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Abstract: The tetrahydrobiopterin-dependent enzyme phenylalanine hydroxylase (PAH) contains one non-
heme iron atom per subunit that is required for reactivity. We have applied circular dichroism (CD), magnetic
circular dichroism (MCD), and variable-temperature, variable-field (VTVH) MCD spectroscopies to investigate
the geometric and electronic structure of the catalytically relevant ferrous active site and its interaction with
the cofactor analogue 5-deaza-6-methyltetrahydropterin, in the absence and presence of substrate. Excited-
state ligand field CD and MCD data indicate that the six-coordinate ferrous active site of the resting and
N-ethylmaleimide-activated enzyme is not perturbed by the addition of pterin cofactor in the absence of substrate
(ASEg= 1900 cn1?, 10Dg = 9850 cn1?). VTVH MCD analysis yields a ground-state splitting also consistent

with an unperturbed six-coordinate ferrous si®T,q = —285 or —1150 cnl). Addition of pterin in the
presence of-phenylalaninew-Phe), however, results in large splittings of the excited- and ground-state orbitals
(ASEy > 4600 cntl, 10D < 8800 cntl; AST,y = +985 cntl) that are indicative of a square-pyramidal
five-coordinate ferrous site. Our results provide molecular-level insight into the observed sequential mechanistic
order for PAH,L-Phe+ BH4 + O,, and offer the first evidence of an open coordination position on the iron
prior to binding and activation of dioxygen. This directly implicates the iron in the coupled hydroxylation of
substrate and cofactor, and shows that a highly reactive oxygen intermediate can be generated only when both
are present.

Introduction The tetrahydrobiopterin (Bh-dependent hydroxylases are
involved in activation of @for specific oxygenation reactions,

A wide range of essential biological functions involving the . . . . . .
9 9 9 regulation of aromatic amino acid metabolism, and mediation

binding and activation of dioxygen are catalyzed by enzymesf brain functiod® Phenvialanine. t . dt
containing mononuclear non-heme iron active sitt3hese Or proper brain function.”"hénylalanine, tyrosine, and tryp-

enzymes may be classified according to the reactions theytophan_hydroxylases perform critical and potentially rate-limiting
catalyze: dismutation (e.g., superoxide dismipsxidation ~ StePS in phenylalanine catabolism (PAH)? epinephrine/
(e.g., isopenicillinN-synthasé), hydroperoxidation (e.g., li-  catecholamine biosynthesis (TyrH),*> and serotonin biosyn-
poxygenaséy, and dioxygenation. The dioxygenases can be thesis (TrpH)® respectively. It has been well-established for
divided further into extra- and intradiol dioxygenases (e.g., PAH that clinically significant conditions may arise from altered
catechol 2,3-dioxygenase and protocatechuate 3,4-dioxygenasepterin-dependent hydroxylase activity and such effects are
respectivel§?), cis-dihydroxylases (e.g., phthalate dioxyge- suspected for TyrH and TrpH. Liver PAH functions in homeo-
nasé), a-ketoglutarate-dependent hydroxylases (e.g., clavami- static regulation of plasma levels ofphenylalanine (-Phe);

nate synthas and pterin-dependent hydroxylasés. dysfunction of PAH may lead to an accumulation of neurotoxic
T - — L-Phe metabolites and to the genetic disorder phenylketonuria
Department of Chemistry, Stanford University. 17 Thi . . . in th
* Department of Chemistry, Yale University. (PKU).X" This condition affects one in 10 000 infants in the
§ Department of Chemistry, Boston University.
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Figure 1. Structures of tetrahydrobiopterin (BHand its analogue
5-deaza-6-methyltetrahydropterin (5-deaza-6-MPH

United States and its principal clinical manifestation is severe
progressive mental retardation.

J. Am. Chem. Soc., Vol. 121, No. 7, 18929

tetramer®2 The apparent elimination of the requirementife?he
activation can be accomplished by using detergents (lysoleci-
thin), proteases o-chymotrypsin), or sulfhydryl-modifying
reagents NJ-ethylmaleimide), which also induce dimer forma-
tion.33-35 Because Bl will inhibit L-Phe-induced conversion

of PAHT to PAHR,11.20.29.36.38 g ordered sequential mechanism
is observed for the resting enzyme with its natural substrates:
L-Phe+ BH,4 + 0,.31:38.39This inhibition of activation is specific

for BHg; for example, 6-methyltetrahydropterin (6-MBPHa

' cofactor analogue, is 1000-fold less effective than,BHt has

been proposed that the dihydroxypropyl side chain ofsBH

It is believed that the three pterin-dependent hydroxylases (rigure 1) may block the substrate binding site thereby
contain similar active sites due to the high degree of sequenceyestricting access af-Phe?”

homology in the catalytic domains and the similarity of cofactor
and substrate requiremendts'>18Rat hepatic PAH (phenyla-

Most studies previously reported on the iron active site of
PAH have been concerned with the ferric form of the enzyme,

Ianin_e 4-monooxygenase, EC 1.1_4.16.1) is the most extgnsivelywhich is more spectroscopically accessitHé? The crystal
studied of the enzymes due to its abundance, solubility, and srycture of the enzyme has also been reported on the ferric

relative ease of purificatiol12 PAH exists as a homodimer
or tetramer of 51.7 kDa subunit2°each of which contains a
non-heme iron that is required for reactivi&?2 During the

form.#142 The active form of the enzyme, however, is the
reduced ferrous state and thus it is critically important to define
the nature of the ferrous site and its involvement in the catalytic

hydroxylation of phenylalanine, the enzyme uses dioxygen and mechanism of PAH. We have employed a protocol utilizing
BH, (Figure 1) to generate tyrosine and 4a-hydroxytetrahy- circylar dichroism (CD), magnetic circular dichroism (MCD),

dropterirf3in a coupled reaction where dioxygen is partitioned

and variable-temperature, variable-field (VTVH) MCD spec-

between the phenolic hydroxy group of tyrosine and the 4a- oscopies to probe the geometric and electronic structure of

carbinolamine form of the oxidized pterin. A 4a-hydroperoxy-
tetrahydropterin intermediate has been prop#sdmlit not

high-spinS= 2 F&" centers'*~4® The °D ground state for the
d® Fe?* free ion is split under octahedral symmetry int8Tag

observed for the hydroxylation reaction. The oxidized pterin is ground state (with the extra electron in the dy, Or dyy orbital)

cycled back to B via 4a-carbinolamine dehydratase (DCoH)
and dihydropteridine reductase (DHPR).

Both L-Phe and BH have regulatory interactions with PAH
in addition to their roles in the catalytic cycle. BHeduces
PAH from the ferric to the ferrous state;?8 andL-Phe activates

and a°Eg excited state (extra electron in thg_gz or dz orbital),
separated by I0q (~10 000 cm?! for biologically relevant
nitrogen and oxygen ligands). The splitting of i, excited
state AEy = de 2 — dp) is sensitive to the coordination
number and geometry of the site, and near-IR CD and MCD

the enzyme through cooperative binding to an allosteric effector spectroscopy allow for direct observation of these—dd

site (distinct from the catalytic site) where it remains bound
through multiple catalytic cycle$:2%.2930 The consequent
formation of reduced, activated PAH is concurrent with the
appearance of a catalytically competent spetidhe L-Phe-

transitions. In general, six-coordinate distorted octahedral ferrous
sites show two transitions centered~at0 000 cnt! and split

by |ASEg| < 2000 cmvl; five-coordinate sites show two
transitions at~10 000 and~5000 cnt (|ASEgy| &~ 5000 cn?l)

induced transition between the resting low-affinity (“tense”) state which are shifted to lower energy on going from a square

(PAHT) and the activated high-affinity (“relaxed”) state (PAH
has a large energetic barrier of34 kcal mot! and is

pyramidal to a trigonal bipyramidal site; and distorted four-
coordinate sites show two transitions in the region of 4000

accompanied by a significant structural rearrangement of the 7000 cnt! [i.e., 1Dq(Tq) = (—4¢)10Dg(On)].

protein20-31 Additionally, the quaternary structure of PAH exists
in equilibrium between the dimeric and tetrameric form, and
activation byL-Phe serves to shift this equilibrium to favor the
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VTVH MCD can be used to obtain further insight into
ground-state electronic structure. The temperature and field
dependence of the MCD instensity for non-Kramers ferrous
centers is characterized by nesting behavior (i.e., nonsuperim-
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posing isotherms when MCD intensity data are plotted vs
BHI2KT). For negative zero-field splitting (ZFS) systenis €

0; Ms = +2 lowest in energy), this behavior is due to the
rhombic zero-field splittingd) of the Ms= 42 doublet ground
state, which shows a nonlinear magnetic field dependéhce.
The value ofd is sensitive to the site geometry and generally
is found to be larger (i.e., more nested) for distorted six-
coordinate ferrous sites (¥ 6 < 7 cntl) than for five-
coordinate sites¥ < 4 cm1).4546Ground-state parameters are
obtained by computationally fitting the experimental VTVH
MCD data to an orientation-averaged intensity expression that
includes the rhombic and Zeeman splitting of a non-Kramers
doublet ¢ andg;), as well as the transition polarization ratio
(MJ/M,y) and contributions from linear temperature-independent
B-terms and low-lying excited states (see refs 45 and 46 for

Kemsley et al.

Scheme 1
pterin PAHT[pterin] phe, 4°C
T T .
PAH'[phe] pterin 4°C PAH'[phe,pterin]
phe, 4°C .
PAHT[] 25°C
phe, 25°C
PAHR[phe]—22" PAHP[phe, pterin]
PAHRNEM[phel R pAHRNEMphe bterin]
! phe phe
PAHRNEM | LT p AL R-NEMpterin]

N-ethylmaleimide

details). This analysis has also been extended to include positivedistorted octahedral with a first coordination sphere comprised

ZFS systems[§ > 0; Ms = 0 lowest)647 which can show
qualitatively similar saturation magnetization behavior arising
from off-axis Zeeman mixing of a pseudo-doublet ground state
comprised of theMls = 0 and one component of thds = +1

of significant oxygen ligation. Activation of the enzyme to
PAHR[ ] via allosteric or nonallosteric (using-ethylmaleimide,
NEM) methods does not perturb the geometric structure of the
ferrous active site based on the comparable d-orbital transition

sublevels. Such systems can be distinguished from negative ZFSnergies. The crystal structure of a dimeric form of the catalytic

by a large nesting behavior and therefore splitting of the ground
state (by~D instead ofd) and the presence of an additional
MCD-inactive low-lying singlet excited state (the other com-
ponent ofMs = +1).

domain of FE'PAH, indicating two histidines, a monodentate
glutamate, and three water ligands, has confirmed this descrip-
tion for the ferric active sité! The addition of substrate to either
the resting or activated enzyme, however, results in a geometric

The ground-state parameters obtained from the saturationperturbation to the metal center characterized by a shift to higher

magnetization analysis are directly related to the splitting of
the 5T,g ground state 4 = dy,y,— dyy andV = dy, — dy,) so
that the $4 orbital energies can be determin®d.arger values

of 0 are associated with smaller values &fas expected for
six-coordinate sites, and smallérvalues are associated with
larger A values as for five-coordinate systems where the open
coordination position causes a larger splitting of the ahd
dx.yz0rbitals. Ligand field MCD and VTVH MCD in combina-

energy of the d— d transitions reflecting an increase in ligand
field strength®® This is attributed to a rearrangement of the
existing active site ligands, including an increase in the relative
number of ligands contributing to the inner vs the outer subshell
of the first coordination sphere. Such a structural rearrangement
may be implicated in the orientation of the substrate for
completely coupled hydroxylation.

To understand the involvement of the pterin cofactor and the

tion therefore provide a complete description of the d-orbitals complex mechanistic behavior of PAH, we have now extended
for a given ferrous site, which provides information on the our use of ligand field and VTVH MCD spectroscopy to

geometric and electronic structure of the active site. This investigate the interactions of the ferrous active site of PAH
methodology has now been applied to a variety of mononuclearwith a nonredox-active pterin analogue that is a competitive
non-heme ferrous enzymes to probe oxygen and substrateinhibitor of BH,;, 5-deaza-6-methyltetrahydropterin (5-deaza-

reactivity and to gain molecular-level insight into the catalytic
mechanisn{348-52

6-MPH;,, Figure 1)37 This approach simplifies the preparative
aspects involved in using pterins capable of undergoing redox

Previously, we have reported results using these techniquesreactions but effectively probes for possible active site structural

combined with X-ray absorption spectroscopy (XAS) to probe
for the first time the effects of substrate activation on the
catalytically relevant ferrous active site of PAHall further
references to PAH will be of the ferrous enzyme unless
otherwise indicated). From the-2000 cnt! splitting and
relatively low energies of the two & d transitions observed

in the near-IR MCD spectrum, it was found that the iron site of
resting PAH[ ] (empty brackets indicate the absence of either
substrate or cofactor in the active site cavity) is six-coordinate
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(52) Pavel, E. G.; Zhou, J.; Busby, R. W.; Gunsior, M.; Townsend, C.
A.; Solomon, E. I.J. Am. Chem. S0d.998 120, 743-753.

(53) Loeb, K. E.; Westre, T. E.; Kappock, T. J.; Mitic, N.; Glasfeld, E.;
Caradonna, J. P.; Hedman, B.; Hodgson, K. O.; Solomon,JEAm. Chem.
So0c.1997 119 1901-1915.

changes associated with inhibition and regulation of the enzyme.
A summary of the relevant protein forms is given in Scheme 1.
These results offer the first direct information about the interplay
of Fe, L-Phe, and pterin cofactor in PAH reactivity and provide
insight into the catalytic mechanism.

Experimental Section

Chemicals. All commercial reagents were of the highest grade
available and were used without further purificatieaPhe, 4-mor-
pholinepropanesulfonic acid (MOPS), and other supplies were from
Sigma (St. Louis, MO). Sodium dithionite and® (99.9 atom % D)
were from Aldrich (Milwaukee, WI), and KCI was from Mallinckrodt
(Paris, KY). Glycerolds (98 atom % D) was from Cambridge Isotopes
Laboratories (Andover, MA).

PAH Isolation. Recombinant rat liver PAH was overexpressed in
Escherichia coliwith use of a modification of the protocol previously
described’? BL21(DE3) cells, freshly transformed by the method of
Hanahart* were used as the source of protein-producing cultures. These
were grown to an Ahgo = 1.8 in 10 L of modified 2xYT media
(containing 160 g of Bacto-tryptone, 100 g of yeast, 85 mM NaCl, 40
mL of glycerol, 25uM FeCk, 0.5 g of ampicillin, 2 mM MgS@, 100
uM CaCb, 12 uM H3BO3, 8 uM (NH4)sM07024:4H,0, and 6uM KI)

(54) Hanahan, DJ. Mol. Biol. 1983 166, 557-580.
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and induced wh 1 g ofisopropyl-1-thiog-p-galactopyranoside (IPTG)
for 6 h at 30°C in a New Bruswick Instruments fermentor before

J. Am. Chem. Soc., Vol. 121, No. 7, 18581

standardized vs #e(CN}) (ferricyanide— ferrocyanideAeszo nm =
1020 M~ cmY). Sufficient dithionite to reduce protein-bound3Fe

harvesting. The pH was maintained at 7.6 during the course of the was added, causing an immediate bleaching of the characteristic yellow
growth, as was vigorous aeration. Antifoam A concentrate was added color of Fé"PAH. The reduced sample was stored-&80 °C until

as necessary. Cells were pelleted at 8000 rpm for 10 min &,4
resuspended in an equal volume of lysis buffer (30 mM Tris, 200 mM
KCI, 80 mM L-Phe, pH 7.3 at £C), frozen in liquid nitrogen, and
stored at-80 °C until protein purification. These modifications resulted
in an increased yield of protein (approximately 2-fold) with no alteration
in either the level of protein purity or levels of catalytically competent
iron sites £98%). Purification of PAH is as described previougly,
and purified PAH was stored at80 °C until use. The specific activities
of the PAH samples used for spectroscopic analysis weee7al units
mg?, where 1 unit= 1 umol of L-tyrosine min. Typically, 30-40

further use. For CD, the sample was thawed under, atihosphere
and injected ind a 1 cmpath length near-IR cuvette, which was sealed
with a Kontes stopcock to prevent air oxidation during the time course
of the experiment. The similarly thawed MCD sample was injected
into an MCD cell assembled undek With a neoprene spacer (0.3 cm
path length) sandwiched between two Infrasil quartz disks and stabilized
between two fitted copper plates. The MCD sample was then quick-
frozen and stored in liquid Nuntil it was inserted into the crysotat
under a flow of He gas. One sample without and one sample with
glycerol-d; were analyzed by CD, while three samples were subjected

mg of protein were used in the preparation of each sample. Concentra-10 VTVH MCD analysis.

tion of Fe was determined by atomic absorption spectroscopy as

previously describeét

Synthesis of 5-deaza-6-methyltetrahydropterin. The cofactor
analogue 5-deaza-6-MRHvas synthesized from 2,4-diamino-6-hy-
droxypyrimidine and 3-amino-2-methylacrolein following literature
procedure§®>® The pterin was reduced over platinum dioxfde.
Spectroscopic characterizatiofH(and *3C NMR, and U\~-visible

absorption) of the oxidized and reduced pterins was equivalent to that

reported in the literature®57

Preparation of PAHT[5-deaza-6-MPH]. All protein manipulations
were performed at £C unless otherwise noted. The 3FRAHT] |
samples were diluted to approximately 1 mg Thi(19.3uM) in L-Phe-
free buffer (100 mM MOPS, 300 mM KCI, pH 7.3). The dilute protein
solution was filtered through a 0.4b6m syringe filter to remove
particulates and then concentrated in a 50 mL Amicon ultrafiltration
device over a YM-30 membrane to a final volume-ef mL. The
stock solution of 20 mM 5-deaza-6-MRMas prepared in 0.05 N HCI

and an appropriate amount of this stock solution was diluted with 500
mM MOPS buffer to maintain a pH of 7.3. This was then added to the

protein sample to give a final ratio of 10 equiv of the cofactor relative

Preparation of PAHR"NEM[5-deaza-6-MPH,]. One PAHRNEM[5-
deaza-6-MPl] sample was prepared by incubating 30 mg of
FEe'PAHT[ ] in 30 mL of buffer (19.3 M PAH) with 30 uM
N-ethylmaleimide for 45 min at 23C prior to filtration and the first
concentration step. These conditions were sufficient to irreversibly
activate the enzyme by alkylation of Cys286The dimeric nature of
PAHR-NEM (apparenM,(PAHR-NEM) = 120 kDa,M(PAHT) = 248 kDa)
was verified by gel filtration studies by using a Superdex 200 26/60
column (Pharmacia) and elution with 120 mM phosphate buffer, 100
mM NaCl, pH 6.8. All subsequent manipulations were performed as
described for the PAH5-deaza-6-MPE| sample.

Preparation of PAHR[L-Phe, 5-deaza-6-MPH|. The PAH[L-Phe,
5-deaza-6-MPl samples were prepared almost identically to
PAHT[5-deaza-6-MPH] except that the 1 mg mi! (19.3uM) protein
solution was brought to 1.0 mM in-Phe ¢50-fold excess) by using
a 100 mM stock solution. The protein solution was then incubated for
10 min at 25°C, and subsequently filtered prior to the first concentration
step. These conditions were sufficient to induce the allosteric conversion
required for the generation of a catalytically competent form of the
enzyme? Before the RO buffer exchange, additionalPhe was added
to bring the final concentration to 10 mM. The 5-deaza-6-MBbfactor

to the iron content. The cofactor analogue was allowed to bind for analogue was added in the same way as described above to make up

~10 min Kq = 7.4uM?%) and the sample was concentrated to a final
volume of ~1 mL. This concentrated sample was placed in a

the final concentration of 10 excess equivalents with respect to iron
content. All other manipulations were the same as those above except

microcentrifuge tube and centrifuged at 14 000 rpm for 3 min to remove {hat 10 mM L-Phe was present in all solutions. CD spectra were
any precipated protein. The protein sample was then exchanged five3nalyzed for eight samples without and three samples with glycerol-

times into 100 mM MOPS, 300 mM KClI, and 10 mM 5-deaza-6-MPH
buffer prepared in BD and adjusted to pD 7.3 with NaOD. In each
exchange, the protein solution was concentrated TanL and 5 mL
of deuterated buffer were added. Betwees©exchanges, the PAH

ds. Four samples were prepared for VTVH MCD analysis.
Verification of the assignments of PArand PAHR states is based

on methods previously describ&dPAH activity measurements per-

formed on the MCD samples after spectroscopic analysis showed high

solution was centrifuged to remove aggregates and prevent further retention of the initial enzymatic specific activitg 85%), indicating

precipitation. The sample was transferred for the lagd @xchange
into an Amicon 8MC micro-ultrafiltration system with a YM-30
membrane preequilibrated in the;® exchange buffer. In the final
exchange the protein sample was reduced200uL so that the final
active Fe concentration was 2.1 mM. The final aqueous protein

little sample degradation during the time course of the experimental
measurements.

Instrumentation. Near-IR CD spectra (278 K, 662000 nm) were
obtained by using a Jasco 200D spectropolarimeter with a liqgid N
cooled InSb detector. The sample temperature was maintained by a

concentration was determined by the Bradford dye binding assay asyecirculating water bath attached to the cell holder. Data acquisition

previously describeét
To facilitate glass formation for low-temperature MCD experiments,

was achieved by using routines written within the software package
LabVIEW (National Instruments). Contributions to the CD intensity

the concentrated agueous protein solution was diluted with several due to buffer and cell backgrounds were subtracted from the protein

volumes of 55-65% glyceroles in deuterated buffer. To ensure
complete mixing, the glyceral; was added slowly with careful manual
mixing until a brief centrifugation did not induce phase separation of
the two components. The resultirg50% glyceroles/PAH solution
was concentrated to a final volume of £5800xL in an Amicon 8MC
micro-ultrafiltration device with a YM-30 membrane. This process was
very slow due to the high viscosity of the solution. Periodically during
ultrafiltration, the N pressure was slowly released and a small aliquot

CD spectra. Low-temperature near-IR MCD spectra-{5® K, 600

2000 nm) were obtained with the Jasco spectropolarimeter and an
Oxford Instruments SM4000-7 T superconducting magnet/cryostat.
Depolarization €10%) of all frozen samples was monitored by
measuring the differential CD intensity of a nickei)ttartrate solution
placed before and after the sample compartrfeMiCD spectra were
corrected for zero-field baseline effects induced by variability in glass
quality by subtracting off the correspondin0 T scan at each

was drawn to determine the protein concentration by the Bradford assay.temperature. Alternatively, the directionality of the applied magnetic
Once the desired concentration was obtained, strict anaerobic procedurefield can be reversed by interchanging the magnet leads; this produces

were used for the remainder of the sample preparation.
The protein sample, with or without glycerd}; was reduced in an
Ar box by using a solution of sodium dithionite in,O, freshly

(55) Stark, E.; Breitmaier, ETetrahedronl1973 29, 2209-2217.

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

(57) Moad, G.; Luthy, C. L.; Benkovic, P. A.; Benkovic, S.1.Am.
Chem. Soc1979 101, 6068-6076.

a “—7 T” spectrum. The subtracted average of thé T and—7 T
scans, [7— (=7)J/2 T, will be identical to the baseline-corrected

7 — 0 T spectrum. This protocol was employed in several cases to
eliminate problems associated with glass-induced baseline shifts and
to increase the signal-to-noise ratios.

(58) Browett, W. R.; Fucaloro, A. F.; Morgan, T. V.; Stephens, B.J.
Am. Chem. Sod 983 105 1868-1872.
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Fitting Procedures. Spectra were fit to Gaussian band shapes by T T T T T T

using a modified LevenbergMarquardt constrained nonlinear least- 004r -1 1
o . ; o ) ~ ™\ 8900cm

squares fitting routine. Saturation magnetization data were normalized
to the maximum observed intensity and fit according to published
procedures to extract ground-state paramétgfpplication of both
the negative and positive ZFS models to the VTVH MCD data was
used to determine the best fit.

Ae (M'cm™)

Results and Analysis

A. PAHT[5-deaza-6-MPH,]. The 278 K CD spectrum of
PAHT[5-deaza-6-MPH] is shown in Figure 2A (solid line). The
Gaussian resolution of the data (dashed line) indicates that two
bands are present at 8900 and 10 800 rithis spectrum is
identical with that of PAH[ ],%% and the addition of glycerol-
ds; does not perturb the spectrum (data not shown). The low-
temperature MCD spectrunt & K and 7 T of PAH[5-deaza-
6-MPH,] is shown in Figure 2B (solid line) overlaid with the
corresponding spectrum of PAH] (dashed line). The spectra =
are qualitatively very similar, with only a modest discrepancy [
in the calculated extinction coefficients. These typically vary 'g
slightly as a result of errors in concentration and path length
measurements. The Gaussian resolution of the baseline-corrected=
PAHT[5-deaza-6-MPl] MCD spectrum is presented in Figure 4
2C (dashed line) and reveals two bands at 8500 and 10 100
cmL. These transition energies centered around 10 00T cm
and split by ~2000 cnt! are consistent with a distorted ':
octahedral ferrous active sitttComparison of the CD and MCD
data indicates that there is a small temperature effect on the
iron site that causes the bands to be shifted to lower energy in
the MCD spectrum. The similarity of the CD and MCD-¢ld
band positions (summarized in Table 1) to those previously
identified for PAHT ] suggests that there is little change to the
six-coordinate resting T-state ferrous center of PAH upon
addition of the pterin cofactor analogue.

The temperature dependence of the PE-teaza-6-MPh] 10F T T T I T T
MCD spectrum is presented in Figure 2D; the inverse relation- ’ 17K
ship between MCD intensity and temperature is characteristic
of C-term behavior arising from a degenerate electronic ground
state?> VTVH MCD spectroscopy is an effective probe of the
ground-state spin Hamiltonian parameters aparbital split-
tings for such high-spin ferrous non-Kramers centéfé The

-

10 100 cm’’
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MCD intensity was monitored at 8805 cifor a series of fields
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and temperatures. The normalized data are shown in Figure 2E 0
plotted as a function g8H/2kT (wherep is the Bohr magneton
andk is Boltzmann’s constant) and in Figure 2F as a function Figure 2. (A) CD spectrum at 278 K of PAH5-deaza-6-MPH] (—)

of 1/KT to sep{arate the effec.ts qf field and tgmperature. The and the Gaussian fit (- - -) and components-{) of the data. (8) MCD
nested saturation magnetization isotherms (Figure 2E) are Wellgpectra 85 K and 7 T of PAH[5-deaza-6-MPH (—) and of
described by a negative ZFS non-Kramers doublet model in pAHT[ ] (- - -). (C) Gaussian fit (- - -) and components- () of the

which the decreasing spacing between curves of equal field baseline-corrected PAlB-deaza-6-MPE MCD spectrum £). (D)

increments in the low-temperature region of theTilot (Figure Temperature dependence okt T MCD spectra of PAH5-deaza-
2F) is attributed to rhombic splitting of the non-Kramers 6-MPHat5.0 (), 15 (- —), and 30 K (- - -). (E) VTVH saturation
doublet’s The data were fit by using the complete non-Kramers Magnetization behavior recorded at 8805 &rfor PAHT[5-deaza-6-
intensity expression given as eq 1 in ref 46. This equation MPH,]. The normalized date) are plotted vgH/2KT for a series of

: f : : i : fixed temperatures (1.7, 2.1, 3.0, 5.0, 7.0, 10, 15, and 20 K; 30 and 50
2;';3:5 (inz |de.$$?nr)], Ir];ﬁéacgg)srl \;\ﬂtfloloméylggtzxs;éelgsst;t:s K omitted for clarity). The best fit{) to the data was generated by

. the parameters described in Table 2. Errors in the data points are
_ 1 _
parameters ,O‘ﬁ - 2',9 j:.O.S cmandg = 9.2+ 0.2, with a approximately the size of the symbol used and have been omitted for
small off-axis contribution /M, = —0.06) and a moderate

> clarity. (F) The VTVH MCD data @) and fit (—) replotted from part
linear B-term. The lower-energy component of thlg = +1

(E) as a function of KT for a series of fixed fields (0.7, 1.4, 2.1, 2.8,
excited state is observed at an energy~@0 cnT! above the 3.5,4.2,49,56,6.3,and 7.0 T).
ground state. On the basis of these spin Hamiltonian parameters
and correlation diagrams produced from the #il}g Hamilto- small value ofd is unusual for a six-coordinate site; it can either
nian solution, which encompasses sparbit effects}® there be associated with-back-bonding with ar-acceptor ligant:5152
are two possible solution sets obtained for the ligand field or a site that is not close to the rhombic limi¥(2A| ~ 0.33,
ground-state splitting parametersA ~ —750 cnt! with which is usually appropriate for six-coordinate non-heme ferrous

[VI2A| ~ 0.22 orA =~ —300 cnt! with |V/2A| =~ 0.13. The sites). As there is na-acceptor ligand proposed at the active

BH/2KT 1AT
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Table 1. MCD Ligand Field Transition Energies

sample glycerol method bandf band 2b 10D¢f ASES
PAHT[]¢ —I+ CD 8870 10 820 9850 1950
+ MCD 8500 10 300 9400 1600
PAHT[5-deaza-6-MPg] —I+ CD 8900 10 800 9850 1900
+ MCD 8500 10 100 9300 1600
PAHR-NEM[ ¢ + MCD 8580 10 250 9420 1670
PAHR-NEM[5.deaza-6-MPH| + MCD 8630 10170 9400 1540
PAHR[L-Phe} =+ CD 9450 11 450 10 450 2000
+ MCD 9250 10 700 9980 1450
PAHR[L-Phe, 5-deaza-6-MP#H - CD <6500 11 300 <8900 >4800
+ CD <6500 9630 <8070 >3130
+ MCD <4740 9280 <7010 >4540

aValues in cntl. P Error in Gaussian-resolved energies is typicali$00 cnt?. ¢ Values from ref 53.

Table 2. Ground-State Spin Hamiltonian and Ligand Field Parameters

sample 02 ol M,/MyP B-ternf E2 D2 |E2 Aad [v|2 [VI2A|

PAHT[ ]¢ 2.9 8.9 -0.2 1.4 28 - —250 70 0.14
—900 500 0.28

PAHT[5-deaza-6MPH] 2.9 9.2 —0.06 1.9 26 - —300 80 0.13
—750 330 0.22

PAHR[L-Phe} 3.7 9.5 0.08 2.4 26 - —500 180 0.18
PAHR[L-Phe, 5-deaza-6MPH 5.2 8.0 3.0 11 8.7 1.4 +825 315 0.19

2Values in cnt. ® Determined forgs fixed at 1.0.¢ Reported as a percentage of tbeerm intensity scaling factofsauim (see ref 45)9 ASTyq
= A + |V|/2. ¢ Improved methods of VTVH fitting have been developed since the initial characterization of these samples (ref 53) and differences
from the previously reported parameter values are obtained and reported here (also see Supporting Information).

site of PAH#1the small value 0d is indicative of a less rhombic r T T r T T
site consistent with the value 0#/2A| ~ 0.13 withA ~ —300 0.15

cm™1. These values of the spin Hamiltonian and ligand field -
parameters are summarized in Table 2 and are compared with e 0.1 -
those for PAH[ ]. The similar saturation magnetization behavior ~ ©
of PAHT[5-deaza-6-MPl] and PAHT ] therefore confirms that S 005 &
pterin binding to PAH does not affect the geometric or 9

electronic structure of the first coordination sphere for the ferrous 0
active site of PAH.

B. PAHR-NEM[5.deaza-6-MPH,]. The MCD spectrum of
PAHR-NEM[5.deaza-6-MPl] taken ¢ 5 K and 7 T isshown in
Figure 3A (solid line) compared to that of PAFNEM[ ] (dashed
line). As with the T-state samples, the spectra are qualitatively
very similar. Gaussian resolution of the PAHEM[5-deaza-6-
MPH,4] MCD spectrum requires two bands at 8630 and 10 170
cm1, displayed in Figure 3B and summarized in Table 1. These
maxima are nearly identical with those obtained for the NEM- 015

ae (M em™ T

activated enzyme in the absence of cofaétdndicating that ES C
pterin binding does not perturb the geometry of the six- ©F o1 .
coordinate ferrous activate site of PRHEM, Typical C-term 'g

temperature dependence of the PAMEM[5-deaza-6-MPh] T 005 .
spectrum is shown in Figure 3C. As nonallosteric activation <~ A

alone has been shown to have little effect on the geometric < 0 '--.'.r.,?;f::;:_h:-;:f_p_.\-Iy.i‘,',,.;

structure of the first coordination sphere of PAHnd similarly L L
the presence of the 5-deaza-6-MPpierin analogue does not 6 8 10 12 14 16
perturb the site, no further spectroscopic analysis was applied. Energy (x10° cm™)

C. PAHR[L-Phe, 5-deaza-6-MPH)]. The 278 K CD spectrum  Figure 3. (A) MCD spectra &5 K and 7 T of PAHNEM[5-deaza-
of PAHR[L-Phe, 5-deaza-6-MPjHis shown in Figure 4A (solid ~ 6-MPHi (—) and of PAHR"NEV[ ] (- - -). (B) Gaussian fit (- - -) and
line) overlaid with the spectrum of PAlB-deaza-6-MPh] components { —) of the baseline-corrected PARH'EM[5-deaza-6-
(dashed line). It is very different from the CD spectra of the ng“]sMecc?rasﬂ?%%? Qﬂ'[é%)ez;“_gma;‘gea?espg”g‘;”‘i‘; c(’iti‘i [
resting, pterin-bound, or substrate-bound species in that theand 35pK -1 ’ ’ ’
positive feature at~8900 cnt! (PAHT[ ] and PAH'[5-deaza- '
6-MPH,]) or 9450 cnt! (PAHR[L-Phe]) is no longer present. in this region of the spectrum. Addition of glycerdi-to the
The Gaussian resolution of the data (Figure 4B) indicates thatsample eliminates the 11 300 cthhCD band and a single
one narrow, negative feature is present at 11 300'cAisingle positive feature at 9630 cmh is now observed (dashed line in
d — d transition at>10 000 cnt! is indicative of a five- Figure 4C).
coordinate square-pyrimidal ferrous site; a second band should The MCD spectrum of PAR[L-Phe, 5-deaza-6-MP#is
be present at-5000 cnT1.4546 This is not observed in CD due  shown in Figure 5A as the subtracted average ef il and
to protein concentration limits and the low signal-to-noise ratio —7 T data &5 K (solid line) overlaid with the 5 K7 T spectrum
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Figure 4. (A) CD spectrum at 278 K of PAFL-Phe, 5-deaza-6MPH T T T T T T T
(—) and of PAHR[L-Phe] (- - -). (B) Gaussian fit (- - -) and components 100K 7 7.K“ 7T 1
(— —) of the PAH[5-deaza-6-MPl CD spectrum {). (C) CD ’

spectrum of PAH[L-Phe, 5-deaza-6MPfHat 278 K without glycerol-
ds (—) and with glycerolds (- - -).

05 T .

Normalized Intensity

of PAHR[L-Phe] (dashed line). There is relatively little difference
in the positions of the maxima near 9300 Timhowever, 00k D 1 E i
there is a considerable intensity increase at low energy for the Tk L L L
new cofactor-bound species. The Gaussian resolution of the 0 04 08 12 0 04 08
PAHR[L-Phe, 5-deaza-6-MPH spectrum is shown in Figure prv2kT T
5B and requires one band at 9280 dnand a second band  Figure 5. (A) MCD spectra &5 K and [7— (=7))/2 T of PAH[L-
below ~4740 cnt®. The position of the higher-energy band Phe, 5-deaza-6-MP#H(—) and at 5 K and 7 T of PAF{L-Phe] (- - -).
indicates that there is little change in the active site due to g;ﬁ*ﬁiﬂgtéé;;)aaga;ﬂ:pg;‘?gﬁg C(’I:t)h_‘?ebrisgrigﬁ;g’g:c‘;d
tenj}i)(.erature. The presence O.f tW.O bands 10 OQO an(.jw5(.)00 dence of the-7 T MCD spectrg of PAH[L-Phe, 5—de[;za—6—MPA]-lgt
cmtindicates that the combination of allosteric activation and 5.0 (), 15 (- - -), and 30 K £ —). (D) VTVH saturation magnetizafi
i . , , . gnetization

the presence of both substrate ar_1d quactor leads to a _f'_Ve'behavior recorded at 6055 cf The normalized data®() are plotted
coordinate site. Spectra of samples in which the order of addition ys g/2kT for a series of fixed temperatures (1.7, 2.1, 3.0, 5.0, 7.0, 10,
of 5-deaza-6-MPHl and L-Phe was varied indicate that the 15 and 20 K; 30 and 50 K omitted for clarity). The best fif)(to the
formation of this five-coordinate site is not dependent on the data was generated by the parameters described in Table 2. Errors in
order of addition of substrate and cofactor analogue. Similar the data points are approximately twice the symbol size used and have
spectral features have also been observed for the NEM-activatedeen omitted for clarity. (E) The VTVH MCD dat®] and fit ()
species, PARNEM[| -Phe, 5-deaza-6-MPH> Numerous at- replotted from part (D) as a function ofKll for a series of fixed fields
tempts to trap the PAHL-Phe, 5-deaza-6-MPfispecies led (0.7, 1.4, 2.1, 28, 3.5, 4.2, 4.9, 5.6, 6.3, and 7.0 T).
to fully activated enzyme. Additionally, experiments with o
sucrose as an alternative glassing agent led to another perturbef’® Ms = 2 non-Kramers doublet ground stdfeThis fit
five-coordinate site (different from that obtained with glycerol- resulted in a large value @f and the presence of a low-lying
ds) and poor glasses that were unsuitable for MCD experiments. Singlet excited state. Together these results are suggestive of a

The temperature dependence of the BArPhe, 5-deaza-  Positive ZFS ferrous system for which this = O level is lowest
6-MPH,] spectrum is presented in Figure 5C and displays typical in energy and has pseudo non-Kramers doublet behavior with
C-term behavior of decreasing intensity with increasing tem- one component of thils = +1 excited state; the secois =
perature. VTVH MCD data were collected on both-dd bands +1 component is treated as an MCD-silent sindletpplying
for a series of fixed fields and temperatures; the data collectedthis three-level model withy, fixed at 8.0, the best fit to the
at 6055 cm! are plotted in Figure 5D v8H/2kT and in Figure data yields a pseudo-doublet splitting of 5£20.3 cnTl, a
5E vs 1KT to separate the effects of field and temperature. The moderateB-term contribution, and a singlet excited-state energy
data were fit initially by using a negative ZFS model which of Esa 11 cnl. The experimentally determined energies of
assumes the nesting behavior results from rhombic splitting of thjs spin manifold (at 0, 5.2, and 13.6 ci can be used to

(59) Kemsley, J. N.; Mitic, N.; Caradonna, J. P.; Solomon, E. I. solve for the axial and rhombic ZFS spin Hamiltonian and ligand
Unpublished data. field model$® to obtainD = 8.7+ 0.2 cnT?, |E| = 1.4+ 0.2
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™| R (pterin] TRiphe]  "[phe-+pterin] geomet_ric structures, these results indicate that the cor]version
to the five-coordinate PAR[L-Phe, 5-deaza-6-MPjHspecies
occurs for the activated enzyme only in the presence of both
substrate and cofactor. This finding may have significant
relevance to the sequential mechanistic order that requires
assembly of this ternary species prior to dioxygen reaction and
catalysis.

10 '5E b

Discussion

Phenylalanine hydroxylase is an important enzyme for its
metabolic function and association with PKU, but there is little
information regarding the catalytically competent ferrous oxida-
tion state of the active site iron and its role in the hydroxylation
6 7 mechanism. Using CD, MCD, and XAS spectroscopies we
previously demonstrated that the ferrous active site of resting
PAHT[ ] is six-coordinate distorted octahedral with significant
oxygen ligatior?® Whereas allosteric and nonallosteric activation
did not alter the geometric structure of this site, the addition of
ar 7 substrate to the catalytic site produced a perturbed six-coordinate
structure with an increased ligand field strength. This perturba-
tion was proposed to help orient the substrate for coupled
hydroxylation. The PAH system is further complicated by its
unique tetrahydropterin dependence. This includes the use of
2F ] BH, to reduce the enzyme from ¥eto Fe&t and the
requirement of additional BiHas a cosubstrate in the catalytic
reaction. We have now extended our spectroscopic approach
to investigate the interaction of a cofactor analogue of; Bfth

5
T . . ;
2g the ferrous active site of PAH, in the absence and presence of
R G <= é 1 L-Phe.

From the similarities in the excited-state ligand field transition

Energy (x10° cm™")

0

Figure 6. Experimentally determined d-orbital energy levels for .
PEHT’R[], PAHE/R[S-deaza}%-MPh], PAHTR[ -Phe], and P?Ayﬁ[L-Phe, energies in the near-IR CD and MCD spectra of PAHand

5-deaza-6-MP]. The dashed line indicates that the energy is not well PAHT[5-deaza-6-MPH], and the ground-state orbital splittings
determined. determined from VTVH MCD analyses of these samples, the

presence of the cofactor does not alter the geometric or

cm™%, A &~ +825 cntl, and|V/2A| ~ 0.19. These values are  electronic structure of the reduced, resting T-state active
summarized in Table 2. site. Addition of cofactor to nonallosterically activated

D. Summary of d-Orbital Energy Levels. From the PAHR-NEM[ ] also produces similar spectral features to those
experimental excited-state splittings and ground-state observed in the absence of cofactor, indicating that the pterin
VTVH analyses, complete experimental d-orbital energy level does not perturb the active site geometry of this activated form
diagrams have been constructed for Pfg4deaza-6-MPl] and of the enzyme, which is consistent with crystallographic analysis
PAHR[L-Phe, 5-deaza-6-MPjHand are presented in Figure 6.  of the cofactor analogue 7,8-dihydrobiopterin bound to tyrosine
For PAH'[5-deaza-6-MPH| the observedE, excited-state hydroxylase®® This is in contrast to the interaction of the non-
d,-orbital energies at 8500 and 10 100 ¢nare consistent with  heme iron enzyme clavaminate synthase-2 (CS2) with its
distorted octahedral coordination for the ferrous center.5Thg cofactor, o-ketoglutarate ¢-KG), whereoa-KG displaces two
ground-state gorbitals lie at 0, 80, and 340 crh, as observed ligands from the six-coordinate resting active site of CS2 to
for six-coordinate complexes of oxygen and nitrogen ligati§ns. form a new six-coordinate-KG-bound ferrous sité2 This
The energies of these five d-orbitals are virtually unchanged difference in active site interactions may be due to the relative
relative to those of resting PAH], suggesting that the presence  reactivities of the cofactorsa-KG is not redox active and must
of pterin cofactor does not influence the geometric or electronic be activated by the iron whereas the pterin cofactor is redox
structure of the ferrous site of PAH. The observed excited-state active and may not need to coordinate to participate in the
energies for PAB[L-Phe, 5-deaza-6-MPjHoccur at<4740 and catalytic reaction.
9280 cm! and the large splitting between the dnd 422 There are at least four independent methods of activating PAH
orbitals is consistent with a distorted five-coordinate environ- and inducing the 7= R conversion that is manifested in several
ment at the metal center. These orbitals have a relatively smallproperties of the enzyme, most notably in an increase in the
splitting for five-coordinate sites, indicating a square-pyramidal rate of turnover and a change from sigmoidal to hyperbolic
geometry with a strong axial interactié®The splitting of the kinetics237 It has been proposed that the PAH- PAHR
ground-state orbitals also increases with their energies at 0, 670yeorganization acts to transform a regulatory pterin binding site
and 980 cm?!, which is in a range consistent with five- into a catalytic site without altering the inner coordination sphere
coordinate complexes of similar oxygen and nitrogen ligation; of the iron centef?-38:61The spectroscopic data reported herein
positive ZFS is also consistent with a strong-axial square- on allosterically- and NEM-activated PAH offer the first direct
pyramidal structuré® As the d— d transitions observed in the
MCD spectra of all other PAH species examined so far, (60) Goodwill, K. E.; Sabatier, C.; Stevens, R. Biochemistry1998
) . h 37, 13437-13445.
including PAFR[L-Phe] and PAB~NEM[5-deaza-6-MPl], show (61) Shiman, R.; Gray, D. W.; Hill, M. AJ. Biol. Chem.1994 269,
a small splitting of the gorbitals indicating six-coordinate  24637-24646.
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evidence that the interaction of the protein with the pterin structure of the PAF[L-Phe, 5-deaza-6-MPfH complex, as
alone does not influence the structure of the ferrous active site.evidenced by the increased excited-sfgand ground-state
Along with our previous data indicating that the ferrous site of T4 orbital splittings. Our results are therefore in accord with
PAHT[ ] = PAHR"NEM[ ] and PAH'[L-Phe]= PAHR[L-Phe], the ordered mechanism requiring formation of the ternary
this supports the idea that the—F R reorganization affects the  complex, with the first evidence of an open coordination position
local environment of the metal center but does not directly affect on the iron prior to binding and activation of dioxygen. This
the iron site. directly implicates the iron in the coupled hydroxylation of
Addition of cofactorandsubstrate to activated PAH, however, substrate and cofactor: the pterin could react withéading
results in a large splitting of the ligand field bands indicating a to a reactive bridged-peroxy-Fe intermedigter the metal
five-coordinate active site geometry. The energy of the d could form an active oxygen species prior to its reaction with
transition observed by CD is consistent with a square-pyramidal pterin andL-Phe?* Neither possibility may occur without the
site with a weak axial interaction. This interaction becomes presence of both substrates involved in coupled hydroxylation,
stronger upon addition of glycerdk. The crystal structure has  consistent with the generation of a highly reactive oxygen
been solved for the catalytic domain of the ferric enzyme intermediate in close proximity to substrate.
(=PAHR[ ], without the regulatory domaif) and confirms In summary, CD and MCD spectroscopies have been
earlier site-directed mutagenesis studies that indicated His285employed to obtain the first direct information about the
and His290 are active site ligangfsThe remaining iron ligands  interactions of F&, L-Phe, and pterin cofactor in PAH
are monodentate Glu330 and three watélshas been proposed  reactivity. While addition of pterin alone to the enzyme does
that pterin binding is localized to residues His263 to His®89, not perturb the six-coordinate iron active site, addition of both
while residues involved in substrate binding have not been pterin and.-Phe results in a five-coordinate species. The opening
identified. Thus both histidine ligands may be perturbed by of a coordination position prior to coupled hydroxylation
pterin binding and may be involved in the loss of ad'Hegand implicates the direct involvement of the ferrous site in the
for PAHR[L-Phe, 5-deaza-6-MPjHand the change in the axial  catalytic activity of PAH. These experiments are currently being
ligand field strength. With only three endogenous ligands extended to probe the effects of key amino acid mutations on
reported for the six-coordinate site,it is likely that the the formation of the five-coordinate active site and coupled
endogeneous ligand perturbation associated with substrate andhydroxylation.
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to BH, as the presence of the natural cofactor will competitively
inhibit allosteric activation. Once the enzyme is activated, the
binding of L-Phe to PAR is noncompetitive with respect to
BH,4 and 5-deaza-6-MPH suggesting that the hydroxylation
reaction proceeds through a single enzyrsebstrate com-
plex 111937 Syfficient L-Phe will conformationally perturb the

active site geomethy and this is required in order for the Supporting Information Available: VTVH MCD spectro-
addition of pterin to yield the newly observed five-coordinate scopic analysis of PAH ] and PAH[L-Phe] (PDF). This
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