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Abstract: The initial rates of horseradish peroxidase (HRP)-mediated enzymatic reactions of 15 assorted
aqueous phase phenolic chemicals were studied. The associated reaction rate constants were found to
correlate quantitatively with two independent variables: the highest-occupied molecular orbital energy
(Enomo) defining the intrinsic redox reactivities of the phenolic substrates and the distance between a
substrate and the 6N of HIS42’s imidazole ring in an HRP/substrate binding complex, obtained through
molecular simulations. Highly correlated quantitative structure—activity relationship (QSAR) equations were
thus developed. This work provides insights into the impacts that HRP/substrate binding may have on
HRP-mediated reactions. Additionally, the QSAR equations developed in the work may serve as a basis
to further explore the potential use of HRP-mediated reactions in the treatment of estrogenic contaminants,
and they constitute an important tool for redesign and screening of potential proteomic modifications to the
wild-type HRP structure intended to enhance reactivity toward selected substrates.

Introduction processes and thus may persist at potent levels in treated
effluents?810

One particularly important class of EDCs comprises those
chemicals capable of binding to natural estrogen receptors (e.g.,
ER-a) and eliciting and/or interfering with estrogenic responses
normally associated with endogenous estrogens (e.@; 17
estradioly! These chemicals do not necessarily share a close
structural resemblance to natural estrogérastead, binding
to the estrogen receptors is thought to be relatively nonspecific
so long as the substrate possesses a phenolic substructure, with
a hydrophobic moiety at the para posit®nThus, certain
substituted phenols and their derivatives comprise an important
class of estrogenic contaminad#s.

As an “emerging” class of contaminants, endocrine disrupting
chemicals (EDCs) have become important foci of public concern
and scientific interest. Such chemicals mimic and interfere with
hormonal activities and thus adversely impact ecosystems and
human health by disrupting reproduction, growth, and develop-
ment!2 Studies have also linked chronic ingestion of EDCs to
cancer~> Many EDCs tend to be persistent and bioaccumulative
in the environment and are capable of eliciting physiological
response even at extremely low concentrations{QQng/L)5"

This combination of chemical characteristics, which allows them
to mediate cellular activities, also makes them a challenge from
the perspective of water/wastewater treatn¥énit. has been ST ) ) )
demonstrated that many EDCs are either resistant to or only It S intriguing that many phenolic chemicals are also active
partially degraded in traditional water and wastewater treatment SUbstrates of the enzyme horseradish peroxidase (HRP, EC
1.11.1.7; donor bDy). This enzyme mediates the reaction of
T Environmental and Water Resources Engineering Program. phenoli_c SUb_Stra_tes in a three-step catalytic Cy_C|e ('_:igure 1).
* Department of Chemical Engineering. As depicted in Figure 1, the ground-state HRP is oxidized by
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HOOH — Fe(IIl) — AHe +H,0O Brewster reported fairly strong correlations € 0.86, 0.89)
J Ferric Enzyme ) between compound Il reactivity afluvo for sets of substituted
H,0 / ground state \ AH, phenols, whereas Hosoya reported no significant correlation for
k, ks ___H® a set of similar substrat@%2428Despite early work by Bordeleau
0 (0] and Bartha indicating a correlation between compound Il
@ || k, || reactivity and atomic charge on the substrate’s phenolic oxygen,
— Fe(lV) — — Fe(IV) — Hosoya and Sakurada were unable to confirm significant
Compound I AHmAH Compound 11 correlation?3.2829 Job, Dunford, Sakurada, and Gilabert have
« cation radical '] .

reported significant correlations between the Hammet constant

o of the substrates and their reaction rates with both compounds
| and ||.15,23,27,30

Figure 1. Schematic depiction of the three-step HRP catalytic cycle
(adapted from Berglund et &).

In the third step, compound Il abstracts another electron from The studies described above, taking a traditional QSAR
yet another AH to produce a second phenoxy radical, at which approach, focused on correlating reactivities to molecular or
point the enzyme converts back to the ground state. It is known electronic structures of the substrates but neglected enzyme
that the first and second reactions occur much more rapidly thansubstrate binding interactions. An implicit assumption involved
the third i, ko > ks) and that the third reaction is thus rate with this approach is that all substrates under study have a
limiting.14-16The phenoxy radicals generated during these HRP- similar conformation of transition state (enzyrmubstrate
mediated reactions couple with each other to form polymeric complex) so that the activation energy linearly correlates with
products that can be readily removed from water or Sofl? the substrate states. This assumption, apparently, does not easily
In consideration of the generally high specificity and efficiency hold true for enzymatic reactions in which protein molecules
of enzymatic reactions, such HRP-mediated reactions constituteare both complex and flexible, and as such, QSARs for
a potentially attractive means for treatment of waters containing €nzymatic reactions are often valid only within a limited set of
estrogenic phenolic chemicals at low levéls. substrates with only small structural variations. Incorporation
In this study, we tested the initial reaction rates of 15 assorted Of key descriptors of enzymesubstrate binding features may
phenols mediated by HRP in the aqueous phase. The overallmake the QSAR a more powerful tool to investigate enzymatic
reaction rate at substrate saturation conditions, rather than rategeactions. Strategic binding distances can often serve as a
for each intermediate reaction step, was measured to reflect theconvenient quantitative parametrization of the spatial conforma-
enzyme activity specific to each chemical that could be tion of enzyme-substrate complexé83*van Haandel and de
anticipated in water treatment applications. The results indicate Riso have both tried to correlate HRP-mediated reaction rates

that the enzyme catalytic rate constaqt) and specificity Ku) to NMR-measured distances between the substrate proton and
vary markedly for the phenolic substrates studied. This prompted the heme iron.

us to explore quantitative structuractivity relationships HRP, like other heme peroxidases, contains at its catalytic
(QSAR) that effect such significant variability in reactivity. center an iron porphyrin with reactivity modulated by surround-

Earliest QSAR studies for HRP-mediated reactions have ing amino acids comprising the catalytic pockeOne widely
concentrated on correlations between substrate molecular strucaccepted reaction mechanism put forth by Poulos and Kraut,
tures and their reaction rates, either for individual intermediate corroborated by measurements using nuclear magnetic resonance
steps or for the overall reaction cycle. Because of the nature of and rapid-scan spectrophotometry, suggests that electron transfer
the redox reaction, four molecular descriptors have most from the substrate to the heme takes place not at the iron atom
frequently been used: i.e., energy of the highest-occupied itself but at thedN of HIS42’s imidazole rin(j? Distal residue
molecular orbital Enomo), energy of the lowest-unoccupied ARG38 works in tandem with HIS42, providing crucial charge
molecular orbital ELymo), atomic charge distribution, and the  stabilization during electron transfer and facilitating both the
Hammet constantof). Improved computation power has made oxidation and the simultaneous delocalization of the electron
ab initio and semiempirical estimates &fiomo increasingly ~ over the entire porphyrin ring:34
accurate, and this descriptor has been correlated, to varying In this study, we found that the markedly different reactivities
extent of fit, with reaction rates in numerous investigations for of the 15 phenols, many of them documented or suspected
various series of substrates. Reported correlation coefficients,estrogens, cannot be singularly correlated to the substrate
r, are on the range 0.56®.9981522-28 The reported extent of

correlation withE ymo has been inconsistent. Sakurada and (25) Van Haandel, M. J. H.; Rietjens, I. M. C. M.; Soffers, A. E. M. F.; Veeger,
C.; Vervoort, J.; Modi, S.; Mondal, M. S.; Patel, P. K.; Behere, D.JV.
Biol. Inorg. Chem.1996 1, 460.

(14) Dunford, H. B. Horseradish peroxidase: structure and kinetic properties. (26) Van Haandel, M. J. H.; Claassens, M. M. J.; Van der Hout, N.; Boersma,

In Peroxidases in Chemistry and Biologiverse, J. E., Everse, K. E., M. G.; Vervoort, J.; Rietjens, I. M. C. MBiochim. Biophys. Actd999
Grisham, M. B., Eds.; CRC Press: Ann Arbor, MI, 1991; Vol. I, pp24. 1435 22.
(15) Job, D.; Dunford, H. BEur. J. Biochem1976 66, 607. (27) Gilabert, M. A.; Hiner, A. N. P.; Garcia-Ruiz, P. A.; Tudela, J.; Garcia-
(16) Berglund, G. I.; Carlsson, G. H.; Smith, A. T.; Szoke, H.; Henriksen, A,; Molina, F.; Acosta, M.; Garcia-Canovas, F.; Rodriguez-Lopez, J. N.
Hajdu, J.Nature 2002 417, 463. Biochim. Biophys. Act2004 1699 235.
(17) Shiga, T.; Imaizumi, KArch. Biochem. Biophy4975 167, 469. (28) Hosoya, T.; Fuji, T.; Ogawa, S. Theor. Biol.1983 100, 283.
(18) Klibanov, A. M.; Tu, T. M.; Scott, K. PSciencel983 221, 259. (29) Bordeleau, L. M.; Bartha, RCan. J. Microbiol.1972 18, 1873.
(19) Caza, N.; Bewtra, J. K.; Biswas, N.; Taylor, K. ®ater Res1999 33, (30) Dunford, H. B.; Adeniran, A. JArch. Biochem. Biophy4.986 251, 536.
3012. (31) De Riso, A.; Gullotti, M.; Casella, L.; Monzani, E.; Profumo, A.; Gianelli,
(20) Dec, J.; Bollag, J. MJ. Erviron. Qual. 2000 29, 665. L.; De Gioia, L.; Gaiji, N.; Colonna, SJ. Mol. Catal. A2003 204, 391.
(21) Huang, Q.; Weber, W. J., EEnviron. Sci. Technol2005 36, 6029. (32) Poulos, T. L.; Kraut, 1. Biol. Chem.198Q 255, 8199.
(22) Sakurada, J.; Alda, M.; Nagata, C.; Hosoya).TBiol. Phys1988 16, 17. (33) Rodriguez-Lopez, J. N.; Smith, A. T.; Thorneley, R. NJFBiol. Chem.
(23) Sakurada, J.; Sekiguchi, R.; Sato, K.; HosoyaBibchemistry199Q 29, 1996 271, 4023.
4093. (34) Rodriguez-Lopez, J. N.; Lowe, D. J.; Hernandez-Ruiz, J.; Hiner, A. N. P.;
(24) Brewster, M. E.; Doerge, D. R.; Huang, M. J.; Kaminski, J. J.; Pop, E; Garcia-Canovas, F.; Thorneley, R. N. F.Am. Chem. So2001, 123
Bodor, N.Tetrahedron1991, 47, 7525. 11838.
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structural variations. We computationally investigated the
enzyme-substrate binding conformations and found that the
distance between the substrate phenolic proton @Ndof

HIS42’s imidazole ring plays an important role in modulating

the substrate reactivities. By incorporation of such a parameter

for binding conformation, QSAR equations were yielded to well

describe the variation in reactivity of different substrates tested.
This QSAR study provides insights into how enzyme/substrate
binding interaction impacts HRP reactivity. As such, the results

acidified mobile phase (1% v/v) comprising 5% ACN and 95% DDI
was used to detect 1,4-benzenediol (RT.2 min) at a flow rate of
0.3 mL/min.

Following measurement of the substrate concentration in both the
blank (&) and reaction tubesj, the initial reaction rater¢) was defined
using the formulatiory = (S — S)/At. The reaction timeAt, was
always 20 s because it was short enough to capture the pseudo-first-
order degradation but still sufficiently long to ensure reliable handling
and reproducible results. Calculated values ripwere plotted as a
function of S for each substrate, and each set of data fit to the classical

serve as a basis for design and screening of potential proteomiaviichaelis—Menten equation according t@ = ryax x S/(Kw + S),

modifications to HRP for enhanced reactivity toward selected
contaminants of concern, provided they are structurally similar
to the substituted phenols evaluated in this study.

Experimental Section

Materials. Extracellular horseradish peroxidase (type |, R2.3),
hydrogen peroxide (29.9%, ACS reagent grade), 1,2,3-benzenetriol
(97%), 1,4-benzenediol (99%4), and 2,2azino-bis(3-ethylbenzthia-
zoline-6-sulfonic acid) (ABTS) (98%, in diammonium salt form) were
purchased from Sigma Chemical Co. (St. Louis, MO). Bisphenol A
(99+%), 2,6-dimethoxyphenol (99%), 4-nitrophenol (98%)tedt
butylphenol (99%), 4-phenylphenol (97%), 4-octylphenol (99%j3-17
estradiol (97%), ld-ethynylestradiol (98%), 4-methoxyphenol (99%),
4-ethoxyphenol (99%), and 4-ethylphenol (99%) were obtained from
Aldrich Chemical Co. (Milwaukee, WI). Phenol (99%) and 4-chlo-
rophenol (99-%) were obtained from Acros Chemical Company (New
Jersey).

Measurements of Initial Reaction Rate.Reactions mediated by
HRP/HO, were carried out at room temperature in 5 mL of phosphate
buffer (10 mM, pH= 7.0) using 7-mL Teflon-capped glass test tubes
as reactors, with various initial concentrations of a substrate and a
consistent dosage of HRP varying between 0.01 and 0.5 unit/mL for
different substrates. One unit of HRP activity is defined as the amount
catalyzing the oxidation of kmol of ABTS per minute. Reaction in
each tube was initiated upon addition of 1M H,0,, which was
determined to be sufficient to saturate the enzyme in preliminary tests.
Each tube was shaken by hand for 20 s prior to the addition1dfO0
uL of 1.0 N HCL to terminate the reaction. Three replicate experiments
were performed for each initial substrate concentration. In addition, a
blank tube was created using an equivalent volume of buffer in place
of the peroxide. Following completion of reaction and centrifugation
at 220%y for 25 min, supernatant from each tube was transferred to
amber HPLC vials for determination of prereaction (blank) and
postreaction concentrations of the parent substrate.

An Agilent 1100 series high-performance liquid chromatography
(HPLC) equipped with a Phenomenex C18 column (25@.0 mm,

5-um particle size) was used to detect each estrogenic substrate. All
concentrations were measured using UV absorbance with external

calibration. A mobile phase consisting of 40% reagent-grade acetonitrile
(ACN) and 60% distilled deionized water (DDI) was used at a flow
rate of 0.3 mL/min to detect b#ethynylestradiol (RT= 15.9 min),
17p-estradiol (RT= 8.7 min), bisphenol A (R 11.9 min), phenol
(RT = 4.7 min), 4-phenylphenol (R¥ 10.2 min), 4tert-butylphenol

(RT = 12.3 min), and 4-chlorophenol (R¥ 7.6 min). Detection of
4-octylphenol (RT= 8.6 min) was accomplished using a mobile phase
comprised of 80% ACN and 20% DDI at a flow rate equal to 0.3 mL/
min. Detection of 4-ethylphenol (R¥ 10.4 min), 4-methoxyphenol
(RT = 3.9 min), 4-ethoxyphenol (R¥ 5.7 min), 4-nitrophenol (RT

= 3.6 min), and 2,6-dimethoxyphenol (R¥ 7.8 min) was achieved
using a mobile phase comprising 30% ACN and 70% DDI at a flow
rate of 0.4 mL/min. Acetic acid was added at 1% v/v to a mobile phase
comprising 20% ACN and 80% DDI for detection of 1,2,3-benzenetriol
(RT = 12.8 min) at a flow rate equal to 0.3 mL/min. A similarly

whereryax is the maximum rate of reaction amd, is the substrate’s
Michaelis constant. The maximum reaction ratgx = kcat[E] was
achieved when substrate concentration was sufficiently large to saturate
all available enzymess{ > Ky). Strictly speaking,E] may be reduced
over time during the reaction as the enzyme becomes inactivated, but
in electing to measure only the initial reaction rate, we assume the
time duration is sufficiently short such thag][ may always be
approximated by Hg]. We thus calculated the initial reaction rate
constant according tkcat = rvax/[Eo).

Computational Models for Substrates and HRP All computations
were performed using molecular and quantum mechanics algorithms
available as part of HyperChem Molecular Modeling System, release
7.1 (Hypercube, Inc.: Gainesville, Florida). For substrate chemicals,
preliminary geometry optimization for bond lengths, bond angles, and
torsion angles was achieved using the OPLS molecular mechanics force
field and the Polak Ribiere optimization algorithm set to a convergence
gradient criterion less than 0.1 kcal/(A-mol). Subsequent quantum
optimization for electronic structure was achieved using the ZINDO/1
semiempirical method and the PolakRibiere optimization set to the
same convergence. Following determination of the optimal quantum
structure, partial charge distributioky (molecular volume)Enomo
(energy of the highest-occupied molecular orbital), Bngho (energy
of the lowest-unoccupied molecular orbital) for each substrate were
then computed.

The structural coordinates of a model horseradish peroxidase,
compound | (C1A, entry 1HCH), were downloaded from the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB
PDB)6:34Apart from the porphyrin ring, the heme iron, and its double-
bonded oxygen atom, all residues were removed except for those with
a documented role in the binding mechanism: ALA71, ALA140,
ARG38, ASN70, ASN72, ASP247, GLU64, GLY69, HIS42, HIS170,
LEU138, PHE41, PHE68, PHE142, PHE143, PHE179, PHE221,
PRO139, and PRO14%:38 Also included in the resultant catalytic
pocket model were two calcium atoms located in the immediate vicinity
of the pocket, and a single water molecule, HOH311, was included
because of its association with the calcium atom proximal to the heme
residue’é—38

Prior to using the compound | model in molecular simulations, we
computationally reassigned an appropriate charge distribution for a
subset structure comprising the porphyrin ring, the heme iron, its
associated oxygen, and proximal residue HIS170. For this computation,
we hydroxylated HIS170’s terminal carbonyl group and protonated its
terminal amino group where it had been previously bonded to residues
not included in the subset model. The charge assignment was achieved
using ZINDO/1 unrestricted Hartred-ock (UHF) optimization on the
subset components with the convergence criterion set to 0.01 kcal/(A-
mol). The total charge was set to zero to reflect #fiecharge on the

(35) Berman, H. M.; Westbrook, J.; Feng, Z.; Gillland, G.; Bhat, T. N.; Weissig,
H.; Shindyalov, I. N.; Bourne, P. BNucleic Acids Res2001,28, 235~
242.

(36) Howes, B. D.; Veitch, N. C.; Smith, A. T.; White, C. G.; Smulevich, G.
Biochem. J2001, 353 181.

(37) Xie, Y.; Das, P. K.; Caaveiro, J. M. M.; Klibanov, A. Biotechnol. Bioeng.
2002 79, 105

(38) Thanabal, V.; de Ropp, J. S.; LaMar, G.NAm. Chem. S0d.987, 109,
7516.
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hemé® and the—1 charge on HIS170 ¢ = 6.04) as a result of step MC simulation in which the substrate molecule, HIS42, and
deprotonation at pH= 7.00%° The multiplicity (25 + 1) was set to ARG38 were once again allowed to move freely. This process, MC
quartet to reflect the two unpaired electrons residing in thre@group simulations alternating with OPLS optimizations of the substrate
and one electron on the porphy#hEigure S1 of Supporting Informa- molecule alone, was iterated until the energy decrease between two
tion | depicts the resulting charge distribution for the selected subset consecutive geometry-optimized structures was less than 1 kcal/mol.
of compound I. The calculated net charges on the heme #@n1Q) This generally required four to seven 1000-step MC simulations. Such
and the heme-bound oxygen@.17) are in reasonable agreement with  an optimization process was repeated for the same substrate at seven
literature values for charges on the heme ire1®.(16) and the heme- to ten different starting positions that were randomly selected. Substrate/
bound oxygen-<{0.19)3° Charges for the remaining residues comprising compound Il binding was also optimized using the same approach for
the catalytic pocket model were left unchanged from their PDB each of the 15 substrates.
downloaded values. A range of binding distances were collected for each substrate over
To achieve a suitable computational model of compound Il, charge the course of its docking simulation. To facilitate a QSAR analysis,
distribution was reassigned for the subset structure that comprises thethe ranges were synthesized into an average distance weighted according
same components that have been used in the charge assignmerto the potential energy value associated with each enzyme/substrate
computation for compound I, in addition to HIS42. HIS42 was included conformation according to the exponential distribution. The probability
because it is believed to form a hydrogen bond with the iron-bound density function for the exponential distribution takes the féfxh =
oxygen in compound Il. The ZINDO/1 UHF method was again used Ae*, wherex is a random variable equal to the potential energy of a
to assign charges on this subset structure. The total charge was set tarticular configuration,f(x) is the probability ofx, and 1 is a
zero to represent the'l charge on HIS170's imidazole N, the zero characteristic parameter of each substrate’s conformational energy
charge on the heme, and thé charge of the proton bonded to HIS42's  distribution equal to the inverse arithmetic average of all energies
imidazole N and coordinated to the heme-bound oxygen. The multiplic- sampled for that substrate. The exponential distribution was used
ity was set to triplet to reflect the two unpaired electrons of the®Ge because it is functionally equivalent to the Boltzmann distribution
center?* Following the ZINDO/1 UHF optimization, the distance  sampled by Hyperchem during the Monte Carlo simulatiowl.iff the
between the proton on HIS42's imidazad and the heme-bound characteristic binding distance associated with the potential energy (
oxygen was measured to be 7.1 A, within the range specified by of a sampled configuration, the average characteristic binding distance
HyperChem as a hydrogen boffdigure S1 of Supporting Information ~ « was calculated according o= Y (d x f(x))/Y f(x). Use of thef(x)
I depicts the resulting charge distribution for the selected subset of as a weight factor allowed lower-energy conformations, which are more
compound II. Charges for the rest of the model were left unchanged favorable and thus more probable, to be weighted more heavily in the
from their PDB downloaded values. computation of the average distance than less favorable, higher-energy
Simulation of Enzyme—Substrate Interactions and Calculation conformations. In an effort to focus the analyses on the most probable
of Average Binding Distances.To simulate interaction between a  binding configurations, only the distances corresponding to the lowest
substrate and compound |, the computational model of the enzyme wasd000 potential energy configurations were used in computatign of
merged with that of a substrate. The substrate was first aligned into a
random location within the enzyme’s distal region. The OPLS molecular

mechanics force field was then utilized in a 1000-step Monte Carlo  patermination of Kw and keat. Measured values déy and
(MC) simulation during which all model components were held fixed kear are presented in Table 1 alongside corresponding values
in place except for the substrate molecule and two distal residuesfor the standard error of regression (SE). ltems in Table 1 are

thought to be most critical during docking, HIS42 and ARG38. This ked di . - lecul | h
and all subsequent Monte Carlo simulations were performed in vacuo ranked according to increasing molecular volurivg,. The

at 300 K with a maximum trial atom movement distance equal to 0.05 Significant variation in the measured values, spanning 3 orders
A. In each step, a randomly selected atom was moved a random distancef magnitude, prompted us to explore the molecular basis for
in a random direction. Moves resulting in negative energy changes were differences in HRP reactivity.
selected. Moves resulting in positive energy changes were accepted Relationships between Reaction Rate Constants and
with a probability defined by Boltzmann distributioffx) = e 4&*T, Substrate Molecular Structures. Because HRP-mediated reac-
whereAE is the magnitude of the energy increaseis the Boltzmann tions involve electron transfer from substrate to heme with
gﬁ;‘j}:gé’nar\"vdg chzezgg’tteh:s:pieéggedf Fiﬁfrofnigﬂoit-epm? thf Ntlcl simultaneous proton transfer to HIS42, electronic structures of
' b ’ potentidl yne substrate molecules tend to play a significant role in

energy corresponding to each step’s conformation, the distance between

i ivit\i4,25 -
the substrate’s phenolic proton and the heme-bound oxygen, and thelnﬂuencmg reactivity:***We attempted to correlate our mea

distance between the substrate’s phenolic proton and the imidaixole .SuredkCAT values with three glectrochemlcal parameters includ-
on HIS42. For substrate molecules with more than one phenolic iNg Exomo, ELumo, and atomic charge on the phenol oxygen.
hydroxyl group, only the minimum distances between the substrate NOt surprisingly, no apparent correlation was found between
proton and the reference oxygen and nitrogen atoms were recordedKcar and eitherE ymo or the atomic charge on the phenol
Following completion of the first 1000-step MC simulation, the lowest- oxygen values, as summarized in Table S1 of Supporting
energy conformation was recalled and its substrate geometry was|nformation Il. In contrast, a very interesting relationship was
optimized using OPLS and PolaRibiere. The resultant optimized  found to exist between thkeat and Exomo. For 8 of the 15
geometry was then used as the starting configuration for the next 1000- shamicals studiedar exhibits a strong linear correlation with

- _ — Eromo (R2 = 0.90); howeverkcar values for the remaining
(39) %g;tal";i“ﬁbﬁgf“be’gv M.R.A.; Siegbahn, P. E. 8.AM. Chem. Soc. g0\ an chemicals deviate from the trend with a negative residual

(40) Voet, D.; Voet, J. G.Biochemistry,2nd ed.; John Wiley & Sons  such that every value is smaller than anticipated on the basis of
Publishing: New York, 1995; p 57.

Results and Discussion

(41) Kuramochi, H.; Noodleman, L.; Case, D. A.Am. Chem. S0d997 119, the trend (refer to Supporting Information II, Table Sl)-
11442. . ) ; .

(42) Nishihara, T.; Nishikawa, J: Kanayama, T.. Dakeyama, F.; Saito, K.: Figure 2 depicts substratq degradat!on rates as a function of
Imagawa, M.; Takatori, S.; Kitagawa, Y.; Hori, S.; Utsumi, H.Health Enowmo values. For ease of interpretation, the data have been
Sci 2000 46, 282. divided into two groups using different colored symbols: dark

(43) HyperChem Reference Manu&lypercube, Inc.: Gainesville, FL, 1996; L .
p 172. squares indicate compounds that fit the trend, and open squares
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Table 1. Measured In(kcat) and Ky Values for 15 Estrogenic Phenols (Columns 1—3) and Simulation-Estimated Binding Distances
(Columns 4-7)2

measured parameters simulation-estimated distances (&)
Ky In(Kcat) IN(SE kcar) compound | compound | compound I compound Il
compound (M) (s (s H-HemeO H-HIS42 H-HemeO H-HIS42

phenol 614.0 6.71 1.79 5.01 6.61 4.82 7.40
1,4-benzenediéF 91.8 8.19 —0.04 5.63 7.98 4.52 8.63
1,2,3-benzenetriol 59.1 7.94 0.14 6.13 6.99 5.89 7.50
4-chlorophendl 120.3 7.63 1.49 5.62 6.90 4.29 7.22
4-nitrophendld 73.7 6.46 0.14 5.22 7.80 4,51 8.54
4-methoxyphendl 307.9 9.59 0.65 5.27 6.43 5.40 7.35
4-ethylphendi 273.1 9.09 0.14 3.54 6.22 7.12 7.52
4-ethoxyphendl 204.4 9.73 0.92 6.23 5.81 6.16 7.46
2,6-dimethoxyphenol 1188.0 9.51 0.65 5.71 6.80 4.69 7.73
4-tert-butylphenot-© 157.6 6.98 —1.66 6.48 8.10 9.62 9.05
4-phenylphendlc 25.8 7.21 —0.26 4.25 9.22 5.39 10.15
bisphenol A 35 9.99 0.30 5.84 5.72 9.07 7.71
4-octylphendt<© 6.0 5.18 1.75 5.01 9.90 8.85 10.78
17B-estradidhc 12.9 5.22 —1.66 5.94 10.78 11.93 12.40
170-ethynylestradidtc 2.6 6.24 1.44 13.74 10.40 9.02 10.61

a Distances between the substrate phenolic proton and either the heme-bound oxygtam{eD) or thedN of HIS42's imidazole ring (H-HIS42) are
obtained through molecular simulations of enzyme/substrate complexes comprising either compound | (columns 4 and 5) or compound Il (columns 6 and
7). Denotes compounds deviating from tEgomo/IN(kcat) trend (eq S3 of Supporting Information IPDenotes compounds exhibiting documented
estrogenicity:242 d Denotes compounds having suspected estrogentcity.

11.0 4 molecular volumes leads to the following hypothesis: The
10.0 - R = 09527 potential rate at which a compound may be degraded by HRP
~ 901 ' is intrinsically determined by it&omo value; however, for a
= 80 @ 1,4BD compound that is too large or sterically hindered to facilitate
S 70 4TBPs 24P optimal binding with the enzyme, the reaction rate will become
E 60 = NP g 17 smaller relative to its maximum potential value.
5.0 gdop e17p As a first attempt to evaluate the above hypothesis, we derived
4.0 , : , : : a two-parameter correlation equation through linear regression
-9.0 -8.5 -8.0 <15 -7.0 -6.5 usingExomo andVy as independent variables and the reaction
Exomo (€V) rate constant as the dependent variable (eq 1). Correlation
Figure 2. Degradation rate constants as a functionEpomo for 15
estrogenic phenolic chemicals; error bars represehSE. In Kear = 19.95+ 1.25x Egyo — 0.006x V),
R*=0.583 (1)

indicate compounds that deviate from it. For ease of reference,

data point.s corresponding to the deviant compound; are alsobetween the measured and predicteédrf) values using eq 1
labeled with an abbreviation for the substr.ate to which they ;o depicted graphically in Figure S2 in Supporting Information
correspond: 4-octylphenol (40P), A-estradiol (1B), 17a- ;"5 comparison to Figure 2, addition dfy as a second
ethynylestradiol (1d), 4-nitrophenol (4NP), 1,4-benzenediol o ictor unites the compounds on and off the trend into a single
(1,4BD), 4tert-butylphenol (4TBP), and 4-phenylphenol (4PP). 46,5 reasonably well fit by eq 1. Still, the somewhat low
At least three interesting observations can be made regarding.re|ation coefficient suggests thdy, a measure of a sub-
Figure 2. First, Inkcar) generally increases with increasing gy a1e's hulkiness, is insufficient to explain the divergence from
Exomo. This is consistent with earlier QSAR S_t”d'e;}o” HRP- " the keat/Erowmo trend by itself. We thus believe that substrate
mediated reactions of other phenolic chemi€af§% This . 5iheit indirectly related to enzyme/substrate binding interac-
occurrence is also readily justifiable in that higigemo values tions, does not capture completely the way in which enzyme/
are indicative of more favorable electron abstraction and ¢ pirate binding facilitates optimal electron transfer.
transfer?325 Second, only a portion of the data fits tBgomo Quantifying Divergence from the kear/Evomo Trend:
Vs kear trend. Instead of being randomly scattered about the g,y me—Supstrate Binding Conformation. As described
line, those points that deviate from the trend invariably pOSSess g o jier, previous studies on HRP/substrate bindings indicate that
a negative residual. In other words, every compound deviating e magnitude of two binding distances may play a critical role
from.the trend exhibits &car value lower than What we would in modulating the electron transfers, i.e., the distances from the
predict by the trend based on Esovo valug. Third, and more g hotrate’s phenolic proton to either the heme-bound o0xXydén
subtle, Figure 2 suggests that molecular size tends to be a factog), (1 the SN of HIS42’s imidazole fing?-3 Using computa-
differentiating between those compounds on and off the line, jon| simulations described in the Experimental Section, we
such that HRP appears to be more capable of mediating chieved an energy-weighted average value for each of the
degradayop of the smaller chemicals. . two binding distances described above in both compounds |
Quantifying Divergence from the kcar/Enomo Trend: and II, which are listed in columns—47 of Table 1. Substrates
Molecular Volume (V). For the 15 substrates we measured, i, Tape 1 are ranked by increasing molecular volume, and the

the average molecular volumey) for compounds on the line g \herseript b denotes the seven compounds that deviate from
was about 25% less than the average for compounds off the

line. This statistically significanto{ = 0.10) difference in mean  (44) Sakurada, J.; Takahashi, S.; HosoyaJ).TBiol. Chem.1986 261, 0657.
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12.0 7 influenced by the substrate binding to compound II. That the
10.0 - apparent rates were also well correlated to substrate binding to
E 8.0 - compound | may suggest that enzyme/substrate bindings with
g compounds | and Il are correlated with each other, at least with
3 607 respect to characteristicHHIS42 distance. This is reasonable
‘:1_5 4.0 - insofar as compounds | and Il share similar amino acid
a | conformations in the immediate vicinity of the active site and
2.0 ) ) . o .
differ only slightly in charge distribution on the heme iron and
0.0 ' ' iron-bound oxygen atoms themselves. An interesting observation
400 600 800 1000 12.00 that can be made upon consideration of Table 1 is related to
Measured In(kcat) binding distances for substrates that fit thgomo/kcat trend:
12.0 7 in compounds | and Il, all substrates that fit the trend share
10.0 - o similar H—HIS42 binding distances. For compound |, the
o average HHIS distance f;,—nis) is 6.44+ 0.17 A (SE). In
/@}n s contrast, the average HHIS distance for compound Il (
o R=0.956 uy—wis) is slightly larger at 7.4%+ 0.06 A (SE). For those

chemicals that deviate from the trend:-HIS42 distances are
also generally greater for compound Il complexes when
compared to those for compound | complexes. A paired t-test

Predicted In(kcat)
[38) &~ (=2} oo
o o o o

0.0 was performed using binding distanggs s andu,—ws for a
4.0 6.0 8.0 1.0 120 given substrate. The result indicates that the average difference
Measured In(kcar) between binding distanceg(-wis — uy-wis) is statistically
Figure 3. Correlations between measured and predicted valueskafl)( significant @ value < 0.001) with a value of 0.96- 0.13 A

using eq 2 for compound | (top) and eq 3 for compound Il (bottom). (SE). This increase in binding distance from compound | to

compound Il may contribute to the generally slower reaction

the Enomolkeat trend. Values of trend residuals for each sub- rate mediated by compound II relative to compound 1.
strate are outlined in Table S1 of Supporting Information 1. Comparison of egs 1, 2, and 3 indicates that theHtS42

It became immediately obvious that there is no significant distance has much greater predictive power relative/ian
correlation between the residual from tBeomo/keat trend and quantifying the impact of enzyme/substrate conformation on
the H-HemeO distance for either compoundr? (= 0.12) or apparent reaction rate. The subtle differentiation between
compound Il &2 = 0.42). In contrast, the deviation from the molecular volume and binding distance is exemplified by
Eromo/kear trend is strongly correlated to the -HHIS42 consideration of bisphenol A binding. Although this compound
distance for both compound Rf = 0.92) and compound Il has the fourth largest molecular volume among the 15 chemicals
(R? = 0.96). Such significant correlation, in conjunction with  studied (Supporting Information I, Table S1), its reaction rate
the poor H-HemeO distance correlation, substantiates that constant fits thépomo/kear trend quite well (residuat 0.20).
HIS42 plays an important role in the electron-transfer process. |n contrast, 4-phenylphenol, a chemical of similarly large
HIS42 may serve as the point of contact for electron transfer molecular volume, has a reaction rate constant much smaller
or may facilitate the electron transfer between the substrate andthan that predicted by the trend (residual —2.33). Our
the heme through deprotonating the substrate. Further, bothsimulations show that the HHIS42 distances for bisphenol A
correlations are negative, indicating that increased binding in compound | and Il complexes are 5.72 and 7.71 A,
distance is associated with increased rate retardation relative torespectively. These distances are indeed much smaller than those
the potential rate determined by a substrate’s intrifsimo for 4-phenylphenol (9.22 and 10.15 A in compound | and II
value. By using the HHIS42 distances in compound | complexes, respectively). The bisphenol A characteristic binding
(uy-rs) or compound Il complexesuf,—wis) and Exomo as distances are also similar to those of the other chemicals that
independent variables, we developed two-parameter linearfit the Eomo/kear trend. The ability of bisphenol A to make
regression equations for k), eqs 2 and 3. Figure 3 illustrates  closer contact with HIS42 might arise from such factors as its
correlations between the measured and predictégdri(values  bilateral symmetry and linearity in shape. Because these

using egs 2 and 3. molecular characteristics are not accurately encapsulated in the
measurement of molecular volum¥y is a less powerful
In kear = 25.39+ 1.43 x Eyopo — 0.91 % 4 pis predictor of degradation rate compared to binding conformation.
R'=0.936 (2) Conclusion
— 1l
In kear = 30.86+ 1.94 x Ejjomo — 1.00 x uyy s This work demonstrates that the rates of HRP-mediated
R =0.956 (3) reactions of phenols are well correlated to two parameters: one

describing the intrinsic redox reactivity of the substraB&sfio)

As mentioned earlier, the reaction mediated by compound Il and the other describing the enzyme/substrate binding confor-
is much slower than that mediated by compound | and thus mation (as quantified using the +HIS42 distance). This
determines the overall rates of the HRP catalytic cycle (refer to validates the importance of HIS42 in electron transfer mediated
Figure 1). As such, it follows that the overall reaction rates by HRP. The two-parameter QSAR equations compriBingvo
measured in this study were supposed to be predominatelyand H-HIS42 distances in compound | or compound Il
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of HRP, strategically designed to decrease theH#S42 tors of substrates (Il); correlation between measured and
distance for selected substrates of concern, may be useful inpredicted degradation rates using eq 1 (lll); expanded reference
enhancing HRP reactivity toward recalcitrant phenolic contami- (IV). This material is available free of charge via the Internet
nants and improving degradation efficiencies in engineering at http://pubs.acs.org.

applications. Such proteomic modifications may be designed

and screened using the QSAR equations developed in this studyJA057430F

J. AM. CHEM. SOC. = VOL. 128, NO. 12, 2006 4047





