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Reaction mechanisms of redox-active enzymes have for a long time been challenging targets for theoretical
research. In this review, a quantum chemical approach will be described which during recent years has been
applied in our laboratory to a number of the most interesting of these enzymes. Hybrid density functional
theory is used where full geometry optimizations are done with a medium basis and final energies are evaluated
using a much larger basis. Models consisting of 80 atoms and which contain the active site metal complex,
including only the first-shell amino acid ligands, are normally employed. The protein surrounding is treated
as a homogeneous dielectric medium. Results demonstrating the accuracy reached in this type of model are
given, and a number of examples are described, showing the type of problems that can be treated. The most
important of these are taken from studies on photosynthesis and oxidative phosphorylation (respiration).

I. Introduction may be difficult to locate already for small systems, and only
a few years ago, this had hardly been done for systems larger

is one of the most exciting and active areas of chemistry today. than 20 atoms. Accurately determining the activation energy
This group of enzymes includes, for example, photosystem I for a model of a complicated active site containing transition
of photosynthetic organisms, the terminal respiratory enzyme Metal centers and more than 30 atoms, therefore, clearly
cytochrome oxidase, the nitrogen activating enzyme nitrogenase,/€Presents a major challenge for computational chemistry.
the methane activating enzyme methane monooxygenase, ribo-De_Sp'te these difficulties, during recent years, model caIcuIano_ns
nucleotide reductase, which converts ribonucleotides into deoxy- USing accurate quantum chemical methods for the reaction
ribonucleotides, and many other enzymes of fundamental mechanisms of these enzymes haye started to bgcome possible.
importance for life processes. Despite their obvious importance The present review, which is not intended to give a general
and the intense experimental interest, until a few years ago, thereSurvey over the whole field, will describe an approach that has
were only very few studies of these systems using accuratePeen used in our laboratory dL_Jrlng the past five years to treat
quantum chemical methods. The main reason for this is, of these complex systems. A brief description of the chemical
course, that the active sites of these enzymes are quite complexnodel used in this approach is that, besides the substrate, it
from an electronic structure viewpoint. The active metal cofactor contains the active site metal complex, including all of its first-
Of nitrogenase’ for example, Contains seven iron atoms and Oneshe“ |IgandS Examp|eS from case StudIeS W|" serve to I||UStI‘ate
molybdenum atom, and the oxygen evolving Complex in what kind of questlonS that can be addressed and the level of
photosystem Il contains four manganese atoms. In the latter caseUnderstanding reached using this approach.

there is also the additional complication that the geometric  Calculations using high-accuracy methods on transition-metal-
structure is not yet known. A quantum chemical study of a containing systems are relatively new. In the initial period, at
reaction mechanism implies the determination of all intermedi- the end of the 1980'’s, these calculations were restricted to very
ates and transition states along the reaction path. Transition statesmall systems containing less than 10 atoms. It turned out early
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that it was very difficult to obtain qualitative agreement with metrically and energetically very similar and only have differ-
experiments even for atoms unless very sophisticated methodsnces in the hydrogen bonding will in the present context be
and huge basis sets were udeflhe reason was that both regarded as the same mechanism.

nondynamic and dynamic correlation effects are unusually large, In the present review, the computational methods and models
and these effects are also strongly coupled. Still, after a few will be described first. Examples of accuracy will be given in
years of development, results could be obtained using a smallthis context. One of the major projects using this approach for
degree of semiempirical parametrizatfowhich were in quite oxygen activation by cytochrome oxidase will then be described
good agreement with experiments for small, mainly cationic, with a comparison to the corresponding activation in isopeni-
systems, for which accurate ion beam experiments were cillin N synthase. A discussion of the mechanism for hydroxy-
available3~5 A rather surprising experience from this period lation in methane monooxygenase will serve to illustrate another
with model calculations on small systems, worth mentioning type of questions that can be addressed with this approach, and
here since it was very important for the development of the finally, model calculations on the mechanism for formation
present day models, was that even these small systems couldn photosystem Il will be described.

provide insights which turned out to be generally relevant also

for larger realistic systems. For example, insights obtained from !l. Computational Methods and Models

studies of reactions between isolated transition metal atoms and |n most quantum chemical studies on transition metal

activation of methane by systems used in homogeneous catalysigpyious reason for this is the high efficiency of these methods
such as RhCp(CO)The relative insensitivity of some of the  for Jarge systems. The particular functional chosen in the present
most important results to the choice of model, for example, approach is the B3LYP function#l,which is also the most
concerning the choice of ligands, was promising for future widely used DFT method. In the first section below, the B3LYP
modeling of complex systems such as those in enzymes.  method and its accuracy is discussed. To elucidate reaction

A breakthrough for the treatment of larger systems came with mechanisms implies a large number of calculations, which
the development of highly accurate density functional methods means that for practical reasons the models used should be kept
about a decade addlhe key to the increased accuracy of these as small as possible. In the second section below, an investiga-
methods was the incorporation of terms in the functionals that tion of the sensitivity of the calculated energetics to the size of
depend on the gradient of the density. This was primarily the chemical models is discussed. In this context, more technical
important for the description of the exchange enérgyuch aspects, such as basis set and solvent effects on calculated
less so for the correlation enerdfy.Incorporation of exact  energies, are also presented.
exchange and a few semiempirical parameters were also [l.A. Methods. The hybrid B3LYP functional can be written
significant in this context! Benchmark calculations showed that ~ast16
using these so-called hybrid functionals, results almost as
accurate as those obtained from the most accurate ab initiopB3-YP = (1 — A)FStater . ApHF | gpBecke
methods could be obtained at a fraction of the cost. For LYP VWN
benchmark tests, which have gradually included more and more CR™ +(1-OF (1)
systems, the hybrid DFT methods have been shown to give
energies normally within a few kilocalories per mole of Wwhere is the Slater exchangé;" is the Hartree-Fock
essentially exact experiments. Even though this accuracy isexchangeF=**®is the gradient part of the exchange functional
surprisingly high, it must still be remembered that it cannot be of Becké, F-"" is the correlation functional of Lee, Yang, and
expected that the error in a calculated barrier for an enzyme par17 andFYWN is the correlation functional of Vosko, Wilk,
catalyzed reaction should be less thar53kcal/mol. This and Nusaii® The A, B, and C coefficients were determidéd
limiting error is highly significant for the design of appropriately sing a fit to experimental heats of formation, where the
balanced methods and will be referred to several times in the correlation functionals of Perdew and Wahgere used instead
present review. of FY"N andF:'" in the expression above.

With a limiting accuracy of 3-5 kcal/mol, it is clear that not The accuracy of different DFT methods has been investigated
all questions concerning reaction mechanisms can be meaningusing the standard G2 benchmark test consisting of the
fully answered. Only the energetically most important aspects enthalpies of formation of 148 small first and second row
of the reaction mechanisms are therefore addressed. When twanolecules? These comparisons show that the B3LYP method
different reaction mechanisms are compared, the preferredis clearly superior to the other DFT methods, with an average
mechanism can only be safely determined when there is andeviation from experiments of only 3.11 kcal/n#IThis can
energetic difference between them of more thasd &cal/mol. be compared to the corresponding results of 1.58 and 0.94 kcal/
Fortunately, distinctly different mechanisms commonly differ mol, respectively, for the G2 and G3* methods, which are
by much more than this amount. For example, the activation among the most accurate ab initio methods available. The
mechanisms tried for ©Ocleavage in cytochrome oxidase accuracy of the B3LYP method has recently been further tested
differed by more than 15 kcal/mé#!® as did some of the  using the extended G3 benchmark Zeifh which ionization
mechanisms for isopenicillin N syntha¥ewhile the mecha- potentials, electron affinities, and proton affinities also are
nisms tried in photosystem commonly differed by at least  included. This test has 376 entries, and the B3LYP functional
5—10 kcal/mol. If two mechanisms investigated differ by less obtains an average error of 4.27 kcal/rf®T he largest part of
than 5 kcal/mol, the information provided could still be useful the increased error as compared to the previous benchmark
and could, together with experimental information sometimes, comes from the inclusion of a new set of 75 enthalpies of
still be enough to decide upon the preferred mechanism, but in formation for large molecules. However, enthalpies of formation
these cases, the energy information provided by the calculationsfor large molecules, where a large number of new bonds are
is only of secondary importance. As a further clarification of formed, should be the least relevant when studying reaction
the perspectives used here, two mechanisms which are geomechanisms where only a few bonds are formed or broken, and
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if this group is excluded, the B3LYP functional has an error of a transition state structure. A full transition state optimization
3.29 kcal/mol (301 entries). For the geometries of a 55 atom requires the calculation of the Hessian. In most cases, ap-
subset of the G2 benchmark test, all DFT methods give quite proximate transition states are first determined by freezing one
accurate results, perhaps slightly more accurate for the hybridor two coordinates at different values, optimizing all the other
methods® The average B3LYP error for a bond distance in degrees of freedom, and determining the maximum (or saddle
this benchmark is only 0.008 A and for an angle only 0.6t point) on the potential energy surface. The main frozen
is also worth noting that the geometry convergence with basis parameters are different bond distances to be formed or split.
set is very fast. A full transition state optimization, using an explicitly calculated
Because of the lack of accurate experimental values, muchHessian, is then performed with the approximate transition state
less is known about the accuracy of DFT methods for transition s a starting structure. It has turned out that the activation
metal complexes. The few systematic theoretical studies thateénergies normally change by only a few kilocalories per mole
have been performed were recently discussed in a re¥i&or going from the approximate transition states to the fully
small cationic systems, the average absolute error in calculatedoptimized ones. The calculated Hessians are also used to
M—R bond energies, where M is a first row transition metal estimate zero-point, thermal, and entropy effects on the relative
and R is H, CH, CH,, or OH, were found to be in the range €nergies in the harmonic approximation. For this purpose,
3—5 kcal/mol using the B3LYP functional. For the successive Hessians are calculated also for the corresponding reactant
M—CO bond energies in first transition row metal carbonyls, Sstructures.
the average error was only 3 kcal/mol, and the results were in  Concerning the reliability of the B3LYP method for calculat-
most cases within the experimental error bars. A comparison ing activation energies, it can be noted that for small model
of particular interest for the present review also exists for the systems, it has been found that B3LYP tends to slightly
case of the @H bond strength in MngfO—H)~,2> where the underestimate the barriers for hydrogen transfer reactions by
B3LYP result was found to be in good agreement with 2—3 kcal/mol3! On the other hand, for complicated reactions,
experiment. This system is similar to the model systems like the ones where an-60 bond is formed or cleaved, it can
discussed below for photosystem II. be expected that in the transition state regions there are several
When studying biochemical problems, it may be important States relatively close in energy. A single configuration method
to consider also the modeling of the part of the enzyme that (like B3LYP) could then lead to a somewnhat poorer description
surrounds the part treated quantum mechanically. For the presenef the transition-state region than of the equilibrium region,
type of transition metal complexes, it has generally been found Which could lead to slightly too high barriers.
that effects coming from outside the metal complex are quite  [I.B. Accuracy of the Model. As indicated in the Introduc-
small. These are therefore reasonably well treated by simpletion, the choice of model employed here to describe the active
continuum methods. The methods used in the applicationssite in metallo-enzymes was reached on the basis of a large
discussed in this review employ cavities that follow the shapes amount of initial experience obtained during the past decade
of the molecular systen?8:?” The dielectric constant of the  for smaller systems. Even though the results were obviously
protein is the main empirical parameter of this model, and in found to be extremely sensitive to the choice of oxidation state
the studies discussed below, it was chosen to be equal to 4 inof the metal, the sensitivity of many results to the choice of
line with previous suggestions for proteins. This value corre- ligands was often found to be quite small. Even the difference
sponds to a dielectric constant of about 3 for the protein itself between nitrogen or oxygen derived ligands was frequently not
and 80 for the water medium surrounding the protein. found to be very significant in light of the overall accuracy of
In the model studies discussed in the following sections, the methods used (see above). In the earliest application of the
several calculations are performed for each structure consideredpresent approach, for methane hydroxylation by methane
Initially, a geometry optimization is performed using the hybrid monooxygenase (MMCO¥ the ligands were therefore all chosen
density functional B3LYP methot.In most cases, the geometry to be oxygen derived for simplicity. The number of hydroxyl
optimization is unconstrained, but recently, constrained opti- ligands were chosen to match the known oxidation state. In later
mizations have also been applied, where a few parameters areapplications, more realistic models of the ligands were used,
frozen to the corresponding values in the crystal structures. In normally including the side chain of the actual amino acids. In
this first step, standard doublebasis sets are used for all light  the present subsection, some results using this more recent type
elements. For the metals (manganese, iron and copper), af modeling will be described for the case of the entire catalytic
nonrelativistic effective core potential (ECP) is used. The cycle of manganese catalase, where different variants of
valence basis set used in connection with this ECP (LANL2DZ) modeling the active site are compared. The comparisons
is essentially of doubl&-quality. This basis set is used also for discussed involve both the chemical and the computational
the Hessian calculations, i.e., second derivatives of the energymodel. It should be noted that for the sake of comparison of
with respect to the nuclear coordinates, which are performed the models, it should not matter if the suggested catalytic cycle
for the optimized structures, see further below. To evaluate is indeed the correct one or not.
relative energies, B3LYP calculations are further performed for  The eight suggested steps of the catalytic cycle for manganese
the optimized geometries using larger basis sets, including catalase are shown schematically in Figure 1. These steps can
diffuse functions and a single set of polarization functions on pe briefly described as follows:
each atom. Finally, calculations of dielectric effects are per- Step 1: A water molecule br|dg|ng the two manganese centers
formed in the optimized structures at the B3LYP level using in the Mny(l1,1l) complex is being substituted by a hydrogen
the smaller basis set. The calculations are carried out using eithelperoxide molecule. Step 2: The—@ bond of hydrogen
the GAUSSIAN prograri? or the JAGUAR prograni? peroxide is cleaved forming a hydroxyl radical and a bridging
In the investigation of reaction mechanisms, relative energies hydroxide. The manganese complex has the oxidation states
of intermediates and activation energies for the transitions Mny(llL,1l) at the end of this step. The transition state is one of
between them have to be calculated. The activation energieselectron transfer from one of the manganese centers to the
are calculated as the energy difference between the reactant antlydrogen peroxide. Step 3: A spin-transition and a proton
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described in the text, where the geometries were optimized using a
double¢ basis, and the dashed line represents those with geometries
obtained using a polarized basis.

Figure 1. Schematic picture of the eight suggested steps of the catalytic
cycle of manganese catalase.

transfer occur, leading to a Mll,Ill) complex with a bound ) ) _ )
water molecule. Step 4: The water molecule produced in Step Finally, in the seventh model, the dielectric effects are subtracted
3 is substituted by a hydrogen peroxide molecule. The manga-from the results of the standard model.

nese complex is MllLIIN). Step 5: An O—H bond of the As a typical example of how a comparison between the
hydrogen peroxide that entered in Step 4 is heterolytically different models appears for the entire catalytic cycle, the final
cleaved. The manganese complex remains in(Mgll). Step energy diagrams for the standard model and for the model where
6: The second ©H bond of hydrogen peroxide is cleaved, a polarized basis set was usef for the geometries are shown in
leading to a terminally bound Oligand and a Mgl,II) Figure 2. The rate-limiting step is the second one, as expected,

complex. The transition state is one of electron transfer from where the G-O bond of hydrogen peroxide is broken. After
the peroxide to one of the manganese centers. Step 7: Anthis, the resulting hydroxyl radical is immediately quenched in
electron is transferred between the manganese centers leading strongly exothermic step. The barriers for the two subsequent
to a transfer from Mg(ll1,11) to Mn (I1,111). No transition state O—H bond breaking reactions are relatively small, and triplet
was obtained for this step. Step 8: A triplet oxygen molecule oxygen is easily released in the final step. It could be added
is being released. that in a system lika an enzyme, the kinetic energy released in
Seven different models of varying size and accuracy were one step is expected to be immediately quenched. The different
used to study this catalytic cycle, and the results were comparedsteps in the mechanism should therefore be regarded as
in a recent study on the model accuracy, where the details of essentially dynamically independent. Thermodynamical equi-
the comparisons can be fouftiThe first model, which was  librium is assumed, and the rates of the individual steps should
described in the previous subsection and termed here as thgherefore be obtainable from the barrier heights resonably
standard model, is typical for the level of modeling and accuracy accurately by applying transition state theory. The striking
used in previous studies on metalloenzyté4;1524343clud- feature of the comparison in the figure is that the curves are
ing the one on manganese cataf¥deuses as a chemical model  very similar. For the barriers, the largest effect is in the rate-
the active site complex, including the first-shell ligands repre- limiting second step with a difference of only 0.8 kcal/mol. It
sented by their side chains only. For manganese catalase, thigs clear that if two mechanisms are compared and the energy
means using imidazoles for the histidines and formates for the difference between these mechanisms is on the order of 10 kcal/
glutamic acids. Computationally, it uses geometries optimized mol, the effect of the improved geometry optimization does not
with a small double: (DZ) basis set, and the energy in these affect the conclusions reached. This is in fact true also if the
geometries is obtained using a basis set where polarization ancenergy difference is small, less than 5 kcal/mol, since in this
diffuse functions were added to all atoms. Zero-point vibrational case a certain determination of the best mechanism can anyway
effects are obtained from B3LYP Hessians with the DZ basis not be made. In such a case, a conclusion concerning the
and are not varied in the investigations discussed below. Thepreferred mechanism must rely heavily on experimental infor-
dielectric effects obtained using the SGRCM modet” are mation. In summary, for systems like this, a geometry optimiza-
finally added. The other models can be briefly described with tion using polarization functions is not needed for drawing a
relation to the standard model in the following way, where any conclusion concerning the mechanism. This has been a general
aspect not mentioned are taken from the standard model. In theexperience for all systems studied so far, and not a single
second model, the imidazoles are replaced by ammonia. In thecounter-example has been discovered.
third model, the formates are replaced by acetates. In the fourth Comparisons similar to the one shown in Figure 2 were
model, the final energy is evaluated using the small DZ basis obtained for all the other models and the details can be found
set. In the fifth model, on the other hand, the basis used for thein the original study? In the present review, only one more
final energy in the standard model is extended by a second setcomparison will be discussed, and this is for the rate-limiting
of polarization functions. The sixth model differs from the step of O-O bond cleavage and concerns all seven models.
standard model in that the geometries are obtained at a highefThe conclusions drawn are essentially the same for all other
accuracy by adding polarization functions to the DZ basis. steps of the mechanism. In this context, it should again be
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remembered that B3LYP typically has an error of 3 kcal/mol. ligands like in nitrogenas®*! it is our experience that the
For all models except one, the result for the barrier falls within antiferromagnetic spin-coupling can be chemically more sig-
+1 of the result using the standard model, which is thus clearly nificant.

within the error bars of the method. The only exception is the
model where the final energy is evaluated using the small DZ
basis set and where the error is 2.5 kcal/mol. Since the final
energy evaluation does not represent a major part of the tota
computation time even with a polarized basis, it is clearly

advisable to use at least this size of basis set for this part of the int ite diff ¢ h id d
calculation. To add a second set of polarization functions for a process in two quite different enzymes, cytochrome oxidase anc
isopencillin N synthase, are discussed. In the second section, it

system of the present size is not a major problem but has so far.

almost never resulted in a significant energy change. Very recent’> shown how quantum Che”."?’”y can provide new mformat!on
experience has shown that an extension of the basis set for théhat can be useful for determining the hydroxylation mechanism

ECP in the 3s,3p region of the metal can sometimes have more’" methane monooxygenases, where different types of experi-

important effects; but this was not tried for manganese catalase. ments have suggested quite different mechanisms. In the final

Exchanging the imidazoles in the standard model by ammoniaSﬁgttlgg’;Z\r{nerl?gfg%?;éiggéat%g)l(;iitgnc'rnst{; s?tlﬁjrzzttspezﬁglz
does not have any significant effect on the barrier height, only p y ) Y

0.2 kcal/mol. This is true for all other steps except one in the for this important enzyme has made it particularly difficult to

- o obtain the mechanism for the,@rmation process.
catalytic cycle. In that step, the ammonia ligand forms an LA O —O Bond Cl Mechanism in Cvioch
artificial hydrogen bond which cannot be formed by the actual C on cavage Mechanism in t.ytochrome

histidine ligand or by the imidazole model. This type of effect g(;(tlr? i?:a\?g(:nlslzgilr;”gg Ne:mitlrzze;i—s\t\é%:slzgmetf\i;N;Ia?:rt]ion
is quite common in other systems and can in practice be the Y9 '

; . The entire catalytic cycles for these enzymes will not be
reason ammonia models cannot be used. The electronic structure, y y y

effects of ammonia and imidazole are very similar even though discussed but, rather, one particular step, the cleavage of the

; . . P > O—0O bond of the oxygen molecule. The purpose is to
ammonia lacks the conjugation present in imidazole. This ) . o
L - . demonstrate that, by studying many different enzymes, similari-
similarity may be regarded as rather surprising, although it was

; - . - . ties in the reaction mechanisms can be found, and thereby more
in fact not surprising on the basis of the experience obtained

- . : general knowledge can be established. The two enzymes are
from modeling smaller systems (see Introduction). It is perhaps cytochrome oxidase and isopencillin N synthase.

less surprising that the results using formate and acetate ligands Cytochrome oxidase is the terminal enzyme in the respiratory

are so similar, with a difference on the barrier of only 0.4 keal/ chain, located in the mitochondrial or the bacterial membrane
mol, and this is true for all steps of the cycle. It should be added . ’

- . - in all aerobic organisms. The driving force of the respiratory
that the carboxylates are mechanistically important in many steps . :
) o electron transfer is the reduction of molecular oxygen to water,
of the catalase cycle and change hydrogen bonding significantly. ~ ~. . . ; .
4 .2 "which occurs in cytochrome oxidase. The exergonic reduction
The glutamates can therefore not be modeled by ligands which

. o of O is coupled to proton translocation across the membrane,
lack the hydrogen bonding possibilities that carboxylates have. resulting in a proton gradient, which is used to produce ATP.

The dielectric effects are very small on the rate-limiting The cytochrome oxidase enzyme has four metal centers, two
barrier for manganese catalase, onl§.4 kcal/mol. This is a _ copper centers, labeled £and Cw, and two heme iron centers,
rather common size, and effects larger than 3 kcal/mol are, in |gheled heme a and heme @wo of these metal centers, £u
fact, quite unusual. Still, the evaluation of the dielectric effects g3nq heme 4 located only abou5 A apart (metal to metal
is highly recommended first because they are obtained without gistance) and therefore referred to as the binuclear center,
a major effort and second because they can be rather large. Inconstitute the active site for the;@ctivation process. The X-ray
the cases when they turn out to be large, this is usually indicative stryctures of both a mammali&and a bacteria? cytochrome
of a problem in the chemical model chosen. For example, a oxidase have been determined, and the structures around the
highly significant hydrogen bond could be missing in the model. pinuclear center are found to be very similar for the two species,
Since large dielectric effects tend to be uncertain, a recom- yith three histidine ligands on GuAlthough the experimental
mendation in this situation is to extend the model rather than jnformation on the cytochrome oxidase processes is very rich,
using the computed effect. A situation where the dielectric the molecular details of the LOreduction process and the

effects are large and cannot be easily modified by using a morecoupling to proton translocation are not very well understood.
realistic model is when there is a Change of Chal’ge such as after |Sopen|c|”|n N Synthase is a mononuclear non-heme iron

an electron transfer. HOWGVGI’, the use of continuum methOdSenzyme that plays an |mp0rtant role for b|osynthes|s of

in those situations can only be expected to give results of gntibiotics. By the use of onegnolecule, the enzyme catalyzes
qualitative accuracy, even though surprisingly accurate resultSthe bicyclic ring closure of the substrate(L-a-aminoadipoyl)-
have occasionally been foufd. L-cysteinylp-valine (ACV) to form two water molecules and
When redox reactions are studied for transition metal isopenicillin N, a precursor of the antibiotics penicillins and
complexes like those in catalase, it is usually much easier to cephalosporins. Because of their outstanding importance in
obtain convergence for a ferromagnetic than for the proper medicine, it is of interest to understand the mechanisms for
antiferromagnetic coupling between the metal spins. Experi- formation of these antibiotics. The X-ray crystal structure has
mentally measuredvalues® which tend to be small for systems been obtained for isopenicillin N synthase &fpergillus
like this, support this procedure. In the case of Mn-catalase, nidulans complexed with manganese instead of iron. The crystal
both solutions have recently been obtained for theG0bond- structure shows that the metal is octahedrally coordinated by
cleavage step, and the difference in barrier height was found totwo histidines, one aspartate, one glutamine, and two water
be only 0.6 kcal/mol. It is not necessarily true that these effects molecules*
always have to be small, and further research is necessary to The common reaction that occurs in these two enzymes is
settle this question. For example, when there are bridging sulfur the G reduction

[ll. Reaction Mechanisms

In this section, a few examples will be given of enzyme
|mechanisms studied recently to demonstrate what kinds of
problems that can be addressed by quantum chemical methods.
In the first section, common features of the-O bond cleavage
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0, +4H" + 4e” — 2H,0 (2)

In cytochrome oxidase, the electrons and protons are ultimately

H0.
2 ~Cu® TyrOH

¢
—Fe(l)—

HO-qy TyrOH
o-oH
—Fe(ll)—

HO"Cu(II) TyrO-
o HO
]

—eqv)—

provided by the foodstuff metabolism in glycolysis and the citric  Free
acid cycle, and they are transported to the cytochrome oxidas
enzyme via the respiratory chain enzymes. In isopencillin N
synthase, the electrons and protons are more directly delivered3© 7
by the ACV substrate, which needs to get rid of four hydrogen
atoms to form the two rings of the isopencillin N product. The
reactions taking place in the two enzymes are consequently very
different. However, one similarity between the two enzymes is
that the Q@ molecule initially coordinates to an Fe(ll) center, of
heme type in cytochrome oxidase and non-heme type in
isopencillin N synthase. Also, in the step that cleaves th€®O
bond, an Fe(I\V5=O center is formed in both cases. It is therefore
possible to compare the mechanism for this particular reaction
step of the two enzymes.

In cytochrome oxidase, the,@nolecule coordinates to the
reduced form of the binuclear center, having the Fe(ll) and Cu(l)
oxidation states. To cleave the—@ bond requires four
electrons. Two of these electrons are taken from iron, yielding
the Fe(IVFO product. At least one electron is taken from
copper, yielding a Cu(ll), and one of the main questions here 2
is where the fourth electron comes from. One suggestion has
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been that it has to come from outside the binuclear center, i.e., 1o 4
from one of the other redox active metal centers, the heme a.
This alternative is now more or less outruled, partly on the basis
of the quantum chemical calculations. Other suggestions are
that one more electron is taken from copper, yielding a Cu(lll),
or that the protein supplies this electron, yielding an amino acid
radical. Spectroscopic data seems to outrule the formation of a
porphyrin radical. The most likely amino acid candidate for
providing an electron is the tyrosine residue, which has been
found to be cross-linked to one of the histidines ligated to copper
in the binuclear centéf#® Early calculations showed that an  the experimental value for the rate-limiting barrier. There is in
0O—0 bond cleavage with the formation of a tyrosine radical is fact experimental evidence for such a protonation of the
thermodynamically favorabl, and more recent calculations  binuclear center during its reductiéhand it is suggested that
indicate that this is more likely than the Cu(lll) alternative. the hydroxyl group at the farnesyl side chain of the heme a
There is also recent experimental evidence for the existence ofporphyrin is a likely site of the proton. This farnesyl hydroxyl
a tyrosine radical in the ©O cleaved speci€$. The main  group should have a high proton affinity due to resonances with
question for a quantum chemical study is thus to elucidate how the z-system of the heme ring},and it is perfectly located,
the O-O bond can be cleaved with a low enough barrier to be hydrogen-bonded to the cross-linked tyrosine and at the end of
consistent with experimental data. The lifetime of the ferric oxy one of the proton channetd43In this mechanism, there is thus
compound indicates that the free energy of activation should no tyrosine radical created in the actuat-O bond cleavage
be about 13 kcal/mol. region of the potential surface. Instead, the calculations indicate
For the mechanism involving the formation of a tyrosyl the temporary formation of a porphyrin radical. As mentioned
radical, it was originally proposed that the-@ bond is cleaved  above, such a radical has not been observed, and it is therefore
through a hydrogen atom transfer from the cross-linked tyrosine suggested that the radical is transferred from the heme to
to the distal oxygen atof.At the start of the theoretical study, tyrosine in an exothermic step immediately following the O
it was noticed that a water molecule needs to be involved in bond cleavage. The energetics for such a step is presently under
this process, either as a link between the iron coordinated O investigation. In conclusion, the calculations have shown that
molecule and tyrosine or as a copper coordinated proton in cytochrome oxidase the-aD bond cannot be cleaved with
sourcel® The latter alternative is the one discussed here, noting a reasonably low activation energy unless there is an extra proton
that the two versions of the ©0 cleavage mechanism give present at the binuclear center.
very similar results’ In Figure 3a, the calculated potential In isopencillin N synthase, it has been shown that in the
surface for this mechanism is shown, and it can be seen thatpresence of the substrate ACV the glutamine loses its coordina-
the barrier for the ©-O bond cleavage is much too high, about tion to iron and is replaced by the thiolate of ACV. On the
30 kcal/mol, as compared to the experimental value of 13 kcal/ basis of substrate analogues and isotopic labeling experiments,
mol. The reason for this high barrier is an weak electronic a catalytic mechanism was first proposed by Baldwin é¢-.
coupling that is too weak between the tyrosine and the redox Additional experimental data, giving a more detailed picture of
active iron center. However, if it is assumed that there is anotherthe enzyme mechanism, have been gathered in three recent
proton available at the binuclear center, the @bond can be reviews>~53 The binding of the substrate and molecular oxygen
cleaved with a much lower barrier, calculated to be 14 kcal/ into the enzyme leads to loss of one water molecule. In the
mol, as shown in Figure 3b, and in excellent agreement with subsequent step, the Cgsc—H hydrogen of ACV migrates

exp .
13 keal/mol

0+

0 kcal/mol

(b)

Figure 3. Calculated potential surfaces for-@ bond cleavage in
cytochrome oxidase: (a) without an extra proton and (b) with an extra
proton available at the binuclear center.
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Figure 4. Calculated potential surfaces for-@ bond cleavage in
isopencillin N synthase: (a) with the substrate deprotonated and (b)
with the substrate remaining protonated.

to the dioxygen, leading to formation of the oxoferryl and the
p-lactam ring intermediate and a second water molecule.
Spectroscopié->%and crystallograph# studies have indicated
that the closure of thg-lactam ring occurs prior to that of the
thiazolidine ring, which completes the formation of the bicyclic
structure of isopenicillin N. Furthermore, isotope labeling
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substrate thiolate is still protonated upon coordination to the
iron center. In fact, in the crystal structure the two oxygen
ligands at the metal center have the same®dond distances,
indicating that they are both water molecules and that the iron
center has to carry one positive charge to give an Fe(ll) oxidation
state. This also means that the substrate does not have to become
deprotonated when it replaces one of the water molecules as a
ligand to iron. In the first step, the thiolate proton is transferred
to molecular oxygen coordinated to iron forming an-f2OH
peroxide structure (see Figure 4b). This step is assumed to be
close to thermoneutral. In the next step, the hydrogen atom is
transferred from the Cyg-carbon, and the ©0 bond is
cleaved, with a calculated activation energy of 20 kcal/mol, in
reasonable agreement with the experimental observations. The
formation of thep-lactam ring occurs in a subsequent step,
which was shown to have a low activation enety.

Thus, the calculations have shown that for cytochrome
oxidase and isopencillin N synthase, in a very similar way, an
extra proton is needed in the active site to allow@ bond
cleavage with a low enough barrier. In cytochrome oxidase,
there is experimental evidence for protonation of the active site
prior to the entrance of the Molecule, and in isopencillin N
synthase, the crystal structure indicates that the substrate replaces
a water molecule at the iron center, which makes it likely for
the substrate to remain protonated at the thiolate group when
coordinating to iron.

O—0 bond cleavage of the oxygen molecule does not always
have to occur through a heterolytic mechanism as in the above
cases. Model calculations on methane monooxygenase have
shown that a homolytic splitting appears more likely for this
enzyme* In the optimized transition state, the oxygen molecule
is symmetrically oriented between the irons with the @bond
perpendicular to the FeFe bond. The reactant peroxide is in
an Fe(lll,111) state and goes to an initial R@ll,IV) product as
the O-0 bond is cleaved through a donation of a single electron
from one of the irons to oxygen. The transition state is thus
one of electron transfer and strongly couples thedDstretching
to the Fe-O distances of the iron center that changes oxidation
state in this reaction. Ferro- and antiferromagnetic couplings
of the iron spins give a very similar description of this process.

I1I.B. Hydrocarbon Hydroxylation in MMO. Methane
monooxygenases (MMOs) are a group of enzymes which

experiments show that kinetic isotope effects are present bothconvert methane to methanol via a monooxygenase pathway in

for the Cysp-C—H hydrogen and for the Va8-C—H hydrogen,
indicating that rate-determining-€H activations occur at these
two sites?® Both steps should therefore have significant reaction
barriers of similar size, around 17 kcal/mol.

The first part of the catalytic cycle, the formation of the
p-lactam ring and the cleavage of the—O bond, will be

which the dioxygen molecule is activateel35556The overall
reaction is given by

CH, + O, + NADH + H" — CH;OH + H,0+ NAD"
®3)

discussed here. In the first set of calculations, the ACV substrateThe longest known MMOs are soluble proteins containing a
thiolate was assumed to be deprotonated when it coordinateshinuclear iron active site in the MMOH protein. The X-ray

to the iron center. The first step of the reaction would then be
the hydrogen atom abstraction from G§searbon to the
molecular oxygen. As shown in Figure 4a, this step turns out
to have a very low barrier of only about 1 kcal/mol, which is
thus in contradiction with the experimental observation that this
should be one of the rate-limiting steps. Furthermore, the next
step, which involves both the ©0 bond cleavage and the
p-lactam ring closure, is calculated to have a barrier of about
34 kcal/mol, as is also shown in Figure 4a, which is much too

structure of MMOH with a diferric complex shows that there
are two histidines, four glutamates, one terminal water, and two
bridging oxygen derived liganés(see Figure 5).

Although there are many interesting mechanistical aspects
in MMO, in the present review, only the hydroxylation step
will be discussed. The hydroxylation of hydrocarbons by MMO
has been studied extensively experimentally and several possible
mechanisms have been suggested.In these mechanisms,
compoundQ, where the iron dimer is in an KgV,IV) state, is

high compared to the experimental activation energy of only the hydroxylating species. The mechanisms fall into essentially
about 17 kcal/mol. Inspired by the results for cytochrome two categories, radical and nonradical mechanisms. In the radical
oxidase, the presence of one more proton at the active site wasnechanism, the first step is a hydrogen abstraction from the
then studied, since this might reduce the @ bond cleavage hydrocarbon, and the second step is a recombination between
barrier. In this investigation, it was assumed that the ACV the radical and the hydroxyl group. The nonradical mechanisms
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mechanisnt® Apart from some studies on rather small and
charged models, the results from the theoretical investigations
therefore quite conclusively point toward a radical mechanism.
It is very unlikely that the use of even larger models is going
to change this situation. The solution to the problem of the
drastic discrepancy between theoretical studies and the inter-
pretation of the results of radical clock experiments therefore
probably has to be sought somewhere else. A suggested solution
was made in a recent stufyand this will be briefly described
here, as another illustration of the type of problems that can be
effectively attacked by theoretical methods.

For methane, which is the natural substrate for MMO,
calculations have showhtthat there is, besides the hydrogen
abstraction transition state TS1, an additional transition state
before the product alcohol is reached, TS2 in Figure 5.
Calculations further show that TS1 is very similar for methane
and the unsubstituted radical clock, with a pure hydrogen
abstraction in both cases. In the second step, an electron transfer
is involved, from the methyl radical formed in the first step, to
the iron dimer complex. It is clear that the ionization potential
of the substrate radical should be important for the size of this
barrier. Indeed, the calculations show that for the radical clock
substrates used in the experiments, which have substantially
lower ionization potentials than methane, the barrier for this
step disappears. The calculated gas phase ionization potential
is 229 kcal/mol for methane and only 151 kcal/mol for the
cyclopropane radical clocks. This difference will decrease in
the enzyme but will remain large. It is therefore suggested that

O\HsC' OQHV the radical clock substrate radicals will be ionized before the

T I alcohol recombination occurs. If this happens reasonably fast

after the hydrogen abstraction TS, calculations show that the

Figure 5. Suggested reaction sequence for hydroxylation in methane Unsubstituted cyclopropane clock cation will never open and
monooxygenase. only closed products will therefore be formed. For the phenyl-
substituted clock, the situation is slightly more complex since

suggest a concerted insertion pathway. Support for the hydrogenthe ring of the cation will open anyway with aimost no barrier.

abstraction mechanism comes from measurements by LipscomlﬁA fing-opening can thus n.Ot b? prgvented in this case. To
and co-worker$® who found some of the largest kinetic isotope |nv¢st_|gate yvhat happens n this 3|tuat|on, an glready.fully
effects (KIEs) ever observed in biology. Furthermore, radical optimized ring-opened radical clock cation (with a vinyl

spin trap experiments have detected radical species which weresubstituent, an_alog_o us to phenyl) was placed at the positip_n of
able to diffuse out of the protein matrix during the MMO the methyl radical in the geometry for the methane transition

reaction$® Support for a concerted nonradical mechanism of Staté TS2 (see Figure 6). The subsequent geometry optimization
MMO comes mainly from radical clock measurements by led to an immediate ring closing of the clock and a formation
Newcomb, Lippard, and co-worket&In these experiments, of the alcghol at the methyl posn.lon without any barrier.
radical clocks containing, for example, a cyclopropane ring, are Alcohols with closed cyclopropane rings could thus form even
constructed to have the property that if a hydrogen abstraction if a ring-opened radical is formed after the first step, in contrast
occurs the cyclopropane ring will open with a very high rate. to the normal interpretation of these experiments. This possibility
When this happens, the product radical will move to one of the FéPresents one scenario which would resolve the discrepancy
corners of the now open ring and will by strong preference be between theory and experiments. Another pOSSIl;)IIIt_y, yvhlch
hydroxylated in this position. If there is hydrogen abstraction, Would also resolve the problem, is that for the easily ionizable
the product alcohol should thus be ring-opened. However, in "adical clocks with phenyl substituents, there is in fact a
the experiments on both MMO and P-450, essentially only ring- concerted transition state with a hydride transfer from the
closed products are found. Fistethylobacter capsulatusery substrate to the bridging oxygen. An investigation of this
fast radical clocks were studied with results interpreted to show POssibility, which is in line with the normal interpretation of
a maximum radical lifetime as short as—6s. With these short  the experiments, is still under investigation and remains quite
lifetimes, the presence of radicals as intermediates in the Probable for the phenyl-substituted clocks. However, as men-
hydroxylation was excluded, both for MMO and P-450. tioned above, this possibility does not apply for methane, which
The first B3LYP study of MMO found a very pure hydrogen is the normal substrate for MMO and which therefore can be
abstraction transition state for methane activatfom the concluded to be activated via a radical mechanism.
second study, the mechanism was reinvestigated, but again, the [ll.C. Water Oxidation in Photosystem Il. To determine
same type of transition state was foutidn that study, the the mechanism for the formation of an oxygen molecule from
geometry was also systematically modified to approach a water by the oxygen-evolving center of photosystem Il in green
possible insertion transition state by bending theHz-O angle, plants is one of the largest challenges in chemistry today. Despite
but the energy just increased rather steeply. A third study by decades of experimental studies, there are still large uncertainties
Morokuma et al. performed in the meantime also gave the sameconcerning the detailed chemical steps of the water oxidizing

Glu Glu
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His147

Figure 6. Starting structure for geometry optimization with an
optimized ring-opened cationic clock and the iron dimer complex of
MMO taken from the second TS structure for methane. The starting
C—O distance was set to 2.47 A and the-B distance to 2.53 A.
This structure converged without any barrier to the alcohol product
with a closed cyclopropane ring.

reactions. A major problem in this context is that the X-ray
structure of the enzyme has not yet been obtained. Another
problem is that the chemistry of these steps is so unique that it
is very hard to find laboratory model reactions with any higher
degree of similarity to water oxidation. With this background,
theory could be helpful and provide pieces of information which will lose their protons to a different ba&elt is very important
cannot at present be obtained from experiments. Although theto note that, independently of the mechanism of this process,
structure of the water oxidizing complex is not known, sufficient the energy available to the water oxidizing complex in each
information from EXAFS is availabf@ to start model calcula-  step is approximately equal to the bond strength of the Tyr
tions. This technique allows the description of the structural O—H bond, which is equal to 87 kcal/mol. In other words, the
environment around the metals, due to its ability to deal with O—H bond strength of the ligand bound to manganese has to
the local order around a relatively heavy atom (not H, C, N, O, be at most this amount.

o). The most critical part in the search for a possible water
From saturating flash experiments, water oxidation is known oxidation mechanism is to find ©©H bond strengths close to

to occur in four step8 The intermediates of these steps are the one of 87 kcal/mol in tyrosine so that a proton and an
denoted gthrough g, and Q formation occurs at §S In each electron can be released according to one of the schemes in
step, a photon is absorbed by the antenna pigments of the light-Figure 7. It should in this context be noted that the ®bond
harvesting proteins, and the energy is transferred to the strength of unligated water is as high as 118 kcal/mol. In the
photosynthetic reaction centers of photosystems | and Il. At the first theoretical study on this problefijt was shown that the
reaction center of photosystem Il, a charge separation takescoordination of water and hydroxyl ligands to the manganese
place, in which the chlorophyll P680 is ionized. P68% cluster indeed significantly lowers the- bond strengths of
rereduced by an electron coming from a tyrosine 7/ Tyyr161), both water and hydroxide ligands, which is clearly one of the
located in the proximity of the water oxidizing compl&xin main functions of manganese in the water oxidation process.
this process, Tyrloses a proton to become a neutral tyrosyl Inthese processes, manganese was first oxidized from Mna(lll)
radical. In some way, Tyris recreated by receiving an electron water to Mn(IV)-hydroxide and then further to Mn(Moxo,

and a proton in each step of water oxidation. Two leading and the bond strengths were in both cases found to be close to
models for recreation of Tyrexists. In the first model, termed  the required value. However, only five-coordinated structures
the hydrogen abstraction mechan®nfsee Figure 7a), the  where the terminal ligands were water and hydroxide were used
tyrosyl radical obtains both the proton and the electron from in the first study, and later studies have shown that the situation
the manganese complex in a concerted hydrogen atom transfeis somewhat more complicated than initially anticipated. Even
step. In the second, model termed the electron transfer modela small modification, such as placing a water ligand in the
(see Figure 7b), the tyrosyl radical obtains the electron from second shell, leads to a significant increase of theHbond

the manganese complex and the proton from a nearby base. Irstrength of the first-shell hydroxide ligand. In fact, so far, no
that model, the water molecules which will eventually formn O  realistic manganese complex has been found in these theoretical

O
Figure 7. Optimized transition states for two models of tyrosine
reduction in photosystem II: (a) the hydrogen atom transfer model and
(b) the electron-transfer model.
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studies that can yield a terminal manganesgo state with a
sufficiently low energyt® These results parallel the experimental
findings, and at present, the general view is that terminal oxo
ligands are not involved in the water oxidation process.

Blomberg and Siegbahn

nuclear complex with only water and hydroxy! ligandsn the
Si-to-S; step, manganese is considered to be oxidized from
Mn(lIl) to Mn(IV). To model this step, an Mn(I11)(HO)x(OH)3
complex is used (see Figure 7). T\iTyrl61) is modeled by a
phenol group, and the base near A yrelieved to be His190, is
modeled by an imidazole group. This imidazole is protonated
for the reactant of this reaction step, as a result of the proton
transfer from tyrosine occurring upon its ionization. To be able
to compare the two different mechanisms for the reduction of
the tyrosyl radical discussed above, hydrogen atom transfer and
electron transfer, an additional base (imidazole) was also
included. An optimized transition state for a hydrogen atom
transfer mechanism is shown in Figure 7a. As can be seen from
this structure, a proton is halfway between a manganese ligated
water and the tyrosyl group, and the spin populations, 3.37 on
manganese and 0.43 on tyrosine, indicate that the electron is
also halfway between manganese and tyrosine. (Mn(lll) has a
typical spin population of 2.9, and Mn(lV) has 3.9.) The

In a recent B3LYP modeling study of the water oxidation calculated free energy of activation for this mechanism is 10.6
mechanism, quite realistic models of the water oxidation kcal/mol, in good agreement with a barrier of 12 kcal/mol as
complex were uset’ These models were constructed on the derived from the lifetime of the Sstate. An optimized transition
basis of available experimental information mainly from EXAFS  state for an electron transfer mechanism is shown in Figure 7b,
and EPR and contain three tightly bound manganese centersyhere the spin populations, 3.45 for manganese and 0.45 for
and a calcium center with two short distances to manganesetyrosine, clearly indicate that the electron is on its way between
centers. No position could as yet be suggested for the fourth, manganese and tyrosine. It can further be seen from the structure
less tightly bound manganese center, and this center wasin this figure that a proton is moving from the imidazole
therefore left out of the model calculations. Two types of models modeling His190 to recreate a neutral tyrosine and that a proton
fulfill the energetic requirements discussed above and also mostis |eaving the manganese complex to the other base. The
of the geometric requirements set by EXAFS, and these modelscalculations give a value of 17.5 kcal/mol for the free energy
are shown in Figure 8, where the fourth manganese is tentativelyof activation for this mechanism. This value should be consid-
added in the lower right corner. The key feature of the water ered as preliminary, since more investigations are needed, e.g.,
oxidation mechanism found using these models is that a bridging concerning the best way to model this type of mechanism, but
oxygen radical is formed in thesState in the position below  at this stage the calculated results indicate that the electron-
the upper Mn(IV) in the figure. The presence of an oxygen transfer mechanism might be less favorable than hydrogen atom
radical was also the main feature of an earlier study of the transfer.
mechanism using a simpler mod&IThe creation of an oxygen
radical in the $to-Sgtransition means that manganese is not |, conclusions
oxidized in this transition, which is in line with several previous
suggestions based on XANEBBEPRS® and NMR© experi-
ments. The model complexes in the figure contain a central cube
with an empty corner, and it is suggested that the essential

chemistry occurs in this cube. In the Siate, the corners of the  5ithough in a few studies some second shell ligands have also
cube are formed by two Mn, one Ca, tweoxo, and two Waters.  peen included. Computationally, the B3LYP method is used with
Water-oxidation is suggested to occur by removing protons from geometries optimized using moderate basis sets, while the
the two waters and from a-hydroxo group. Calcium has an  gnergies are obtained using large basis sets. Effects from the
important chelating role in these processes and makes-it O yrotein environment are obtained using continuum methods. One
bonds sufficiently weak for the abstraction chemistry by the mgajor advantage with this rather simple model is that it allows
tyrosyl radical. In 'Fhe suggested mechanism for the formation straightforward applications on a large number of enzymes and
of the O-0O bond in the $state, an external water molecule  of many alternative mechanisms. Experience has shown that
enters the originally empty corner of the cube. This water loses many different alternatives and many years of research with
a hydrogen atom to the oxyl radical and then forms andD  repeated investigations are usually required until consensus is
bond to an hydroxyl group bridging manganese and calcium. reached for an enzyme mechanism.
Simultaneously, a proton moves to a bridging hydroxyl group | the text above, some typical examples of mechanistic
in another corner of the cube. At this point, the finat,ef studies have been described. Several other enzymes have also
transfer to the tyrosyl radical occurs, a water molecule enters, heen studied using the same approach. One of the earliest
and Q is released. This mechanism is consistent with recent gpplications was made to elucidate the mechanism for ammonia
important solvent exchange experiments by Messinger €t al. synthesis in nitrogenagéA model including all steps from N
who used labeled oxygens. In those experiments, th® @ond to ammonia was set up where a coupled transfer of an electron
was shown to be formed from one oxygen that is quickly and a proton to Win each step is a key factor. Another similar
exchanging with solvent water and one that is more slowly study was made for tyrosinaétln both these studies, even
exchanging. The fast exchanging oxygen should come from thesimpler models than those described here were used, and work
external water and the slow exchanging oxygen from the is in progress using more realistic models. Another enzyme
bridging hydroxyl group. thoroughly studied is NiFehydrogenasé® In the most recent
Finally, the rereduction of the tyrosyl radical by the manga- modeling of this enzyme, which is still in progress, four second-
nese complex has recently been studied using a simple mono-shell ligands were included, two of them charged. When second-

In the present review, a theoretical model for studying
mechanisms of redox-active enzymes has been described. The
model can be briefly described as containing the substrate and
the active metal complex, including only its first-shell ligands,
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Q p , pepl g (27) Wiberg, K. B.; Keith, T. A.; Frisch, M. J.; Murcko, MJ. Phys.
between two of the ligands of copp&i-or heme-peroxidases, Chem.1995 99, 9072.
the O-0O bond-cleavage of hydrogen peroxide was investigated, (28) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.
and a heterolytic mechanism with many similarities to the one ., (29) Frisch, M. J.; Trucks, G. W.; Schiegel, H. B.; Scuseria, G. E.; Robb,
. . M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
described above for cytochrome oxidase was found to be thegyatmann, R. E.; Burant, J. C.; Dapprich, S.; Millan, J. M.; Daniels, A.
best on€® D.; Kudin, KN Strain, M.'C.; Farkas, O Tomasi, J.; Barone, V.; Cossi,
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performed in our laboratory. For ribonucleotide reductase |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;

(RNR), all the steps of the substrate reactions were investigatec{,en9. C. s Nanayakkara, A Gonzalez, C.; Challacombe, M., Gl P. M.
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; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98Gaussian Inc.: Pittsburgh,

transfer model for the long-range radical transfer in RNR has pa, 1998.

also been suggested based on model calculatfosthe steps

of the still more complicated substrate reaction sequence of
copper-containing amine oxidases have furthermore been studie

in detail recently?® Peptide ring-closing in green fluorescent
protein (GFPJ! and histidine ammonia-lya%ehave also been

investigated. There are also, obviously, many other quantum

(30) Jaguar 4.0 Schralinger: Inc., Portland, OR, 2000.

(31) Siegbahn, P. E. M.; Blomberg, M. R. A.; Crabtree, R.THeor.

hem. Acc1997 97, 289-300.

(32) Siegbahn, P. E. M.; Crabtree, R. HAAm. Chem. S0d.997, 119,
3103-3113.

(33) Siegbahn, P. E. Ml. Comput. Chemin press.

(34) Siegbahn, P. E. Ml. Inorg. Chem1999 38, 2880-2889.

(35) Himo, F.; Eriksson, L. A.; Maseras, F.; Siegbahn, P. EJIMAM.

chemical studies of enzyme reaction mechanisms performed inchem. S0c2000 122 8031-8036.

other laboratories and which are therefore not covered in this
review, where similar or rather different theoretical models have

been used. It is clear that this field is just in its beginning, and
it can safely be predicted that the number of applications will
quickly multiply the coming years.
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