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Reaction rates for a vanety of enzymaticaiiy medlated oxidations were obtamed and Abstract 

related to semlemplncai (AMl) lonlztion potentials and molecular orbital structures. Hlghiy 

significant correiatlons were generated for both vertical and adiabatic Ionization potentials and 

horseradish peroxidase-medlated oxidation of substltuted phenols, anlimes and thloanisoies 

The highest occupied molecular orbW for ail substrates were clearly x: in nature and associated 

with slgnlflcant contnbutlons by component heteroatoms The results suggest that the oxidations 

considered proceed via an inltiai electron abstraction goring nse to a substrate radical or radical 

cation Finally, theoretical approaches were used In concert with expenmental paradigms to 

define the mechanism of iactoperoxidase-cataiyzed oxidation of thiobenzamldes The 

suifoxldatlve process was shown to proceed via a tlgMiy coupled oxygen transfer from the 

enzyme to the substrate In which the initial step involved electron loss from the thlobenzamide 

in addition, the thiobenzamlde S-oxide oxygen was found to be exciuslveiy denved from the 

hydrogen peroxide and not from other sources 

lNTRODUCTlON 

Theoretical approaches mciuding a vanety of computatlonai chemistry methods have been 

shown to be useful in examining enzymattcally catalyzed reactions Spec~ficaily, semiempncai 

molecular orbltal approximations have been used to assess substrate binding, product 

dissociation and the chemical transmutation Inherent In enzymatic processes Thus, suggestions 

on the structure of the active site of an enzyme and the importance of vanous prosthetic groups 
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can be analyzed, evaluated and opttmized. Kuthan. for example, investigated the structural 

requlrements for NAD-assodaW o-on of ethanol and reduction of awtaklehyde usmg 

semrempmcal methods.* Other investigators have delved mto the wotkmgs of charge transfer 

systems’ and transltlon state structure.’ 

Another appkation of molecular orbttal theory and one whtch has not been extensively 

appkd IS evaluation of the electronic propetties of a substrate or senes of substrates relative 

to the rate of their enzymatic converslons. ‘*’ The relationshIps drawn from such compansons 

can be mformatlve m a number of arcumstances m&ding suggestmg mechanisms of react&n, 

allowmg one to narrow down a number of possible mechamsms and prowdmg information on 

mechanism uniformity over a range of structural manipulations and reactnritles. In the present 

communication, the all-valence electron AM1 semiempmcal molecular orb&l technlque78 was 

applied to the examination of several enzymatmoxk%ons including horseradlsh peroxldase- and 

lactoperoxidase-mediated transformations of vanous aromatlc substrates The results were then 

used to suggest or support metabok routes of oxidation 

MATERIALS AND METHODS 

AM1 calcultions7b wem performed using either an IBM 3064 Model K dual processor 

computer (15 MIPS) or a TeMronix CAChe@ computer-a&d chemistry workstation. The 

Tektronix system contams an Applea Macintosh@ Ilx 66030 processor with a 66662 floatmg point 

coprocessor In add&on, a Motorola 20 MHz 66000 RISC processor (17 MIPS) IS Incorporated 

into the Apple* platform to speed molecular orb&l calculations The output IS displayed on a 

640 x 460 double-buffered 3-D stereo display For the IBM system, stn~ctural Inputs were 

generated using a SYBYUMOPAC interface Molecular geometnes were obtamed by mlnlmlzmg 

the total energy of a system with respect to all structural vanables using the standard Davldon- 

Fletcher-Powell optimization procedure in the case of the IBM system and the Broyden-Fletcher- 

Goldfatb-Shanno method In the case of the Tektronix@ system For cakulatlons on sulfur- 

containing molecules, the MNDO parameters for sulfur were impotted into the AM1 framework 

Vertical ionization potentials were calculated using Koopman’s theorem and adiabtic ionization 

potentials were obtained as the difference in energy (heat of formation, AH,) between the 

generated radical cations and ground states Calculations of the radical cation energies were 

performed using the half-electron paradigm. Expenmental data for the rate of horseradlsh 

peroxidase-medicated oxidation of phenols, anillness and thloanlsoless*‘o were obtamed from the 

literature Lactopemxldase-mediated sulfoxldatlon of thiobenzamldes were evaluated as part of 

the present study CSubstituted thlobenzamides and the correspondmg sulfoxides were 
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synthesrzed according to literature precedent”“* and extmctlon coeffidents determined for the 

thtobenzamtde sulfox~des (0.1 M phosphate buffer, pH 7.0). Lactoperoxrdase was obtained from 

Sigma Chemical Co. and was analyxsd spectrophotometncally at 412 nm as previously 

described l3 lndral rates of enzymecatalyzed sulfoxxfatlon were determmed in duplicate by 

monitonng the absorbance at 340 nm usmg a Hewlett Packard HP6462A drode array 

spectrophotometer Studies ut~l~zecl an imttal concentration of 62 pm lactoperoxtdase, 200 pm 

hydrogen peroxrde and thiobenzamide concentrahons ranging from 60-600 pm in 0.1 M (pH 7 0) 

phosphate buffer All determinat!ons were conducted at 22C. Second order rate constants 

were obtatned by a linear least squares regression fft of pseudo first order rate constants and 

thiobenzamide concentratrons. 

RESULTS AND MSCUSSIDN 

Peroxidases are heme-contammg enzymes which catalyze the oxidation of vanous organrc 

substrates at the expense of hydroperoxrdes.” Depending on the substrates involved and the 

conditrons under which the reactrons are carried out, a vanety of mechanisms have been 

suggested to explam the accumulated expenmental data. In the case of horseradish peroxrdase- 

catalyzed oxidation of phenols and andmes, there IS general agreement that the catalytic process 

begins with interaction of the natrve enzyme (HRP) wrth hydrogen peroxide to give an activated 

form of the enzyme known as compound I (HRP-1). We’d Compound I is assocrated wrth two 

oxrdrzmg equivalents over that of HRP wrth electrons lost from iron (the valence state Increase 

from +3 to +4) and the porphynn nng system ” In the latter case, a radical catron IS produced 

Compound I then reacts v&h the phenol or aniline substrate (AH,) resulting in the formatron of 

a neutral radical (AH =) and compound II (HRP-II) which IS assocrated wrth one oxidizing 

equivalent over that of HRP which IS locakzed on the iron atom This process appears to mvolve 

more or less simultaneous transfer of an electron and proton as Hammett sigma-rho studies do 

not Indicate the build-up of significant positive charge in the transition state Compound II can 

subsequently interact with a second mdecule of substrate and in the process regenerate the 

native HRP enzyme The two moles of AH produced can then dlmenze to give hH2 or react 

to give A + AH, These conversions are summarized in Scheme I below 

Scheme I 

HRP + H,C, _kt HRP-I 

HRP-l + AH, _!5- HRP-II + AH * 

HRP-II + AH, &_ HRP + AH . 

2AH + 4H, or A + AH, 
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As a number of studres with phenols and amlines have Indicated that step 3 is rate-lrmrtmg, the 

mteractron of HRP-II with vanous substrates has been examined to give some msrght to the 

kinetics of the overall process 6~1s~16 The above proposed mechanism suggests that reactron rate 

IS dependent on a one-electron oxrdatron mvolvmg electron transfer from the phenol or anrime 

substrate to HRP-II The energy associated with electron removal from the hrghest occupied 

molecular orbital (HOMO) of the substrate should, therefore, correlate with the log of the reaction 

rate Two different types of ionization potentrals were calculated using the AM1 semrempmcal 

molecular orbital method Vertical ronrzatron potentials were estimated based on Koopman’s 

theorem which holds that the energy requrred to remove an electron from the HOMO IS srmply 

the negative of the HOMO energy Adiabatic ionization potentials were obtamed as the 

difference In energy between the radical catron for a particular substrate and Its closed shell 

ground state Thus latter parameter includes in its magnitude molecular relaxation subsequent 

to electronic ionization Other values which were estimated In this study Included lowest 

unoccupied molecular orbital energies (LUMO), partial atomic charge distnbutlon and 

HOMO/LUMO structure based on mdivrdual atomic orbital coeffrcrent contnbutrons 

Correlation of AMldenved vertical ionization potentials with the log of the reaction rate for 

HRP-II mediated oxrdatron (k.J with a set of 18 substituted phenol@ gave a highly significant 

linear correlation (p c 0 001) as shown in Frgure 1 and Table I (r = 0 871) Use of adlabatlc 

ronrzatron potentials gave srmrlar results (r = 0 831) In addrtron, a plot of LUMO virtual orbrtal 

energies and log (k.J was linear (r = 0 88) Correlation coefficients were lower when the 

energres associated with either proton loss (r = 0 732) or hydrogen atom abstractron (r = 0 847) 

were related to reaction rate (Table I) Analysis of a set of 10 substrtuted anrImes gave similar 

results (Table II) with srgnrfrcant relatlonshrps generated between log (kJ and vertical (r = 0 934) 

(Frg 1) and adiabatic (r = 0 935) ionization potentials Attempts to llnk reactrvrty to atomic parka1 

charge drstnbutron (Table I) were mterestmg In that a plot of reaction rates and nitrogen pamal 

charge In the amline senes produced a slgnlficant (r = 0 84) relatronshlp characterized by a 

positive slope By contrast, phenolrc oxldatron rates were negatrvely correlated with oxygen 

partial charge (r = 0 68) It appears, therefore, that there IS no consistent effect of atomic partral 

charges on the process of the enzymatic reactions considered Finally, the AM1 approach 

suggested that the anilines and phenols examined had K-type HOMO’s with slgnlflcant atomic 

orbital contnbutrons by the 2p,-orbrtals centered on both the aromatlc carbon atoms as well as 

the heteratomrc components as Indicated by the equations below 
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= - 0 476 C-l 2~. - 0.326 c-2 213. . L . _ 

+ 0 254 C-3 21>1+ 0.532 C-4 2~ + 0 176 C-5p, 

-0374G62~+03640-72p, 

HOMO 

+ 0 396 C-l 2p, + 0 362 C-2 2p, - 0 170 C-3 2p, - 0 465 C-4 2p, 

-0170C-52&+0362C-621),-0492N-72R 

The data generated are wholly consistent with the proposed mechamsm in Scheme I and indicate 

that electron loss IS the rate-limiting or predominantly rate-llmitlng step n the oxidation These 

results are also In general agreement with those obtaned ustng other theoretical techniques 

Hosoya, for example, found good correlation between enzymatically catalyzed reactlon rates and 

CND0/2 HOMO energies although the relationshlps generated were characterized by a lower 

correlation coefficient than those observed in the present investigation 5 Thus, a set of 33 

substituted amlines gave an r value of 0 56 when simiar rate-energy relationships were examined 

The same group later used ab rntiro methods at the STO-3G level of sophistication and improved 

the correlation for anllines to r = 0 969 even though phenolic derivatives were somewhat less well- 

behaved (r = 0 641) ’ The higher correlation obtained using the AM1 technique compared with 

mlnlmal basis set ab rnrtro methods IS not surprising based on reports that the AM1 model compares 

favorably with the 6-31G* method in terms of Its accuracy but requires a fraction of the 

computational effort ’ 

Early reports of Bordeleau and Bartha indicated that charge density may be an important factor 

In affecting rates associated vwth fungal enzyme-catalyzed oxldatlon of anlImes ‘* The studies 

presented here, as well as those of Hosoya, show no consistent effect of reaction rate on charge 

distribution and tend not to support this speculaon at least in terms of horseradish peroxidase 

Finally, the semlemplncal tools employed here suggest that the amlines and phenols examined 

contained a n-type HOMO This observation IS consistent with possible electron transfer from the 

substrate to the heme prosthetic group edge, but does not rule out direct substrate interaction with 

the d,,-p, hydndlzed iron-oxygen orbitals ’ l7 These data corroborate the assigned mechanism for 

oxidation 

of anilines and phenols in that reaction rates appear to be dependent on one-electron oxidation 

energies Furthermore, the changes in rates over a series of derivatives could not be correlated with 

changes in charge distribution 
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Figure 1 Correlation between horseradish and peroxidase-mediated ox&bon of phenols (left 
panel) and anlkne (nght panel) and AMldenved verbcal lonzabon potent&. 

Table II Vemcal and Adlabatrc lomzabon Potent&, Lowest Unoccupied Molecular Orb&l (LUMO) 
Energies. Atomic Pa&al Charge on the Aniltne Mtrogen and the Log of the Rate Constant 
for Horseradtsh Peroxldase-Mediated Oxidation ’ of a Senes of Substrtuted Anrknes. 

Substduent 

0 

VetWal Adiabatic 
Ionization ionization 
Potenhal Potential 

(ev) (ev) 

Atomic 
Partlal 
Charae !zQ& 

H 

F-C& 
PC1 

Z2H3 3 

m-Cl 

MH, 
o_CH, 
&I 
o-CCH, 

8522 7866 0639 -0.327 4 934 
8356 7 676 0.615 -0 325 5 785 
8 577 7919 0 292 -0 330 3064 
8 203 7434 0.517 -0.317 6 824 
8 479 7 769 0605 -0 326 5.253 
8 732 8061 0 263 -0 330 3.182 
8520 7854 0613 -0 331 4 797 
8435 7.748 0 600 -0 325 5 140 
8 825 7 985 0 285 -0 331 3004 
8319 7485 0546 -0 313 6 462 

‘Ref 6 

while the mechanrsm for the oxidatton of substrates beanng a hydrogen at the reation center 

IS fairly stratghtforward, the posslbfe routes by which horseradish peroxldase and other peroxldases 

catalyze the oxidation of organic sulfides are more diverse “ZLJ These species lack a source of 

hydrogen which can be transferred to the enzyme and the necessary proton must be derived from 

water or another source. Perez and Dunford summarized the three possible mechanisms for 

horseradish peroxtiase-catalyzed OX&&on of suffiti” which Induded, first. reacbon of compound 

7531 
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I (HRP-I) v&h the sulfur-contarnrng substrate to result n transfer of the peroxrdedenved Iron-bound 

oxene specres tn a single step. This concerted two electron process results In reduction of HRP-I 

to the native enzyme and production of the sulfoxrde. A second pomblity Involves interaction of 

compound I v&h the substrate to give nse to the sulfur radical cation and the HRP-I one-electron 

reduction product, I e , compound II (HRP-II) HRP-II can then transfer the iron-bound oxygen to the 

radical cation either in the form of an anion or as the hydroxy radical This two-step process results 

In regeneratron of HRP The m mechanism IS a vanation of the second in that HRP-I interacts 

wrth the sulfide to produce HRP-II and a radrcat catron. In this scenario, however, HRP-II interacts 

with a second molecule of substrate to give a second radical cation intermediate and the native 

enzyme The two moles of radrcal cation then drsproportronate giving one mole of the regenerated 

sulfide and one mole of a sulfur dicatron which can react wtth environmental water to produce the 

sulfoxide and two protons These three processes are summanzed below (Scheme II) and are 

designated as an (1) concerted oxygen transfer (involving an oxene intermediate), (2) sequential 

electron/oxygen transfer and (3) drsproportionation mechanrsms 

Scheme II 

Concerted Oxygen Transfer 

HRP + H202 _!LI- HRP-1 + H,O 

HRP-I + SR, L HRP + S(O)R, 

Sequential Electron/Oxygen Transfer 

HRP + H202 -t&1_, HRP-I + H,O 

HRP-l + SR, L HRP-II + ‘SR, 

HRP-ll + ‘SR, L HRP + S(O)R, 

Disproportionation mechanism 

HRP + H202 AI- HRP-I + H,O 

HRP-l + SR, L HRP-II + ‘SR, 

HRP-ll + SR, L HRP + *SR, 

2 ‘+SR, _!L,- SR, + “SR, 

“SR, + H,O + S(O)R, + 2H’ 

In applying semremprncal approaches to examine and possibly differentrate between these 

mechanisms, correlation of rate data wrth ionization potentials was again considered Analysis of 

reaction rate for the oxidation of 4-substrtuted throanrsoles by horseradish peroxidase and calculated 

vertrcal and adiabatic lonlzation potent& was completed ‘lo The results found significant 



Semlemplncal molecular orbital techniques 1533 

correlatron n both cases wrth r = 0.71 when vertical ronrzatron potent& were appked and r = 0.80 

in the case of adiabatfc ionization potentials. Imporfantly, when the energy associated with direct 

oxygen transfer was correlated to reactron rate, no srgnificant relatronshrp emerged (r = 0 4) (Table 

Ill) These electronrc studies tend to support the mechanisms involvmg sequential single electron 

transfer, I e , those processes which result n sulfur radical cation formation, and not a single step 

concerted two-electron reactron The theoretrcal predictions appear to be borne out expenmentally 

since HRP-II formation In the course of the reacbon has been observed by spsctrophotometnc 

analysis Is Furthermore, formation of sulfur radical cations as indicated by ESR spectroscopic 

studies in the oxidation of sulfides by cytochrome P-450 has been documented er 

Table Ill Vertical and Adiabatic lonizabon Potentials, Heats of Formation Differences of the 
Sulfoxldes and the Log of the Horseradtsh Peroxrdase-mediated Oxidation Rate 
Constants” for Sulfoxldafion of pSubstrtuted Thioanisoles 

Substituent 
0 

Adiabatic Vemcal 
Ionization lonizabon 
Potential Potential 

(ev) (ev) 

AA H, 
(ArS(0)CH.J” Loo k 
(kcal/mol) 

lsopropoxy 6 11 8 33 1099 -3.45 
Methoxy 0 23 8.39 1434 -3 60 
Methyl 8 49 852 15 17 -3 87 
H 8 65 8 65 1536 -442 
Chloro a 73 8 75 1579 -3 75 
Cyan0 9 03 9 02 1669 -436 
Nltro 9 41 9 41 1794 -4 35 

‘Ref 9 and 10 
bMH, (ArS(O)CH,) = AH,(Sulfoxlde) - AH, (Sulfide) 

Unfortunately, dlstinguishlng between a sequential electron/oxygen transfer mechanism and 

dlsproportionation reackons using only electronic parameters IS difficult and further experimental 

approaches are required In this context, and to demonstrate the power of combined use of 

theoretlcal and expenmental techniques, the oxidakon of thlobenxarmdes by lactoperoxidase was 

considered Lactoperoxldase IS a useful model enzyme for the study of thyrotd peroxidase, the 

catalyst responsible for synthesrzing thyroid hormones ~4 Thyroid peroxldase is an important 

biochemical target in the therapy of hyperthyrordism 

Lactoperoxldase (LPX) IS similar in many respects to HRP discussed herein but also has clear 

mechanistic differences For example, reactron of lactoperoxidase wrth hydrogen peroxide results 

In two forms of compound I (LPX-I) n which the oxtdizmg equivalent assouated with LPX-I IS 

centered either on the porphyrin system or on an ammo acrd present in the actrve site “~6 In any 
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case, LPX catalyzed the sulfoxdation of organosuh substraWs n a manner similar to that induced 

by HRP.lS Thus, three mechamsms. concerted oxygen transfer, sequenbal electron/oxygen transfer 

or dtsproportionabon are possible. 

The oxrdatron of a senes of p-substrtuted throbenzanndes by tactoperoxidase was evaluated 

and obtarned rate constants correlatedwrth oakufated ionkatron potent& as summarized in Frgure 

2 A hrghly srgrxficant relatronshfp between vertical IonkatKm potentials and the log of the oxrdatron 

rate constants was obtarned with r e 0.94 Agarn, this finding is conststent vath a ratedetermrning 

or partrally ratedetermining electron loss from sulfur to LPX grvrng nse to a sulfur-based radrcal 

catron Interesbngly, verbcal ronrzation potent& were found to cormlate wtth expenmentally derived 

electrochemical oxtdation potent& Is 

r s 0.94 

86 ! I I , I 
-0 2 -0.1 0.2 

Frgure 2 Correlation between lact~p~~x~da~-mediated sulfoxrdation of p-substrtuted 
thiobenzamrdes and AM1 derived verbcal ionizatron potentrals. 

These data suggest sequentral electron transfer but other studies were required to specrfically 

define the enzymatic process By using labelled hydrogen peroxtde or water, d was possible to 

identify the source of oxygen in the sulfoxrde.~ Thus, signkant label derived from hydrogen 

peroxide would Indicate a bghdy coupled rebound mechsnism, i.e , a sequentral electron/oxygen 

transfer scenano and oxygen obtarned from water could be indrcatrve of a drsproportronabon in which 

the sulfur drcatron forms the sulfoxide. Recent findrngs indicate that while Irttle, rf any, labelled water 

was incorporated in the throbenzamrde S-ox&s subsequent to LPX-catalyzed ox&bon, 98 lk2 0% 

rncorporatron was observed when labeled peroxtde was used. The theoretical data suggest, 
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therefore. a multi-step mechantsm tnvolvtng a ratedetermtntng electron transfer and Welling data 

suggests a tightly coupled oxygen rebound mechanism as the most like& possibility. Importantly, 

the isotope study, tn and of ttself, cannot dtfferenlfate between a slrtgle step oxene or a ttghtly 

coupled radtcal cage process In this case, expenmental and theorettcal approaches complement 

each other to provtde mechantsttc deftnttton. 

In concluston, use of semremptrtcal molecular orbttal methods cart provtde supporttve 

tnformatton in studies of enzyme mechantsm. Such assistance includes, tn some cases, 

differentiation between single and multtple step reactton and whether component processes result 

tn the formation of charged tntermediites A cautton, however, should be applied. Brutce found that 

tn attempting to dtitnguish between radtcal or hydride-meWed ox&ton of dthydropyndtnes, 

substttuertt and vanous electrontc effects were not usefuLn In this case, the product of oxidation 

IS ulttmately a pyrtdtntum salt Hydride-mediated oxtdatton provides the quatemary species tn one 

step while radical-induced oxtdatton proceeds through an electron-proton-electron transfer sequence 

tn which the first electron loss IS rate-determining or at least partially ratedetermtntng Thus, the 

rate-limiting step tn both processes tnvolves the formatton of a postttvely charged spectes, etther a 

radical catton or a pyrtdtntum salt, and substttuents were found to have exactly the same effect on 

both systems In the examples presently under constderatton, electronic semtemptncal parameters 

are called upon to disttngutsh between a single step (oxene) process whtch results tn the formation 

of a neutral sulfoxtde or a multiple step mechantsm in which sulfur radtcal cattons are produced tn 

the rate-ltmtttng step 

Finally, several studtes have been published ustng Hammett sigma-rho technques to evaluate 

enzymatic mechanisms of converston wtth stmtlar results of those reported heretn ” Henn-Rousseau 

and Texter have argued that when a senes of substtMed dertvattves reacts wtth a common spectes, 

the difference tn energy In the process depends on the frontier molecular orbttal energy of the 

substttuent ‘* This suggests that Hammetl sigma substttuents are, to a first approxtmatton, an 

indication of the difference in orbttal energy Imparted by a substttuent and IS consstent wtth the htgh 

degree of correlation between sigma values and HOMO energtes The questton then artses as to 

the advantage of using semtemptrtcal methods over ltnear free energy relattonshtps of the Hammett 

type Two points should be forwarded First, HOMO energtes are spectftc, mensurate molecular 

characteristics correlation which have physical tnterpretattons Second, Hammetl analysts IS ltmt&d 

to reaction schemes specifically destgned to separate the substttuent from the reactton center and 

therefore can be ltmtted in tts applicability In the ferrtcyantde-medtated oxidation of 3-substttuted-l- 

methyl-lPdthydropyrtdtnes, for example, Hammeti analysts was not possible but excellent 

correlatton was observed between reactton rates and adtabattc tontzatton potenttals 29 
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