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Abstract

Phenylalanine hydroxylase (PheH) catalyzes the key step in the catabolism of dietary
phenylalanine, its hydroxylation to tyrosine using tetrahydrobiopterin (BH4) and O2. A complete
kinetic mechanism for PheH was determined by global analysis of single turnover data in the
reaction of PheHΔ117, a truncated form of the enzyme lacking the N-terminal regulatory domain.
Formation of the productive PheHΔ117-BH4-phenylalanine complex begins with the rapid
binding of BH4 (Kd = 65 µM). Subsequent addition of phenylalanine to the binary complex to
form the productive ternary complex (Kd = 130 µM) is approximately ten-fold slower. Both
substrates can also bind to the free enzyme to form inhibitory binary complexes. O2 rapidly binds
to the productive ternary complex; this is followed by formation of an unidentified intermediate,
detectable as a decrease in absorbance at 340 nm, with a rate constant of 140 s−1. Formation of the
4a-hydroxypterin and Fe(IV)O intermediates is ten-fold slower and is followed by the rapid
hydroxylation of the amino acid. Product release is the rate-determining step and largely
determines kcat. Similar reactions using 6-methyltetrahydropterin indicate a preference for the
physiological pterin during hydroxylation.

Phenylalanine hydroxylase (PheH) catalyzes the hydroxylation of phenylalanine to tyrosine
(Scheme 1) in catabolism of phenylalanine in the liver, with tetrahydrobiopterin (BH4)
supplying the two electrons needed for the reaction (1). The 4a-hydroxypterin product
subsequently loses water nonenzymatically to form the quinonoid dihydropterin (2). A
deficiency in PheH activity results in the buildup of excess phenylalanine and the
neurodegenerative diseases hyperphenylalaninemia and phenylketonuria (3). Liver PheH is
subject to allosteric effects by both phenylalanine and BH4 (4). The enzyme shows an initial
lag in enzyme turnover that is abolished upon preincubation of the enzyme with
phenylalanine (5, 6). Activation by the amino acid substrate involves binding to the
regulatory domain of the enzyme (7), opening the active site for substrate binding (8). In
contrast, preincubation of the enzyme with BH4 increases the lag, inhibiting activation of the
enzyme (9). Truncated forms of the enzyme lacking the N-terminal regulatory domain are
not subject to these allosteric effects, showing similar activity to the activated wild-type
enzyme (10, 11).
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PheH, tyrosine hydroxylase (TyrH) and tryptophan hydroxylase (TrpH) make up the
aromatic amino acid hydroxylase family of non-heme iron monooxygenases (1). These
enzymes all catalyze the insertion of an oxygen atom from molecular oxygen onto the
aromatic rings of their amino acid substrates. The three eukaryotic enzymes are
homotetramers, with each monomer comprised of an N-terminal regulatory domain, a highly
conserved catalytic domain and a C-terminal tetramerization domain (11–13). In contrast,
bacterial PheH is monomeric and solely comprised of the conserved catalytic domain (14,
15). The catalytic domains contain an active site iron atom bound in a facial 2-His-1-Glu
arrangement (16–18), similar to the 2-His-1-carboxylate triads seen in several other
metalloprotein families (19). The iron is proposed to mediate the incorporation of one atom
of molecular oxygen each into the amino acid substrate and BH4 to give the hydroxylated
products (20). The conserved active sites, the requirement of a tetrahydropterin for catalysis,
and observations that each of the eukaryotic enzymes can hydroxylate at least two of the
three aromatic amino acid substrates (21–24) argue for a common mechanism for all three
enzymes. The proposed chemical mechanism (Scheme 2) can be divided into two parts: 1)
oxidation of the pterin cofactor to form the reactive hydroxylating intermediate, followed by
2) insertion of oxygen into the amino acid substrate (20). Supporting this view is the
observation that pterin oxidation can become uncoupled from amino acid oxidation, either
when nonphysiological amino acids are used as substrates (11, 25) or in a variety of TyrH
active-site mutants (26–29). The uncoupled reaction of PheH with tyrosine produces
hydrogen peroxide (30), implicating a peroxypterin intermediate such as the Fe(II)-
peroxypterin intermediate in Scheme 2. Rapid-quench Mössbauer spectrometry of both
TyrH and a bacterial PheH has provided direct evidence for an Fe(IV) intermediate,
consistent with an Fe(IV)O species as the hydroxylating intermediate (31, 32).
Hydroxylation of the aromatic amino acid is proposed to be through electrophilic aromatic
substitution, based on the 1,2 shifts of substituents at the position of hydroxylation (25, 33,
34), the large negative ρ-values in Hammett plots for the reactions of para-substituted
phenylalanines as substrates for TyrH (25), and the similar inverse deuterium isotope effects
for the formation of the C-O bond by all three enzymes (35–37).

A molecular understanding of the regulatory properties of phenylalanine hydroxylase will
require knowledge of the intrinsic rate constants for substrate binding and catalysis and how
these are modulated by allosteric effects. Similarly, an understanding of the energetics of
individual steps in the hydroxylation reaction will require knowledge of the intrinsic rate
constants for chemical steps. We describe here the application of single turnover methods to
measure individual rate constants and determine the kinetic mechanism for rat liver
phenylalanine hydroxylase. To avoid complications arising from allosteric effects, a
truncated form of the enzyme lacking the regulatory domain, PheHΔ117, was employed.

MATERIALS AND METHODS

Materials

BH4 and 6-methyltetrahydropterin (6MPH4) were purchased from Schircks Laboratories
(Jona, Switzerland). Leupeptin was from Peptide Institute Inc. (Osaka, Japan). Ampicillin
and isopropyl β-D-1-thiogalactopyranoside (IPTG) were from Research Products
International Corp. (Mount Prospect, IL). Lysozyme was from MP Biomedicals, LLC (Santa
Ana, CA). Streptomycin was from Affymetrix, Inc. (Santa Clara, CA). Dithiothreitol was
from Inalco, S.p.A. (Milano, Italy). Magnesium sulfate and hydrochloric acid were from
EMD Millipore Corp. (Billerica, MA). Glucose was from Mallinckrodt Baker, Inc.
(Phillipsburg, NJ). All other reagents were purchased from Sigma-Aldrich Co. LLC (St
Louis, MO) or ThermoFisher Scientific, Inc. (Waltham, MA).
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Expression and Purification of rat PheHΔ117

Rat PheHΔ117 was expressed from Escherichia coli in a procedure modified from
previously published methods (10, 11). E. coli BL21(DE3) cells containing the pERPHΔ117
plasmid (11) were grown at 37 °C on LB-agar containing 100 µg/mL ampicillin. A single
colony was used to inoculate 100 mL of LB containing 100 µg/mL ampicillin (LB-amp), and
the culture was incubated overnight. Each of six 2.8 L Fernbach flasks containing 2.0 L LB-
amp supplemented with 4.0 mM magnesium sulfate and 1.0 mM ferric chloride was
inoculated with 10 mL of the overnight culture. The cultures were grown in a shaker at 37
°C and 250 rpm. At an OD600 of 0.3–0.5, the temperature setting was lowered to 20 °C.
When the cultures reached an OD600 of 0.7–0.9, expression was induced with 0.5 mM IPTG
(final concentration). After 20 h at 20 °C, cells were harvested by centrifugation at 6200 g
for 15 min and protein purification was performed without delay.

Except for the chromatography, which was performed at ambient temperature, all
purification steps were performed at 4 °C. The cell pellet was resuspended and lysed in 8
mL per gram of cell pellet of 100 mM HEPES, 200 mM NaCl, 100 µM EDTA, 1.0 µM
leupeptin, 1.0 µM pepstatin A, 100 µg/mL phenylmethylsulfonyl fluoride (PMSF) and 300
µg/mL lysozyme at pH 7.0. The lysate was passed through an 18 gauge needle three times
and then stirred for one hour. The lysed suspension was divided into 45 mL aliquots and
sonicated in 6 cycles of 45 s with a Branson Ultrasonics (Danbury, CT) Sonifier 450 at 50%
power and 45% duty cycle. Aliquots were kept on ice for 2 min between rounds. The
sonicated aliquots were recombined and centrifuged at 38,400 g for 1 h. Streptomycin was
added to the resulting supernatant to a final concentration of 1.0%. The solution was stirred
for 30 min and then centrifuged at 38,400 g for 1 h. To the resulting supernatant, ammonium
sulfate was added to 45% saturation, and the solution was stirred for 30 min. After stirring,
the protein was precipitated by centrifugation at 38,400 g for 1 h. The protein pellet was
resuspended in 75 mL Column Buffer A (100 mM HEPES, 100 µM EDTA, 10% glycerol,
1.0 µM leupeptin, 1.0 µM pepstatin A, 100 µg/mL PMSF, pH 7.0) and dialyzed twice against
1.0 L Column Buffer A for 12 h total. After dialysis, the protein was centrifuged at 48,400 g
for 1 h. The supernatant was loaded onto a Q-Sepharose Fast Flow (GE Healthcare
Biosciences) column (16 mm × 60 cm) equilibrated with Column Buffer A. After loading,
the column was washed with 150–200 mL Column Buffer A until the absorbance at 280 nm
dropped below 0.2. The protein was then eluted with a gradient of 0 to 250 mM NaCl in
Column Buffer A. Eluent fractions showing greater than 95% pure PheHΔ117 by
polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate were
combined, and ammonium sulfate was added to 50% saturation. The solution was stirred for
30 min and then centrifuged at 35,000 g for 20 min. The protein pellet was resuspended in
25–30 mL Dialysis Buffer (250 mM HEPES, 200 mM NaCl, 20 mM EDTA, 20 mM
nitrilotriacetic acid, 10% glycerol, pH 7.0) and then centrifuged. The supernatant (~35 mL)
was dialyzed twice against 1 L Dialysis Buffer for 24 h each to prepare apo-enzyme. The
metal chelators were removed by dialyzing four times against 1.0 L Reaction Buffer (250
mM HEPES, 200 mM NaCl, 10% glycerol, pH 7.0) for a total of 24 h. The dialyzed apo-
PheHΔ117 was centrifuged at 31,000 g for 20 min to remove any denatured protein that
formed during dialysis. The concentration of active enzyme was obtained by normalizing to
a specific activity of 1.2 µmol tyrosine µmol−1 min−1 at 5 °C. The iron content of the
purified apoprotein was determined in a procedure modified from Gottschall et al. (38).
PheHΔ117 (30–40 µM) was incubated with 10 mM o-phenanthroline plus 10 mM
dithiothreitol at room temperature, and the absorbance at 510 nm was monitored until no
further changes were seen (~1 h). Typically, 0.8–1.2 g of purified protein with an iron
stoichiometry of 10–15% was obtained from 12 L.
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Stopped-Flow Absorbance Spectroscopy

Binding and single-turnover kinetics of PheHΔ117 were monitored by UV absorbance using
an Applied Photophysics (Leatherhead, UK) SX18MV stopped-flow spectrophotometer.
Data collection at 248 and 318 nm was performed with a 2 mm path length; at 340 nm, the
path length was 10 mm. The stopped-flow instrument was made anaerobic by incubating the
flow lines with anaerobic buffer containing 35 nM glucose oxidase and 5 mM glucose at 5
°C for at least 3 h prior to each experiment. During incubation and throughout data
collection, N2 was bubbled into the water bath to prevent reabsorption of O2 into the
instrument. Tetrahydropterin stock solutions were prepared daily by dissolving the
dihydrochloride salt in deionized water; the concentration was determined from the
absorbance at 265 nm in 2 M perchloric acid (ε = 18,000 and 17,800 M−1 cm−1 for BH4 and
6MPH4, respectively). Enzyme-substrate solutions were prepared in general as follows with
substrates omitted as appropriate. Typically, 300 µM apo-PheHΔ117 and 6.0 mM
phenylalanine in Reaction Buffer were placed in a tonometer with a sidearm port. A
stoichiometric amount of ferrous ammonium sulfate in 2 mM HCl and a volume of
tetrahydropterin stock to give a final concentration of 2.0 mM were added to a sidearm. The
sidearm was then attached to the tonometer and the sealed tonometer was made anaerobic
through 15 vacuum-argon cycles, with the tonometer alternating between gentle shaking and
resting on ice during cycles. The contents of the tonometer and sidearm were mixed together
by 8–10 gentle inversions of the contents into and out of the sidearm, and the tonometer was
promptly mounted onto the stopped-flow instrument. The instrument was flushed twice with
0.4–0.5 mL of the enzyme mix to remove the glucose oxidase/glucose solution prior to
loading the drive syringe for data collection. In assays that required mixing enzyme with
tetrahydropterin, separate tonometers were prepared containing enzyme and pterin.
Anaerobic solutions of phenylalanine in buffer were prepared by bubbling argon for at least
10 min directly into a Hamilton (Reno, NV) 12 mL Gastight syringe containing 8–10 mL of
an appropriate phenylalanine solution and mounting the syringe onto the instrument
immediately. Approximately 3.5 mL of solution were flushed through the instrument prior
to loading for data collection. Solutions of different O2 concentrations were prepared by
mixing N2 and O2 with a MaxTec (Salt Lake City, UT) MaxBlend low flow medical oxygen
mixer and bubbling directly into the syringe containing buffer or the phenylalanine solution.
All experiments were performed at 5 °C; solutions were incubated for at least 10 min after
loading onto the stopped-flow instrument before initiating data collection. The stopped-flow
traces shown in figures are the averages of at least five independent traces.

Rapid-Mixing Chemical-Quench

Pre-steady state tyrosine formation was quantified in chemical quench assays using a
BioLogic (Claix, FR) QFM-400 quench-flow instrument. Similar to the procedure for the
stopped-flow instrument, the QFM-400 was incubated at 5 °C with anaerobic buffer
containing 35 nM glucose oxidase and 5 mM glucose for a minimum of 3 h to remove
oxygen. The water bath was bubbled with N2 during incubation and data collection.
Solutions of 40 µM apo-PheHΔ117, 80 µM Fe(II) and 2.0 mM tetrahydropterin were
prepared as described for stopped-flow assays, except the instrument was flushed twice with
1 mL of the enzyme mix prior to loading the drive syringe. Phenylalanine-O2 solutions were
prepared by bubbling 100% O2 into a 4.0 mM phenylalanine solution in a 12 mL Gastight
syringe on ice for at least 10 min to give a concentration of 1.9 mM O2. The syringe was
immediately mounted onto the instrument after bubbling. Approximately 4 mL of the
phenylalanine-O2 solution was flushed through the instrument prior to loading for data
collection. A quench solution of 2 M HCl was loaded into a third drive syringe. Assays were
performed by mixing the contents of the tonometer with the phenylalanine-O2 solution into
a 3.5 µL delay line followed by quenching with acid. Reaction times were varied by
changing the flow rate. The quenched reaction was collected in 0.5 mL microfuge tubes,
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vortexed and centrifuged to pellet precipitated enzyme. The supernatant (100 µL) was
transferred to a glass HPLC vial containing 900 µL 0.1% acetic acid and vortexed. Tyrosine
was isolated on a Phenomenex Gemini-NX column (5 µm; 4.6 × 250 mm) with an isocratic
mobile phase of 0.1% acetic acid at a flow rate of 1.0 mL/min. Tyrosine formation was
quantified by fluorescence detection with excitation at 275 nm and emission at 303 nm.

Data Analysis

Preliminary analysis of stopped-flow data was performed using KaleidaGraph (Synergy
Software, Reading, PA) for fits to individual traces and Igor Pro (Wavemetrics, Lake
Oswego, OR) for global fitting of multiple traces. Rapid-quench data were fit using
KaleidaGraph. KinTek Explorer (39) (KinTek Corporation, Austin, TX) was used to
perform global analyses of multiple experiments using singular value decomposition to
define kinetic models and elucidate intrinsic rate values. The FitSpace Explorer (40)
package of KinTek Explorer was used to evaluate the statistical validity of individual
models. FitSpace Explorer estimates the confidence in best-fit values by determining the
sum square error for all pairs of parameters, allowing all other parameters to float. The
reported confidence intervals are the ranges of values for each parameter in which best fit
curves give Χ2 values below a specified Χ2 threshold. The Χ2 thresholds are multiples of the
global best fit Χ2 value, e.g., the confidence intervals for a Χ2 threshold of 1.2 are the range
of values for which the fits have Χ2 values no more than 20% greater than the lowest Χ2

value. For each model, KinTek Explorer generates an estimated Χ2 threshold to be used in
FitSpace analyses. The Χ2 thresholds reported in this study are at least two-fold larger than
the threshold values estimated by KinTek Explorer. For all analyses with KinTek Explorer,
the extinction coefficient for free BH4 was fixed at 1400 and 750 M−1 cm−1 at 335 and 340
nm, respectively.

RESULTS

Spectral changes upon binding of substrates to PheHΔ117

The kinetics of binding of phenylalanine and BH4 to PheHΔ117 were analyzed using
stopped-flow absorbance spectroscopy. Initially, PheHΔ117 plus BH4 were mixed with
phenylalanine in the absence of oxygen at 5 °C. The resulting stopped-flow traces showed
an increase in absorbance between 315 and 360 nm within the first 100 ms (Figure 1A). This
absorbance change is consistent with formation of a PheHΔ117-BH4-phenylalanine ternary
complex. The maximal absorbance change was observed at 330 nm (Figure 1B); however,
due to the high absorbance from the pterin at this wavelength, binding reactions were
routinely monitored at 340 nm, unless otherwise noted.

To confirm that the observed absorbance change was due to ternary complex formation,
experiments were performed using different combinations of PheHΔ117, BH4 and
phenylalanine. Figure 2 shows the absorbance traces at 340 nm when one or both substrates
is mixed with the enzyme. The addition of phenylalanine to free enzyme does not result in a
change in absorbance at 340 nm. In contrast, mixing free enzyme with BH4 results in a small
absorbance increase within the first 5–10 ms. Mixing free enzyme with BH4 plus
phenylalanine results in a much larger absorbance increase over the first 100 ms. A similar
absorbance trace is observed upon mixing a solution of enzyme plus BH4 with
phenylalanine, indicating that both orders of addition result in formation of the same species.
Interestingly, addition of BH4 to a solution of enzyme plus phenylalanine results in a slower
change in absorbance. In all experiments containing both substrates, the total absorbance
change was independent of the order of mixing. Similar assays with 6MPH4 in the presence
of phenylalanine gave traces showing only half the absorbance change that was seen with
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BH4 and no absorbance change with either 6MPH4 or phenylalanine alone, precluding
investigation of the binding kinetics of the PheHΔ117-6MPH4 system.

Kinetics of Binding of BH4 to PheHΔ117

To evaluate the kinetics of BH4 binding to PheHΔ117, stopped-flow experiments were
performed in which PheHΔ117 was mixed anaerobically with increasing concentrations of
BH4 (|E vs BH4|). The reaction was monitored at 335 nm. In all cases, the increase in
absorbance was biphasic (Figure 3A). A two-phase model was fit to the stopped-flow traces
using eq 1 (Figure S1A). The resulting values for the rate constant for the first phase (k1obs)
showed a linear dependence on the concentration of BH4 (Figure 3B); these were fit with eq
2 to give apparent on and off rates of 390 ± 40 mM−1 s−1 and 130 ± 30 s−1, respectively.
The value of the rate constant for the second phase (k2obs) showed no apparent concentration
dependence and had an average value of 50 ± 14 s−1 (Figure 3B). The observation of two
distinct phases indicates the existence of two unique E-BH4 complexes in the PheHΔ117-
BH4 binding reaction. Scheme 3 shows two possible kinetic mechanisms involving two E-
BH4 complexes. In the first, BH4 binds to the enzyme forming an initial binary complex, E’-
BH4, which then undergoes rearrangement in a second step to form an alternate complex,
E”-BH4 (Scheme 3A). In the second mechanism, the two binary complexes arise from two
independent binding steps (Scheme 3B). To determine the binding mechanism, Schemes 3A
and 3B were fit to the stopped-flow data using KinTek Explorer (39) (Figure S1B)1. The
values for the intrinsic rate constants for each model are given in Table 1. Though the rate
constants are clearly distinct for the two mechanisms, fits for the two gave identical curves
and Χ2 values.

(1)

(2)

Kinetics of Ternary Complex Formation

The kinetics of formation of the PheHΔ117-BH4-phenylalanine ternary complex were
initially investigated by anaerobically mixing a solution of PheHΔ117 plus BH4 with
increasing concentrations of phenylalanine (|E-BH4 vs Phe|). The absorbance changes at 340
nm were again biphasic (Figure 4A), so that the data were fit with eq 1 (Figure S2). The rate
constant for the initial phase (k1obs) showed a linear dependence on the phenylalanine
concentration (Figure 4B) and was fit with eq 2 to obtain apparent on and off rate constants
of 24 ± 4 mM−1 s−1 and 26 ± 6 s−1, respectively. The second phase (k2obs) showed a
hyperbolic dependence on the concentration of phenylalanine (Figure 4C). Fitting these data
with eq 3 using the values for k1 and k−1 calculated from Figure 4B gave values for k2 and
k−2 of 5 ± 1 s−1 and 6.6 ± 0.7 s−1, respectively.

1For reactions exhibiting multiple phases, the relationship between the individual rate constants and the rate constants derived from
direct analysis of the phases depends on the specific kinetic mechanism. Moreover, in several of the experiments described here, the
concentrations of substrate and enzyme differ by less than 5-fold, so that analyses as sequential first-order processes may not yield
reliable values for the corresponding rate constants for the individual phases. Consequently, initial analyses using eq 1 were carried
out solely to establish the number of observable phases in each reaction, and analyses with eqs 2 and 3 only to determine if any phases
were sensitive to the substrate concentration. In the subsequent analyses of the individual kinetic models with KinTek Explorer, no
constraints were placed on the values of the rate constants. In addition, multiple starting values for the individual rate constants were
used in KinTek Explorer to ensure that the fitting converged on a true minimum. Comparison of the values for the rate constants
determined globally and by more traditional analytical methods demonstrates the inability of more traditional methods to accurately
determine intrinsic rate constants, particularly from data arising under non-first-order conditions.
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(3)

Both of the mechanisms in Scheme 3 predict that a solution of PheHΔ117 and BH4 will
contain two enzyme-BH4 complexes in equilibrium. The observation of two phases when
phenylalanine is added suggests that phenylalanine preferentially binds to one of the binary
complexes to yield an enzyme-BH4-phenylalanine ternary complex (E-BH4-Phe) and that a
second phase arises from the slow conversion of the unproductive binary complex. Three
models were considered for the formation of E-BH4-Phe (Scheme 4). In the first, formation
of the E-BH4-Phe complex occurs through addition of phenylalanine to the terminal E-BH4
complex in a fully sequential mechanism (Scheme 4A). In the second mechanism,
phenylalanine binds to the intermediate E-BH4 complex to form the ternary complex
(Scheme 4B). In this model the second E-BH4 complex is unreactive. The third mechanism
is characterized by addition of phenylalanine to a single E-BH4 complex in the branched
enzyme-BH4 mechanism (Scheme 4C). (Note that a model involving formation of the E-
BH4-Phe complex from E”-BH4 is formally equivalent to the mechanism of Scheme 4C.)
Using KinTek Explorer, these three models were fit to the combined data from the |E vs
BH4| and |E-BH4 vs Phe| experiments. The fits for each model are shown in Figure S3, and
the intrinsic rate constants given in Table 2. The Χ2 values for the kinetic mechanisms in
Schemes 4A and 4B differ by only 1%. Furthermore, the rate constants and confidence
intervals are identical for the two models. The fit to the branched mechanism (Scheme 4C)
gives a Χ2 value that is only 10% higher, too small a change to rule out this mechanism. The
values for k3 and k−3 are essentially identical in all three mechanisms.

These results describe the formation of a PheHΔ117-BH4-phenylalanine ternary complex
through an ordered mechanism initiated by the binding of BH4 to the free enzyme. However,
addition of BH4 to a solution of enzyme and phenylalanine showed slower formation of the
ternary complex than other orders of mixing (Figure 2), suggesting the possibility of a dead-
end enzyme-phenylalanine (E-Phe) complex. Addition of phenylalanine to a solution of free
enzyme does not result in a spectral change, precluding direct analysis of the kinetics of E-
Phe formation. To determine the kinetics of formation of the E-Phe complex, two
complementary experiments were performed. In the first, solutions of enzyme plus three
concentrations of phenylalanine were reacted with varying concentrations of BH4 (|E-Phe vs
BH4|). The resulting stopped-flow traces (Figure 5) were independently fit with two, three or
four phases using eq 1, with the values for the rate constants for each individual fit given in
Table S1. Each trace fit well to a three-phase model (Figure S4); however, the values for the
rate constants suggested four phases were required to collectively describe all nine traces.
The values for k1obs at 0.3 and 0.9 mM phenylalanine for all concentrations of BH4 agree
reasonably well with the values of 270, 510 and 750 s−1 expected for the first phase when
enzyme is mixed with 0.3, 0.9 and 1.5 mM BH4, respectively (Figure 3B), suggesting that
this phase reflects the binding of BH4 to the free enzyme. The values for k1obs at 3.0 mM
phenylalanine are an order of magnitude smaller than the values at the lower concentrations
of phenylalanine, indicating that the binding of BH4 to free enzyme is inhibited. Saturation
of the enzyme as an E-Phe complex that must dissociate prior to addition of BH4 explains
these results. The values for k2obs showed no apparent dependence on the concentration of
either substrate and had an average value of 16 ± 4 s−1. This phase may reflect the second
phase in the addition of phenylalanine to the enzyme-BH4 complex, though the value is
larger than those in Figure 4C. The slowest phase (k3obs) shows an inverse dependence on
the concentration of phenylalanine and was not seen in the preceding experiments,
suggesting this phase originates from E-Phe.
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In the second experiment, both substrates were added simultaneously to the free enzyme (|E
v BH4-Phe|). Specifically, solutions of BH4 plus three concentrations of phenylalanine were
mixed with PheHΔ117 under anaerobic conditions (Figure 6). The stopped-flow traces were
fit to eq 1 with four phases (Figure S5) to obtain the rate constants in Table S2. The first
phase (k1obs) is rapid and likely reflects the initial formation of the enzyme-BH4 complex,
though the values are larger than those seen for the first phase when 0.3 mM BH4 is added to
free enzyme (Figure 3B). The values for k2obs are similar to the values for the second phase
in the formation of the E-BH4 complex (Figure 3B), suggesting this phase also represents
formation of the binary complex. The values for k3obs and k4obs are similar to the values for
the second and third phases in the previous experiment (|E-Phe v BH4|, Table S1),
respectively.

Global Analysis of Binding Kinetics

The data from all four experiments, |E v BH4|, |E-BH4 v Phe|, |E-Phe v BH4| and |E v BH4-
Phe|, were fit globally with KinTek Explorer to determine the kinetic mechanism for
substrate binding to PheHΔ117. Three different kinetic mechanisms (Scheme 5) were
constructed by adding an unproductive E-Phe complex to the mechanisms in Scheme 4. The
values for the rate constants from fits with the mechanisms in Schemes 5A, 5B and 5C are
given in Table 3. The fits to the data are shown in Figures S6, S7 and 3–6, respectively. The
Χ2 values for the fits to the three models show a clear distinction in the quality of the fits.
The mechanism in Scheme 5A yielded the worst fit of the data, with a Χ2 value more than
twice that for Scheme 5C. In addition, the values of the individual rate constants and their
confidence intervals for the two steps in the formation of the E-BH4 complex were large,
with FitSpace calculations indicating k1, k−1 and k2 may have no upper bound, confirming
that this model does not adequately represent the data. The mechanism in Scheme 5B also
gave a significantly worse fit than that in Scheme 5C, with a Χ2 value nearly twice as large.
The confidence intervals for the rate constants for Scheme 5B were significantly larger than
those for Scheme 5C, indicating that the former model is not as well defined by the data.
Thus, the mechanism in Scheme 5C gives the best fit to the stopped-flow data. For all three
models, the values for k3 and k−3 are similar.

Kinetics of Phenylalanine Hydroxylation by PheHΔ117

The kinetics of phenylalanine hydroxylation by PheHΔ117 were evaluated using stopped-
flow absorbance spectroscopy. The hydroxylation reaction was performed with both BH4
and 6MPH4 to determine the dependence of the kinetics on the identity of the pterin. An
anaerobic solution of PheHΔ117, phenylalanine and BH4 or 6MPH4 was mixed with
solutions of buffer containing increasing concentrations of O2 (Figure 7). The enzyme and
substrates were preequilibrated to avoid interference from binding. The O2 concentration
was kept below the enzyme concentration to limit the reaction to a single turnover.
Formation of the 4a-HO-BH3 (or 4a-HO-6MPH3) intermediate is detectable as an
absorbance increase at 248 nm and a decrease at 318 nm (35). Changes in the environment
around the pterin are detectable at 340 nm, as seen for the binding complexes.

The stopped-flow traces obtained with BH4 (Figure 7A–C) could be fit with three phases
using eq 1 (Figure S8). The rate constants showed no apparent dependence on the
concentration of O2, fitting all traces with values of 49.6 ± 0.6, 9.2 ± 0.4 and 3.5 ± 0.1 s−1.
The traces obtained with 6MPH4 (Figure 7D–F) also fit well with three phases (Figure S9).
Again, the rate constants showed no apparent dependence on the concentration of O2, with
values of 32 ± 2, 2.7 ± 0.9 and 2.2 ± 0.9 s−1.
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Rapid-Mixing Chemical-Quench Analyses

The kinetics of tyrosine formation were measured directly using chemical-quench
experiments. Solutions of PheHΔ117 preincubated anaerobically with pterin were mixed
with solutions of phenylalanine saturated with oxygen at 5 °C (Figure 8). The chemical-
quench data with either pterin show a clear burst in tyrosine formation within the first 500
ms and were fit to eq 4 (Figure S10) to give values for kburst of 8.2 ± 1.8 and 3.7 ± 0.5 s−1

for BH4 and 6MPH4, respectively. A subsequent linear phase extending beyond the first
second indicates the reaction has reached steady-state with kcat values of 1.41 ± 0.03 s−1

with BH4 and 0.99 ± 0.02 s−1 with 6MPH4. A burst phase in product formation is most
consistent with product release being rate-limiting rather than earlier chemical steps.

(4)

Global Analysis of the Hydroxylation Reaction

The time-dependent data for hydroxylation by PheHΔ117 including the stopped-flow traces
and rapid-quench data were combined to define a complete kinetic mechanism. The stopped-
flow data showed three observable phases in the hydroxylation reaction with no dependence
on the concentration of oxygen when either pterin was used. The rapid-quench data
indicated rate-determining product release. These observations suggest a model with four
steps: reversible binding of oxygen followed by two intermediate steps and product release.
For the reaction with BH4, these steps were appended to Scheme 5C to generate a complete
mechanism from substrate binding to product release (Scheme 6A). This mechanism was fit
to the combined data from Figures 7A–C and 8 with the rate constants for the binding steps
(k1-k−4) fixed at the values in Table 3.2 Initial evaluation with FitSpace Explorer indicated
that the values for k5 and k−5 were not well constrained, having no upper limit; however, the
ratio for these values (k−5 /k5 ; KO2) was well defined with a value of 200 µM. FitSpace
calculations were consequently performed with k5 and k−5 fixed at their best fit values. The
resulting values for the rate constants and confidence intervals are given in Table 4. The
combined time-dependent data for the reaction with 6MPH4 were fit with the model in
Scheme 6B. Steps for substrate binding were not included in this model as the kinetics of
substrate binding were inaccessible due to the lack of a significant binding signal with
6MPH4. The values for the rate constants and confidence intervals are reported in Table 4.
As with BH4, the values for k5 and k−5 showed no upper limit. As such, these rate constants
were fixed, yielding a value for KO2 of 20 µM.

DISCUSSION

The present study establishes a detailed kinetic mechanism for PheHΔ117 including
substrate binding, the hydroxylation reaction, and product release (Scheme 6A), with
intrinsic rate constants for each step (Tables 3 and 4). These results take advantage of the
ability to detect multiple binding complexes in the PheHΔ117-BH4-phenylalanine system
through changes in UV absorbance in the region between 315 and 360 nm (Figure 1). This
region likely corresponds to the long wavelength edge of the tetrahydropterin absorption
band, as the wavelengths are too long for phenylalanine or the aromatic amino acids in the
enzyme. The contribution of BH4 to the absorbance signal is supported by the absorbance
change in the absence of phenylalanine and the lack of any signal in the absence of BH4
(Figure 2), suggesting that the formation of the PheHΔ117-BH4 binary complex perturbs the

2The mechanism in Scheme 6A was also fit to the combined data for both binding and oxidation, with all rate constants allowed to
vary. The resulting values for the rate constants were nearly identical to the values reported in Tables 3 and 4.
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electronic environment around the pterin. Addition of phenylalanine to the binary system to
generate the PheHΔ117-BH4-phenylalanine ternary complex further alters the environment,
increasing the absorbance signal.

Comparison of the available structures of the ferrous catalytic domain of human PheH
shows that the formation of the ternary complex results in several structural changes (41,
42). In the free enzyme and in the BH4-bound complex, the ligands to the ferrous iron are
two histidine residues, one monodentate glutamate residue, and three waters (41). The pterin
forms hydrogen bonds to backbone atoms and water-mediated hydrogen bonds to Glu286. In
the ternary complex with BH4 and an amino acid substrate, the glutamate is bidenate and the
iron has lost two water molecules (42, 43), leaving a site for the binding of oxygen. The
pterin has moved 2.6 Å from its position in the binary complex, closer to the iron and
forming direct hydrogen bonds with Glu286. There is also a change in the position of a
surface loop consisting of residues 131–150. In the binary structure, the loop is in an open
position, with the side chain of Tyr138 over 20 Å from the iron. In the ternary complex, this
loop has closed over the active site opening so that Tyr138 is buried in the active site with
its phenolic oxygen within 5 Å of the iron. The homologous loop in rat TyrH (residues 178–
193) undergoes a similar rearrangement upon substrate binding (44).

The present data indicate that there are two E-BH4 complexes, only one of which is
productive. The different interactions of BH4 in the structures of binary and ternary
complexes of the ferrous enzyme provide a possible structural basis for this. In going from
the binary to the ternary complex, the water molecules that bridge the pterin and Glu286 are
lost. If loss of these waters requires dissociation of the pterin, the structure of the enzyme
with BH4 alone would represent the dead-end complex that is detected in our kinetic
analysis.3 It is also possible that the Tyr138 loop is more dynamic in the isolated catalytic
domain than indicated by the crystal structures, with the conformation of the loop directly
coupled to the binding orientation of BH4. Productive binding (E’-BH4) would occur in the
open conformation, permitting the binding of phenylalanine to form the ternary complex.
The closed conformation would then reflect the inhibitory binding of BH4 (E”-BH4), with
the concomitant loop closure preventing the addition of phenylalanine to the active site. For
productive binding, the loop must reopen, releasing the pterin and restoring the free enzyme.

There is precedent for an unproductive mode for the binding of BH4 to intact PheH. In
studies of the allosteric properties of PheH, Shiman (9) proposed an inhibitory E-BH4
complex distinct from that involved in catalysis; in this model the inhibited enzyme could
not be activated by phenylalanine until the pterin dissociated. A structural explanation for
the inhibition has been proposed in which Ser23 of the regulatory domain forms a hydrogen
bond with the dihydroxypropyl side chain of BH4 when it is bound in the mode seen in
structures of the E-BH4 complex, thereby stabilizing the inactive form of the enzyme (45).
This interaction is not possible with the E-BH4-phenylalanine complex due to the altered
position of BH4.

The binding of phenylalanine to the free enzyme produces a dead-end E-Phe complex, with
a Kd value (1300 µM) ten-fold that for phenylalanine binding productively to E’-BH4.
Substrate inhibition by phenylalanine has not been reported for intact eukaryotic PheH (6,
46); however, substrate inhibition by the amino acid substrate has been seen in TyrH (47–
49), the catalytic domain of TrpH (21), and bacterial PheH (50). A straightforward
explanation for the dead-end complex of PheH with phenylalanine is that the formation of

3Variations on the kinetic mechanisms in Schemes 4 and 5 were considered in which the different E-BH4 complexes were reversibly
connected without the need for dissociation of the BH4. In fitting these mechanisms to the data, they invariably collapsed to the
simpler schemes lacking a reversible connection.
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the E-Phe complex results in closure of the Tyr138 loop, preventing the binding of BH4 to
generate a productive ternary complex. It is also possible that at high concentrations,
phenylalanine can occupy an alternative location such as the pterin binding site, which
would directly inhibit pterin binding.

The results presented here support the binding of pterin before the amino acid substrate in
the overall kinetic mechanism. The steady-state kinetic mechanism has not been determined
for a eukaryotic PheH. Previous studies of the kinetic mechanism for bacterial PheH have
given contradictory results for the order of binding. Pember et al. (51) concluded that
oxygen binds first followed by a random addition of pterin or phenylalanine. In contrast,
Volner et al. (50), concluded that pterin binds first followed by phenylalanine, with oxygen
binding last. The latter agrees with the present results. TyrH also shows a binding order with
the pterin binding first (52), indicating this may be a common feature for this family of
enzymes.

The hydroxylation reaction is initiated by the rapid, reversible addition of oxygen to the
ternary complex. Previous rapid-reaction studies with TyrH (53) and TrpH (54) also found
evidence for reversible O2 binding to these enzymes. The reaction of the PheHΔ117 ternary
complex with O2 to form the initial O2-bound intermediate occurs in the dead-time of the
stopped-flow instrument so that it is not seen directly, but it is apparent as a shift in the
initial absorbance with increasing concentrations of O2. After oxygen binds, the next step in
the reaction with BH4 as the pterin substrate is marked by an absorbance increase at 248 nm.
This could suggest the formation of 4a-HO-BH3 and the Fe(IV)O; however, a large decrease
in absorbance at 340 nm is also observed in this step. In the reaction with 6MPH4 as the
pterin substrate, the step immediately following binding of O2 to the ternary complex is
similarly associated with a decrease in the absorbance at 340 nm, but little change at the
other wavelengths. As changes at 340 nm reflect the formation of the various pterin binding
complexes and are not associated with formation of the 4a-hydroxypterin intermediate, it is
more likely that this step indicates the formation of a discrete complex such as the proposed
Fe(II)-peroxypterin intermediate (20) in reactions with either pterin. An intermediate prior to
formation of Fe(IV)O has also been seen in stopped-flow experiments in TrpH (54). In the
reaction with 6MPH4, the absorbance increase at 248 nm and the decrease at 318 nm
associated with 4a-hydroxypterin formation are only observed in the second step following
O2 binding, indicating that formation of the 4a-hydroxypterin and the Fe(IV)O intermediate
occurs in this step. In the reaction with BH4, the absorbance at 248 nm also increases in this
step, such that the total magnitude of the increase in absorbance at this wavelength is
identical to that seen in the reaction with 6MPH4. This strongly suggests that formation of
the 4a-hydroxypterin and Fe(IV)O also occurs in the second step following O2 binding in
the reaction with BH4. PheHΔ117 shows a preference for the physiological pterin with a
value for the rate constant for this step three-fold that for 6MPH4. As structural differences
between the two pterins are restricted to the side-chain at the 6-position, substituent effects
would be expected to show little discrimination, so that it is likely the differences in the rates
arise from differences in the orientations of the pterins.

With both BH4 and 6MPH4, the value for the rate constant for the second step after O2
binding (k7) shows reasonable agreement with the rate constant for the burst of tyrosine
formation in the chemical-quench experiments, so that this step can be assigned as
hydroxylation of the amino acid by the Fe(IV)O intermediate. As this step was also assigned
to the formation of the Fe(IV)O intermediate, amino acid hydroxylation must be faster than
the formation of Fe(IV)O. In the case of TyrH, rapid-quench Mössbauer spectroscopy has
established directly that the Fe(IV)O reacts more rapidly than it forms (31).
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The similarity in the values for the rate constant for the final step and the kcat values from
the chemical-quench data support this step as being product release, so that kcat for
PheHΔ117 is principally determined by the rate of product release. Rate-determining
product release is also seen with both TyrH (55) and TrpH (54), arguing for this as a
common feature for this family of enzymes.

This study presents a complete kinetic mechanism for PheHΔ117. Substrate binding is
ordered with pterin binding first followed by phenylalanine. Both substrates can bind the
free enzyme to produce dead-end complexes that must dissociate to allow productive
assembly of the ternary complex. The dead-end enzyme-BH4 complex is a significant
binding mode for BH4 with on and off rate constants similar to those for the productive
binding mode. This complex is proposed to represent the inhibitory orientation of BH4 in the
intact enzyme. Phenylalanine binds much more weakly to the free enzyme, and the resulting
complex is not expected to be relevant under physiological conditions. Molecular oxygen
binds to the ternary complex in a rapid equilibrium prior to the formation of an unidentified
intermediate detectable as a loss of absorbance at 340 nm. Slow decay of this intermediate
yields the reactive Fe(IV)O species that rapidly hydroxylates the amino acid. Product release
is the slowest step in the reaction and the rate-determining step for enzyme turnover.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

PheH phenylalanine hydroxylase

BH4 tetrahydrobiopterin

LB-amp Luria-Bertani broth containing 100 µg/ml ampicillin

PMSF phenylmethylsulfonyl fluoride

IPTG isopropyl-β-D-thiogalactopyranoside

6MPH4 6-methyltetrahydropterin
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Figure 1.
Absorbance changes upon formation of the PheHΔ117-BH4-phenylalanine ternary complex.
(A) Spectra at 5 ms intervals during the first 100 ms of the anaerobic reaction of 150 µM
PheHΔ117 plus 300 µM BH4 with 3.0 mM phenylalanine at 5 °C. All concentrations are
after mixing. (B) The difference spectrum at 1 s.
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Figure 2.
Absorbance changes during the anaerobic formation of various PheH-substrate complexes at
5 °C: 150 µM PheHΔ117 vs 3.0 mM phenylalanine (open triangles); 150 µM PheHΔ117 vs
1.2 mM BH4 (open diamonds); 150 µM PheHΔ117 vs 1.2 mM BH4 plus 3.0 mM
phenylalanine (closed circles); 150 µM PheHΔ117 plus 1.2 mM BH4 vs 3.0 mM
phenylalanine (closed diamonds); 150 µM PheHΔ117 plus 3.0 mM phenylalanine vs 1.2
mM BH4 (closed triangles). (All concentrations are after mixing.) Every fifth point is shown
for clarity.

Roberts et al. Page 17

Biochemistry. Author manuscript; available in PMC 2014 February 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 3.
Kinetics of binding of BH4 to PheHΔ117. (A) Absorbance changes at 335 nm upon
formation of the PheHΔ117-BH4 binary complex. PheHΔ117 (75 µM) was reacted with
0.15, 0.3, 0.45, 0.6 or 0.9 mM BH4 at 5 °C. (All concentrations are after mixing.) The
individual curves are offset with every second point shown for clarity. The lines are from the
kinetic mechanism in Scheme 5C with the rate constants in Table 3. (B) Effect of the
concentration of BH4 on the values of k1obs closed circles) and k2obs open circles). The line
indicates the fit with eq 2. The rate constants were determined from two-phase fits (eq 1) to
the data in A.
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Figure 4.
Kinetics of binding of phenylalanine to PheHΔ117 plus BH4. (A) Stopped-flow traces
showing the formation of the E-BH4-Phe complex from a preequilibrated mixture of
PheHΔ117 and BH4. A solution of 75 µM PheHΔ117 plus 1.0 mM BH4 was reacted with
0.3, 0.6, 0.9, 1.2, 1.5, 2.25 or 3.0 mM phenylalanine at 5 °C. (All concentrations are after
mixing.) Every third point is shown for clarity. The lines are from the kinetic mechanism in
Scheme 5C with the rate constants in Table 3. (B) Effect of the concentration of
phenylalanine on the value of k1obs. The line indicates the fit with eq 2. (C) Effect of the
concentration of phenylalanine on the value of k2obs. The line indicates the fit with eq 3. The
rate constants for B and C were determined from two-phase fits (eq 1) to the data in A.
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Figure 5.
Stopped-flow traces showing the formation of the PheHΔ117-BH4-phenylalanine ternary
complex from an enzyme-phenylalanine complex. PheHΔ117 (75 µM) plus 0.3 (triangles),
0.9 (diamonds) or 3.0 mM phenylalanine (circles) was reacted with 0.3 (A), 0.9 (B) or 1.5
mM (C) BH4 at 5 °C. (All concentrations are after mixing.) The individual curves are offset
with every third point shown for clarity. The lines are from the kinetic mechanism in
Scheme 5C with the rate constants in Table 3.
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Figure 6.
Stopped-flow traces showing the formation of the PheHΔ117-BH4-phenylalanine ternary
complex by addition of BH4 and phenylalanine to free enzyme. A solution containing 0.3
mM BH4 plus 0.3 (triangles), 0.9 (diamonds) or 3.0 mM phenylalanine (circles) was reacted
anaerobically with 75 µM PheHΔ117 at 5 °C. (All concentrations are after mixing.) The
individual curves are offset with every third point shown for clarity. The lines are from the
kinetic mechanism in Scheme 5C with the rate constants in Table 3.
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Figure 7.
Stopped-flow traces for the PheHΔ117 hydroxylation reaction. A solution of 75 µM
PheHΔ117, 0.3 mM tetrahydropterin and 3.0 mM phenylalanine was mixed with 10
(triangles), 35 (diamonds) or 55 µM O2 (circles) at 5 °C. (All concentrations are after
mixing.) Traces were offset with every third point shown for clarity. (A–C) Traces with
BH4. The lines are from fits with Scheme 6A and the rate constants in Table 4. (D–F) Traces
with 6MPH4. The lines are from the mechanism in Scheme 6B and the rate constants in
Table 4.
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Figure 8.
Tyrosine formation in reactions with BH4 (closed circles) or 6MPH4 (open circles)
determined by chemical-quench. A solution of 20 µM PheHΔ117 plus 1.0 mM
tetrahydropterin was mixed with a solution of 2.0 mM phenylalanine plus 950 µM O2 at 5
°C. (All concentrations are after mixing.) The solid line is from the kinetic mechanism in
Scheme 6A. The dashed line is from the kinetic mechanism in Scheme 6B. The rate
constants used to generate both lines are in Table 4.
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Scheme 1.
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Scheme 2.
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Scheme 3.
Alternative kinetic mechanisms for binding of BH4 to PheHΔ117: A, sequential mechanism;
B, branched mechanism.
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Scheme 4.
Kinetic mechanisms for substrate binding by PheHΔ117.
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Scheme 5.
Kinetic mechanisms for substrate binding by PheHΔ117 including an enzymephenylalanine
complex.
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Scheme 6.
Kinetic mechanisms for PheHΔ117.
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Table 1

Kinetic parameters for binding of BH4 to PheHΔ117

kinetic
parameter Scheme 3A Scheme 3B

k1

0.59 µM−1 s−1 0.33 µM−1 s−1

(0.55 – 0.64)a (0.26 – 0.39)

k−1

46 s−1 12 s−1

(32 – 66) (7 – 16)

k2

32 s−1 0.26 µM−1 s−1

(16 – 52) (0.20 – 0.31)

k−2

23 s−1 90 s−1

(13 – 33) (57 – 140)

X2 667 667

a
The values in parentheses are the confidence intervals calculated by FitSpace at a X2 threshold of 1.15.
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Table 2

Kinetic parameters for the kinetic mechanisms in Schemes 4A–C determined globally from the data in Figures
3A and 4A.

kinetic
parameter Scheme 4A Scheme 4B Scheme 4C

k1

0.56 µM−1 s−1 0.57 µM−1 s−1 0.23 µM−1 s−1

(0.52 – 0.62)a (0.52 – 0.62) (0.14 – 0.45)

k−1

28 s−1 28 s−1 12 s−1

(18 – 39) (18 – 42) (5 – 33)

k2

12 s−1 12 s−1 0.34 µM−1 s−1

(9 – 15) (7 – 19) (0.14 – 0.44)

k−2

11 s−1 11 s−1 26 s−1

(6 – 17) (9 – 14) (11 – 40)

k3

0.030 µM−1 s−1 0.032 µM−1 s−1 0.029 µM−1 s−1

(0.027 – 0.034) (0.029 – 0.037) (0.026 – 0.033)

k−3

4.6 s−1 4.5 s−1 4.8 s−1

(3.9 – 5.5) (3.8 – 5.3) (4.0 – 6.2)

X2 3960 3920 4400

a
The values in parentheses indicate confidence intervals calculated by FitSpace at a X2 threshold of 1.07.
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Table 3

Kinetic parameters for the kinetic mechanisms in Schemes 5A–C determined globally from the data from
Figures 3A, 4A, 5 and 6.

kinetic
parameter Scheme 5A Scheme 5B Scheme 5C

k1

0.69 µM−1 s−1 0.56 µM−1 s−1 0.31 µM−1 s−1

(0.42 – 1.1)a (0.46 – 0.69) (0.27 – 0.36)

k−1

120 s−1 32 s−1 20 s−1

(50 – 730) (16 – 57) (14 – 29)

k2

86 s−1 3.9 s−1 0.27 µM−1 s−1

(30 – 510) (1.2 – 12) (0.23 – 0.32)

k−2

52 s−1 12 s−1 19 s−1

(18 – 200) (7 – 20) (14 – 26)

k3

0.033 µM−1 s−1 0.027 µM−1 s−1 0.026 µM−1 s−1

(0.022 – 0.054) (0.022 – 0.034) (0.022 – 0.030)

k−3

3.6 s−1 4.5 s−1 3.5 s−1

(2.7 – 4.9) (3.3 – 6.0) (3.0 – 4.2)

k4

0.0030 µM−1 s−1 0.015 µM−1 s−1 0.016 µM−1 s−1

(0.0004 – 0.015) (0.009 – 0.026) (0.010 – 0.024)

k−4

10 s−1 15 s−1 21 s−1

(4 – 18) (12 – 19) (18 – 25)

X2 38,200 26,000 15,500

a
The values in parentheses indicate confidence intervals reported by FitSpace at a X2 threshold of 1.06.
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Table 4

Kinetic parameters for the kinetic mechanisms in Schemes 6A and 6B determined globally from the data from
Figures 7 and 8.

kinetic
parameter

Scheme 6A
(BH4)

Scheme 6B
(6MPH4)

k5
a 26 µM−1 s−1 20 µM−1 s−1

k−5
a 5700 s−1 330 s−1

k6

140 s−1 42 s−1

(67 – 200)b (26 – 72)

k7

13 s−1 3.9 s−1

(8 – 35) (2.3 – 5.9)

k8

2.3 s−1 1.9 s−1

(1.8 – 3.3) (1.2 – 3.8)

a
Values were fixed during the FitSpace calculations.

b
The values in parentheses indicate confidence intervals reported by FitSpace at a X2 threshold of 1.1.
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