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ABSTRACT: Hydroxymandelate synthase (HMS) catalyzes the committed step in the formation of p-hydroxy-
phenylglycine, a recurrent substructure of polycyclic nonribosomal peptide antibiotics suchas vancomycin.HMS
has the same structural fold as and uses the same substrates as 4-hydroxyphenylpyruvate dioxygenase (HPPD)
(4-hydroxyphenylpyruvate (HPP) and O2). Moreover, HMS catalyzes a very similar dioxygenation reaction to
that ofHPPD, adding the second oxygen atom to the benzylic position, rather than the aromaticC1 carbon of the
substrate. The dissociation constant for HPP (59 μM) was measured under anaerobic conditions by titrating
substrate with enzyme and monitoring the intensity of the weak (ε475nm ∼ 250 M-1 cm-1) charge-transfer
absorption band of the HMS 3Fe(II) 3HPP complex. Pre-steady-state analysis indicates that evidence exists for
the accumulation of three intermediates in a single turnover and the decay of the third is rate-limiting in multiple
turnovers. The rate constants used to fit the data were k1= 1� 105M-1 s-1, k2= 250 s-1, k3= 5 s-1, and k4=
0.3 s-1. However, the values for k1 and k2 could not be accurately measured due to both a prolongedmixing time
for theHMS system that obscures observation at the early times (<10ms) and the apparent high relative value of
k2. The third phase, k3, is attributed to the formation of the product complex, and no kinetic isotope effect was
observed on this step when the protons of the substrate’s benzylic carbon were substituted with deuteriums,
suggesting that hydroxylation is fast relative to the steps observed. The final and predominantly rate-limiting step
shows a 3-fold decrease in the magnitude of the rate constant in deuterium oxide solvent, and a proton inventory
for this step suggests the contribution of a single proton from the solvent environment.

Vancomycin was adopted into therapeutic use some 40 years
ago in response to new strains of staphylococci that were growing
resistant to penicillin. Despite known resistance, particularly
among enterococci, vancomycin has remained a “last line of
defense” drug able to treat infections that defy response tomultiple
antibiotics (1, 2). One of the key substructures of a number of
macrocyclic peptide antibiotics, including vancomycin, chloroe-
momycin, and complestatin, is p-hydroxyphenylglycine (PHPG).1

PHPG is derived in four enzymatic steps from tyrosine. Hydro-
xymandelate synthase (HMS) catalyzes the first and committed
step of this sequence, the conversion of 4-hydroxyphenylpyruvate
(HPP) to hydroxymandelate (HMA) (Scheme 1).

HMS catalyzes a similar reaction to that of 4-hydroxyphenyl-
pruvate dioxygenase (HPPD). The difference between the two reac-
tions is the carbon towhich one of the atomsof dioxygen is directed.
In the case of HPPD, hydroxylation occurs on the aromatic ring,
inducing an NIH shift of an aceto substituent to an adjacent
aromatic carbon; HMS instead hydroxylates the benzylic carbon
(Scheme 1). The primary sequences of HPPD and HMS have

∼30%identity, and the twoenzymes share the same tertiary fold (3).
However, while HPPDhas been studied quite extensively (4), HMS
is a relatively recent addition to the scientific literature (3, 5, 6). We
have expressed and purified HMS from Amycolatopsis orientalis
and conducted a series of experiments designed to define the salient
details of catalysis in regard to substrate binding, oxygen reactivity,
and rate-limiting catalytic processes.

MATERIALS AND METHODS

Materials. The sodium salt of HEPES buffer, monobasic and
dibasic potassium phosphate, 99.8 atom%deuterium oxide, and
β-mercaptoethanol (βME) were purchased from ACROS. Am-
monium sulfate, sodium chloride, Luria-Bertani media (LB),
and streptomycin sulfate were purchased from Fisher Scientific.
Isopropyl β-thiogalactopyranoside (IPTG) was from United
States Biochemicals. Ferene S (3-(2-pyridyl)-5,6-bis(2-[5-furyl-
sulfonic acid])-1,2,4-triazine), ampicillin, andHPPwere purchased
from Sigma-Aldrich Co. Sephacryl S-200 was purchased from
Amersham and Q-Sepharose from Bio-Rad. Electrophoretic
grade agarose was purchased from ICN Biomedicals, Inc.
Chemically competent Escherichia coli TOP10 and BL21 DE3
cells were obtained from Invitrogen. The pET17b plasmid was
purchased fromNovagen. TheMidiprep plasmid preparation kit
and Qiaquick gel extraction kit were from Qiagen. Restriction
enzymesNdeI andXhoI andT4DNA ligasewere purchased from
New England Biolabs. Ten kilodalton nominal molecular weight
limit (NMW) Biomax centrifugal filters were manufactured by
Amicon. The apo form of HMS was expressed and purified as
previously described (3, 7).
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Extinction Coefficients. The extinction coefficient of apo-
AoHMS was calculated to be 20525 M-1 cm-1 at 280 nm by the
method of Pace (8). The molar extinction coefficient of HPP was
3400 M-1 cm-1 at 276 nm at pH 7.0 (9). The molar extinction
coefficient of HMA was 1280 M-1 cm-1 at 274 nm and was
determined using an internal standard, nuclear magnetic reso-
nance (NMR) method described by Johnson-Winters et al. (9).
Enzyme Assays and Steady-State Observations. HMS

activity was measured using a Hansatech Oxygraph dioxygen
electrode. Standard activity assays included 1 μMenzyme, 1 mM
βME, 10 μMFe(II), and 300 μMHPP in 20 mMHEPES, pH 7.0
at 5 �C, with atmospheric oxygen (∼390 μM). Reactions were
initiated with HPP once the background rate of dioxygen
consumption had been assessed. Background depletion of dioxy-
gen results from the free and enzyme-bound forms of the added
metal ion cycling between ferrous and ferric forms in the presence
of dioxygen and the βME reductant. Enzymatic rates were
measured between 20 and 50 s after initiation and were corrected
for background dioxygen reduction. Steady-state kinetic para-
meters were determined at 5 �C for direct comparison with pre-
steady-state experiments conducted at the same temperature.
Where possible, apparent kinetic parameters were measured by
varying the concentration of HPP or O2 in assays that contained
high concentrations of the other substrate. Data were fit to the
Michaelis-Menten equation (eq 1).

v ¼ Vmax½S�=ðKm þ ½S�Þ ð1Þ
Measurement of the Dissociation Constant for the

HMS 3Fe(II) 3HPP Complex. The binding constant for the
HMS 3Fe(II) 3HPP complex was measured under anaerobic con-
ditions according to the methods of Johnson-Winters et al. (7).
The concentration of the HPPD 3HPP complex was plotted
against total HPP concentration. These data were fit to eq 2 in
which theKdHPP value and the concentration of available binding
sites ([HPPD]) were obtained.

½HPPD 3HPP� ¼ fKdHPPþ ½HPP� þ ½HPPD�- ððKdHPP þ ½HPP�
þ ½HPPD�Þ2 - 4½HPP�½HPPD�Þ1=2g=2 ð2Þ

Product Analysis for HPP. The propensity of HMS to
hydroxylate the benzylic carbon as opposed to the aromatic C1
positionwasmeasured usingHPLC analysis ofmultiple turnover
reaction mixtures. Assays included 2 μM enzyme, 1 mM βME,
10 μMFe(II), and 25-100 μMHPP in 20mMHEPES, pH 7.0 at

25 �C, with atmospheric oxygen (∼250 μM) and were monitored
using a dioxygen electrode. Each reactionwas allowed to proceed
until the HPP substrate was entirely consumed and the rate of
oxygen consumption returned to the background rate observed
prior to the initiation of the reaction. The reaction mixture was
then withdrawn (700 μL) and immediately mixed with trichloro-
acetic acid (TCA) (300 μL of 10% (w/v)) to precipitate HMS
and stabilize any HG formed in the reaction. The acidified
reaction mixture was then centrifuged at 20000g for 10 min
and the supernatant injected (50 μL) onto an analytical Pheno-
menex phenylHPLC column (4.6� 250mm) coupled to aWaters
600E HPLC pump. The mixture was separated isocratically at
1 mL/min with a mobile phase of 20 mM citrate, pH 3.5 (95%),
and acetonitrile (5% v/v). HG and HMA were detected at their
absorbance maxima (290 and 274 nm, respectively) using a
Waters 2487 dual-wavelength detector. Standard curves for
HMA and HG were prepared from the authentic compounds
by serial dilution, acidification to 3% (w/v) TCA, and HPLC
detection under the same conditions.
Preparation of 30,30-Dideuterio-HPP. The protons of

the benzylic carbon of HPP were exchanged for solvent
deuteriums by taking advantage of the tautomerization
reaction that reversibly takes HPP from the keto to the enol
form. The purpose of this was to use the dideuterium-labeled
substrate to perturb the hydroxylation reaction that occurs
at the benzylic carbon during the formation of HMA.
The exchange process was monitored using a 500 MHz
Bruker NMR spectrometer. The loss or accumulation
of integration of the resonances for benzylic protons at
3.9 ppm was used to determine rate constants for the
exchange reaction.

The exchange of solvent deuteriums for substrate protons was
carried out at 25 �C.HPP (30 μL of 60mM) was added to 660 μL
of 200 mM phosphate-buffered deuterium oxide, pD 7.0. The
exchange of solvent protons for substrate deuteriums was
measured at 5 �C in order to define the rate constants for this
process at the temperature of kinetic experiments conducted in
H2O. 30,30-Dideuterio-HPP (45 μL of 48.4 mM) was added to
655 μL of 200 mM phosphate buffer, pH 7.0. In each case, the
measured integration values were plotted against time of initial
free induction decay acquisition and fit to a linear combination of
two exponentials for the initial formation of the 30-protio-30-
deuterio-HPP and its subsequent decay to either 30,30-dideuterio-
or 30,30-diprotio-HPP.
External Chemical Quench and Product Analysis. The

level of HMAmade at various time points in a single turnover of
HMS was measured using an Update Instruments System 1000
chemical/freeze quench apparatus, followed by HPLC detection.
The HMS 3Fe(II) 3HPP complex was prepared in an anaerobic
glovebox, transferred to the quench apparatus syringe, and
capped. This was then taken out of the glovebox, mounted to
the quench instrument, and mixed with an equal volume of
oxygenated, pH 7.0, 50 mM phosphate buffer at 6 �C. Prior to
mixing, the enzyme complex contained 495 μM HMS, 487 μM
Fe(II), 3.1mMHPP, and 601 μM2,5-dihydroxybenzoate (DHB)
as an internal standard in 50 mMphosphate, and the oxygenated
buffer contained 480 μM O2. Each ∼200 μL of reaction was
quenched with∼100 μL of 30%TCA, at specified age times. The
quenched reactions were centrifuged for 20 min at 12000g to
pellet the precipitated enzyme.

The supernatant (40 μL) was injected onto a Phenomenex
Synergi phenyl column (250� 4.6 mm) run isocratically at

Scheme 1: Catalytic Chemistries of HMS and HPPD
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1 mL/min with a solution consisting of 98% 20 mM citric acid,
pH 3.5, and 2% acetonitrile, and the elution was monitored at
274 nm (λmax of HMA) and 340 nm (near λmax for DHB and a
shoulder for keto-HPP). The concentrations of the internal
standard DHB and the reaction product HMA at each age time
were determined by comparison to standard curves prepared
from DHB and HMA that spanned the range of 10-500 μM in
each case. Two reactions were quenched and analyzed for each
time point and averaged. Control reactions involving the same
enzyme sample, mixed against anaerobic, pH 7.0, and 50 mM
phosphate buffer (15min bubbling with argon), were run initially
to quantify enzyme complex oxidation that is part of the sample
preparation process, which produces a base level of HMA. This
level did not differ from the HMA level observed in reactions
quenched at the theoretically fastest time point of 2.5 ms.
Subsequently, 2.5 ms reactions were used as the control. They
were run as part of each set of time point collection, and the
HMA detected for the 2.5 ms reaction was subtracted from that
detected at all later time points.
Stopped-FlowMeasurements. Transient state kinetics were

measured using a Hi-Tech (now TgK) Scientific DX2 stopped-
flow instrument.When required, dissolvedmolecular oxygenwas
removed from the instrument enzymatically by introducing
an anaerobic solution of glucose (50 mM) and glucose oxidase
(20 units/mL) 15 h prior to experiments.

Holoenzyme oxidation was measured as previously de-
scribed (7). An anaerobic holoenzyme complex (10 μM final)
was mixed against varied pseudo-first-order concentrations of
dioxygen (335-933 μM final). Rate constants (kobs) were deter-
mined from the fit of the increase in absorbance at 310 nm, which
is associated with the oxidation of the active site ferrous ion, to a
single exponential, and these were plotted against dioxygen
concentration ([O2]). The data obtained were fit to eq 3 to
determine the magnitude of the second-order rate constant for
holoenzyme oxidation (k).

kobs ¼ k½O2� ð3Þ
The reaction of the HMS 3Fe(II) 3HPP complex with dioxygen

was monitored using both single-wavelength photomultiplier
detection and multiple-wavelength photodiode array detection
(PMT and PDA). Hereafter, wherever unspecified as diprotio or
dideuterio, “HPP” by itself refers to the diprotio species. The
essential experiments involving regular diprotio-HPP in H2O as
well as all experiments involving dideuterio-HPP had compo-
nents with these final concentrations: 99 μMHMS, 85 μMFe(II),
1340 μM HPP (or dideuterio-HPP), and 80 μM O2. All D2O,
proton inventory, and pH experiments involving diprotio-HPP
had the following final component concentrations: 160 μM
HMS, 150 μM Fe(II), 1470 μM HPP, and 145 μM O2. The
buffer in all cases was 20 mM HEPES, pH 7.0.

The HMS 3Fe(II) 3HPP complex was made anaerobic accord-
ing to previously described methods by subjecting apo-HMS,
Fe(II), and HPP in segregated compartments of a tonometer to
45 cycles of vacuum and argon at 5 �C and then combining each
of the components (9). The complex made was then reacted with
molecular oxygen on the stopped-flow instrument maintained at
5 �C, and the reactions were observed spectrophotometrically.
Data were collected with logarithmic time spacing. They were
rendered and analyzed using the Specfit/32 Global Analysis
System (Spectrum Software Associates, Chapel Hill, NC) and
fit to the four-stepmodel depicted in Scheme 2 that assumes rapid
reacquisition of the excess substrate at the end of turnover.

For experiments that used deuterium oxide, the HMS solvent
was exchanged using repeated centrifugal concentration with an
Amicon 10 kDa NMWL filter device, followed by subsequent
dilution in a HEPES-buffered D2O/H2O mixture, pD/H 7.0, to
achieve an ∼99.9% exchange of solvent. The results from the
proton inventory experiments were fit to eqs 4a-4c.

kn=k0 ¼
Xx

i¼1

ð1- nþ nφTÞ ð4aÞ

kn=k0 ¼ ð1- nþ nφi
TÞ ð4bÞ

kn=k0 ¼ ðKIEÞ- n ð4cÞ
In these equations, kn is the rate constant in nmole fraction of

D2O, k0 is the rate constant in H2O, x is the number of
exchangeable sites in the transition state experiencing changes
in fractionation factor(s), and φ

T, known as the fractionation
factor, is the transition state isotope exchange equilibrium
constant. Whereas eq 4a assumes equal contributions from the
x sites, therefore giving a φ

T value that does not change when
multiple sites fractionate (x>1), eq 4b, describing the more
general case, does not make such an assumption, giving disparate
φi

T values when multiple sites are involved; in either case, the
product (φT)i or (φi

T)iwould equal the inverse of the isotope effect
(kDOD/kHOH). Equation 4c describes a medium effect where the
parameter determined from the fit is the KIE itself, kHOH/
kDOD (10).

The pL (L = H, D) dependence of rate constant k4 was fit to
eq 5, which models an apparent single ionization, where Y repre-
sents the values of the measured rate constant, Ka the equilibrium
constant linking the two binding states, kAH the value of the rate
constant at low pH (protonated form), and kA- the value of the
same rate constant at high pH (unprotonated form) (11).

Y ¼ kAH½Hþ�þKakA-

½Hþ�þKa

ð5Þ

Steady-state rate equations based on the rate constants
observed for the steps depicted in Scheme 2 are shown in eqs 6
and 7. Derivation was by the net rate constant method.

kcat ¼ 1

k1½O2� þ koff

kon½HPP�k1½O2� þ
1

k1½O2� þ
1

k2
þ 1

k3
þ 1

k4

ð6Þ

kcat

KHPP
¼ konk1½O2�

k1½O2� þ koff
ð7Þ

RESULTS AND DISCUSSION

HMS, along with HPPD, catalyzes the oxidative decarboxy-
lation and subsequent oxygenation of a single molecule. In all

Scheme 2: The Four-Step Model Used To Fit HMS’s Single
Turnover Reactions
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there are four activities known for these two enzymes. HMS
accepts both HPP and phenylpyruvate as substrates, and mam-
malianHPPDsuseHPPandR-ketoisocaproate as substrates (12).
While these enzymes are members of the R-keto acid-dependent
oxygenase (RKAO) superfamily (13), none of them uses the
R-keto acid,R-ketoglutarate, that all other members use. Instead,
they derive the reducing equivalents required to activate mole-
cular oxygen from an R-keto acid moiety on the molecule they
ultimately hydroxylate. Of the activities in this subclass, HPPD
reacting with HPP is the most studied due to its intriguing
chemical conversion and the relevance of its inhibition to
agrochemistry and specific rare inherited diseases (4). HMS uses
the same substrates as HPPD, HPP, and dioxygen but manages
to avoid hydroxylation of the activated aromatic ring and
hydroxylates the relatively inert adjacent benzylic carbon. De-
spite the homology and structural similarity shared by HPPD
and HMS, each enzymatic reaction has complete hydroxylation
regiospecificity (3, 7, 14).

Compared toHPPD,HMS is a relatively recent discovery, and
this is the first study to characterize its kinetic properties (3, 5, 6).
We present and discuss below measurements of steady-state
parameters, substrate binding, and rate constants for individual
catalytic steps measured in single turnover reactions under a
variety of conditions. The spectrum of a rapidly accumulating
and decaying intermediate that absorbs most strongly at low
wavelengths is revealed through global deconvolution of PDA
data. Although this species accumulates early and to very low
levels, its existence can be established by comparison of the
relative starting and end absorbance values for traces observed at
different wavelengths. The third process exhibits no kinetic
isotope effect in the presence of 2,20-dideuterio-HPP despite the
fact that the product, HMA, can be shown to be formed in this
step, and the rate-limiting fourth phase is identified, as product
release, and is assisted by the movement of a single solvent-
derived proton.
Steady-State Kinetic Data. Steady-state kinetic parameters

were measured at 5 �C such that they could be compared directly
to transient state kinetic observations. The release of Fe(II) from
the enzyme was measured under anaerobic conditions using the
Fe(II)-specific chelator, Ferene S, according to the methods of
Johnson Winters et al. (7). The observed koff for Fe(II) was
∼0.00035 ( 0.00001 s-1 (data not shown). This value indicates
that it is valid to assume that the release of Fe(II) by the enzyme
need not be taken into consideration in the time frame of typical
assays used for steady-state analyses and that concentrations of
iron equal to that of the enzyme are sufficient to fully occupy the
available active sites.

The Km for molecular oxygen could not be accurately deter-
mined but was estimated to be quite low (∼5-15 μM). For this
reason, apparent steady-state kinetic parameters for HMS in
turnover with HPP were measured at an O2 concentration that

corresponded to the zero-order segment of the O2 Michaelis
curve (∼400 μM). These data indicate that HMS has a turnover
number (kcat) of 0.23( 0.01 s-1 and aKmHPP of 6.5( 0.8 μM. In
the presence of 30,30-dideuterio-HPP, neither kcat nor KmHPP

changed significantly. InD2O, the kcat decreased by more than 3-
fold but was accompanied by a corresponding decrease inKmHPP

of 3.5-fold, leaving the apparent kcat/KmHPP ostensibly un-
changed (Table 1). This decrease in theKmHPP value is consistent
with the transient state kinetic observations and is discussed
further below.
Binding of HPP to HMS. Bidentate association of R-keto

acids with a coordinated ferrous ion gives rise to metal-to-ligand
charge-transfer absorption bands (15-17). Under anaerobic
conditions these can be used as a signal to generate binding
isotherms toobtain the fractional saturationof an enzyme sample
in the presence of a known concentration of ligand (18). The
titration of HPP to HMS induced a charge-transfer band very
similar to that observed with HPPD and other RKAO enzymes
(λmax= 475 nm, ε475= 250M-1 cm-1) (7, 15-20). The develop-
ment of the charge-transfer absorption band was rapid, and the
system was at equilibrium within the time taken to fully mix the
enzyme and substrate (∼10 ms). This suggests that association
and dissociation of HPP to and from the holoenzyme are fast.
The dissociation constant for the substrate was determined to be
59( 8 μM (Figure 1). The fit of the data determined that 92% of
the enzyme was available to bind the substrate.
Product Analysis of HPP. In order to test the regiospeci-

ficity of the hydroxylation reaction, product analyses of multiple
turnover reactions were conducted using HPLC. HMS and
HPPD are mechanistic homologues, and delivery of the second
oxygen atomdictates the product formed in each case (Scheme 1).
If the HPP conformation within the two enzymes were similar,
these two positions of oxygenation are ∼1.5 Å apart, and some

Table 1: Steady-State Kinetic Parametersa for HMS

substrate/solvent or effect kcat (s
-1) KmHPP (μM) kcat/KmHPP (mM-1 s-1) KmO2

(μM)b kcat/KmO2
(mM-1 s-1)

30,30-diprotio/H2O 0.23( 0.01 6.5( 0.8 36 ( 4 9( 4 26( 12

30,30-dideuterio/H2O 0.22( 0.01 7.1( 1.4 31 ( 5

substrate KIE 1.04( 0.06 1.16 ( 0.27

30,30-diprotio/D2O 0.072( 0.002 1.9( 0.3 38 ( 5

solvent KIE 3.3( 0.2 0.95 ( 0.16

aAll values measured at 5 �C in the presence of 2.1 μMHMS, 20 μM ferrous sulfate heptahydrate, 500 μM dithioreitol, and 20 mMHEPES, pH 7.0. bThe
value for KmO2

was underdetermined and approximate.

FIGURE 1: The charge-transfer absorbance spectrum of the
HMS 3Fe(II) 3HPP complex under anaerobic conditions. Inset: Bind-
ing isotherm at 4 �C for HPP (O) titrated against 99 μM HMS in
the presence of 96 μM Fe(II) (i.e., 96 μM HMS 3Fe(II) complex) in
20 mMHEPES, pH 7.0. The data were fit to eq 2.
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amount of the alternate product may reasonably be expected to
form from either enzyme. With a limit of detection for HG of
27 pmol and assuming that the kcat values for the formation of
HMA and HG from HMS are similar, we can conclude that the
HMS reaction has at least 99.5% fidelity. This strongly suggests
that the conformation and/or orientation of the substrate and
subsequent intermediates differ(s) sufficiently from those of
HPPD such that aromatic hydroxylation is made considerably
less likely in HMS, a notion recently put forward by Neidig
et al. (21) and addressed more fully by Brownlee et al. (3).
Oxidation of the Holoenzyme. The HMS holoenzyme

reacts with dioxygen in the absence of the substrate, HPP, to
yield the ferric form of the enzyme. This oxidation can be
observed as an increase in absorbance in the 300-340 nm region
of the spectrum. The observed rate constant for oxidation shows
a linear dependence on O2 concentration, with a zero y-intercept.
The reaction is thus bimolecular irreversible and has a second-
order rate constant of 34.7 ( 0.8 M-1 s-1 (Figure 2). If the
enzyme were to reduce O2 prior to binding HPP, this value
indicates that assuming anO2 concentration of 390 μMat 5 �C the
maximum rate of turnover possible under these conditions is
0.013 s-1,∼20-fold slower than the observed kcat (see above). This
result supports the conclusion that HPP adds to the enzyme first
in normal catalysis. This result is confirmatory, as HPPD exhibits
a nearly identical holoenzyme oxidation rate for the free enzyme,
and a change in the order of substrate addition inHMS relative to
HPPD was not expected. Moreover, the order of addition for

other R-keto acid-dependent enzymes also has O2 adding after all
other substrates are bound (22). It is known that in the HMS 3
Fe(II) 3HPP complex theR-keto acid ismade planar and as such is
conjugated with the metal ion (21). This conjugation increases the
electron density at the metal and promotes the reduction of
dioxygen during collision. The changing reactivity of the metal
ion toward dioxygen in the presence and absence of HPP is the
basis for the defined order of addition of the two substrates.
Single Turnover Reactions. In single turnover reactions the

HMS 3Fe(II) 3HPP complex was mixed with dioxygen, and
observations were made with either a photomultiplier (PMT)
or photodiode array (PDA). In PMT mode, the wavelength of
observation was most often at the substrate complex charge
transfer maximum at 445 or 450 nm. Experiments were con-
ducted under a variety of conditions: at different dioxygen
concentrations, using protiated or dideuterated substrate, in
H2O or D2O, and at different pHs. Experiments were first
conducted under pseudo-first-order conditions to preliminarily
define rate constants, as the number of models that pseudo-first-
order traces can fit to is generally smaller. A trace collected at
445 nm for a reaction pseudo-first-order in enzyme is displayed
in Figure 3.

Unlike the related HPPD system, mixing is associated with
considerable Schlierin artifacts for the HMS system. Despite the
dead time for the stopped-flow instrument being ∼1.6 ms, data
collected prior to about 10mswere obscured by this phenomenon
(Figure 3B). In order to lessen this complication, the majority of
the single turnover experiments were conducted with the enzyme
complex and the O2 concentrations being matched or similar.
This approach has the added advantage of using lower concen-
trations of enzyme and higher concentrations of O2, thereby
increasing the signal-to-noise ratio compared to pseudo-first-
order experiments. Qualitatively, traces from such experiments
were a decrease followed by an increase, which can most clearly
be observed in the multiwavelength-time landscape formed by
PDA data sets (Figures 4A and 4B).

Ultimately theminimal four-phasemodel depicted in Scheme 2
was used to fit all data sets to a consistent set of rate constants for
all experimental conditions. However, the rate constants for the
first two events were not measured, as the first event is almost
completely obscured by the mixing artifact and the second phase
is rapid. Respectively, these two limitations obscure and diminish
the accumulation of the first intermediate. A fit depicting the
application of this model is shown in Figure 3B. The imposition
of this model is required by the wavelength dependence of the

FIGURE 2: The oxidation of theHMS 3Fe(II) complex in the presence
of dioxygen monitored at 310 nm. Varied oxygen concentrations
weremixedwithanaerobic holoenzyme (12.5μMHMS,10μMFe(II)
final) at 4 �C.

FIGURE 3: Pseudo-first-order reaction of 190 μMHMS 3Fe(II) 3HPP and 19.8 μMO2 monitored at 445 nm. (A) The 0.01-20 s portion with fit
(red). (B)The entiredata set collected for this reactionwith the fit extrapolated to timepoints prior to0.01 s, indicatedby the dashedvertical line, to
illustrate how data at early time points were obscured by mixing artifacts.
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relative start and end points in single wavelength traces. Experi-
mental design was such that all dioxygen was consumed in the
reaction and the substrate complex is re-formed once the product
is released (Scheme 2). If the spectrum of HMS’s intermediate I is
indeed as that shown in Figure 4C, time-dependent absorption
data at wavelengths lower than 450 nm should display noticeably
higher absorbance at 10ms relative to the end point. This pattern
is borne out by the PMT traces shown in Figure 5A, collected at
399 and 375 nm for the same reaction, whereas traces collected at
longer wavelengths do not have this characteristic (Figure 5B).
Elevated absorbances at early times with respect to the end
point absorbance values suggest that we have largely failed to
observe an intermediate(s) prior to the end of the mixing and
must include the formation and decay of this intermediate in our
kinetic model.

Despite the paucity of evidence, the shape of the spectrumof the
first intermediate species can be deconvoluted from the PDA data
when fit to the model depicted in Scheme 2. However, the lack of
data at early times requires that we impose a value for k1 that in
turn defines the extinction coefficients depicted for this species. As
such, the true absorbency of this species cannot be deduced from
the available data. Figure 4C depicts the calculated intermediate
spectrum for this species, assuming a value for k1 (10

5 M-1s-1)
that is on the same order of magnitude as that observed for the
closely related HPPD enzyme (7.4 � 104 M-1 s-1) (9), and the
shape of this species is qualitatively similar to the first intermediate
observed in single turnover reactions of HPPD (9, 23).

The range of rate constant values observed for k2 from fitting
was broad. What was clear was that the second phase was
relatively rapid and largely responsible for the low fractional

FIGURE 4: Single turnover reactions of the HPP-bound HMS holoenzyme and O2. (A) 85 μM HMS 3Fe(II) 3HPP reacting with 80 μM O2 at
450 nm; data in dark gray and fit in red. (B)Multiwavelength-time landscape formed fromPDAdata sets of 150 μMHMS 3Fe(II) 3HPP reacting
with 150μMO2. (C)Deconvoluted spectra of all species observed from the reaction of (A) observed in PDAmode and fit to k1=1� 105M-1 s-1,
k2=250 s-1,k3=5 s-1, andk4=0.3 s-1. The initialHMS 3Fe(II) 3HPPcharge transfer and intermediates I, II, and III are respectively represented
in pink, green, orange, and violet. (D) Simulated accumulation profiles of all four species using the same set of four rate constants and shown in the
same color scheme as in (C) overlaid with rapid-quench product analysis for HMA. The dashed line indicates the concentration of enzyme.

FIGURE 5: 85μMHMS 3Fe(II) 3HPP reactingwith 80 μMO2 inH2Omonitored at various wavelengths. (A) The 399 and 375 nm traces (gray and
black, respectively). (B) Reactions monitored at 450 and 550 nm (gray and black, respectively).
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accumulation of the first intermediate (∼5%), which greatly
hampered the accuratemeasurement of this rate constant.Due to
the dearth of information required to accurately define the first
two rate constants, k2 was also modeled at a fixed value (250 s-1)
that, while quite uninformative, gave consistently good fits for all
data sets. As may be seen in the quality of fits in Figures 4A, 6A,
and 7A, these values do provide a very good description of
the absorbance changes observed. The set of four rate cons-
tants that recreates well the trace of a typical reaction is k1 =
1�105 M-1 s-1, k2 = 250 s-1, k3 = 5 s-1, and k4 = 0.3 s-1.

HPPD’s smaller k2 value of 74 s
-1, by contrast, provided both

later and significantly greater accumulation of HPPD’s first
intermediate. This together with its better mixing properties
meant that single turnover data collection for HPPD missed
only 40% of the accumulation of the first transient (9).
Chemical Quench and Product Analysis. The HMS reac-

tionwas quenched atmultiple time points from100ms to 20 s and
analyzed for HMA. The results are shown in Figure 4D, super-
imposed on the accumulation profile. HMA production tracks
well with the accumulation of intermediate III and plateaus at the
stoichiometric 100% product level (indicated by the dashed line)
around 1 s. These data strongly support that intermediate III is
the product complex (HMS 3Fe(II) 3HMA) and that the most
natural interpretation of the final phase is hydroxymandelate
release given that the HMS 3Fe(II) 3HPP complex charge transfer
is re-formed in this phase.

Calculated Steady-State Parameters. Based on eq 6 and
Scheme 2 and using the pre-steady-state rate constants derived
from fitting in Table 2, the steady-state parameter kcat was
calculated. In these calculations, kon for HPP was assumed to
be at the diffusion limit (109 M-1 s-1), which gives a koff of 5.9�
104 s-1, based on the experimentally determinedKdHPP of 59 μM.
Steady-state assays were carried out with an enzyme concentra-
tion of 2.1 μM and with 90% saturation by HPP (430 μM), and
an O2 concentration of ∼390 μM. Based on these parameters,
substitution into eqs 6 for the diprotio/H2O, dideuterio/H2O, and
diprotio/D2O cases gave kcat values of 0.26, 0.27, and 0.08 s-1,
respectively. These calculated values are all in good agreement

FIGURE 6: Single turnover reactions with dideuterio-HPP and in D2O solvent. (A) Overlaid traces of 85 μM HMS 3Fe(II) 3HPP and 85 μM
HMS 3Fe(II) 3dideuterio-HPP reactingwith 80μMO2 inH2O,monitored at 450 nm.Data are in gray for both,while the fit is in black forHPPand
in blue for dideuterio-HPP. (B) Overlaid traces of 150 μMHMS 3Fe(II) 3HPP reactingwith 145 μMO2 inH2O versusD2O,monitored at 450 nm;
data in gray and fit in black.

FIGURE 7: Effect of exchanging solvent to D2O and varying pH on the HMS single turnover reaction rates. (A) Five 450 nm traces of 150 μM
HMS 3Fe(II) 3HPP reacting with 145 μMO2 in 0%, 25%, 50%, 75%, and 100%D2O solvent. For each trace, data are depicted with black lines
and the fit for each trace is in gray. (B) Dependence of the ratio of the rate constants in H2O and in various fractions of D2O for the last, limiting
process on the fractionofD2O.Fits are to eqs 4aand4c that assumeequal contribution fromeach site of exchange in the transition state andare for
one, two, three, andmany sites (solid, small dashed, dashed, and dotted lines, respectively). (C) pHdependence of the rate constants of the last two
processes in the single turnover reactions. The line overlaying the k4 data points is this curve’s fit to eq 5, resulting in a pKa of 8.0.

Table 2: Pre-Steady-State Rate Constants for HMS

expt

no. substrate/solvent

k1
a

(M-1 s-1)

k2
b

(s-1)

k3
(s-1)

k4
(s-1)

1 30,30-diprotio/H2O 1� 105 250 4.8( 0.1 0.28 ( 0.01

2 30,30-dideuterio/H2O 1� 105 250 6.2( 0.1 0.28 ( 0.02

5 30,30-diprotio/D2O 1� 105 250 5.3 ( 0.4 0.10 ( 0.01

solvent KIE 2.8

aNot a measured value but rather an estimate of the rate constant based
on the value measured in related enzymes. bUnderdetermined value from
fitting. The low fractional accumulation of the first intermediate under-
mines accurate measurement of the value for this rate constant. The rate
constant used provides consistently good fits for all data sets but is not
directly informative.
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with the experimental steady-state values in Table 2. The value of
kcat/KmHPP is thought to provide an approximation of the
second-order rate constant for the addition of HPP to the
enzyme. As such, it would not be predicted to change in response
to deuterated solvent if the only step affected were the final and
primarily rate-limiting HMA release step (k4). This is consistent
with eq 7, the expression for kcat/KmHPP, that does not include the
k4 term. Rearranging eq 7 for KmHPP, we see that the observed
3.5-fold decrease in themeasuredKmHPP value inD2Ooccurs due
to the kcat term residing in the numerator of the KmHPP expres-
sion. Since kcat is dominated by k4, changes in the value of this
rate constant will be observed in the value of KmHPP.
Effects ofDeuterated Substrate.Traces collected at 450 nm

from single turnover experiments usingHPP and 30,30-dideuterio-
HPP appear in Figure 6A. The rate constants derived from fitting
these traces are summarized in Table 2; however, the major
conclusion is evident from observing the superimposed traces
themselves: no primary substrate kinetic isotope effect is ob-
served despite the fact that breaking the bond between the
benzylic carbon and one of its hydrogens is necessary for
hydroxylation. Consistent with earlier mechanistic conclusions,
hydroxylation could most likely be brought about by an electro-
philic attack from an iron(IV)-oxo species, and the substitution
of a deuteron to the carbon ultimately hydroxylated has been
a viable strategy to prolong the life of the hydroxylating species
in other related systems (24-27). For HMS, no significant
difference in any of the rate constants was observed upon
substitution of deuterons at that benzylic position of HPP. This
suggests that the expected H-atom abstraction is fast relative to
preceding and subsequent events and is not observed in the single
turnover reactions.
Solvent KIE on k4, Proton Inventory, and pH Depen-

dence. k4 is strongly supported by chemical quench to be the
HMA release step. Because k4 is rate-limiting, the observed
solvent KIE of 3 on this step is quite consistent with the solvent
KIE of 3.3 observed for the steady-state kcat value. This value is
comparable to the solvent KIE observed for the decay of the

product complex and re-formation of the charge transfer in the
closely related HPPD enzyme, verified in that system not only by
chemical quench but also by fluorescence stopped flow (9). This
resemblance to the related enzyme bolsters the conclusion that
the fourth phase for HMS is hydroxymandelate release and that
intermediate III is indeed the product complex.

A solvent KIE indicates that solvent-derived protons are in
flight during the last phase. In order to ascertain the number of
protons in flight, a proton inventory was conducted. Traces from
reactions comprising the inventory, carried out in solvents with
five different D2O fractions, are shown in Figure 7A, and the
D2O fraction dependence is plotted in Figure 7B. In Figure 7B,
fits for one, two, and three fractionating sites are shown assuming
equal-site contribution and using eq 4a to give φT values of 0.34(
0.02, 0.61 ( 0.02, and 0.72 ( 0.01, respectively. The fourth fit is
for the so-calledmedium effect, where the parameter fit for kHOH/
kDOD is the KIE itself and is 2.55 ( 0.15. Although standard
errors for the first three cases are comparable, visual inspection
indicates that the single-site case approximates the actual depen-
dence best, with the line of fit passing straight through the 0%,
50%, and 100% D2O data points and touching the 75% point.
The 25% D2O point exhibits the largest deviation from this
model and is likely an outlier.

In theory, fractionation factors are equivalent to individual
inverted isotope effect values from the sites that fractionate and,
therefore, when multiplied together in each case should give the
reciprocal of the isotope effect; here kHOH/kDOD= 0.29 (28).
That the value of 0.34 ( 0.02 from the single-site fit agrees best
with 0.29 supports the conclusion that only a single site is
involved. For the two-site case, a fit using the more general
model of eq 4b that does not make the equal-site contribution
assumption was also made, resulting in disparate fractionation
factor values: φ1

T = 0.41 ( 0.14 and φ2
T = 0.85 ( 0.24, with

noticeably larger errors than the results from the equal-site
contribution fits. Thus, the general conclusion is that the sur-
roundings contribute a single proton that participates in the
transition state for this step. While definitive identification of the

Scheme 3: Proposed Mechanism for HMS
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proton involved in the solventKIE is difficult tomake, in the case
under discussion, the proton donor may be a water molecule
buried in the active site and adjacent to the carboxylate of the
product that was observed in the recently solved X-ray structure
of the HMS 3Fe(II) 3HMA complex (3).

The solvent KIE suggests that product protonation accom-
panies its dissociation (as depicted in Scheme 3). HMA’s two
carboxylate oxygen atoms, observed in the X-ray structure to be
3.82 and 1.69 Å away from the metal center, are the only open
valences on the product able to accept a proton. A well-defined
watermolecule only 3.45 Å from the distal oxygen atommaywell
fulfill the role of the proton donor and assist in HMA’s
dissociation. This water molecule has four potential H-bonding
interactions to three universally conserved residues, which con-
tribute two main chain amide groups that may help to stabilize a
hydroxide anion after deprotonation (3). Further, the water
molecule is located at the crucial hinge region of the C-terminal
helix that has been observed to adopt multiple conformations in
HPPD structures, suggesting that movement of this helix could
be coupled with product release (29-32).

Solvent pL (L = H, D) in the proton inventory experiments
was maintained at 7.0. A pH study was carried out to be assured
that rate constants in the inventory were measured at a position
where, most particularly for k4, dk/dpL ≈ 0 such that the effects
observed in the inventorywere intrinsic to the system and not due
to perturbations in pL. This study revealed that k4 increases by
nearly an order of magnitude at high pH but that there was a
relatively flat pH dependence for both k3 and k4 in the region
spanning (0.5 unit of pH 7.0 (Figure 7C). A pD dependence
study was therefore unnecessary, as the typical greatest difference
in buffer pKa values in D2O compared to H2O is less than 0.5 pH
unit (33). k4’s pH dependence is best characterized by a single
ionization event despite some variability in the low-pH data
points, giving a pKa of 8.0( 0.2 when fit to eq 5 (Figure 7C). This
pKa is consistent with a basic residue acting as a catalyst to assist
with deprotonation and would be low for a water molecule but
not inconceivable given the contact environment.

The proposed mechanism in Scheme 3 is based on the
consensus mechanism of decarboxylation and aliphatic
hydroxylation that is possibly the most common chemistry
observed in the R-keto acid dependent oxygenases. Our results
indicate that benzylic oxygenation in HMS is rapid relative to
the other observed steps and unable to be probed by deuter-
ium substitution. Although more definitive evidence regard-
ing early parts of the scheme would have been welcome, our
evidence support the following: that a fast-disappearing
early intermediate exists that absorbs relatively more
strongly below 450 nm, that hydrogen atom abstraction is
neither rate-limiting nor is it the step observed prior to HMA
formation, that the final intermediate is the product com-
plex, and that the decay of this species is rate limiting in
turnover.
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