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ABSTRACT: An essential histidine ligand to the electron transfer copperyGf peptidylglycine
o-hydroxylating monooxygenase (PHMcc) was mutated to an alanine and found to retain copper binding
and hydroxylase activity [Jaron, S., et al. (20@2pchemistry 4113274-13282]. An extensive kinetic

and deuterium isotope effect study finds this mutant to maintain full coupling cb@sumed to product
formed despé a 3 order-of-magnitude decreasédnand a 300-fold decrease ka/Kn(O2). Unexpectedly,
electron transfer is not rate-limiting in H172A. Rather, the increased kinetic isotope effect (KKg);on

of 3.27 + 0.39 suggests that-€H bond cleavage has become more rate-limiting, implicating a role for
His!7? that goes beyond that of a simple ligand to4Cllhe mechanistic implications are discussed.

Peptidylglycinea-hydroxylating monooxygenase (PHM)  abstraction radical mechanis&8), with the other Cu site
is a copper, ascorbate, and dioxygen-dependent enzyme thaCuy supplying the additional electron by a long-rangel {
catalyzes the first step leading to the C-terminal amidation A), intramolecular electron transfer. The pathway for electron
of glycine-extended peptides (Scheme 1)3). It has both transfer between the copper sites has been unclear. A number
structural and catalytic similarities to the noncoupled bi- of mechanisms have been proposed, including (i) a super-
nuclear copper protein, dopamifienonooxygenase (EM). oxide channeling mechanism wherebyi@tially binds and
The reaction involves a two-electron reductive cleavage of is reduced at the Gusite and then channels to the (Csite
dioxygen with insertion of one oxygen atom into substrate as protonated superoxid8, (L0), (ii) a substrate-mediated
and the formation of water and is catalyzed by a unique two- electron transfer pathway where ay2t(O»" ) abstracts the
copper active site (Figure 1). Intriguing mechanistic questions hydrogen atomi1, 12), (iiij) a mechanism where the roles
remain regarding the QOspecies responsible for -4 of the coppers are reversed, such that substrate migration
abstraction; inherent to this question is the elucidation of into the cavity separating the coppers facilitates hydroxylation
the step in the mechanism in which the electron is transferredat the Cuy site (13), and (iv) a concerted hydrogen atom
between the copper sites as well as the pathway throughabstraction and electron transfer mechanism in which the
which the electron travels. second electron is transferred through an aci-carboxylate

The two copper atoms alone supply the reducing equiva- substrate intermediate coordinated to the, Gite via a
lents required for the hydroxylation reaction; enzyme pre- swinging motion {4).
reduced by a stoichiometric amount of ascorbate produces | previous studies with PM, we have shown that a

Cue* and .producy in a 2:1 ratio3( 4). The lack of any highly reduced @species is an unlikely intermediate in the
magnetic interactions by EPR suggests that the coppers d%echanism of hydrogen atom abstractidg)(No Ci* EPR

not I.o m a ?l?uclgart t(;enter'.t Irtﬁteadr,] thﬁ dhydroxyltatlon signal was detected after the reduced protein was mixed with
reaction is catalyzed at the fysite through a hydrogen atom O, and an unreactive substrate analogyedifluorophen-

" This work was supported by National Institutes of Health Grants ethylamine. There are two possibilities for this observation:
GM39296 and GM25765 (to J.P.K.) and GM RO1-NS27583 (1o Cither the coppers remain in a Eiprior to hydrogen atom
N.J.B.). abstraction or the diamagnetic &ti—superoxo intermediate
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! Abbreviations: PHM, peptidylglycina-hydroxylatind MmonNOoOoXy- of reaCt!Ve Q intermediates. The a\+/allak3Ie data. 5“99‘?“ the
genase; PAM, peptidylglycine-amidating monooxygenase; s, production of a low level of a Gy#*(O2"~) species which

dopaming3-monooxygenase; PHMcc, peptidylglycinenydroxylating abstracts the hydrogen atom from substrate. This new

monooxygenase catalytic core consisting of amino acids3%5 of i ; -
rat PAM-1; EXAFS, extended X-ray absorption fine structure; PCA, mechanism invokes a one-electron transfer from Ga

protocatechuic acid; PCD, protocatechuate dioxygenase; MES; 2-( dioxygen before hydrogen atom abstraction, fO.”OWE'd by a
morpholino)ethanesulfonic acid. solvent-mediated electron transfer from theyQiite (16).
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Scheme 1: Reactions LeadingdsAmidated Peptide, Catalyzed by PHM and PAL
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a2 These enzymes are often linked in a bifunctional form designated peptidylglyeamidating monooxygenase (PAM).

Ficure 1: Precatalytic complex of PHMcc with bound peptide and
dioxygen (adapted from ref2). Dioxygen is bound at the Gu
site on the left, which has two His ligands and a Met ligand, while
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Ficure 2: Coordination environment of oxidized (top) and re-
duced (bottom) PHM as deduced from EXAFS. The dotted lines
represent ligands that are undetectable by EXAFR.4 A). In

Cuy, on the right, has three His ligands. The terminal oxygen atom the oxidized structure, Gutop right) is depicted as square planar,

of the Cw(O,) complex is 4.7 A from thea-carbon which
undergoes abstraction of tipeo-S hydrogen atom. Rotation about
the copperoxygen bond could reduce this to ca. 3.3 A. In this
study, Hid72 has been mutated to an Ala residue.

More recent results have supported £@0,~) mecha-
nism in PHM. A crystallographic study of reduced PHMcc
crystals soaked with a poor substrateacetyldiiodotyrosyl-
p-threonine (1YT), in which thero-S hydrogen is difficult
to cleave, has revealed a gcooordinated to @(12) (Figure
1). The oxygen is bound in an end-on fashion, at theg,Cu
presumably as a G@*(02 ") (O—0 distance of 1.23 A),

with H107, H108, H172, and a water as equatorial ligands;
Cuy (top left) is depicted as square pyramidal with H242, H244,
and two waters as equatorial ligands and the long bond to M314
as the axial ligand. In the reduced structurey @oottom right)

is depicted as T-shaped with H107 and H108 ligands approxi-
mately trans along with a long bond to H172;\C{bottom left) is
depicted as tetrahedral with H242, H244, M314, and a water as
ligands.

coordinate planar and leads to loss of its solvating water
ligand. Additionally, one of its histidine ligands (H172)
becomes undetectable by EXAFS. In contrast, X-ray crystal-
lography shows the Gusite maintaining a three-coordinate

although the electron density is ambiguous and can also begeometry, but with tighter ligation by Hi& to the reduced

assigned as Gt (0,). A computational study used density
functional theory to calculate the thermodynamics and
kinetics of formation of two possible activated copper
dioxygen intermediates, E{(OOH") and Cd"(O,"), as
well as their ability to abstract a hydrogen atom from
substrate 17). This study found that the hydrogen atom
abstraction by the Tereduced dioxygen species is thermo-
dynamically and kinetically more favorable than by the
2e -reduced dioxygen species.

Cu (12). The Cu center remains four-coordinate, losing
water and gaining a long bond to methionine. By crystal-
lography, the Cy site remains four-coordinate tetrahedral,
with no changes in the position of M314 and only small
changes in the position of the water ligand. The large
structural changes at the metal sites revealed by EXAFS have
been invoked to rule out a rapid electron transfer between
the sites and, together with FTIR evidence for substrate-
induced CO binding to the Gsite, led to the earlier proposal

The crystallographic and spectroscopic data have notof the superoxide channeling mechanish (

always agreed. Large changes in the coordination environ-

EXAFS spectroscopic characterization of the H172A

ments of the copper sites have been observed by extendednutant of PHM showed little disruption of copper binding,

X-ray absorption fine structure (EXAFS) studies on PHM

yet activity was decreased over 300-fold from WD), The

and are not observed in X-ray crystallography. This has led oxidized and reduced mutant enzyme showed few structural
to a different proposal for the electron transfer mechanism changes at the Gusite; in the oxidized structure a water

(18). The spectroscopically determined coordination environ-

molecule is recruited in place of the histidine, and in the

ments of the copper centers for the oxidized and reducedreduced structure Gubecomes truly two-coordinate. If H172
forms of PHM are shown in Figure 2. Reduction changes is not essential for copper binding, the substantial decrease

the Cuy, center from four-coordinate tetrahedral to two-

in rate suggests another important role. Thus, H172 was
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proposed to act as an active site acid catalyst, protonatingwith liquid N, and placed in the-80 °C freezer until further
the resulting superoxide iori (). use.

In the present work, a detailed analysis of the role of H172  Stoichiometry AssayShese experiments were performed
in the mechanism of PHM was investigated through exten- in two steps. First, the decrease in oxygen concentration was
sive kinetic and isotope effect studies on the H172A mutant measured with a YSI model 5300 biological oxygen monitor
form of the enzyme. The kinetic parameters for WT and following addition of either WT or mutant PHMcc to a final
H172A were determined using the alternate electron donor, assay volume of 1 mL at 37TC. Assay conditions consisted
potassium ferrocyanide. These parameters are decrease@f 100 mM MES, pH 6.0, 30 mM KCI, 10 mM hippuric
significantly in the mutant, with a 3000-fold decreaséjn acid, and either 0.2 mM potassium ferrocyanide or 10 mM
and a 300-fold decrease kg./Kn(O-). This indicates that ~ sodium ascorbate for reductant. Assays with ascorbate also
mutation of histidine 172 to alanine significantly affects O contained 100ug/mL catalase 32). A concentration of
binding and substrate hydroxylation at the,Csite. The dissolved Q for these assay conditions was determined to
deuterium kinetic isotope effects for H172A of 3.270.39 be 209uM by the PCA/PCD assay, as described previously
and 2.75+ 0.79 onkeaandkea{Kn(O2), respectively, clearly ~ (23). Briefly, the full amplitude of oxygen uptake was
indicate that electron transfer has not become fully rate- recorded following the addition of PCA to an assay mixture
limiting and that hydrogen atom transfer is equally rate- containing 100 mM MES, pH 6.0, 30 mM KCI, and an
determining for both parameters. The possible impact of excess of PCD. Assays with WT PHM and ascorbate required

H172A on the reaction mechanism is discussed in the contextless than 3 min, while mutant reactions with ferrocyanide

of these new results. required 9 min for approximately 8M O, to be consumed,
at which time 100uL of 1 M HCIO, was added to fully
MATERIALS AND METHODS guench the reaction. Samples were storee-&® °C until

] ] ) ] ] ) further analysis by HPLC to determine the amount of product
Materials N-Benzoylglycine (hippuric acid), sodium  ormed as described below.

ascorbate, protocatechuic acid (PCA), protocatechuate di- Hp|c conditions To Separate Hippuric Acid framHy-
oxygenase (PCD), and 2{morpholino)ethanesulfonic acid  yyoxyhippuric Acid Frozen samples stored 80 °C were
(MES) were purchased from Sigma. Catalase (65000 units/iha\ed and centrifuged for 10 min immediately before HPLC
mg) in the form of a suspension was from Roche Molecular analysis. A Beckman Ultrasphere C18-IR#& column (4.6
Biochemicalso-Hydroxyhippuric acid was purchased from o5 mm) with a guard column (4.& 7.5 mm) was
Aldrich and used without further purificatiomN-Benzoyl- equilibrated with 1% CKCN in 50 mM ammonium acetate,
[2-?H;]glycine (dideuterated hippuric acid) was synthesized pH 5.5 (buffer A). A volume of 5QuL of the quenched
from commercially available [2H]glycine (98%7H; Cam- sample was injected. The column was washed for 30 min
bridge Isotope Laboratories, Inc.) as previously described \yiin puffer A, followed by a 10 min gradient to 10% GH
(19). CN in 50 mM ammonium acetate, pH 5.5 (buffer B). The
Enzyme Preparation and Purificatiolthe Chinese ham-  column was washed for 5 min with buffer B, returned to
ster ovary cell line used to express wild-type and H172A puffer A over 5 min, and then allowed to reequilibrate for
PHMcc protein was constructed as described previo@€ly (10 min prior to the next injection. The compounds eluting,
Protein concentration was determined using the absorbancey-hydroxyhippuric acid (14 min) and hippuric acid (28 min),
at 280 nm,e = 0.98 fa a 1 mg/mL solution §). H172A  were detected at 230 and 280 nm. No benzamide was
was purified as described previoustO( 13). detected in experiments with PHMcc. The lack of benzamide
Copper Reconstitutionfrace metal analysis of enzyme- is consistent with model studies of carboxamide dealkylation
bound copper was performed on a Perkin-Elmer 3000DV at pH 6 @4, 25). The integrated peak area was compared to
inductively coupled plasma atomic emission spectrophotom- a standard curve of mock-quenched assays. Blanks, in which
eter using commercially available metal standard solutions. no enzyme was added, were used to determine the amount
As isolated following purification, H172A contained less than of contaminant eluting with the same retention time as
0.3 Cu/protein. The enzyme was reconstituted following the product and were subtracted from each assay.
procedure describe®() to obtain H172A containing 1.4 o-Hydroxyhippuric Acid Standard Cue. Using com-
Cul/protein. A 10 kDa membrane Biomax Millipore ultrafree  mercially availablex-hydroxyhippuric acid, mock-quenched
centrifugal filtration device was washed with 4 mL of 50 assay mixtures including quencher were constructed, with
mM potassium phosphate, pH 7.4, to remove preservativesconcentrations afi-hydroxyhippuric acid ranging from 0.05
(spun at 2000 rpm for 30 min). In the example described to 2 nmol.
here a 1 mLsolution of 10.87 mg/mL H172A PHMcc was Steady-State Assays and NoncompetiKinetic Isotope
diluted with 3 mL of 50 mM potassium phosphate, pH 7.4, Effects.Initial rates were measured from the rate of oxygen
and the solution was spun at 2000 rpm for 40 min to consumption at varied oxygen and protiated or dideuterated
concentrate the solution down to 1 mL. This step was hippuric acid concentrations. The decrease in oxygen con-
repeated two more times. To the washed 1 mL of enzyme centration was measured with a YSI model 5300 biological
solution (311uM) was added 3 mL of 234M CuSQ, and oxygen monitor. The temperature of the chamber was
50 mM potassium phosphate, pH 7.4, such that the final maintained at 37.@- 0.1 °C with a Neslab circulating water
copper to protein concentration was in a 2:1 ratio. The samplebath. Reaction mixtures (1 mL) contained 100 mM MES
was incubated on ice for 10 min and then concentrated to 1(pH 6.0), 30 mM KCI, 1uM CuSQ, 0.4 mM K4Fe(CN},
mL. Another 3 mL of 5uM CuSQ, and 50 mM potassium  and various amounts of hippuric acid substrate{#3 mM)
phosphate, pH 7.4, was added and subsequently concentratedt a range of concentrations of dissolved oxygen (6@36
to a final volume of 85Q:L. Aliquots of 60uL were frozen mM). Concentrated solutions of;ke(CN)} and CuSQwere
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made fresh and kept on ice. The oxygen concentration wasautoxidation reactions2{, 28). Hydrogen peroxide inacti-

varied by stirring the reaction mixtures for 4 min with
premixed Q/N, mixtures in the appropriate proportions to
yield the desired @ concentration. The resulting oxygen
concentration was determined from the known concentration
of dissolved oxygen in air-saturated water (24M at 37

°C) and Q-saturated water (1043M at 37 °C). Reactions
were initiated by the addition of enzyme«8 uL). Velocities

vates PHM through an as yet unknown mechanism, and
catalase is normally added to the assays as a peroxide
scavengerd?2). One potential complication for the stoichi-
ometry experiments is oxygen evolution in the catalase
reaction, which could interfere with the oxygen consumption
measurement if large amounts of,® were produced.
Therefore, catalase was omitted from the assays.

of both unlabeled and dideuterated substrates at a given A second complication is that the background rate of

concentration were obtained in a single experiment using

ascorbate oxidation is dependent on the concentration of free

the same stocks of the other reaction components to minimizeCwt, varying from 0.5 nmol of @min~* with no exogenous

fluctuations in experimental conditions. The initial velocity

Cw?* up to 3 nmol of @ min~* with 4 uM exogenous Cir.

data obtained by varying the concentration of one substrateSince the dissociation constants of copper for H172A are

at a fixed concentration of the second substrate were fit to
eq 1 using the program Kaleidagraph (Synergy Software):

VS

Y“K+s

1)
whereV is the maximal velocitySis the substrate concen-
tration, andK is the Michaelis constant. In the case of
noncompetitive substrate self-inhibition, data were best fit
to the equation:

VS
V= (2)
K+ 51+ 9K)
whereK; is the substrate inhibition constant.

To determine the kinetic mechanism from the series of
experiments where the concentration of hippuric acid was
varied at multiple concentrations o,Qhe data were fit by
nonlinear least-squares regression using the program Math

ematica (Wolfram Research) to eqs 3 and 4 describing an
equilibrium-ordered mechanism and a two-substrate steady-

state mechanism, respectiveB6y:

_ VAB
KoKy + KA+ AB

v

®3)

_ VAB
KK, + KA+ KB+ AB

(4)

v

whereA andB are the hippuric acid and£zoncentrations,
respectively,V is the maximal velocityK, and K, are the
Michaelis constants foh andB, respectively, an&, is the

dissociation constant @.

RESULTS

Coupling of Oxygen and Substrate Consumptiém.
interesting feature of H172A is that it maintains copper
binding near WT levels, as well as hydroxylating activity,
despite the loss of this important copper ligat@)( Under
the standard assay conditions, 10 mM hippuric acid and air-
saturated buffer, H172A shows a 1000-fold decrease in

unknown, it was not possible to estimate the amount of free
copper in solution. Wild-type PHMcc has an estimakgd

for copper of 0.06-0.1 uM (13, 29). The large background
rates of Q consumption catalyzed by ascorbate and copper
autoxidation were not conducive to measuring accurate
guantities of oxygen consumed with the mutant. Also,
because of the copper ion dependence of the ascorbate-
catalyzed autoxidation, addition of large quantities of enzyme
(2 uM range) would be expected to increase the ascorbate
background rate. In fact, coupling ratios of dioxygen
consumed to product formed, using ascorbate as the reduc-
tant, varied from 1.69+ 0.22 when the enzyme is preincu-
bated with copper (141.8 Cu/enzyme) to 0.84 0.01 for

the as-purified enzyme (containing 0.2 Cu/enzyme). Presum-
ably the ratio greater than 1 is from metal ions dissociating
from the enzyme and reacting with ascorbate during the
assay. In this manner the initial ascorbate background rate
will be underestimated and produce an overestimate of the

amount of oxygen consumed to product formed.

An alternate reducing agent, lacking the high background
and metal ion dependent,onsumption, was sought.
Ferrocyanide has been shown to be an effective reducing
agent for the analogous enzymgd (30) and has been
tested with PAM 81). Furthermore, the background rate with
ferrocyanide is independent of copper. Therefore, we decided
to use ferrocyanide as the reductant in all further studies.
Background rates with ferrocyanide were negligible and
depended largely on the quality of the electrode used. Since
autoxidation with this reductant is not a problem, it was
possible to omit catalase from the assays without concern
for PHM inactivation.

Oxygen consumption was measured over a period of
minutes with an oxygen electrode, with the background rate
measured for at least 3 min prior to adding enzyme (see
Figure 3). At the appropriate reaction times, assays were acid-
guenched, and the amount of hydroxylated product (
hydroxyhippuric acid) was determined by applying an aliquot
of the quenched assay to the HPLC and comparing to a
standard curve.

Wild-type PHM gave a ratio of oxygen consumed to
hydroxylated product formed (coupling ratio) of 0.200.08

turnover rate. One consequence of this lower rate is that awith ascorbate as the electron donor and Gt86.13 when

considerable amount of enzyme (final concentration @2
equivalent to 0.07 mg/mL protein) is required for each assay.
Assays were initially performed with the in vivo electron
donor ascorbate since activity assays for wild-type PHM are
routinely carried out with this reductant for maximal activity.
A side effect of using ascorbate is that hydrogen peroxide is

using KsFe(CN} (see Table 1). H172A shows a coupling
ratio of 0.93+ 0.12, with ferrocyanide as the reductant. Since
these values are unity, within error, it is possible to conclude
that there is full coupling of oxygen consumption to
hydroxylated product formation in H172A. We note that
since the coupling ratios measured with ferrocyanide or with

produced through ascorbate and transition metal catalyzedascorbate and very low amounts of copper/enzyme are similar
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Ficure 3: Discontinuous assay for H172A to compare thg O ]
consumed (A) with product formed (By-Hydroxyhippuric acid °o " 02 04 06 08 1 12
elutes at approximately 14 min, and hippuric acid elutes at 28 min. ’ K Fe(cri) (lei) ’
All other assay components elute in the dead time centered at 4 6
6 min. Ficure 4: Inhibition of WT (A) and H172A (B) by the one-electron
reductant potassium ferrocyanide. For WT (40 mM HA and 0.95
Table 1: Stoichiometry of @Consumed to Product Formed mM O), fitting to eq 2 results iVmax = 55 571, Ky = 0.6 mM,
average andK; = 0.4 mM. For H172A (40 mM HA and 0.21 mM
= 1 = =
enzyme form reductant  [PHM] (uM) Og/product Vimax = 0.029 s, Km = 0.3 mM, andK; = 0.4 mM.
WT ascorbate 0.03 0.90 0.08 ; _ e ;
WT ferrocyanide .01 .88 0.13 isotope-sensitive stef3%). Comparison of these parameters

H172A ferrocyanide 293 0.98 012 for wild type to those of the mutant gives information on
the location in the kinetic mechanism of the large decrease

) . ) ) in rate and allows for a better understanding of the role of
and close to unity, the higher values, obtained in the presence 172 and how its absence affects the mechanism.

of ascorbate and higher copper/enzyme concentrations, can perrgcyanide Inhibition and the CorrectioAs presented
be attributed to increased background rate of ascorbate aify Figyre 4, rates at high concentrations of ferrocyanide are
oxidation following dissociation of copper from the mutant yecreased, characteristic of substrate inhibition, presumably
enzyme. from cyanide anion binding to and removing copper from
Possible reasons why the observed uncoupling ratios tentthe enzyme. Under the standard assay conditions, using 1
to cluster somewhat below unity could be (i) overestimation ;M exogenous Cu added to the assays, wild-type and mutant
of the observed background rate of oxygen consumption pHMcc were inhibited by ferrocyanide at concentrations
and/or (i) contamination of the commercially available ghove 0.6 and 0.4 mM, respectively (see Figure 4). Increasing
a-hydroxyhippuric acid used to produce the standard curve the exogenous copper concentration up (at 0.4 mM
(although no impurities other than up to 0.2% benzamide ferrocyanide) had no beneficial effect on activity (data not
were detected). shown). Therefore, a constant concentration of 0.4 mM
Steady-State Kinetics and Isotope EffetTtse Cuy, site in ferrocyanide and kM exogenous copper was chosen for
H172A might be expected to show different electron transfer the steady-state assays in which substrates hippuric acid and
properties than WT. To investigate its catalytic mechanism dioxygen were varied. However, this concentration of
further, an extensive kinetic analysis to measig, ferrocyanide was not fully saturating.
keafKm, and the isotope effects on these parameters for WT  To avoid kinetic ambiguities arising from the half-reaction
and H172A was undertaken using the alternate reductantin which the copper sites are reduced, it is desirable to fully
potassium ferrocyanide. Hippuric acid was used as the saturate with the reductant, ferrocyanide. Experiments in
substrate since it is readily available and has been used inwhich ferrocyanide was varied at constant hippuric acid and
previous kinetic studies on PHMcc where ascorbate was usedO, concentrations showed ferrocyanilg’s for WT PHM
as the reductantl). The initial velocities were measured to vary from 0.03 mM at low HA and ©4 mM HA, 0.21
as a function of dioxygen and protiated and dideuterated mM O,) to 0.26 mM at high concentrations of HA ang O
hippuric acid. The isotope effects on these parameters can(40 mM HA, 0.95 mM Q; data not shown). Deuterated
provide information on the order of addition of reactants as hippuric acid showed a similar trend, with ferrocyani<igs
well as the location and degree of rate limitation of the ranging from 0.10 mM at low HA and ©to 0.21 mM at
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Table 2: Steady-State Kinetic Parameters for WT and H172A PHMcc with 0.4 mM Ferrocyanide

wild type? H172AP
parameter H2HA [2H2]HA KIE [tH]HA [2H2]HA KIE
Keat (1) 51 (3) 35 (3) 1.45 (0.15) 0.022 (0.001) 0.0068 (0.0007) 3.27 (0.39)
KealKm(HA) (MM~1s71) NA® NA NA 0.0053 (0.0008) 0.0030 (0.0009) 1.77 (0.63)
kealKm(O2) (MM~s7%) 176 (39) 80 (18) 2.20 (0.70) 0.422 (0.058) 0.154 (0.039) 2.75 (0.79)

Ki(O2) 0.292 (0.063) 0.442(0.094)

0.053 (0.010) 0.044 (0.015)

aKinetic parameters were obtained by fitting data to the equation describing an equilibrium-ordered mechanisrh Kewt. parameters
were obtained by fitting data to the equation describing a two-substrate steady-state mechanisrfiNég=4)not available.

high HA and Q. However, mutant PHM showed a rather
different trend. Upon varying ferrocyanide at multiple
constant concentrations of HA and,,GerrocyanideKy’'s
ranged from 0.12 mM at low substrate concentration to 0.14
mM at high concentration for protiated hippuric acid and a
constantK, of 0.05 mM for dideuterated hipurric acid.
Therefore, to apply a correction, the observed rates at 0.4
mM ferrocyanide were compared to the extrapolated rates
at fully saturating ferrocyanide, and the difference between
the two was plotted as a function of hippuric acid and
dioxygen. A correction was then applied to each rate based
on the hippuric acid and dioxygen concentrations.

The limiting parameters ofke, kealKm(HA), and
kealKm(O2) along with the deuterium kinetic isotope effects
on these parameters for WT and H172A PHM using
ferrocyanide as reductant are summarized in Table 2. At a
concentration of 0.4 mM potassium ferrocyanide, protiated
and dideuterated hippuric acid concentrations were first
varied while maintaining a constant ©oncentration. This
analysis produced appareWitax and Vima/Kn(HA) values,
which were then replotted versusj@o give the extrapolated
parameterskeay, KealKm(O2), and keo/Kn(HA) at infinite
concentrations of both substrates (see Figure 5). It is
interesting to note that the kinetics of WT with different
reductants, 0.4 mM ferrocyanide with the correction (this
study) and 10 mM ascorbat&9), do not vary significantly.
The correctedk.,; with ferrocyanide is 30% higher than that
with ascorbate (39.% 0.5 s, yet the isotope effect on
this parameter remains identical.

With 10 mM ascorbate, WT PHM proceeds through an
equilibrium-ordered mechanism, with hippuric acid binding
before Q (19). With ferrocyanide, data were fitted to the
equations describing an equilibrium-ordered (eq 3) and a two-
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FiGure 5: Replots of appareityax for saturating hippuric acid at
varied, fixed concentrations of Jor WT (A) and H172A (B)
PHMcc. Each point represents the appar€ptx measured by
variation of [H,]HA (®) or [2Hy]JHA (O) followed by least-squares
fitting to the Michaelis-Menten equation; the error bars represent
the standard error in the initial curve fit. The data shown here were
fitted to a hyperbolic functiony = ax/(b + x), to obtain the
extrapolatedk.q values for WT, fH,]JHA 57 &+ 5 s~ and PH,JHA

37 + 6 s71, and for H172A, {H,]JHA 0.0206 + 0.0006 s* and

substrate steady-state mechanism (eq 4), with a slightly bettef*H2]JHA 0.0067 & 0.0001 s*.

fit to the equilibrium-ordered equation as determined by the
statistical parameter, the square root of the residual least
squaresZ6). Theo values for the fit to eqs 3 and 4 are 1.26
and 1.28, respectively, for the protiated hippuric acid data
and 0.68 and 0.70, respectively, for the dideuterated hippuric
acid data. In addition, th&, (Kua) values obtained when
fitting the initial velocity data to the two-substrate steady-
state equation (eq 4) are small with standard errors larger
than the corresponding values, indicating a lack of signifi-
cance for this term and suggestive of an equilibrium-ordered
mechanism.

In an equilibrium-ordered mechanism, where hippuric acid
is predicted to bind first, a constant isotope effect on
keafKm(HA) would be observed that is independent of the
concentration of @ and equal to the isotope effect on
keal Km(O2) (19). From a plot of the appareima/Km(HA)
versus Q concentration (not shown), very high and unreach-

able concentrations of Qvere needed, up to 8 mM0Oto

get an accurate value of the limiting isotope effect on this
parameter. However, a plot of apparB¥t,/Km(HA) versus

O, concentration (Figure 6) provides an estimated value of
5, which is comparable to wild type with ascorbate (see
Figure 1B in refl9). In the case of @ a k.a/Kn(O2) with
ferrocyanide is seen to be comparable to that with ascorb-
ate, while the isotope effect is smaller (2.200.70). This
latter value indicates an inequality betwe&®a/Km(HA)

and PVya/Km(O2), making the assignment of the kinetic
mechanism for WT enzyme in the presence of ferro-
cyanide to equilibrium-ordered somewhat equivocal. The
major consequence of fitting to an equilibrium-ordered
mechanism is an inability to estimate./Kn(HA), with
values fork., andk../Km(O,) and microscopic rate constants
(Tables 2 and 3) within the error bounds of the same



H172A Kinetics in PHM

isotope effect

o...|..| [ PR RS

0 0.2 04 0.6 0.8 1
0, (mM)

Ficure 6: Dependence of apparéit¥ .« (®) and apparerftVyay
Km(HA) (O) on the concentration of dioxygen for WT PHM using
ferrocyanide.

Table 3: Intrinsic Rate Constants for Wild-Type and H172A PHM
According to Scheme 2

wild type/
constant wild type H172A H172A

kso, (MM™1sY)2a 196+ 53 0.496+ 0.094 ~400
kso, (5792 (1524+ 221y  (0.020+ 0.044¥
kspa (MM~1s71)2  NA 0.006+ 0.001
Ky na (5792 NA (0.008+ 0.018¥
ks (5712 1330+ 420 0.113+ 0.020 ~12000
kr (s73)2 53+4 0.027+ 0.002 ~2000
Kb 0, (MM)P 0.77+ 0.42 0.044+0.02
Kp pa (MM)P 141+ 1.0

a Calculated from the equations derived in B (eqs 1-8, Table
6) using a value of 12.% 1.0 for the intrinsic isotope effect as described
in ref 19. ® Calculated using the equations derived in5é{eq 2, Table

5). ¢ These parameters are undetermined due to the large propagate

errors.

parameters estimated using the steady-state assumption (da@ecomes fully metallated

not shown).
The mutant data were obtained in a similar fashion to wild

type (see Figure 5); in this case, they were found to fit better
to the equation describing a two-substrate steady-state

mechanism (eq 4). The values for the fit to eqs 3 and 4

are 0.0015 and 0.0010, respectively, for the protiated hippuric
acid data and 0.00091 and 0.00075, respectively, for the
dideuterated hippuric acid data. The first-order rate constant

keaw reflecting all steps in the mechanism from formation of

the ternary complex through product release, is significantly

decreased from WT by almost 3000-fold and very surpris-

ingly shows an elevated isotope effect (Table 2). At the same

time the second-order rate constktKy(O2) shows a 300-

fold decrease from WT. The trends in all of the parameters

indicate that the measured activity is unlikely to arise from
any WT contamination. The deuterium isotope effect on both
keal Km(HA) and keof Km(O2) is characteristic of the steady-
state-random kinetic mechanism shown in Scheme 2.

DISCUSSION
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Scheme 2: PHM Kinetic Mechanism in Which Substrate
and Q Bind in a Random Fashion

E-HA
KiralHA] k302[02]
kaHA K402 )

K
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E
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Scheme 3: Possible CuGpecies Capable of Hydrogen
Atom Abstraction

I E'CuM(I)(Oz) — E-CuM(u)(of)

e
A,

i1 Ercun 0 E-cuuty 07) = E-cuym 020

environment at the Gusite through site-directed mutagenesis
could slow down the electron transfer step without affecting
any other steps in the mechanism. In this way the two
plausible mechanisms in which substrate binds and dioxygen
is activated and reduced at the \Csite (Scheme 3) might

be distinguished by a steady-state kinetic analysis. In fact,
deletion of the Cy site altogether might provide information
on the mechanism through a detection of Cntermediates,

or activated @and substrate intermediates produced through
an unproductive turnover. Mechanisms have been proposed
for PHM whereby hydroxylated product is formed prior to
electron transfer from the Gsite (15—17). Removal of the
Cuy center to obtain the half-apoprotein is possible by
dialyzing protein solution saturated with CO against cyanide

yvhere the CO binds to the Gusite and protects it from

cyanide 83, 34). However, the copper sites of PHM are
labile, allowing for redistribution of copper on the time scale
of steady-state activity assays, such that some enzyme

The general requirement for the chemical mechanism of
PHM and M is that C-H cleavage, the first irreversible
step, must be connected to the activation eft@ough a
series of fully reversible step&g, 35, 36). Possible activated
oxygen species capable of hydrogen atom abstraction that
meet this requirement include either a one-electron or two-
electron reduced species (Scheme 3). The methionine ligand
contributes to the stability of the reduced\site, having a
much longer bond to the oxidized than to the reduced copper
(18). In addition, formation of these intermediates is uphill
in free energy, and equilibrium is expected to lie far to the
left (15, 17). In |, a Cus®"(O>"") catalyzes G-H abstraction,
with the second electron being transferred after the first
irreversible step (EH abstraction). In the simplest case, a
decreased electron transfer rate for mutant versus WT would
only appear in thé, term, whilek../K(O2) would remain
unchanged since this second-order rate constant is indepen-
dent of step(s) afteks (Scheme 2). For a mechanism in
which the second electron is transferred fromy @versibly,
prior to C—H abstraction (Il in Scheme 3), both. and

A detailed kinetic characterization of WT and H172A ke.a/Kn(O2) would decrease by roughly the same amount.
PHMcc, with the alternate reductant ferrocyanide, was A distinct advantage of the PHM system ovefd is
undertaken in order to clarify the proposed mechanism for that it can be isolated from a relatively high level expression
O, and C-H activation by the noncoupled binuclear copper system which facilitates site-directed mutagenesis experi-
monooxygenases1$), as well as the location of the ments R0, 37, 38). The expressed PHMcc is small (35 kDa)
mechanistic step involving intramolecular electron transfer and has allowed for crystallographic characterization of
from the Cy to Cuy site. A change in the coordination multiple forms of the enzyme, including the oxidize®B),
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oxidized with bound substrate, reducedl), and reduced = modeling studies suggest that ferrocyanide and ascorbate
with bound substrate and dioxygel®]. Initial site-directed possess similarities in possible binding interactions at the
mutagenesis experiments, in which the conserved histidinebinding site on the protein, the location of which is unknown.
ligands to the Cy and Cuy, sites were each mutated to In PAM, the one electron donor, ferrocyanide was found to
alanines, resulted in a lack of catalytic activig( 38) with stimulate amidation ob-Tyr-Val-Gly, although with an
no alteration in the rate of secretion of the mutant proteins efficiency approximately 40% of that of ascorbat&l)
(37); this indicated that the His residues, although essential however, only one concentration of ferrocyanide was used,
for catalytic activity, were not essential for the folding of 2 mM, with 1 uM exogenous copper, so inhibition was not
newly synthesized PHMcc into a secretable form. These discussed. In PM, intersecting kinetic patterns were ob-
activity assays at the time were not sensitive enough to detectserved by LineweavetBurk analysis, when ferrocyanide
the residual activity of the H172A mutant. was used as a reductand9. This phenomenon was
Closer examination of H172A found that activity was attributed to substrate inhibitiorb@), likely due to free
retained, although decreased:$00 fold with the substrate  cyanide that could be overcome by added copfér %1).
Ac-YVG (10). Interestingly, this mutant still binds €t In the present studies, ferrocyanide is found to be as
even though HiE? coordinates more closely to and is an competent a reductant as ascorbate; however, the inhibition
important ligand to the oxidized copper (see Figure 2). The at higher concentrations was not eliminated with added
extent of copper binding to reconstituted H172A was found copper.
to be identical to wild type, with a 1.4:1 copper to protein ~ Comparing the rates of protiated and dideuterated hip-
ratio. Another ligand involved in redox-based coordination puric acid with ferrocyanide for WT and H172A4 and
changes is the methionine at theyCsite, which coordinates  keo/Km(O,) for H172A decrease significantly, while the
more closely to the reduced copper. Mutation of Met314 to deuterium isotope effects on these parameters unexpectedly
lle eliminates metal binding at the reduced\Csite (18, increase. It was thought that steps in the mechanism affected
40). The mechanism whereby H172A would affect the re- by the mutation would only involve those in which the,Cu
duction potential at the Gisite is likely to be a combination  site was involved, since substrate and lnding appear
of the reduced electron-donating property of Ala, as well as restricted to the Gu site. However, the €H abstraction
a change in the ligand reorganization properties as the metalstep has become more rate-limiting in the mutant, negating
cycles between thé-1 and+2 valence states. the hypothesis that H172A would solely affect the electron
PHM is primarily localized within secretory vesicles, a transfer rate.
compartment of the cell that contains high levels of ascorbate. The intrinsic rate constants for the kinetic mechanism
Therefore, the enzyme might be expected to maintain tight shown in Scheme 2 can be calculated from the measured
coupling of Q binding and reduction with substrate binding kinetic parameters, their isotope effects, and the intrinsic
and oxidation, to prevent deleterious reactive oxygen from isotope effect. This methodology has been used previously
propagating out of control. This contrasts with other hy- in calculating the rate constants for the reactions catalyzed
droxylating enzymes such as phenylalanine hydroxylase andby DSM (52), WT PHM (19), and Y318F PHM 36).
cytochrome P450, which show uncoupling of oxygen con- Although the intrinsic isotope effect for H172A is not
sumption from product formation in assays where substrate available, a previously determined intrinsic isotope effect for
analogues are usedl 42), or when mutations to important WT enzyme which is identical to M (53) should serve as
active site residues disrupt substrate or cofactor binding a rough guide to determine the steps in the mechanism most
(43—46). Various modes of uncoupling can be achieved, affected by the mutation (Table 3). It can be seen that the
including a two-electron “oxidase” uncoupling where hy- H172A mutation most notably altels: an approximate
drogen peroxide is produced or a four-electron “oxygenase” 12000-fold decrease is seen in the rate of theHCbond
form of uncoupling where water is produced. In PHM, a cleavage step. The rate constégs,, corresponding to the
four-electron uncoupling pathway is unlikely since the rate of association of £1o the EHA binary complex, is the
enzyme reacts with reductant in a separate half-reactign. O least affected, being decreased by approximately 400-fold.
activation that proceeds through a superoxide channeling There are multiple explanations to account for the unex-
mechanism or formation of a Cu(l)¢O) (Il in Scheme 3) pectedly large changes in the chemical step by H172A. First,
might lose superoxide and lead to an unproductive turnover. mutation may have conferred nonspecific structural changes
However, none of these side products are formed in H172A that propagate throughout the protein, creating an inactive
PHMcc, as a tight ratio of oxygen consumption to product form that is in equilibrium with the active form. As a first
formation is observed (Table 1). It is remarkable that HL172A approximation, this would predict that all rate constants
PHM has maintained tight coupling despite a significant would be similarly affected with unchanged isotope effects,
decrease in rate. Full coupling rules out the superoxide with the portion of the enzyme that is active and in the correct
channeling mechanism and suggests that H172A has notconfiguration for catalysis behaving the same as wild type.
drastically altered the basic characteristics of thdiading However, examination of Table 3 indicates differential effects
and activation pathway. on the rate constants, leading tk.athat is diminished-10-
Ferrocyanide was chosen as the primary reductant in thesdold more thark../Km(Oy), relative to wild type. As discussed
studies instead of ascorbate. Witl#la, a full examination earlier, mechanism | in Scheme 3 [where ay€§O,"")
of kinetic parameters with ferrocyanide has indicated that it catalyzes €H abstraction] places the other possible rate-
is nearly as competent as ascorba®6).( Ascorbate and  limiting steps in the mechanism, such as intramolecular
ferrocyanide show similar reduction potentials; ferrocyanide electron transfer and product releasekin This mechanism
is 0.36 V while ascorbate has a one-electron reduction could account for the altered redox properties of the Cu
potential of 0.39-0.42 V @47, 48). In addition, molecular  site affectingk.a: somewhat more thak../Km(O,), but it
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cannot account for the greatly decreased valuekfcand CONCLUSIONS
the elevated kinetic isotope effects. Interestingly, there are
other residues near the site that affect steps in the
mechanism between formation of the ternary complex and
product release. Mutation of Y79W, less tha A awayfrom

Cuwy, shows a decrease ka,: by approximately 200-fold1(3).

A second possibility is that Qactivation and substrate
hydroxylation occur at the Gusite. A large volume of
evidence suggests otherwisgd (33, 39). Substrate-induced
CO binding to the Cy site has implicated it as a possible
0O, binding site @), with a suggested role for Hi& as an
active site acid catalysi(Q). This mechanism would require
that G first bind to the Cy site, receiving a proton and
electron, and then channel across the water-filled cavity to

Cuv. However, as noted above, full coupling of, ©on- . :
sumption with hydroxylated product formation (Table 1) d_|srupt|on ofahydrqgen-bonded networl.< thrpughthe water-
illed cavity connecting the two copper sites is postulated to

rules out a superoxide channeling mechanism and suggestg 4 o .
that no drastic changes have occurred at the active site tomterfere with the preorganization and subsequent reorganiza-

perturb the mechanism of,@ctivation. The only alternative gﬁg ﬁ?:;gf?rn;?tféiﬁ%(igvimg%gfgeg %i;ugfcgﬁgs?;/aigap
would be for substrate to move from its crystallographically ydrog

defined binding site adjacent to the gusimilar to a  t© the activated Guoxygen species.
mechanism proposed in réB.

A third possibility is that H172A induces subtle but critical
changes to the protein backbone and to a hydrogen-bonding We thank Prof. Betty Eipper (DK32949) and Dr. Joseph
network linking the copper sites. Earlier studies have Bell for providing some of the enzyme samples and for
indicated that mutation of a ligand to GM314) produces  advice on purification procedures.
long-range structural perturbations to theyGite @40). In
the crystal structures of oxidized and reduced PHMcc, with REFERENCES
and without bound substrate, there appears to be a water 1 gjinman, J. P. (1996) Mechanisms whereby mononuclear copper
molecule in close proximity and hydrogen bonded to H108. proteins functionalize organic substrat€hiem. Re. 96, 2541
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Residue Hi&'? has been found to play a very important
role in the mechanism of PHM. As a ligand of Guts
absence does not appear to have a significant effect on copper
binding. However, deletion of this residue results in a 12000-
fold decrease in the hydrogen transfer step with smaller
effects on substrate binding and electron transfer/product
release steps (462000-fold, respectively). One possible
consequence of H172 removal on the mechanism of substrate
hydroxylation may be a nonspecific structural change to the
entire protein that creates a suboptimal conformation of active
protein that reduces the values for all rate constants by a
similar value. An additional effect must be invoked to explain
the fact that H172A has its greatest impact on H-transfer. A
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