280K PAH).

The observation that both PKU-inducing mutant enzymes

exhibit less hydroxylation of substrate than 6-MfPbkidation

suggests the operation of at least two pathways for the reaction
of cofactor with dioxygen. These results are analogous to
previous studies in which the use of alternative substrates or
cofactor analogues resulted in uncoupling during PAH turn-

over25Table 1 also indicates that the rate of 6-MRktidation

is greater for the PKU-inducing mutant enzymes than for the Me =
control reaction with WT PAH (4.3-fold increase in R158Q and 'S —
5.5-fold in E280K). Because the R158Q and E280K enzymes

can be used to gain insight into the ground-state electronic
structure of F& sites?12849For systems with negative zero-
field splitting (—ZFS; D < 0) this behavior is due to the rhombic
zero-field splitting §) of the Ms = 42 doublet ground state.
For systems with positive zero-field splitting-ZFS; D > 0),
similar nesting arises from off-axis Zeeman mixing of a pseudo-
doublet ground-state comprising thlk = 0 and one component

of the Ms = +1 sublevels. In general-D and +D systems

can be distinguished by much larger nesting behavior observed
for +D cases (split by~D instead ofd) and the presence of

a low-lying singlet excited state (the other component of
+1).

Ground state parameters are obtained for both systems by

are less effective hydroxylating enzymes than WT PAH, these computationally fitting the experimental VTVH MCD data to

data suggest that the rate of 6-MP¢kidation in the uncoupled
pathway is greater than the rate of 6-MPékidation in the
tightly coupled pathway.

3.1.2. O, Production during Enzyme Turnover. During

an orientation-averaged intensity expression that includes the
rhombic and Zeeman splitting of a non-Kramers doubietr{d
g) as well as the transition polarization ratiMAM,,) and
contributions from linear temperature-independ&iterms

uncoupled reactions, reduced pterin utilization beyond that and low-lying excited state®:2549The results obtained from
necessary for the hydroxylation of substrate is converted to thethis analysis are directly related to the splitting of tfieg

g-PH, state with the concomitant transfer of electrons and
protons to dioxygen generating,€,. Parallel assays were
therefore performed in which the levels op® were directly

ground state so that the orbital splittings may be determined
(A = dygyz — dyy; V = Oy — dyy).
The MCD spectrum of R158Q-PA®f( ] is shown in blue in

measured and compared to both reduced pterin usage andrigure 2A. The Gaussian fit of the spectrum indicates that two

(59) Shiman, R. InChemistry and Biochemistry of PterinBlakley, R. L.,
Benkovic, S. J., Eds.; John Wiley & Sons: New York, 1985; Vol. 2, pp
179-249.

transitions at 8730 and 10 700 cthare needed to fit the
spectrum (Table 2 and Supporting Figure S2A). The pattern of
two transitions centered at10 000 cnt! and split by~2000
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Figure 2. MCD spectra and saturation data for WT (black), R158Q (blue), and E280K (purpleJ®AH and WT (red), R158Q (orange), and E280K

(green) PAH/ac]L -Phe, 5-deaza-6-MPJH The MCD data shown in parts A and E were collected & and 7 T. The VTVH data shown in-8D and F-H

were collected at fixed temperatures of 157 K, 2.0-2.1, 3, 5, 7, 10, 15, 20, 30, and 50 K and a series of fixed fields for the following wavelengths: (B)
8500 cn1?, (C) 8930 cm?, (D) 8570 cmil, (F) 6055 cm?, (G) 5970 cm?, and (H) 9365 cm!. Data for temperatures 25 K are not shown for clarity.

Error bars are typically twice the size of the symbol used. The data are in colored circles and the fits to the data using the parameters in Table 2 are show

as solid black lines. WT data are taken from refs 18 and 19.

Table 2. Ligand Field Transition Energies and Ground State
Parameters

of the lower-energy R158Q band to model the shoulder seen
for WT PAHR[L-Phe, 5-deaza-6-MP#{ we get values of

band1° band2® 10D¢" A%RS 6° @ A% VP 10Dg = 7240 cn! and ASE; = 4080 cm! for WT

WTT[]P 8500 10300 9400 1600 2.9 8.9-250 70 PAHR[L-Phe, 5-deaza-6-MPfH(Table 2). These are comparable
WTSRE;;ZL‘:GS P 5200 9280 7240 4080 5.2 8.6-825 315 to the values obtained for the R158Q mutant Gf0=

- o 1 5] = 1 i i
R158Q°(] 8730 10700 9720 1970 2.9 8.9-200 55 7540 cnm a_ndA Eqs = 3810 cm_) and, as with the resting
R158Q[L-Phe, 5630 9440 7540 3810 5.1 8.6-750 360 enzyme, indicate that the Fsite with both cosubstrates bound

5-deaﬁ-6-MPH has not been substantially affected by the mutation. The shift
E280Kes 8500 10600 9550 2100 3.3 9.6-200 60 Lig i i
E280Ke“{1-Phe, 9100 10800 9950 1700 28 91250 70 of the lower energy band by400 cn11is likely due to a slight

5-deaza-6-MPH

aValues in cnt, P WT values taken from refs 19 and 18.

cm1is consistent with a distorted octahedral' Bite 21:28:49.50
The spectrum of R158Q-PA#f( ] is very similar to that of WT
PAHT[ ] (Figure 2A, black)!® with a small perturbation evident
from the decreased intensity of the band at higher energy. This
intensity difference can be attributed to a change in polarization
of the transition. VTVH MCD data for R158Q-PA®[ ] are
shown in Figure 2C and fit with ground-state parameters of
0=29cm? g =8.9A=-200cntt and|V| =55 cnTl.
These parameters are consistent with-B system and are
identical to those determined for the WT PAH (Figure 2B

and Table 2)8 Together, the excited state and ground-state

parameters indicate that the R158Q mutation has no effect on

the resting 6C active site of PAIH].

Figure 2E shows the MCD spectrum of R158Q-PA}-
Phe, 5-deaza-6-MP4{in orange. In this case, we observe only
one band at-10 000 cnt?! (9440 cnT?!) while the second band
is at 5630 cm! (Gaussian fit shown in Supporting Figure S2B).
This gives|ASEy| = 3810 cn! and is consistent with a square
pyramidal 5C sit&1-28:49.58Binding of both cosubstrates therefore
results in the loss of a ligand, leaving an open coordination
position on the Peatom. The loss of a ligand to form a 5C site
is also observed in WT PARL-Phe, 5-deaza-6-MPJH(Figure

strengthening of the axial ligand in the R158Q mutant, which
raises the energy of thezdrbital.

The saturation data for R158Q-PAffiL-Phe, 5-deaza-6-
MPH,] show a dramatic increase in nesting when both cosub-
strates are bound as compared to the resting enzyme (Figure
2G vs 2C). This is indicative of &ZFS ({D) systendl:28.49
whereas the resting site hasZFS (—D). Analysis of these
data yields essentially identical ground state parameters as
previously determined for the WT PA¥L-Phe, 5-deaza-6-
MPH,] site—6 = 5.1 cnm?, g, = 8.0, A = +750 cn7?, and
[V| = 360 cnt!—once again indicating that the mutation of
Arg158 to GIn does not affect the Factive site of the enzyme
either in its resting state or with both cosubstrates bound.

The purple spectrum in Figure 2A is the E280K-PATH]
species. Two Gaussian bands are required to fit the spectrum
(Table 2 and Supporting Figure S2C) with energie$)d,Gand
A®Ey all similar to both WT PAH[] and R158Q-PAFFS] ].

The saturation data for E280K-PAH] ] are shown in Figure

2D. Visually, the nesting appears to be very similar to the resting
states of the WT enzyme and R158Q mutant, and the ground-
state parameters are the same within error (Table 2). Clearly,
neither mutation has a significant effect on thé' Bite of the
resting enzyme with no cosubstrates bound.

In contrast, the spectrum of E280K-PAffiL-Phe, 5-deaza-
6-MPH,] is shown in Figure 2E (green) and is quite different

2E, red)!® however, for the R158Q mutant the lower energy from either WT PAHFR[L-Phe, 5-deaza-6-MPfH or R158Q-
band is at a higher energy as compared to the WT spectrum.PAH{L-Phe, 5-deaza-6-MPJ# The lower-energy “5C” band
Using the shape and intensity obtained from the Gaussian fitis no longer present and the peak-8&500 cnt? is wider and

5682 J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003



Spectroscopy and Kinetics of PKU mutants of PAH

ARTICLES

less symmetric. Two transitions at 9100 chand 10 800 cm!

Table 3. XAS Pre-edge Energies and Intensities

are required to fit the spectrum, indicating that this site is 6C
with a distorted octahedral geometry. The transition energies,

10Dq, andASEg all indicate that the site is similar to the resting
form of the enzyme (Table 2). Figure 2H shows the saturation
data for the E280K-PAM[L-Phe, 5-deaza-6-MP#H species.
The nesting of the isotherms also appears to be very similar
to the resting E280K-PA[ ], while the fit parameters are
the same within error and are nearly identical to WT PRAH
0=28cnt! g =9.1A=-250cnT! and|V| = 70 cnTl,

The E280K mutation therefore affects the binding of either or

energy energy total
(eV) area (ev) area area
WTT[ ]2 71118 5.1 7113.6 3.0 8.1
WTR[L-Phe, 7111.7 8.6 7113.5 5.3 13.9
5-deaza-6-MPH?
R158@°s[ ] 7111.8 5.6 7113.6 3.6 9.2
R158Q°[L-Phe, 7111.8 8.5 7113.5 5.6 14.2
5-deaza-6-MPH
E280K®s{ | 7111.8 5.6 7113.6 4.0 9.6
E280Ke“(L-Phe, 7111.9 6.4 7113.6 3.5 9.9

5-deaza-6-MPHy

both of L-Phe and pterin cofactor such that the 6&C

aWT fit values taken or adapted from ref 20Energy is the intensity-

conversion seen in the WT enzyme upon binding of cosubstratesweighted average of the first two peaks of WT, area is the combined

does not occur.
3.3. XAS. 3.3.1. Pre-edge AnalysisModel studies have

shown that pre-edge shape and intensity patterns can be

correlated to coordination number and geomé&}The 1s~3d
pre-edge features are formally electric dipole forbidden but gain
intensity through the weaker electric quadrupole transition, and
are therefore observed to be weak in centrosymmetric com-
plexes?! Typical 6C ferrous complexes have a pre-edge intensity
of ~4 units distributed over three features split b eV. It

has been shown, however, that loss of centrosymmetry results

in additional pre-edge intensity due to 4p orbital mixing into
the unoccupied and half-occupied 3d orbiffl8ecause the
1s—4p electric dipole transition is'100-fold more efficient than
the quadrupole transition, only a few percent 4p mixing is
necessary to greatly enhance the intensity of the pre-edge featur

areas of the two peaks.

0.2s

SNIEN () pUDTEg

Mormalized Absorption

0.00

7108 7114 71186

7112
Energy (eV)

7110 7118

Figure 3. Pre-edge spectra of WT (black), R158Q (blue), and E180K

e('purple) PAH"es{]; and WT (red), R158Q (orange), and E280K (green)

Noncentrosymmetric complexes are therefore observed to havepAHR2e[-Phe, 5-deaza-6-MPJH The second derivative of the data is

a higher pre-edge intensity; 5C and tetrahedral ferrous models
are well fit by two features having-12 and~13 units of
intensity, respectively. Although the intensities of the 5C and
4C noncentrosymmetric complexes are similarly large, the sites
are differentiated by their respective intensity distributibns.
Protein active sites with dissimilar ligation, variations in bond
distances, and noncoincidence of the molecular axes with any
of the ligands’ bonding orbitals will therefore have an increased
pre-edge intensity relative to models with similar oxidation state
and geometry due to the additional-14p dipole contribution

to the pre-edge.

The pre-edge energies and intensities for the individual
features of the R158Q-PA#[ ], R158Q-PAHC|L-Phe, 5-deaza-
6-MPH,], E280K-PAH?®s[ ] and E280K-PAH<[L-Phe, 5-deaza-
6-MPH,] complexes are listed in Table 3 and the data are
shown in Figure 3. The pre-edge features of R158Q-PAH
(blue), E280K-PAFPS ] (purple), and E280K-PAFF[L-Phe,
5-deaza-6-MPl] (green) are all strikingly similar in pre-
edge shape and intensity, whereas the pre-edge of the R158Q
PAH{L-Phe, 5-deaza-6-MP{ complex (orange) is signifi-
cantly higher in intensity. Each complex consists of at least
two features as seen from the second derivative of the data

shown in the inset. WT data are taken from refs 18 and 20.

pre-edge data and the second derivative of the data for the
R158Q-PAHFS] ] complex. The total pre-edge area of 9.2 units
is greater than that of typical 6C model complexes, but
significantly less than that of 5C modélksDeviations from a
strict octahedral field in protein active sites can promote 4p
mixing into the d-orbitals, and typically give rise to pre-edge
areas greater than those for octahedral model complé%e&3

The shape and total intensity of the R158Q-P&H] pre-edge
data is extremely similar to that found for the WT PHEHI
complex (Figure 3, blue vs black), which has been characterized
as having a 6C active sit€2°Thus, from the pre-edge analysis
the R158Q-PAF#s] ] active site is 6C and is likely very similar

to that of the WT resting enzyme.

The pre-edge data and the second derivative of the data for
the R158Q-PAKF[L-Phe, 5-deaza-6-MPJ complex are ad-
equately reproduced by two features at 7111.8 and 7113.5 eV
with intensities of 8.5 and 5.6 units, respectively (Table 3). The
total pre-edge area of 14.1 units is comparable to that of 5C
models, where the increased pre-edge intensity of the low energy
feature is indicative of the additional 4p mixing into the d
orbital of a square pyramidal sit¢The shape and total intensity

(Figure 3, inset). The pre-edge data and second derivatives of ¢ R158Q-PAFF[L-Phe, 5-deaza-6-MPjHpre-edge data

the data for the WT PAH ] and PAHR[L-Phe, 5-deaza-6-MPjH
are reproduced from ref 20 and also shown in Figure 3 (black
and red spectra, respectively).

Two features at 7111.8 and 7113.6 eV with intensities of
5.6 and 3.6 units, respectively, adequately reproduced the

(60) Randall, C. R.; Shu, L.; Chiou, Y.-M.; Hagen, K. S.; Ito, M.; Kitajima, N.;
Lachicotte, R. J.; Zang, Y.; Que, L., Jnorg. Chem1995 34, 1036-1039.

(61) Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson, K. O.;
Solomon, E. 1.J. Am. Chem. Sod.997 119 6297-6314.

is extremely similar to that found for the WT PAH-Phe,
5-deaza-6-MPH] complex (Figure 3, orange vs red), which has
been characterized as having a 5C active8i#@ Thus, from
the pre-edge analysis the R158Q-PAH-Phe, 5-deaza-6-

(62) Shu, L.; Chiou, Y.-M.; Orville, A. M.; Miller, M. A.; Lipscomb, J. D;
Que, L., Jr.Biochemistryl995 34, 6649-6659.

(63) Davis, M. I.; Wasinger, E. C.; Westre, T. E.; Zaleski, J. M.; Orville, A.
M.; Lipscomb, J. D.; Hedman, B.; Hodgson, K. O.; Solomon, Enbrg.
Chem.1999 38, 3676-3683.

J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003 5683



ARTICLES Kemsley et al.
, Table 4. EXAFS Fits
1 1 |
| 1\ fit no. sample CN  R@A) o2y F
1 |
i g wTT[ ]2 Fe-O 1 197 .00427 .216
- Y Fe—N/O 5 214 .00437
X N Fe-CSS 5 3.08 .00507
- i | Fe-CMS 8 4.36 .00385
| ' Y WTR[L-Phe, Fe-O 1 194 .00300 .232
1 I 5-deaza-6-MPR?2 Fe—N/O 4 210 .00534
L . A Fe-CSS 5 3.07 .00725
| Fe-CMS 8 430 .00558
N MY 1 R158Q%] Fe-O 1 196 .00732 .145
Lo Fe-N/O 5 212 .00502
‘ Fe-CSS 5 3.08 .00788
Fe-CMS 8 4.38 .00447
2 R158Q°[L-Phe, FeO 1 1.92 .00111 .268
5-deaza-6-MPHy Fe—N/O 4 2.09 .00389
g Fe-CSS 5 3.06 .00995
5 Fe-CMS 8 4.33 .00416
|4
o 3 E280Kes(] Fe-O 1 196 .00459 .166
5 Fe-N/O 5 212 .00512
= Fe-CSS 5 3.06 .00802
Fe-CMS 8 4.35 .00367
4 E280KC[L-Phe, FeO 1 196 .00567 .219
5-deaza-6-MP4  Fe—N/O 5 213 .00430
Fe-CSS 5 3.07 .00744
Fe-CMS 8 4.37 .00338

Figure 4. EXAFS (top) and Fourier transform (bottom) of the data for aWT fit values from ref 20° F = 3 [(xexp — xobsd? K/ 3 [xexPKEl.
WT (black), R158Q (blue), and E180K (purple) PAE |; and WT (red),
R158Q (orange), and E280K (green) PA#[L-Phe, 5-deaza-6-MPH WT

data are taken from refs 18 and 20.

Fourier transforms of the data (Figure 4, bottom), for which
the primary disparity between R158Q-PA{H. -Phe, 5-deaza-
6-MPH;,] and the other samples is ar20% greater intensity
MPH;,] active site is 5C and very similar to that of the WT  jn the first coordination sphere Fourier transform peak for the
PAHR[L-Phe, 5-deaza-6-MPenzyme. other samples. Although slight differences in Fourier transform
Two features are required to fit the pre-edge data and peak intensity are observed between R158Q-P#H,
second derivative of the data for the E280K-P&H] complex E280K-PAH®s[ ], and E280K-PAR®{L-Phe, 5-deaza-6-MPH
(Table 3). With 5.6 units of intensity at 7111.8 eV and 4.0 none of these differences are nearly as great as those between
units of intensity at 7113.6 eV, the E280K-P/&F | complex R158Q-PAH[L-Phe, 5-deaza-6-MP{ and the other three
is similar in shape and intensity to the pre-edges of both samples.
R158Q-PAHF[ ] and WT PAHT]. From the pre-edge and MCD results, R158Q-PAH is 6C
Similarly, two features are required to fit the pre-edge data and therefore EXAFS fits were restricted to a total first
and second derivative of the data of E280K-PAld-Phe, coordination sphere of six ligands. Modeling the EXAFS data
5-deaza-6-MPl] at 7111.9 and 7113.6 eV with 6.4 and 3.5 with one N/O atom at 1.96 A and 5 N/O atoms at 2.12 A (Table
units of intensity, respectively (Table 3). The pre-edge shape 4, fit 1) adequately fits the EXAFS data and the Fourier
and intensity pattern are extensively altered relative to those transform of the data. It should be noted that although the
of the WT PAH[L-Phe, 5-deaza-6-MPJ{ and the total Debye-Waller value of the 1.96 A component is marginally
intensity of 9.9 units is much less. The pre-edge of E280K- high, reducings? by 30% and floating the remaining parameters
PAH¥[L-Phe, 5-deaza-6-MPis very similar, however, tothat  does not appreciably change the error value, distances, or the
of E280K-PAH®s[], R158Q-PAH®{], and WT PAHT] o2 values of the other parameters. Furthermore, an EXAFS fit
(Figure 3), and is therefore described as having a distorted using only a single contribution of six N/O backscatterers leads
octahedral active site. Thus, from the pre-edge analysis, theto an average first shell distance of 2.11 A, a significantly higher
E280K mutation has caused a significant change of the active error value, and a worse visual fit to the Fourier transform. A
site behavior relative to the WT enzyme upon binding of both split first shell is therefore necessary to fit the EXAFS data
cosubstrates. of R158Q-PAHFS[]. Modeling the EXAFS with two short
3.3.2. XAS EXAFS.The EXAFS data were measured to ligands and four longer ligands produces a fit wit
k = 15 A1 however, the fits to the data were limited to the values too high for two ligands at a short distance. Attempts
rangek = 2.0-12.0 A1 according to the quality of the data to include a shell of ligands at a distance longer than 2.15 A
averages. Differences in the overall phase and amplitude arewere unsuccessful. The EXAFS data required two additional
seen in the EXAFS and Fourier transformed data (Figure 4). components to fit the outer shell carbon single- and multiple-
The R158Q-PAR[L-Phe, 5-deaza-6-MPJHoscillations (or- scattering from the histidine and glutamate ligands of R158Q-
ange) are shifted to lowek-frequency, indicating a shorter PAH™S[] as listed in Table 4. A comparison of the best fit to
average distance, and are lower in amplitude than the EXAFSthe R158Q-PAKS]] EXAFS data with the EXAFS results
of R158Q-PAHFS] (blue), E280K-PAHeS[] (purple), and obtained from WT PAH[ ] indicate that these two sites are quite
E280K-PAHC[L-Phe, 5-deaza-6-MPf(green), which are all similar (Table 4), therefore little or no change is introduced by
very similar to one another. This is also clearly seen in the the R158Q mutation when the cosubstrates are not present.

5684 J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003



Spectroscopy and Kinetics of PKU mutants of PAH

ARTICLES

The EXAFS of R158Q-PAF[L-Phe, 5-deaza-6-MPH
(Figure 4, top, orange data) is also shifted to lower frequency

to a 5C geometry upon binding of cosubstrates. The E280K
mutation must therefore perturb the binding of substrate and/or

indicating a shorter average bond distance, which is consistentcofactor in the binding pocket, disrupting the mechanism by
with MCD and pre-edge analyses that indicate the active site is which water is lost from the active site of WT PAH.

5C. An EXAFS fit using only a single contribution of six

nitrogen backscatterers leads to an average first shell distance Discussion

of 2.07 A, arelatively high fit value, and a larg@value. Using
two contributions to fit the first coordination sphere, one ligand
at 1.92 A and 4 ligands at 2.09 A, results in a significant
lowering of the error value and reasonabfevalues for both
components (Table 4, fit 2). Two additional components are
required to fit the outer shell carbon single- and multiple-
scattering from the histidine and glutamate ligands. Notably,
the first shell Fourier transform intensity is significantly reduced
relative to the R158Q-PAFF[ ] form, yet the intensity in the
distant single scattering and multiple scattering region—3.0
5.0 A) is largely unaffected. Thus, the ligand that is absent in
the R158Q-PAIS] ] sample must have little or no multiple
scattering components. The short component in the EXAFS fit

The catalytic reaction of PAH requires that all three reaction
componentsL-Phe, pterin, and ©-be present before any
product is releaseH:2627 Our previous studies on WT PAH
have demonstrated that formation of the ternary complex
PAHR[L-Phe, 5-deaza-6-MPfHresults in a 5C site with an
open coordination position available on the' Fer reaction
with 0,.1920 Our kinetic and spectroscopic studies of two
PKU-inducing mutants of PAH, R158Q and E280K, provide
further insight into the molecular mechanism of the enzyme.
Analysis of the products produced by the mutant enzymes shows
that although both oxidize pterin at more than twice the rate of
WT enzyme, these reactions are omy20% coupled to
production of L.-Tyr. MCD and XAS studies indicate that

is ascribed to the lone anionic glutamate ligand and consequentlyihe gc F& active site of the resting R158Q-PAr{] and

cannot be the ligand lost upon binding of cosubstrates. At-
tempting to fit the multiple scattering region using coordination
numbers that reflect the loss of a histidine from the active site
results in unreasonably low or negativevalues for the multiple

scattering components. Therefore, the ligand lost must be a water

molecule and the likely remaining ligation is comprised of

two histidine ligands, a bidentate glutamate, and one water
molecule. This is extremely similar to the results obtained for
WT PAHR[L-Phe, 5-deaza-6-MPfH(Table 4).

EXAFS fits to E280K-PAFPS] ] were restricted to a total
first coordination sphere of six ligands in accordance with pre-
edge and MCD results (vide infra). Similar to the R158Q-
PAH™s[ ] data, a split coordination sphere is required to fit
the EXAFS of E280K-PAIS{ ], with one nitrogen atom at 1.96
A and five nitrogen atoms at 2.12 A (Table 4, fit 3). First shell
components longer than 2.15 A could not be fit in the data
retaining reasonable? values. Carbon single- and multiple-
scattering components complete the fit to the data. This fit is
extremely similar to the results of fitting WT PAH] indicating
that the E280K mutation has little effect on the geometric
structure of the active site.

Binding of theL-Phe and 5-deaza-6-MRHosubstrates to
E280K-PAH®s[ ] results in little change to the EXAFS or

E280K-PAH®S[ | species is similar to that of the WT enzyme.
WhenL-Phe and 5-deaza-6-MRHire present, however, only
R158Q-PAHC[L-Phe, 5-deaza-6-MPfHloses a ligand to form
a 5C site similar to the behavior of the WT enzyme.

The orientations of the substrate and cofactor in the active
site of the ternary enzyme complex are configured to minimize
nonproductive side reactions, thereby leading to tightly coupled
hydroxylation. Analysis of crystal structures of WT PAFH?S
indicates that both the R158Q and E280K mutations may
reorganize the protein matrix in the vicinity of the mutations,
affecting binding and orientation of either or both of the pterin
and L-Phe cosubstrates. The R158Q mutation is a relatively
conservative mutation that will break the hydrogen bond
between Arg158 and Glu280. A recent crystal structure of PAH
with both BH; and theL-Phe analogue 3-(2-thienyl)}alanine
(THA) bound in the active site shows that there is a mobile
loop formed by residues 131155 that refolds in the presence
of both BH; and THA to relocate Tyr138 from the protein
surface to the active sif®.Because Arg158 is adjacent to that
loop, it is possible that the loss of the Arg158-Glu280 hydrogen
bonding interaction will interfere with correct pterin and/ePhe
orientation. Argl58 is also near residues 22B1, which
provide hydrogen bonds to the pterin cofactoin contrast,

Fourier transform (Figure 4, purple vs green). Pre-edge andthe E280K mutation would have a much more pronounced
MCD results indicate a 6C active site, and therefore EXAFS structural effect on the protein structure because Lys is positively
fits were restricted to a total coordination number of six. Using charged and is significantly longer than the negatively charged
a single contribution of six nitrogen ligands results in an average Glu. The position of Arg158 would likely be disturbed as well
distance of 2.12 A. The EXAFS data can be fit more adequately as the region around Glu280. Glu280 is part of a Thr278-Pro279-
using a split first shell of one ligand at 1.96 A and five ligands Glu280-Pro218 loop that appears to be adjacent to the substrate-
at 2.13 A, resulting in a better visual fit to the Fourier transform binding pocke€® indeed, Thr278 forms a hydrogen-bonding
of the data and a lowering of the error value (Table 4, fit 4). interaction with THA.

Using two or more ligands with the short component causes These structural interactions correlate with the changes
the 02 value of that component to become abnormally high for observed for the Fesite of the mutants, in which binding of
short, strong ligands. First coordination sphere componentsboth pterin and -Phe produces a 5C site in R158Q but not in
longer than 2.15 A could not be fit in the data. As with E280K- E280K PAH. If the pterin binding pocket is altered by the
PAH'es{ ], carbon single- and multiple-scattering components R158Q mutation so that the pterin is misaligned bt®he

complete the EXAFS fit to E280K-PAM[L-Phe, 5-deaza-6-
MPH,]. Thus, E280K-PAHKC]L-Phe, 5-deaza-6-MPfHis a 6C
site similar to E280K-PAKS[ ]. This is in direct contrast to
the behavior of R158Q and WT PAH, each of which converts

binding is not significantly perturbed, then the site should behave
similarly to that of the WT enzyme. If there is further
perturbation to the orientation of pterin and/ofPhe, as
predicted for the E280K mutation, then it is reasonable that the
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Scheme 1 When the pterin is misaligned in the active site pocket, as
330G Yo predicted for R158Q and E280K (Scheme 1, orange and green
d pathways), the peroxy-pterin species cannot react with the Fe
290HiIs N~ OH: and decomposes into the quinonoid pterin argDid Some
285His-N OH2 S . . . .
OH, flexibility of the active site pocket allowing for different
orientations of the pterin (and/arPhe) would account for the
+BH,. L-Phe 20% coupled hydroxylation observed for the two mutants. The
apparent increase in pterin oxidation seen in R158Q and E280K
/ \ relative to WT coupled hydroxylation indicates that reaction of
WT R158Q E280K . . . . .
pterin+ O, proceeds quickly, with the major reaction pathway
reminiscent of WT tetrahydropterin oxidase activity. Studies on
o el ofch'"m o . TyrH have indicated that substrate-6 bond cleavage and
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product release are not rate limitifigf®suggesting that the rate-
determining step in coupled hydroxylation may be heterolytic
cleavage of the Fe-OO-pterin intermediate.

Our investigation into two PKU-inducing mutants of PAH,
R158Q and E280K, has provided insight into the reaction and
disease mechanisms at a molecular level. The first step of the
mechanism is reaction of pterifi O, to form a peroxy-pterin
species, which then reacts withF& an open coordination
position is available on the iron. Because a 5C Bpecies is
only present when both pterin anePhe are bound to the active
site of WT and R158Q PAH, it is likely that the pterin is
misaligned in the R158Q enzyme while either or both of pterin
andL-Phe may have perturbed orientations in E280K. This raises
the possibility of treatment of patients with the R158Q mutation
using pterin derivatives, which might improve orientation in
the perturbed active site. Such an approach would be more
challenging for patients with the E280K mutation as thd Fe
active site remains 6C when bothPhe and pterin are bound,
thus it likely cannot participate in heterolytic cleavage of the

Fé' site would stay 6C as in the resting enzyme. It is important peroxy-pterin G-O bond.

to emphasize that both cosubstrates are still tightly bound to
the active sité? thus only their orientations and effects on the

Fé' ligation may be affected by the mutations.

The overall structural and kinetic effects produced by the
R158Q and E280K mutations are consistent with a catalytic
mechanism in which pterin reacts with, ®efore interacting
with the Fél site, as depicted in Scheme#O kinetic isotope
effects had demonstrated that a change in oxygen bond order
occurs in the first irreversible step for TyrH but could not
definitively distinguish whether ©was initially reacting with
PH, or Fé'.54 Because an open coordination position would
facilitate the reaction of @with Fe' and both mutants exhibit
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Note Added in Proof: The coordinates were released in the

essentially equivalent reactivity toward pterin regardless of PDB for the 2.5-A crystal structure of truncated WT PAH with

whether there is an open coordination position on thg e

pterin and Phe analogue (ref 25). It should be noted that the

first step in the mechanism must be reaction of pterin with O hydrogen-bonding interaction of Arg158 and Glu280 appeared
to form a peroxy-pterin species. When the pterin is oriented to be altered in this fully-loaded enzyme.

correctly in the active site pocket, as depicted for WT enzyme
(red pathway), the next step would be reaction of the peroxy-
pterin with 5C Fé to form the putative Fe-OO-pterin inter-
mediate. This intermediate would heterolytically cleave to form
FeV=0 and the 4a-OH-pterin product;'Fe=O would then react

with L-Phe to produce-Tyr and regenerate the 'Fsite.

Supporting Information Available: CD spectra for R158Q
PAH samples and Gaussian fits for R158Q and E280K PAH
MCD data. This material is available free of charge via the
Internet at http://pubs.acs.org.
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