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Stellingen behorend bij het proefschrift "Computational chemistry of PQQ and QH-ADH
door Aldo jongejan:
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In het licht van 25 jaar onderzoek van quinoproteinen is het voorkomen van een
covalent gebonden PQQ molecuul in het formaldehyde dehydrogenase uit
Methylococcus capsulatus, zoals gesuggereerd door Zahn et al, hoogst
onwaarschijnlijk.

(Zahn, ). A; Bergmann, D. |J.; Boyd, J. M.; Kunz, R. C. and DiSpirito, A. A.; J.
Bacteriol., 183 (2001), 6832-6840)

Het feit dat voor de twee enantiomeren van het substraat verschillende
energiewaarden worden berekend, maakt de verklaring van Shin et al. voor de
toename in enantioselectivitit van lipases in organische oplosmiddelen in
aanwezigheid van chirale zouten, aanvechtbaar.

(Shin, ). -S.; Luque, S. and Klibanov, A. M.; Biotechnol. Bioeng., 69 (2000), 577-583)

Het concept van "Near-Attack-Conformations" zoals gepropageerd door Bruice et al.
voegt weinig toe aan het begrip van katalytische mechanismen in enzymatische
reacties.

(Hur, S. and Bruice, T. C.; Proc. Natl. Acad. Sci. USA, 99 (2002), 1176-1181; Hur, S.
and Bruice, T. C.; J. Am. Chem. Soc., 125 (2003), 1472-1473)

De in de literatuur beschreven nauwkeurigheid van in silico simulaties van
biologische systemen geeft een vertekend beeld van het huidige voorspellend
vermogen van deze methode van onderzoek.

(dit proefschrift)

Glycerol, hoewel niet chiraal, wordt asymmetrisch gemetaboliseerd. Dat hier, zoals
geclaimd door Chelli et al., een verschil in conformatie-energie aan ten grondslag ligt
is onwaarschijnlijk.

(Chelli, R.; Gervasio, F. L.; Gellini, G. Procacci, P.; Cardini, G. and Schettino, V.; /.
Phys. Chem. A, 104 (2000), 5351-5357)

Bij de weergave van de structuur van penicilline in biochemische leerboeken wordt
aan een belangrijk drie-dimensionaal aspect voorbijgegaan.

(Abrahamson, S.; Hodgkin, D.C. and Maslen, E.N.; Biochem. J., 86 (1963) 514-535)

Eiwitvouwing in silico is een directe confrontatie met de Tweede Hoofdwet van de
thermodynamica.

In de strijd tegen vetzucht is jarenlang de verkeerde vijand vervolgd.

Het idee dat kledingvoorschriften in het vrouwenvolleybal leiden tot verhoging van
het kijkgenot is gewaagd.

In de evolutie van de computer blijkt de mens de zwakste schakel.

Deze stellingen worden verdedigbaar geacht en zijn als zodanig goedgekeurd door de
promotor prof. dr. W. R. Hagen.



Propositions with the thesis "Computational chemistry of PQQ and QH-ADH" by Aldo
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In view of 25 years of research on quinoproteins the occurrence of a covalently
bound PQQ molecule in the formaldehyde dehydrogenase of Methylococcus
capsulatus as suggested by Zahn et al. is unlikely.

(Zahn, ). A.; Bergmann, D. }; Boyd, ). M.; Kunz, R. C. and DiSpirito, A. A,; /.
Bacteriol., 183 (2001), 6832-6840)

Considering the fact that different values of the energy are calculated for the two
enantiomers of the substrate, the explanation offered by Shin et al. for the increase of
the enantioselectivity of lipases in organic solvents in the presence of chiral salts is
disputable.

(Shin, ). -S.; Luque, S. and Klibanov, A. M.; Biotechnol. Bioeng., 69 (2000), 577-583)

The concept of "Near-Attack-Conformations" as promoted by Bruice et al. contributes
little to our understanding of catalytic mechanisms in enzymatic reactions.

(Hur, S. and Bruice, T. C.; Proc. Natl. Acad. Sci. USA, 99 (2002), 1176-1181; Hur, S.
and Bruice, T. C.; J. Am. Chem. Soc., 125 (2003), 1472-1473)

The accuracy of in silico simulations of biological systems published in literature gives
a distorted picture of the current predictive capability of this technique.
(this thesis)

Glycerol, although achiral, is metabolized asymmetrically. This property is, however,
unlikely to be connected with a difference in conformational energy as claimed by
Chelli et al.

(Chelli, R.; Gervasio, F. L.; Gellini, G. Procacci, P.; Cardini, G. and Schettino, V.; /.
Phys. Chem. A, 104 (2000), 5351-5357)

In biochemical textbooks an important three-dimensional feature has been omitted in
the structural representation of penicillin.
(Abrahamson, S.; Hodgkin, D.C. and Maslen, E.N.; Biochem. J., 86 (1963) 514-535)

Protein folding in silico is a direct confrontation with the Second Law of
Thermodynamics.

In the "War on Obesity" the wrong enemy has been perused for many years.

The idea that the introduction of a dress code in women’s volleyball makes watching
it more attractive is questionable.

In the evolution of computers man is the weakest link.

These propositions are considered defendable and as such have been approved by the
supervisor prof. dr. W. R. Hagen.
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Computational Enzymology:

in vivo, in vitro, ...in silico ?

Science uses theories and models to uncover the physical rules that govern natural
phenomena. Two strategies are commonly employed. First, the in vivo complexity is
reduced to its in vitro parts. Next, hypotheses that project novel ideas into unknown
territory, are judged against Occam's razor [1], providing the 'cutting edge’ to separate
basics from redundancies. Clearly, the first approach is bounded by the limits of
reductionism. The second tool is blunted by practical limitations: the more basic a
hypothesis is, the more distant to (experimental) reality it will be. This certainly holds for
‘quantum theory'. In essence, the Schrédinger equation claims to hold the solution to all
that can (ever) be known from black holes to black coffee. However, as Dirac expressed
his concerns a long time ago “[It] leads to equations much too complicated to be
soluble” [Dirac, 1929]

Since then, the quantum mechanical exploration of physico-chemical space has
certainly come of age. Whereas back in the 1970's “....we were lucky if we could predict
energies to within +80 kcal per mole” [2], calculations on (very) small systems, i.e. the
helium atom, have pushed the accuracy of quantum mechanical calculations many digits
beyond what can be verified experimentally [3] (Figure 1). While accurate first-principle,
ab initio, solutions are not yet feasible for large systems, the use of powerful computers
has greatly expanded the range of theories and models that can be evaluated
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25
Figure 1. Accuracy of computed values for
the helium ground state energy since the
advent of quantum mechanics. “Accurate
decimal digits” is defined as d=-l0g1o|E-Ereil
in order to define a continuous scale such
that the error will be less than one unit in the
k™ place to the right of the decimal point if
d > k. Points correspond to refs 6 - 17 (in
order) and E, taken from ref 18 of [3].
Dashed lines show accuracies achieved by
standard methods (self-consistent field 5]
(SCF), configuration interaction (CI), and ‘.—————f d
perturbation theory (PT)). The first ' SEE
commercial computer was introduced in R |
1951 (UNIVAC). 1940
Figure reproduced from [3] with permission.
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in an approximate, experimental manner. In this sense, computers provide today’s virtual
laboratories: in silico.

1.1 Computational enzymology

Enzymes constitute a special class of polypeptides, proteins, with remarkable catalytic
properties. They provide the living cell with the necessary equipment for rate
enhancement, selectivity, and regulation. Understanding the basis of their proficiency is
one of the major challenges of biochemistry [4-6]. Insights have been gained using
traditional experimental and theoretical methods. However, certain key aspects of
enzymatic catalysis appear to be elusive. This is where (quantum) mechanical
simulations can complement and fill the gaps. Whether this will be successful depends
critically on the interlacing of the two fields. Since the dynamical events of interest occur
in the micro- to millisecond range, direct simulation of their occurrence is hampered by
the femtosecond time steps needed for reliable integration of the equations of motion for
molecular systems. In an alternative strategy, energy values are used to set up an
interface between wet chemistry and in silico results. In Section 2, a brief outline is given
of the types of energy-related experimental data obtained by traditional enzyme catalysis
research. Benchmarking values for the accuracy that is required to match wet chemistry
results are presented in Section 3.
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Section 4 contains examples with increasing degree of complexity. Application to the
quinohemoprotein alcohol dehydrogenase, QH-ADH, that forms the topic of this thesis,
is summarized in the final Section.

2  Enzyme catalysis

2.1 Kinetic and mechanistic characterization

The formalism initiated by Michaelis and Menten still provides a strong basis for enzyme
kinetic modeling. In the minimal model, Eq. 1, free enzyme, £, binds a single substrate,
S, to form the Michaelis complex, £S, which subsequently transforms into the product, P,
with concomitant release of the free enzyme.

kq ko
E+S<>ES=E+P (1
k_y
_ Vi " [S]
’;.O_KM +15] (2)

Applying pseudo-steady state approximations, a two-parameter relation is obtained for
the initial rate, Eq. 2. V,,, (= ke * [Eqal) corresponds to the maximal rate. K,, is a
measure of the affinity of free enzyme and substrate. For more complex situations
appropriate lumping of the microscopic rate constants produces additional parameters
[7-9]. These parameters can, in general, be retrieved from (pre/pseudo) steady-state rate
measurements by regression analysis.

The kinetic framework of an enzyme-catalyzed reaction sets the boundaries for
mechanistic interpretations. From the literature, it is evident that this leaves a large
playground. General ideas based on the comparison of the enzymatic reaction with the
corresponding uncatalyzed reaction in solution include: solvent reorganisation effects
[6]; proximity and orientation effects [10-14]; hydrogen bond energetics [15,16];
tunneling phenomena [17-21]; influence of metal cofactors [22]. Recently, the role of
low-barrier hydrogen bonds (LBHB) in the stabilization of the Michealis complex has
been subject to much debate [15,16,23-29]. At least, the importance of the bulk protein
in providing a preorganized and electrostatically favorable reaction environment is
widely accepted.
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The abundance of mechanistic interpretations relates in part to the success of the
formalism developed in the field of (organic) chemistry. Armed with empirical
relationships (Hammett, Brenstedt), quantum theoretical shortcuts (resonance, inductive
and mesomeric effects), and a number of experience-based intuitions (Hammond
postulate), chemists succeeded to find their way in the complexity of reacting systems.
However, since (computer) calculations require numbers and not notions, there is a
continuing need for adequate numerical descriptions.

2.2 From rates to energies
In the present setting, Eyring Transition State Theory (TST) [30] serves to outline the
argument. Granting explicit assumptions, as summarized in comprehensive reviews
[31,32], the (microscopic) kinetic constant, k, of an elementary reaction is expressed as
in Eq. 3 (thermodynamic format, all physical constants with their usual meaning, x being
the transmission coefficient).

kBTe—AG#/RT

3
h 3)

k=x
The appealing feature of this equation is that it provides a one-to-one relation between
the rate (constant) and a thermodynamic state function, the Gibbs free energy difference,
AG’, between the transition state, TS, and the ground state system. Although, this relation
conveniently maps rate data onto the energy domain, the resulting ‘energies’ should be
treated with caution. Of fundamental importance is the realization that the wealth of data
on activation energies that can be found in the literature merely represents this change of
format. Such energies should be better addressed as ‘Eyring energies’, to emphasize this
fact. Also, whereas the numerical properties of the exponential function narrow the
confidence intervals (in an absolute sense), in a reversal of fortune ‘accurate’ energies (+
0.5 kcal.mol™) produce large errors (200 %) for the reaction rates [31]. Despite the fact
that the Eyring energies provide no new information, they are of value to reduce the
complexity of kinetic equations. An example is given in Chapter 5, where the change of
format serves to identify factors that are crucial for the enantioselectivity of QH-ADH.

2.3 Enthalpy and entropy
When additional information is collected, i.e. the temperature dependence of the
reaction rate, it is possible to add extra meaning to the activation Gibbs free energy
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equivalent addressed above as the Eyring energy. In principle, enthalpic and entropic
contributions can be distinguished according to Eq. 4.

AG* = AH* - TAS? (4)

As the ratio of the rate constants for the forward and backward reaction is bounded by
the value of the equilibrium constant, the enthalpy of activation difference obtained in
this way is much less affected by the assumptions underlying reaction rate theory. Of
course, calculation of the absolute reaction rate requires the entropic contribution to be
included. When relative rates are considered, however, as is the case for enzyme
enantioselectivity, cancellation of factors may again be hoped for. Extracting enthalpic
and entropic differences for diastereomeric transition states from the temperature
dependence of the enantiomeric ratio has been described by us [33] and others [34,35].

3  Computational methods

3.1 Approximations

Full understanding of enzyme catalysis requires detailed knowledge of the events
occurring at the atomic and electronic level. As mentioned above, solving the
Schrédinger equation, Eq. 5, could provide the answers.

M (r,t)
ot

H¥(r,t) = in (5)

Given the wavefunction W(r,t), the expectation value, <A>, of the property of interest can
be calculated as in Eq. 6 by introducing the appropriate operator.

(A=[ W(r, ) A¥(r, t)dr (6)

Restricting ourselves to systems for which the Hamiltonian operator, H, is not explicitly
dependent on time (i.e. no magnetic forces), the time-dependency of the wavefunction
can be separated:

H(r)¢(r) = Eg(r), and W(r,1) = g(r)e™*" %)

leaving the time-independent Schrodinger equation as an eigenvalue problem.
Introduction of the Born-Oppenheimer approximation allows the nuclear positions to be
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treated as parameters, in which case Eq. 7 affords the electronic energy of the system at
fixed internuclear positions.

Although, a classical mechanics treatment is inadequate to describe the electron
configuration, the atoms themselves may well be described using Newton'’s equations of
motion. This leads to three approaches that are commonly used to simulate molecular
systems: i. ab initio calculations based on the Schrédinger equation, the values of
fundamental constants and atomic numbers, ii. semi-empirical techniques using
(empirical) parametrization of core electron configurations together with approximate
Hamiltonians for the outer electrons, and iii. molecular mechanics, or force field
methods, applying purely classical physics. An overview is provided in Table I.

Table I. Advantages and disadvantages of computational techniques

Method

Advantages

Disadvantages

Applicable to

= uses Schradinger
Eq.

=> no empirical
parameters

=> uses
approximations

=> mathematically
rigorous

= useful for ‘new’
chemistry

=> no experimental
data required

=> electronic
transitions and
excited states
can be
calculated

= computationally
expensive

=> small systems

= systems
involving
electronic
transitions

= ‘new’ chemistry
(i.e. no
experimental
data available)

= uses Schrédinger

=> electronic

=»> experimental

= medium to large

physics

= uses forc efield
with empirical
parameters

computationally
cheap

= applicable to
(very) large
systems
(enzymes)

of force field
outside test set
= no calculation of
electronic
properties
=> expl. data for
parametrization

Eq. transitions and data for systems
=> uses exp. derived excited states parametrization
empirical can be = less accuracy = systems with
parameters calculated and theoretical bond breaking
= uses extensive = computationally rigor compared or formation
approximation cheaper than to ab initio processes
ab initio methods
methods
=> uses classical = fast, => lim. applicability | = large molecular

systems (>1000
atoms

= systems without
bond breaking
and formation
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3.2 Chemical accuracy

Except for those cases were exact solutions to the Schrodinger equation are available, the
accuracy of the computed values has to be judged from the comparison with
experimental data. As Pople stated in his Nobel Prize Lecture: “Chemical accuracy is
reached as chemical properties are quantitatively predicted within the standard deviation
offered by the best experimental methods” [36]. Benchmarking values have been
proposed in the literature for various properties of molecular systems. Spectroscopic
accuracy (arbitrarily put at + 1 cm™) seems presently unattainable even for small systems
due to the errors implicitly introduced by the Born-Oppenheimer approximation and the
use of a non-relativistic Hamiltonian to describe molecular systems [371. At the other end
of the scale, structural and geometrical properties appear to be well within the reach of
computational methods. Errors in bond lengths and bond angles of 0.01-0.02 A and
1" - 2, respectively, are considered acceptable for small molecules [38,39]. Energy-
related properties take up an intermediate position. Chemical accuracies that are quoted
in the literature range from = 0.2 to = 2.5 kcal.mol" [38,40-43]. Extreme values ( + 0.01
kcal.mol™ [44], = 5 kcal.mol"' [45]) have also been suggested. A value of + 1 kcal.mol”
appears to be generally accepted. This number has been related to the strength of the
weakest, chemically interesting interaction, the van der Waals interaction [46)].

An important aspect of in silico strategies is the focus on a single item of the system of
interest. Macroscopic properties (equation of state, structural order parameters, free
energy) are then extrapolated from the microscopic details using theoretical models.
Alternatively, thermodynamical properties are obtained directly from simulations of the
appropriate ensemble in the time domain. Both approaches can give rise to the
introduction of additional errors.

4  Accuracy of computational methods

4.1 Quantum mechanical calculations of small molecule properties

4.1.1  Ab initio calculations

Hartree-Fock self-consistent field methods, still the most widely applied ab inito
computational methods, rely on the accurate description of spin orbitals by means of a
comprehensive basis set. Application of a complete (i.e. infinite) basis set is
computationally not feasible and hence a limit is put on the accuracy obtainable by HF-
methods. Effects of applying different basis sets and their truncation errors
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have been noted in the calculation of molecular geometries as well as energies. As an
example, different basis sets were shown to produce opposing results for the biologically
important interaction between dioxygen species and heme moieties [47].

The effects of electron correlation, although amounting to only a few % of the total
energy [48], need to be included into ab inito calculations to arrive at reasonable
estimates for absolute values of the bond dissociation energies. The neglect of electron
correlation in the calculation of transition states, where the correlation energy is
generally larger, leads to numbers that are too high compared to the experimental values
[49]. Commonly applied coupled-cluster and perturbative methods show better
accuracy, but are generally not size-consistent and very time-consuming due to slow
convergence. Alternative procedures include i) incorporation of the interelectronic
distance into the correlated wavefunction [50,51], if) density functional theory (DFT) [52-
54] and ii)) combinations of additivity approximations, extrapolation and empirical
correction schemes (e.g., Gaussian-2 (G2) [55] and Gaussian-3 (G3) [56]). The first
method has been applied to first-row atoms only, due to rapid explosion of the number
of 3- and 4-electron integrals that would have to be calculated. Nevertheless, promising
results have been obtained in terms of accuracy (dissociation energy (+ 0.2 kcal.mol”),
equilibrium distance (+ 1 * 10* A) and wavelength (+ 2 cm™)) and speed [57].

DFT methods use an energy functional of the electron density and the nuclear
positions to describe the total energy of an atomic system. The initial failure of the Local
Density Approximation (LDA), used for the calculation of the exchange and correlation
energy, has been overcome in the past 15 years. The exchange and correlation
functionals have dramatically improved and DFT methods are now superior to Hartree-
Fock methods and comparable to more elaborate post-Hartree-Fock methods. It has been
argued that the commonly applied B3LYP hybrid functionals mimic pair and three-
electron correlation effects, which in wave function methods can only be covered by
computationally expensive coupled cluster methods [58]. However, failures of DFT
methods to reproduce experimentally observed values have also been reported [59,601.
Accurate representation of hydrogen-bonded systems and aqueous solvation energetics
by DFT methods is still a subject of many investigations [61-64]. A systematic
overestimation of bond energies has been noted for systems with unpaired electrons,
leading to large errors (max. error 31 kcal.mol™ with the popular three-parameter hybrid
functional B3LYP) [59]. Artifactual effects on enzyme-induced polarization of large

8
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anionic substrates of dihydrofolate reductase, in comparison to HF and MP2 methods
have also been reported [65].

The G2 and G3 empirical schemes [55,56] consist of multiple single-point energy
calculations at increasing levels of complexity based on the optimized geometry at
second order Moller-Plesset (MP2) levels of theory using the 6-31G(d) basis set with all
electrons included (MP2(full)/6-31G(d)) [66]. For the set of 125 molecular systems used
to validate the G2 method, the average absolute deviation from experiment for the
calculated enthalpies of formation is 1.21 kcal.mol”, with deviations as large as 8.2
kcal.mol” for individual compounds. The average for the G3 model is 1.08 kcal.mol™.
For comparison, resulits for the DFT method B3LYP were worse, at 2.46 kcal.mol” and
20.25 kcal.mol™ for the outliers, respectively. Semi-empirical methods (AM1) perform
even worse [67]. The accuracy decreases when computationally less-expensive variants
of the initial geometry optimization method are applied (1.59 kcal.mol™'; (MP2) and 1.64
kcal.mol” (MP2/SVP) for the G2 method and 1.30 kcal.mol” (MP2) for the G3 method).
G2 and G3 predictions for heats of formation and ionization potential values are usually
within £0.1 eV (or ~ 2 kcal.mol”) of the experimental data. Whereas G2 results have
been used to question experimental data [68], failures of the G2 method have also been
reported [69].

Although assigned a higher predictive capacity than semi-empirical methods, results
obtained using ab initio calculations should be subject to scrutiny. The computational
chemist has to be aware of many possible sources of errors, e.g. the characteristics of the
employed basis set, neglect of electron correlation, and relativistic effects. The effect of
numerical errors in the applied algorithms [44,48] will not be discussed here.

The importance of relativistic effects has been reviewed [70]. Detailed studies have
appeared for hydrogen halides [71,72]. It has been argued that agreement (if any) with
experiment is fortuitous. Electron correlation and (in)complete basis sets were considered
to be primary causes for concern [72].

4.1.2 Semi-empirical techniques

The average accuracy of some commonly applied methods for the calculation of
geometric and energetic properties of selected small molecules is summarized in Table II.
It appears that geometric features are calculated with reasonable accuracy. Energy

9
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values, on the other hand, cover a much wider range. The performance of semi-empirical
methods rivals and even exceeds that of higher-level ab initio methods in the calculation
of specific properties. However, while techniques depending on parameterization are
good for interpolation, extrapolating well and consistently remains a problem. This limits
the predictive power of semi-empirical methods and forms the main reason why ab initio
calculations are the methods of choice for understanding ‘new’ chemistry. To extend the
scope of semi-emiprical methods compounds not present in the calibration set must be
included followed by reparameterization. These techniques can then be applied to
problems requiring both speed and accuracy. The potential of semi-empirical MO theory
in applications to problems in computational chemistry has been reviewed [73].

4.2 Calculation of non-bonded interactions
Nonbonded interactions play an essential role in (macro)molecular folding, recognition,
binding, solvation, energy transfer and chemical reactions. Their calculation presents a

Table Il. Accuracy of computational techniques relative to experimental results

computational method
MM2  AM1 S,;',Z- HF/ B3LYP/ MP2/ CCSD(T)
3G 6-31G(d) 6-31G(d) aug-cc- /aug-cc-

pVTZ pvaQz

bond length (A)  0.01® 0.048%*  0.055° 0.032° 0.020° 0.012° 0.008°

bond angle 1.0°  3.3° 1.7 1.4° 1.4¢ 0.3¢ 0.2°
MHee 0.5 8 4

Total energy' 18.8 93.3 51.0 7.9

Dipole ° 0.1 0.5 0.5 0.2

:;’or:::tti:l" 06" 40' 10
Momzstion 50 20
Freguencies’ 60,30,120 25,40
Electron affinity | 3.0 1.0

For comparison, the maximum error remaining in the best diffraction experiment can amount to
0.006 A in bond lengths for small molecules [74]. Data are extracted from Young [46] and
http://www.chamotlabs.com/Freebies/Table/Methods.html. a) A std. dev., b) A RMS error, c)
degrees std. dev., d) degrees RMS error, e) kcal/mol std. dev., f) kcal/mol mean abs. dev., g)
Debye std. dev., h) eV std. dev., i) kcal/mol mean abs. dev. j) cm™ mean abs. dev.
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great challenge. The current status of ab initio calculations of nonbonded interactions has
been reviewed [64]. Small-sized dimeric systems representative for dispersion and
hydrogen-bonding interactions reminiscent of low-barrier hydrogen bonding (LBHB)
systems [27] have been studied. Binding energies range from 0.5 to 50 kcal.mol”, while
the basis set superposition error (BSSE) ranges from 0.1 to 15 kcal.mol". Taking the
interaction energy as the difference in energy between the dimer and the separated
monomeric species, BSSEs lead to an overestimate because of a nonphysical lowering of
the energy of the associated dimer relative to the separated monomers. Correction is
possible via the counterpoise method, using the same basis set for the description of both
the monomeric and the dimeric species. The BSSE varies substantially depending on the
size of the basis set, and can still amount to a considerable fraction of the projected 1
kcal.mol" accuracy even when large basis sets are used [64,71].

4.3 PES, the potential energy surface

Dynamical aspects of molecular systems, i.e. conformational changes and redistribution
of energy over various degrees of freedom, are important for the prediction of
thermodynamic and spectroscopic properties [75,76]. By plotting the potential energy as
a function of the molecular conformation an energy ‘landscape’ can be constructed.
From this potential energy surface, PES, information regarding the structural and
(thermo)dynamical properties of a molecular system can be extracted. Detailed
knowledge of the PES is important for several fields of research, including reaction
kinetics, protein dynamics and folding.

Stationary points on the PES include 'local’ and ‘global’ minima, representing stable,
low-energy structures. Normal-mode analysis of these structures allows for a comparison
with spectroscopic data (IR and Raman) and the calculation of thermodynamic
properties, i.e. free energy and heat capacity. Saddle points, in particular stationary
points with exactly one imaginary normal mode frequency, represent 'transition states'.
Detailed information on the atomic and electronic configuration of transition states is
difficult to access experimentally because of the inherently short lifetimes [77]. Although,
novel techniques are emerging, i.e. direct observation of fast, light-induced chemical
reactions [78], and X-ray diffraction techniques probing the subpicosecond domain
[78,79], indirect information has still to be collected from the evaluation of activation
energies, entropies, kinetic isotope effects, or solvent and substituent effects on rates.

11



Chapter 1

Classical TST (Section 2.2, Eq. 3) requires information of the ground state and TS
energy only. More advanced theories require knowledge of the energy profile along the
reaction coordinate as well [49]. Variational TST [32] stays within the classical
boundaries, tunneling theories, on the other hand, require a quantum mechanical
description [80]. Quantum tunneling has become an important issue in electron transfer
theories. From the pioneering work of Klinman and coworkers it is now clear that
quantum tunneling of hydrogen atoms must also be taken into account when studying
enzyme catalysis [17-20,81]. While waiting for a comprehensive theoretical framework,
quantum mechanical effects are commonly incorporated into classical TST using
appropriate correction factors.

4.4 Simulation of proteins and enzymes

4.4.1 Molecular mechanics and dynamics

Proteins and enzymes are large, complex molecules showing different behaviour as
compared to small molecules or relatively homogeneous systems [82]. Although,
quantum mechanical calculations (ab initio, semi-empirical) are currently applied to
small proteins [83] and selected parts of larger systems (QM/MM, see below), the size of
most systems of interest precludes the direct incorporation of electrons into the
simulations. Molecular mechanics simulations use a force field to describe the
interactions between classical particles and apply Newton’s equations of motion to study
the evolution of the system in space and time. Force fields are parameterized on a test set
of molecules. Force fields specifically designed for the simulation of saccharides [84],
proteins [85-91], organic molecules [92-99], and transition metals [100] have been
reported. Enzyme cofactors, coenzymes, and ligands or substrates often require
additional parameterization specific for the applied force field [101-104]. Although, in
principle, the construction of a universal force field {105] should be feasible, researchers
have a tendency to fine-tune existing force fields for their specific needs. In this respect,
the construction of a force field specific for transition states is worth mentioning
[106,1071. Benchmarking studies on the performance of force fields with respect to the
reproduction of geometrical and spectroscopic data have appeared [108]. A comparison
of force fields is given in [109,110] and ‘Reviews in Computational Chemistry’ [111].
Requirements for proper use and validation of force fields in molecular dynamics
simulations have been summarized by Lipkowitz [112] and van Gunsteren & Mark [113].
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4.4.2 Timescales

Due to the numerical instability of the dynamics algorithms the integration time step is
limited to the femtosecond timescale. Thus, depending on system size and computational
resources, simulations on the nanosecond timescale are commonly considered.
Simulations extending into the millisecond timescale have, however, been reported
[114,115]. Enlarging the time step leads to loss of information of the fastest motions
within a protein, i.e. the vibrations of the hydrogen atom. In the study of domain
movements, this loss can be overcome by focusing on the 'essential dynamics' of the
system [116]. Attempts to increase the time step have been reported [117], but are not
yet implemented in molecular modeling programs. Reducing the system size using
united-atom representations is an option incorporated in some force fields.

4.4.3 Solvation and electrostatic effects

Considering that most experimental data on proteins and enzymes relate to aqueous
conditions, with defined values of pH and ionic strength, it is important to mimic these
conditions in silico. Simulations in aqueous environments require an accurate description
of the solvent, including non-bonded interactions. As discussed in Section 4.2,
calculation of non-bonded interactions presents a great challenge for high-level ab initio
quantum chemical calculations. In the case of proteins and enzymes the number of non-
bonded interactions is large. Also, truncation of non-bonded, electrostatic, interactions
has been shown to introduce substantial errors in protein simulations in polar solvents
[118,119]. Methods representing the solvent as a continuum with a preset dielectric
constant have been proposed (for reviews see [120-122]). By omitting the calculation of
all solvent-solvent interactions, computation time can be reduced substantially.
However, solvent molecules close to the solute and in the bulk phase display different
behaviour. Explicit incorporation of water molecules allows the study of the structural
and energetic role played by single molecules in ligand binding, protein conformational
changes, flexibility, and enzyme catalysis [123-125]. Recent developments in both
software and hardware have made computations with explicit incorporation of solvent
molecules affordable.

In order to simulate solvent electrostatic screening effects a distance-dependent
dielectric constant can be applied as a first approximation. A disadvantage of this strategy
is the tendency of oppositely charged groups to move together, leading to the artifactual
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formation of salt-bridges. A more physically rigorous approach uses the continuum
electrostatic model obtained by solving the Poisson-Boltzmann equation [121]. Within
this model the ionic strength and the dielectric constant of the solvent are fully
determined by the experimental conditions. Other aspects are less clear, including the
atomic charges and radii, the conformational fluctuations of the amino acid side chains,
and the intrinsic dielectric constant of the protein. The problematic status of the latter
quantity can be appreciated from studies by Antosiewicz and coworkers [126]. They
observed that a value of 20 for the relative dielectric constant of the protein substantially
reduced the errors in calculated pK,-values, as opposed to the values of 2-4 that are
commonly used. In line with this observation, simulations of four proteins under different
conditions showed best results when the dielectric constant was taken to vary between
15 and 40 with a considerably lower value for the protein interior (2-4) [127]. Similar
results have been reported earlier [128,129].

The calculation of ionization constants (pK,s) of titratable groups within proteins
constitutes an important test case for the accuracy of the applied solvation models in the
description of the microscopic electrostatic details. Reactions and conformational
changes often display a specific pH dependency. The individual pKs of ionizable amino
acids can differ dramatically from those measured for the isolated residues in solution.
These shifts have been attributed to the local environment of the side chains, i.e. their
interactions with neighbouring groups, hydrogen bonding to nonionizable residues, and
the degree of solvent exposure. Calculations suggest that electrostatic and solvation
models are capable of capturing these shifts in pK;s and can identify the amino acid
residues responsible for the experimentally measured values [130-135]

Additional complications arise when enzymes are simulated in (mixtures of) non-
aqueous solvents as is common practice in the study of membrane proteins and
industrially interesting biocatalytic processes. Alkane/aqueous two-phase systems have
been studied extensively both experimentally and theoretically. The calculated solvation
free energies can be decomposed in their respective enthalpic and entropic contributions
and compared with the experimentally determined quantities. This constitutes a
compelling test for hydrophobic solvation models. Gallichio and coworkers studied small
systems [136]. They observed partial cancellation of errors in both entropic and enthalpic
contributions resulting in a relatively small error in the hydration free energy of methane
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(2.0 kcal.mol™). In general, hydration free energies calculated for the n-alkanes (C, — C,)
were found too large by 0.5-1.0 kcal.mol"'. Examples of simulations of proteins in non-
aqueous solvents are the study of the structure and dynamics of subtilisin in CCl, [137],
in DMF and DMF/water mixtures [138] and chymotrypsin in hexane [1391.

4.5 Validation and accuracy of simulations

4.5.1 Free energy of binding

An important criterium to validate the accuracy of molecular dynamics simulations is the
calculation of the free energy of a system. Although, calculation of the absolute free
energy is only feasible for the smallest of systems, free energy differences can be readily
obtained. Various methods have been applied, ranging from theory-based free energy
perturbation (FEP) methods [140] (slow) via linear interaction energy (LIE) methods {141]
(faster) to fast, but theoretically less well-embedded empirical scoring schemes [142]. In
any case, results of these methods should be considered with caution as even for the
more rigorously defined FEP methods significant and fundamental errors have been
reported. Simulation conditions have been known to play an important role [143,144].
Recently, newly developed methods, using MD in combination with solvation models,
have been reported to give promising results [145-147].

An important aspect of enzyme catalysis is the formation of the Michaelis complex.
Although, theoretical and practical aspects have been thoroughly studied, considerable
controversy still exists regarding the basic issues [148,149]. A point of discussion is the
magnitude of the loss of translational and rotational entropy upon association. Table 11
provides a compilation of experimental and computed data of binding affinities.

While calculated binding free energy values have been found to be in good agreement
with experimental values (AE..cac ~ 1-2 kcal.mol"), this is not true for all entries. Even
within series of similar ligands discrepancies are found. Obviously, these calculations are
sensitive to a number of parameters. Electrostatic effects introduced by changes in the
salt concentration have been observed in the binding of anthracycline antibiotics to DNA
[156]. Exceptionally accurate binding energies have been calculated by Noskov and
coworkers for two complexes of which high-resolution X-ray structures of both the
ligand-free and ligand-bound proteins were available [151]. Using an intricate
thermodynamic cycle gas-phase protein-protein interactions were separated from
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Table lll. Calculated binding free energies vs. experimental values.

System calc. exptl. ref.
trypsin binding free energy
BPT! -15.7 -18.1 [150)
BPTI -18.6 [151]
CMTI1 -21.8 -14.4 [150] ®
Dmc-azaOrn-ONp -5.5 2.3 [150}°
Dmc-azalys-ONp -6.0 -5.2 [150] ®
hen egg-white lysozyme
monodonal antbody D13 <9 A4 (152]
-11.4 [151}
gm":g’:':lgt peptides-TAR rel. free energies of binding [153]
lle-79Ala/Val/Tyr 2.1/4.9/4.8 1.5/0.9/0.6
MHC class | protein-peptide binding free energy. [154]
complexes (rel. FE in parentheses)
H-2K/SEV-9 -11.7 -22.0
H-2K/VSV-8 -11.5(0.2) -26.4 (4.4)
H-2K/OVA-8 -11.4 (0.3) -26.1 (-4.1)
HLA-A2/HBV-10 -11.6 -40.6
HLA-A2/FLU-9 -11.2 (0.4) -39.3 (1.3)
HLA-A2/TAX-9 -10.9 (0.7) 41.3(-0.7)
HLA-A2/RT-9 -9.0 (2.6) -44.5 (-3.9)
HLA-A2/GP-9 -8.9 (2.7) -40.0 (0.6)
blotin [155]
streptavidin -16.6 -18.3
DNA [156]
daunomycin 94 -11.5
adriamycin -9.9 (-0.5) -11.9 (-0.4)
hydroxyrubicin | -7.4 (2.0) -3.6 (7.9)
hydroxyrubicin I -7.4 (2.0) -9.7 (1.8)
9-deoxyadriamycin -8.8 (0.6) -11.0 (0.5)
adriamycinone -6.3(3.1) 2.7 (13.2)
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Table Ill. (continued)

Cathepsin D [157]
EHMA -11.5 -11.7
FHSA -12.9 -11.4
(S)-EHD -9.8 -9.8
(R)-EHD -5.7 >-7.3
FHA -8.7 -9.1
HIV proteinase [158]
acetylpepstatin -8.0 -10.2
pepstatin -7.3 -8.7
DMP 323 -10.4 -13.1

a) Model C in [150]

protein-solvent and solvent-solvent interactions. This allowed calculation of the gas-
phase entropy, a contribution that is not easily accessible in the solvent phase.
Decomposition of the free energy of protein-protein interactions into its components
showed the importance of the translational, rotational and vibrational entropy terms. TA
stmet.values were found to be of similar magnitude as electrostatic (AG#*) and van der
Waals (AE"™") contributions. The change in vibrational entropy (TAS"™) can either favor or
oppose binding as has been noted for the complexation of D1.3-HEL and trypsin-BPTI
and is sensitive to the 3D-structure of the protein. Noteworthy, the use of decomposition
schemes to assign the calculated free energy changes to particular atoms, residues or
even energetic terms has been critically addressed by the group of van Gunsteren
[159,160]. Although this criticism may be formally correct, decomposition schemes are
helpful to identify important interactions and serve as a guide in further studies.

4.5.2 Catalytic reaction

Enzymes do not just bind molecules, they also convert them into chemically different
entities. Inclusion of (part of) the protein environment is an absolute requirement for a
proper description of enzyme catalysis. In computational work on the characterization of
hydride transfer in dihydrofolate reductase is was observed that force constants became
smaller when moving from simple organic models in vacuo to models including the
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protein environment and the solvent [161]. The protein appears to dampen the
unproductive vibrations while enhancing the vibrations leading to the formation of the
TS. Whereas the main source of enzyme proficiency appears to reside in the ability to
lower the enthalpy of activation, entropic contributions are important as well. Although,
they are difficult to calculate [162], they should not be neglected. Examples have been
described for the deamination of 5,6-dihydrocytidine by cytidine deaminase [163] and
hydride transfer in lactate dehydrogenase [164].

Force field methods are not well suited to simulate bond breaking and bond formation
processes involved in enzyme catalysis. Quantum molecular dynamics methods, on the
other hand, are not suited for long-time simulations. Empirical Valence Bond (EVB)
theory [165], MD with quantum transitions (MDQT) [166,167], and IMOMM [168] are
methods that have been designed to cope with this problem.

A conceptually simple approach is the use of a combined quantum mechanical and
molecular mechanical procedure [169-171]. While simulating part of the enzyme, i.e.
the more interesting active site region, by a quantum mechanical (QM) method, a
molecular mechanics (MM) description is used to calculate the remaining interactions. A
complication in these hybrid QM/MM methods is the treatment of the frontier orbitals
interfacing the two parts of the system. Karplus and coworkers [172] compared two
approaches addressing this problem, the “link atom” method and the “local self-
consistent field” formalism. For the systems tested, tripeptides and small organic
molecules, both approaches were found to be of similar accuracy provided that care was
taken in the choice of the surface dividing the QM and MM region. Long-range
electrostatic interactions, extending over the two parts, remain a source of error. Still,
good results have been obtained using QM/MM methods, providing a better
understanding of the atomic and electronic interactions responsible for enzyme catalysis
[173-175]. A comparison of experimental and calculated activation barriers is presented
in Table IV.
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Table IV. Calculated activation free energies vs. experimental values. (T=300 K)

System calc. exptl. ref.

electrocyclic ring opening of cyclobutene 376 329 [49]
phenyl ester cleavage 18.7 18.6 [176]
CH,+OH 3.4/3.8 3.9 [177]
DHFR @ hydride transfer 25.69/23.41 [161]
i;p;:;gh:,;lgl—i}écerate --> phosphoenolpuryvate 14.4-16.8 15.0 [178)
methyl transfer by catechol O-methyltransferase 245 18.0 [179]
Chorismate mutase 20.6 154 [180]
proton transfer in TIM ® 21.9 14.0 [181]
aliphatic hydrogen abstraction by citrate synthase 154 14.6-14.8 [182]

a) dihydrofolate reductase; b) triose phosphate isomerase

4.5.3 Enantioselectivity .

The ability to discriminate between the enantiomers of a chiral substrate is a feature of
enzymes that is of both fundamental and practical interest. In particular, many industrial
applications of enzymes in biocatalytic processes rely on this property for the synthesis of
enantiomerically pure fine chemicals [183,184]. The intrinsic enantioselectivity of an
enzyme is defined as the ratio of the specificity constants for the R- over the §-
enantiomer, the enantiomeric ratio, E-value:

E=(key ! Kp)* ke 1 Kyy)® (8)

As discussed more fully in the following chapters, introduction of the Eyring TST
expression, Eq. 3, allows the E-value to be expressed as the Gibbs free energy difference
between the diastereomeric transition states for the reaction of the R- and S-enantiomer,
Eq. 9 [185-187].

E=-RTIn Ay AG’ 9

Although, the contribution of entropic differences, AG*=AH*-TAS*, is in general not
negligible [188], E-values have been estimated using molecular modeling techniques by
comparing the force field energies of the respective transition states [189-193]. The force
field energy, AV,,, appears to afford a reasonable estimate of AH*, mainly because of
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cancellation of errors. Accordingly, observed accuracies in the calculated E-values must
be considered fortuitous [189].

4.5.4 Kinetic isotope effects

An important tool in the elucidation of enzyme reaction mechanisms is the substitution
of atoms of the reacting system by their isotopes. Changes in the reaction rates
originating from these substitions are described as kinetic isotope effects (KIEs). KIEs
provide information on changes in the vibrational frequencies during the proposed
reaction mechanism and hence the potential energy surface of the ground- and transition
states. Calculation of the (harmonic) force constants of these vibrations allows
computation of theoretical KIEs applying the Bigeleisen equations [194]. However, due
to the anharmonicity of the energy surface, calculated frequencies are generally 10% too
high [49]. It is common practice to scale the frequencies calculated by ab initio methods
by an empirical factor depending on the applied method [46]. Tunneling effects may also
have to be in¢luded. Still: “Comparison of calculated KIEs with experimental values
provide a very stern test, and their use provides a very strong anchor to prevent
theoretical modelling from drifting into unreality” [195). Calculated and experimental
kinetic isotope effects for a selected set of examples are collected in Table V. An
interesting combination of kinetic isotope effects and enantioselectivity is presented in
Chapter 5

4.5.5 Electron transfer in enzymes

Redox reactions play an important role in biology. The conversion of solar radiation into
chemical energy by the photosynthetic systems and the redox reactions of the respiratory
pathways constitute prime examples. Despite the proteins over-all insulating character,
electron transfer, ET, is a common process in redox enzymes. The influence of the
protein environment on ET has been studied using site-directed mutagenesis. ET kinetics
is generally described in the context of Marcus theory [201-203]. For turnover rates of
redox enzymes of 10° - 10’ s”, transfer of electrons in proteins is still feasible over
distances of 10 to 20 A [204].

The role of the protein environment in the coupling between the two electronic states
has been subject to debate [205-208]. Whereas several researchers [209-213] proposed
the existence of ‘electron transfer pathways’ within the protein (‘through-bond’ model),
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Table V. Calculated KIEs for selected systems vs. experimental values.

System calc. exptl. ref.
. . . 4.14/4.15 3.9910.13
hydride transfer in glutathione reductase 721/7.31 7.2640.34 [196]
hydrolysis of p-nitrophenyl-N-acetylneuraminide; 1.024 (1.037) 1.035 $£0.010
Influenza B and S. typhimurium (in (1.051 £0.011)
parentheses) sialidases.
pro-R?H, pro-S°H, p-H,, Ig'®0, 1.142 (1.083) 1.058 +0.006
respectively. (1.050 £0.014)
1.177 (1.128) 1.087 £0.015 [195]
(1.097 £0.017)
1.047 (1.041) 1.045 10.021
(1.050 £0.010)
'*N KIE on hydride transfer formate to NAD* 1.0042 1.004 +0.001 [197]
Aldol-Tischenko reaction 3.22/3.33 29 [198]
CHa+ QR (3K 1.033 1.005
: 415 6.75,7.49 [177]
CH./CD,, 0.83 0.93
OH/OD ' ’
benzyl alcohol -> NADH 1.037 1.069 [81}
2-phospho-D-glycerate -> phosphoenolpyruvate
classical: TST/CVT, 1.4/1.3 33 [178]
semiclassical: TST/CVT/CVT/SCT 4.7/13.7/13.5 :
proton abstraction in glyoxalase | 5013 3 [199]
mechanism of luciferase bioluminescence
DIE ® n-decanal with FMNH, 1.9 15 [200]
secondary KIE on electron transfer 1.88 1.9

a) deuterium isotope effect

Dutton and coworkers considered the protein to behave as an organic glass without
directionality (‘through-space’ model) [214-216]. Observations supporting either point of
view have been described [207,208,217-219]. Biological electron transfer reactions are
generally considered to be non-adiabatic with weak coupling between donor and
acceptor states. The rate of electron tansfer, kg, is than given by Fermi’s Golden Rule:

kgr = Q2 / B)\Tp|* (FC) (10)
with Tp, the electronic tunneling matrix element between donor and acceptor and FC the
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Table VI. Calculated midpoint potentials vs. experimental values

System calc. (mV) exptl. ref.
p-benzoquinone 447 438 [221]
Bacteriochlorophyl (special pair) 258
Bacteriochlorophy! (intermediate) 250 366 [222]
Bacteriopheophytin 256 385
(/) ferrodoxin (Anabaena 7120) -1007 -440
(/1) phtalate dioxygenase reductase (Ps. cepacia) -812 -174 [220]
A(l-1) 195 266

. -272/-290/ -274/-285/
cytochrome c; (DvHc3; Heme |, 11, 11, IV) -302/-242 -295/-248 [223]

reaction center of Rh. sphaeroides for different

conformations of FH(M197) mutant using:
1) Delphi -18/130/522/181 125+ 10 [224]
2) Free energy perturbations 132/94/-53/43 [225]

nuclear Franck-Condon factor representing the nuclear motion associated with ET
containing the standard free energy and the reorganization energy including protein and
vibrational contributions. The accuracy of quantum chemical calculations of midpoint
potentials is problematic. The actual configuration of the nearby amino acids has been
found to play a key role in differentiating the redox potentials [220]. Some results are
collected in Table VI. Application of the through-space model leads to significant
discrepancies between the calculated and experimental rates (10-100 fold) [214]. The
Pathways model (and its successors, [226]) of Beratan and coworkers depends on the
accurate representation of the coupling matrix elements, Ta. Tp, is taken as the product
of covalent, hydrogen and through-space interactions, each with their own coupling
efficiency. To convert the electronic coupling to actual ET rates usually a prefactor of
10™ sec' is applied. In general, calculated ET rates still leave room for further
improvement. The use of a Pathways program to obtain an educated guess for the
distance and positioning of the heme and PQQ redox centers in QH-ADH homology
modeling is described in Chapter 3. A comparison of calculated and experimental values
for electron transfer in proteins is given in Table VII.

Molecular dynamics simulations can be of help in the description of the events
occurring during electron transfer, including rearrangement of charge distributions,

solvation processes and electrostatic interactions. Analysis of the interprotein ET
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Table VII. Calculated vs. experimental electron transfer rates for selected systems.

System calc. s')  exptl. (s') ref
cyt. ¢, Iphotosynthetic reaction center 10" 10’ [227]
plastocyanin / cyt. f 10’ 3*10°-6*10° [228,229]
modified DNA species:
1) [Ru(NH3)4g)y)]2* 1 [Ru(bpy)(im)]** 1.6*10° 7.1*10°
2) EB*/ DAP* 2.5*10° 2.4*107 [230]
3) Ru(phen),dppz>* / Rh(phi),-phen®* 3.0"10° 2.6*10°
Ru-modified cyt. ¢
1) HB6 2.5%10° 3.2*10°
2) H66/F67 1.7*10° 1.3*10° [231]
3) H58 45*10* 6.0*10*

reactions as a function of temperature can be helpful to unravel the kinetic complexity
with regard to events coupled with ET reactions, i.e. ‘gating events’, changes in the
nature of the rate-limiting step [232,233].

4.5.6 Protein folding and homology modeling

For small molecular systems high-level computational methods can generate structures
with sufficient accuracy to explain and predict properties. A state-of-the-art example is
the calculation of the crystal structures of flexible hydrogen-bonded molecules [234].

For the structure of proteins and enzymes, however, one has to rely primarily on the
results of X-ray crystallography, NMR spectroscopy or neutron diffraction techniques.
Although, many structures have been elucidated (see current number of entries in the
Protein Data Base), and additional structures become available at a high rate, there is still
a need for computational efforts in this field. Whether data from X-ray crystallography
faithfully represent the structure(s) of a protein in solution remains an issue [235]. Also,
X-ray structures may contain spurious [236,237] as well as systematic errors, i.e.
refinement procedures that bias the distribution of w-angles of the peptide bond to
artificially narrow values [238].

As a result of ongoing sequencing projects and technical advances, protein sequences
are elucidated at a pace greatly exceeding that of 3D structure elucidation. In the
sequence, basically all structural and functional information for the protein is embedded.
To convert sequence information into a 3D model of the protein two approaches are
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commonly applied, ab initio and knowledge-based techniques. At present, accurate
prediction of protein structures using first-principle approaches seems feasible only for
small proteins, e.g. crambin [83]. However, the latest evaluation of the biannual Critical
Assessment of Structure Prediction (CASP) meetings [http://predictioncenter.lInl.gov]
showed an increased performance of the ab initio folding methods [239].

As Levinthal pointed out in his 'paradox', it would be impossible for a protein to find
its way to the biologically active state via a random walk through conformation space in
the alloted time [240,241]. The astronomical number of possible conformations would
simply prevent it from reaching its native state in only (milli)seconds as is observed in
biological systems [242]. This implies the existence of certain folding rules. Until now,
however, the rules embedded in the energy landscapes of proteins [243,244] have not
been disclosed, leaving us the “protein folding problem” as one of the scientific (and
commercial) challenges for the next decade [245]. However, if we grant nature a certain
degree of consistency, it can be assumed that a successful design is more or less retained
once it has evolved. This notion is fundamental to the art of homology modeling. By
identifying conserved sequence motifs proteins can be classified and compared to
homologous proteins for which the structure is known, providing a lead to the structure
and function of the unknown protein. Homology, however, is by no means guaranteed:
“i. conserved amino acids are important; ii. very conserved amino acids are very
important; iii. non-conserved amino acids may still be important” (G. Vriend, personal
communication).

Successful attempts to construct a model of a target protein by homology modeling
using the X-ray structure of a related protein as a scaffold have been reported [246-249].
Secondary structure predictions for extended sequences have appeared [250,251] while
tertiary structure prediction methods reach accuracies up to 70 % [252,253]. The quality
of the alignment of the sequence to the target structure is the main bottleneck to improve
the quality of the models [239]. In successive CASP rounds the quality of the alignments
is seen to improve in going from CASP1 (1994) to CASP2 (1996). However, from CASP3
(1998) to CASP4 (2000) only minor improvements have been reported [239,254]. Also,
comparative modeling methods are not capable of predicting new folds as they rely on
the sequence identity with known folds. With respect to the homology modeling efforts
discussed in Chapter 2, it must be emphasized that extensive B structure, as in QH-ADH,
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is still very difficult to predict correctly from sequence data only [239].

In an interesting study, Feig and Brooks [255] have evaluated the CASP4 predictions
using energy functions. Structures similar to the native fold can be reliably distinguished
from misfolded or nonfolded protein conformations using energy scoring functions in
combination with implicit solvation models. The incorporation of intramolecular bonded
and non-bonded energy terms as well as the free energy of solvation seems to be crucial
to identify the correct conformation in the ensemble. Although protein structure
predictions with a RMSD of 3-6 A from the native topology may already provide
significant detail on the function of a protein [256], better resolution is generally needed
to elucidate detailed functionality, i.e. reaction mechanisms.

5  Molecular modeling of QH-ADH catalysis

5.1 Summary of topics

Alcohol dehydrogenases containing pyrroloquinoline quinone (2,7,9-tricarboxy-1H-
pyrrolo[2,3,flquinoline-4,5-dione, PQQ, Figure 2) as an organic cofactor are of
fundamental and practical interest. Since their detection, a large amount of biochemical
and enzymological information has been collected. The quinoprotein methanol
dehydrogenases, MDHs, from methylotrophic organisms have been particularly well
studied. At the start of the research described here, however, much less was known of
the quinohemoprotein alcohol dehydrogenases (containing PQQ, Ca®* and heme c), of
which the QH-ADH from Comamonas testosteroni is an example. The fundamentally
interesting arrangement of redox cofactors and the potential for applications in
biocatalytic kinetic resolution processes provided a strong incentive to investigate the
structural and mechanistic features involved. To complement experimental data obtained
earlier by wet chemistry, a computational approach was adopted. Although, this choice
of strategy turned out to be demanding, it has provided exciting new insight for this class
of enzymes. An overview covering (bio)chemical, enzymological, physiological, and
practical aspects is given in Chapter 2.

In Chapter 3, the use of MDH as a lead structure for the PQQ-containing QH-ADHs is
discussed. Based on a distinct sequence homology with the MDHs from Methylophilus
methylotrophus W3A1 and Methylobacterium extorquens a 3D working model has been
constructed for the QH-ADH from C. testosteroni. The model has been validated using
biophysical and biochemical information.
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Figure 2. Schematic drawing of pyrroloquinoline quinone, 2,7,9-tricarboxy-
1H-pyrrolo[2,3-flquinoline-4,5-dione, PQQ

Several reaction schemes proposed for the catalytic mechanism of QH-ADHs are
reviewed in relation to the constraints set by the observed enantioselectivities and
reaction rates. Experimental observations are discussed in the light of the structures of
MDH and homology models constructed for QH-ADHs from C. testosteroni and
Acetobacter pasteurianus.

Ideas on the actual catalytic mechanism of QH-ADH from C. testosteroni have been
pursued in Chapter 4. High-level ab initio calculations of probable intermediates
involved in the oxidation of methanol by PQQ are described. To test the models, kinetic
isotope effects have been measured for the reactions of ethanol and solketal.
Enantiomerically enriched solketal and deuterium-substituted solketal mixtures were
used to investigate the enantioselectivity-determining step in the catalytic reaction
mechanism of QH-ADH from C. testosteroni. The first report of a kinetic isotope effect on
enzyme enantioselectivity is included as Chapter 5.

5.2 Homology modeling of QHADH from C. testosteroni

It should be emphasized that the research reported here has been carried out while the
X-ray structure determination of QH-ADH seemed at a standstill. Although efforts to
crystallize and elucidate the structure started back in the 90-s [257], prohibitive problems
were encountered, that have only recently been solved [258]. More or less at the same
time, a second structure, QH-ADH from Pseudomonas HK5, has been reported [259].
Since these structures provide the opportunity for an unbiased validation of the results of
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the homology modeling project, a preliminary comparison of the modeled and
experimentally determined structure seems appropriate.

PQQ-domain

The homology model for the PQQ-domain of QH-ADH from C. testosteroni has been
constructed using the X-ray structures of Methylophilus methylotrophus W3A1 (pdb code
3AAH) [260-262] and Methylobacterium extorquens [263]. Approx. 34% sequence
identity was found for QH-ADH and the a-subunit of the MDH's. The structures are
displayed in Figure 3. The RMSD values between the different structures for the C, atoms
are shown in Table VIII. The procedure used for the construction of the 3D-working
model is described in more detail in Chapter 3.

Figure 3. Schematic drawings of the X-ray structure (left, PDB entry 1KB0) and the model
(right) of QHADH from C. testosteroni. Secondary structure elements were detected using an
automated procedure (MolAuto [264]). Heme (top of picture), calcium ion and PQQ (behind
Ca?® ion) are shown in ball-and-stick representation, using the van der Waals radius for the
calcium ion. The picture was generated using MolScript [264] and PovRay (www.povray.org).
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Table VIill. RMSD values calculated for the C_-atoms (in A)

4AAH model
1KBO 1.5 1.4

As the MDH structure served as the template, similar RMSD values for MDH and the
model were anticipated, i.e. WYPIIWYGO (‘what you put in is what you get out’). The
size of the RMSD values is similar to the values obtained for X-ray structures after
molecular dynamics simulations [159]. However, the smaller RMSD value obtained for
the model shows that during unrestrained minimization and dynamics simulations the
molecule adopts a structure more resembling the PQQ domain of the real QHADH than
that of the template structure.

This certainly has to be considered to be fortuitous. The overall identity of the C.
testosteroni and the M. W3A1 sequence is relatively low and upon closer inspection
many residue side chains in the model show an incorrect orientation.

The presence of a hydroxy-tryptophan has, of course, been completely missed in the
model building procedure. It came as a surprise for the crystallographers as well [258].
Still, the relatively moderate numbers for the RMSD values show that the model behaved
nicely during the optimization routines used to generate the overall folding.

More interesting is the comparison of the active site configurations. As can be inferred
from Figure 4, the resemblance is rather good. In Table IX distances between PQQ, Ca*"
and selected active site residues are compared for the X-ray structure and the model. The
coordination of the Ca* ion to the PQQ has been captured by the model quite well.
Only minor deviations between the distances in the X-ray structure and the model are
found (maximum deviation 0.16 A).

Inspection of the distances of the ligands in the Ca** coordination sphere shows the
overall active site of the model to be somewhat larger. In the model Trp267 has wedged
itself between Glu185 and Asn263 resulting in a widening of the active site close to the
Ca” ion. In the X-ray structure Lys335 is even better positioned for a projected role in the
reaction mechanism. Due to an error in the alignment Trp479 has been positioned
wrongly in the model. Alignment of two adjacent glycines was given precedence over
proper alignment of a single tryptophan residue. The improper positioning of this residue
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%;"it

Lvs335

Figure 4. Schematic drawing of the active sites of the X-ray structure (left, PDB entry 1KBO)
and the homology model (right) of the QHADH from C. testosteroni. PQQ is shown in a ball-
and-stick representation, calcium as a ball at 0.5 times its van der Waals radius. Trp439 (below
the plane of PQQ) and the disulfide ring (Cys103-Cys104, above the PQQ) are colored black.
The tetrahydrofuran moiety found in the X-ray structure is shown in CPK representation. The
picture was generated using [264] and PovRay (www.povray.org).

Table VII. Distances between PQQ, Calcium and selected residues in QHADH
structures.

distance (A) distance (A)

Atom 1 Atom 2 1KBO _Model Atom 1 Atom 2 TKBO _Model
PQQ(O7A)  Ca** 242 2.38 D308(0D2) ca® 3.89 458
PQQ(N6) ca® 25 2.34

PQQ(O5) ca” 253 2.51 K335(NZ) PQQ(O4) 2.88 3.22
PQQ(C5) ca® 3.39 3.24 K335(NZ) PQQ(O5) 272 3.13
N263(0D1)  ca® 2.38 3.76 T310(0G1) ca® 6 3.42
E185(0E1)  Ca*' 2.44 3.14 T310(0G1) PQQ(O5)  4.86 3.31
E185(0E2) Ca” 2.55 33 T310(0G1) N263(0OD1) 5.56 2.72
D308(0D1)  Ca** 2.66 342 T310(0G1) D308(0OD1) 5.87 2.71

could have consequences for the selectivity observed for QH-ADH. Yet, the conclusions
drawn on the basis of the homology model concerning the probable reaction mechanism
of QHADHs retain their validity. The role of Lys335 needs to be explored, as the
presence of this residue in QHADHs and the absolute requirement of ammonia in the
reaction catalyzed by related MDHs that lack a basic residue at the corresponding
position, implies a functional role in the reaction mechanism of QHADH.
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Heme-domain

At a first glance the cytochrome ¢ domain of the model structure seems completely
wrong (Figure 5A-C). This is not surprising considering the problems encountered during
construction of this domain. No X-ray structure was available that could serve as a
reliable template. Low sequence identity (approx. 20%) was found for a published
sequence sharing minor resemblance to an X-ray structure that was already deemed
suspicious at the time (and had been retracted from public databases).

Figure 5. Drawing of the cytochrome ¢ domains of the X-ray structures from (A)Comamonas
testosteroni (PDB entry 1KBO0), (B) Pseudomonas putida (PDB entry 1KV9) and (C) the
homology model. (D) shows an overlay of the cytochrome ¢ domains after extensive
smoothing of the C,-trace. Homology model shown in darker shadings. Haem shown in stick
representation. Picture generated using Swiss-PdbViewer [265]) (www.expasy.org/spdbv) and
Pymol (pymol.sourceforge.net).

30



Computational enzymology: an introduction

Interestingly, after smoothing of the C,-trace, the cytochrome ¢ domains show
remarkable structural similarity (Figure 5D). The heme moiety shows a 90 degrees
rotation compared to the X-ray structure. During the modeling procedure it was assumed
that the propionate groups of the heme would point in the direction of the PQQ-domain.
The X-ray structure shows this not to be the case and one might speculate about the role
of the propionate groups as possible sites of interaction for electron transferring proteins
(or artificial electron acceptors, i.e. ferricyanide) within the respiratory chain.

Our main interest at the time, concerning the cytochrome ¢ domain, was its position
relative to the PQQ-domain and the consequences for the intramolecular electron
transfer reaction. From Figure 6 and Table X it is clear that we were successful in this
respect. The tilting angle (£70 degrees), as inferred from the optical experiments by
Huizinga et al, is closely matched as are the main heme-PQQ distances.

Figure 6.

Distance between haem and PQQ-
0O(5) as found in the X-ray structure
(dark gray, PDB entry 1KBO) and
the homology modet (in light gray)
of QHADH from C. testosteroni.
Heme shown in stick
representation, PQQ as ball and
sticks, Ca®" ion as ball using 0.5
times its van der Waals radius.
Picture was generated using
MoiScript [264] and PovRay
(www.povray.org).
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Table X. Distances between PQQ and heme moieties for QHADH

X-ray Model
Heme-PQQ dist (A) Heme-PQQ dist (A)
shortest HBC2-09B 12.05 01D3-02A 9.73
shortest between heavy atoms CBC-09B 13.11 idem idem
shortest between rings C3C-N1 156.12 C3D-C2 14.82
HEM(FE) - PQQ(05) 20.93 20.55

It can be concluded that the construction of the homology model has paid off.
Although superceded by the X-ray structure, the model has played a major role in our
understanding of the mechanistic aspects of the enantioselective oxidation of chiral
alcohols by this interesting enzyme. It is highly rewarding to see that the model did not
deviate too much with respect to the essential features of the enzyme, i.e. the active site
structure and the relative positioning of the heme moiety. It indicates that computational
chemistry protocols are indeed capable of providing reasonably accurate and instructive
structural models at relatively short timescales.

6 Conclusions and prospects

Many examples documenting both successes and failures of computational methods
have been reported. In general, ab initio methods are not yet capable of reaching the
desired accuracy to predict absolute reaction rates and binding energies. Geometrical
features are, however, quite accurately reproduced and predicted in most cases.
Molecular systems involving weak interactions, i.e. hydrogen-bonding and metal-
ligation, are described with varying success and often require additional calibration.
Energy-related properties are calculated with considerably less accuracy, unless
extensive parameterization is applied using available experimental data. However,
extrapolation using these empirical methods is not guaranteed to be successful and
experimental verification and validation remains a necessity.

The heterogeneity of the bulk protein presents a challenge for the accurate calculation
of many biochemically interesting features. Using approximation methods, experimental
values can be more or less accurately reproduced. Solvent effects are acknowledged as
an important aspect in molecular modeling. The extra degrees of freedom are dealt with
using explicit or implicit incorporation of these effects. The recent increase in
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computational hard- and software further stimulates the use of computational methods.

This introduction has focused on the accurate prediction of properties of individual
molecules and the interaction with their substrates. However, in the cell intricate arrays
of proteins and other biomolecules interact and determine the events. The concentration
and location of proteins at certain points in time appear to be at least as important as
their individual characteristics. To obtain a comprehensive picture of such a complex
system, the traditional view of proteins may have to be set aside. No longer can proteins
be regarded as isolated and independent entitities. Their role in large protein networks
has to be analysed. The study of these intertwined protein networks will become a hot
topic in the near future. Analytical tools have become available recently [266]. The study
of protein networks is largely depending on bioinformatics, i.e. the analysis of sequence
and genomic information available within the various databases. With the completion of
the various genome-sequencing projects, a large amount of data has become available.
The observation that various species have a similar number of genes and a similarity in
the sequences of these genes, suggests an important role for the study of protein
interactions rather than the properties of the individual proteins to explain the observed
species differences. Computational techniques already play an important role in the
analysis of these data. Mathematical models can be designed to model important
interactions of the individual proteins or protein modules as ‘black boxes’. However,
only when we understand and can predict the intricate interactions between proteins and
their substrates and ligands, can we model and predict phenomena as complex and
important as the human heart in full atomic detail [267]. The predictive power of
computational techniques has not yet been fully exploited. There is little doubt that ab
initio calculations on protein structures and enzyme catalysis will become feasible in the
near future. However, the accuracy of the computational methods on an absolute scale
has to improve considerably in order to calculate the small, but important energetic
differences that determine the properties of enzymes and proteins. Nevertheless,
computational chemistry has already proven to be an unique tool to complement
traditional experimental techniques with respect to understanding, explaining and
prediction of biochemical phenomena.
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Abstract

Quinohemoprotein alcohol dehydrogenases, QH-ADHs, isolated from Acetobacter,
Gluconobacter and Comamonas species show appreciable enantioselectivity in the
oxidation of chiral primary and secondary alcohols. Current views of the structural and
mechanistic factors of importance for the understanding of the enantioselective
performance of these enzymes are reviewed. Structural properties of QH-ADH, Type |,
from C. testosteroni, and QH-ADH, Type ll, from A. pasteurianus have been deduced
from homology modeling studies based on the X-ray crystallographic data available for
PQQ-containing quinoprotein methanol dehydrogenases, MDHs. Mechanisms that have
been proposed for quino(hemo)protein alcohol dehydrogenase-catalyzed substrate
oxidation are discussed in relation to the constraints set by the observed
enantioselectivity.
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Introduction

The identification in 1979 of pyrroloquinoline quinone, PQQ, as the cofactor of
certain dye-linked methanol dehydrogenases, MDHs [1,2], and glucose dehydrogenases,
GDHs (3], provided a major stimulus for the search of other enzymes that might contain
this cofactor. Shortly after the detection and structure elucidation of PQQ, a number of
claims regarding its presence in dehydrogenases and oxidases of both bacterial and
eukaryotic origin were made [4]. With the development of more accurate and reliable
analytical procedures, however, it became clear that the distribution of PQQ is most
probably limited to a relatively small group of bacterial dehydrogenases [5,6]. Eventually,
other quinones including topa quinone, TPQ [7], its lysyl derivative, LTQ [8], and
tryptophyl-tryptophan quinone, TTQ [9], could be identified as the organic cofactors of
enzymes that were once suggested to contain PQQ. Today, enzymes possessing either
one of the cofactors shown in Figure 1 are collectively addressed as quinoproteins. An
impressive number of comprehensive accounts of the current status of quinoprotein
research covering various aspects of cofactor identification, enzyme characterization,
and distribution have appeared [6,10-16].

X-ray crystallographic investigations of PQQ-containing MDHs [17-20], TPQ-
containing amine oxidases, AOs [21-23], and TTQ-containing methylamine
dehydrogenases, MADHs [24-30], have provided insight into the structural aspects of
quinoprotein enzymes. Information regarding the distribution and physiological role of
quinoproteins has become available as well [15,31,32]. As a result, the novelty of
quinone cofactors among the array of organic coenzymes and cofactors of which role
and function in metabolism were already firmly established, is wearing off. Still, a
number of important questions remain to be solved. In this respect, the catalytic
mechanism of the PQQ-containing alcohol dehydrogenases is a key issue.

Despite intensive efforts by a number of groups only limited insight into the events
leading to the transfer of reducing equivalents from substrate to PQQ and from reduced
PQQ to the electron acceptor has been gained. This situation is particularly frustrating
when considering PQQ-containing quinohemoprotein alcohol dehydrogenases. As
shown in Table |, representatives of this class display appreciable enantioselectivity in
the oxidation of low-molecular chiral alcohols of which the pure enantiomers are of
interest for synthetic applications. Their performance may well be compared to
enantiomeric ratio values currently realized with non-biological catalysts [33-35] where
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Figure 1. Structures of quinoprotein cofactors. 1. Pyrroloquinoline quinone, PQQ {1] [2] ; 2.
Topaquinone, TPQ [7] ; 3. Tryptophyl tryptophanquinone, TTQ [9] ; 4. Lysine Tyrosylquinone,
LTQ [8] . TPQ, TTQ, and LTQ are derived from the side chains of amino acids that form an
integral part of the polypeptide backbone; PQQ is non-covalently bound.

E = 40 appears to be the rule [36], and £ = 200 a remarkable exception [37]. Realisation
of the full potential of quinoprotein alcohol dehydrogenases in industrial processes,
however, requires the enzymes not only to be enantioselective, but also to be readily
available, highly active and suitably stable [38,39]. Although such properties may be
eventually be attained through brute force screening, recombinant DNA techniques, or
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directed evolution protocols, proper understanding of the structural and mechanistic
factors involved in enantioselective catalysis will be an important tool to guide such
efforts.

In addition to the prospects for applications in the fields of fine chemicals synthesis
[40-42], biosensor devices [43-48] and possibly combinatorial biocatalysis, PQQ-
containing quino(hemo)protein dehydrogenases represent a class of fundamentally
interesting enzymes in their own right. Although the substrate specificity fingerprints
show appreciable overlap with those of NAD(P)-dependent alcohol dehydrogenases,
their natural electron acceptors, ubiquinone {49-52], cytochrome c or blue copper
proteins [53,54], are found towards the oxidative end of the biological redox scale. By
consequence, dehydrogenation reactions catalyzed by quinohemoproteins are strictly
irreversible. Yet, the magnitude of the driving thermodynamic potential does not inspire
particularly high catalytic reaction rates. Although it would appear rather naive to expect
the Gibbs free energy difference of reactants and products to be proportional to the
(catalytic) reaction rate, such correlations have indeed been described for simple
exothermic reactions [55,56], hypothesized for enzymatic conversions [57], and on
occasion pointed to interesting phenomena obstructing the free equilibration of chemical
species, i.e. the spin-restrictions governing autoxidation reactions.

Table |. Enantiomeric ratio of PQQ-containing quinoprotein alcohol dehydrogenases

Enzyme Source Substrate E-value Refs
(preference)

MDH Hyphomicrobium X solketal 1(-) [114]

QH-ADH G. oxydans glycidol 26 (S) [115]

(type II) . solketal 12(R) [114]
. 1,2-cyclo-hexanediol >50 (R) 3]

A. pasteurianus glycidol 7-18 (S) [200]

. 2-butanol 13-20 (S) [200]

A. aceti glycidol 17 (S) [114]

QH-ADH C. testosteroni solketal >100 (R) [114]

(type I) . glycidol 1() [115]

. 2-butanol 14 (S) [281]

2-hexanol 105 (S) [281]

2-heptanol 315(S) [281]

2-octanol >800 (S) [281]
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At present, comparative enzymology of quinoproteins has not provided convincing
explanations for the relatively low catalytic rates of MDHs and QH-ADHs. In particular,
considering the impressive turn-over numbers ( =~ 10° s' [58]) measured for the related
PQQ-containing quinoprotein glucose dehydrogenase, GDH, it would seem that the
exchange rate of reducing equivalents between substrate and cofactor in QH-ADHs
(~ 10° s [54,59]) could be further improved by several orders of magnitude. Again,
knowledge of the ‘enantioselectivity-controlling’ step of the quinohemoprotein alcohol
dehydrogenase mechanism might provide clues for the interpretation of the rate-
controlling step [60] that leads to this intriguing situation.

As indicated above, the enzymology of quinoproteins has been the subject of a fair
number of reviews. Comprehensive accounts of the actual chemistry occurring in the
active site, on the other hand, are less numerous. In order to emphasize both the
fundamental and practical aspects of this highly interesting field of research, the
enantioselective properties of quinohemoproteins provide an attractive directive. In
addition to its practical consequences for applications in biocatalytic kinetic resolution
processes, enantioselectivity can be a valuable tool in the elucidation of kinetic
mechanisms. Accordingly, this paper has been organized as follows. In Section 1 we
present a brief summary of the kinetic description of enzymatic enantioselectivity in
terms of the ratio of specificity constants, the enantiomeric ratio, £. The formal
identification of the kinetic constants collected in E, with the Gibbs free energy barriers
along the reaction coordinate is discussed in the context of Eyring Transition State
Theory, TST. Implications of the location of the ‘enantioselectivity-determining’ reaction
step(s) on the reaction coordinate are emphasized. In Section 2 an account is given of the
current knowledge of structural and kinetic properties of quino(hemo)protein alcohol
dehydrogenases that have a bearing on the catalytic mechanism. Subsequently, an
overview of reaction mechanisms that have been proposed over the years for this class of
enzymes is given in Section 3. In Section 4 we discuss the possible relevance of
alternative chemical and mechanistic schemes for the catalytic and enantioselective
properties of quinohemoprotein alcohol dehydrogenases. Recent results of molecular
modeling experiments for representative QH-ADHs from Acetobacter and Comamonas
species are proposed as a frame of reference. Perspectives for further developments in
this area are addressed in Section 5.
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1. Enantioselectivity as a mechanistic tool

Following its introduction by Sih and coworkers [61,62], the enantiomeric ratio,
E = (kear! Kpt)g ket  Knt )5, has gained widespread acceptance as the parameter of choice
to quantify the enantioselective properties of enzymes. Comprehensive reviews on the
determination and the use of F-values in the field of biotechnological applications have
appeared ([63,64]). Meanwhile, it has become clear that the enantiomeric ratio can also
be of fundamental importance as a valuable source of inspiration for the interpretation of
kinetic properties in terms of mechanistic features. Of both practical and fundamental
importance is the fact that the E-value reflects relative reaction rates. Since E-value
determinations do not, in general, require specific knowledge of the amount of active
enzyme present, experimental difficulties that are commonly encountered when
measuring absolute reaction rates of enzyme-catalyzed reactions do not apply. Estimates
of the rate-determining quality of the reaction steps involved in enantioselective catalysis
under various conditions of e.g. temperature, pressure, and medium composition, can
thus be readily obtained. A price has to be paid, however. Whereas measurements of
absolute rates may provide data on individual reaction steps, such information is not
directly available from E. A brief introduction of the theoretical background is given
below. Detailed discussions have appeared elsewhere [65-67].

Eqn 1 represents the generic case of an enzyme catalyzing the conversion of mutually
competitive enantiomeric substrates, R, viz. S, following irreversible Michaelis Menten-
type kinetics:

re _ (ke I Kig)*ETXIR] gy

rs (kS 1k3)*E1*FS1 L8]

cat

M

The direct applicability of Eqn 1 for substrate and product inhibition schemes can be
appreciated by noting the (redundant) presence of the concentration of free enzyme, [£].
When additional substrates and/or reversible reactions are involved, more elaborate
expressions are required [68-70]. Also in these cases, the enantiomeric ratio can be
formed from the kinetic parameters, k_,, and K,, for the enantiomeric substrates, albeit
that the number of microscopic rate constants lumped in E increases rapidly when the
kinetic schemes become more realistic. This complexity tends to obscure the extent to
which individual microscopic rate constants contribute to the overall enantioselective
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properties. Expressing the E-value in terms of reciprocal rate constants (characteristic
reaction times) is helpful. A formally equivalent and visually appealing picture is
obtained when rate constants are expressed in the (thermodynamic) format of Eyring TST
[71-73]:

kyT *
k=K-B—exp —AG )
h RT

The procedure is summarized in Eqns 3, 4. Details of the derivation of Eqn 4 can be
found elesewhere [66,74].

KR kKIS + K

kS KSKS (K 4 KS)

spec

AG! AGs AGYs
spec ,S A B
—— €X] + €X
exp p P %7
E= = 4)
AG} .. & AG*, AG?,
exp| ———| exp + exp| —=
RT RT RT

Diagrams of the full scheme, the presentation in terms of the specificity constants,
Kopee = kear | Ky [75] (but see discussion [76-78]), and the identification of the E-value
as RTInE=AG,,, s - AGyer = AAG” are shown in Figure 2, Panel A, for the
enantioselective branches of a ping-pong kinetic scheme. Ternary complex kinetic
schemes may require slightly different representations [68]. In addition to the

assumptions underlying Eyring TST [73,79-81], transmission coefficients, , for the

Figure 2. Panel A: Identification of microscopic rate constants contributing to the enantiomeric
ratio, E, with the Gibbs free energy profile along the reaction coordinate. Transition state free
energies according to the Eyring TST formalism. Pane B: Idealized presentation of Gibbs free
energies to be identified with microscopic rate constants for isotopically substituted substrates.
It is assumed that the potential energy surface at the TS follows the Born-Oppenheimer
approximation, while the isotopic mass does not contribute to the energy of the translational
mode leading from reactant to produc states.
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A. Enantioselectivity
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individual rate constants have been assumed identical. It must be emphasized that as a
result of the numerical properties of sums of exponentials, the contribution of individual
barriers to the overall enantioselectivity is governed by minor differences of the
exponents (AG* values). Since k, (=k,, ) is not normally rate controlling for
dissolved enzymes in solution [82,83] (but see [84,85]), its contribution to the
enantioselectivity will be negligible.

A great many different protocols for the representation of kinetic schemes by (free)
energy profiles have been explored [86-96]. The approach taken here appears to be
unique in its clear recognition of the contribution of exponentially weighted activation
energies of individual barriers to the specificity constant. Extending the thermodynamic
formulation of Eyring TST by including thermodynamic activities of reactants and
activated complexes [97,98] has been applied to hydrolytic enzymes [70,99,100].
Preliminary results for dehydrogenases have appeared [101].

It is instructive to apply the formal approach outlined above for the case of the
enzymatic discrimination of enantiomers to the effects of isotopic substitutions on
enzymatic reaction rates (Figure 2, Panel B). Whereas the difference in rates observed for
enantiomeric substrates has its origin in the Gibbs free energy difference of the
‘enantioselectivity-determining’ (diastereomeric) transition states, isotope effects
according to the Bigeleisen-Wolfsberg formulation [102,103] reflect the perturbation of
the vibrational frequencies contributing to the TS and ground state energy [104]. In this
restricted sense, enantioselectivity can be considered to address the transition state more
directly.

2. Characterization of quino(hemo)protein alcohol dehydrogenases

Dye-linked alcohol dehydrogenases containing pyrroloquinoline quinone (2,7,9-
tricarboxy-1H-pyrrolo[2,3-flquinoline-4,5-dione, PQQ) and Ca®** as cofactors have been
isolated from various Gram-negative bacteria [6,13,105]. Methanol dehydrogenases,
MDHs, from methylotrophic bacteria [106-109] and ethanol dehydrogenase from
Pseudomonas sp. [16,110] are prominent members of this class. Quinohemoprotein
alcohol dehydrogenases, QH-ADHs, form a second class containing heme c as an
additional organometallic cofactor probably involved in the electron acceptor interaction
[69]. Type | QH-ADHs are monomeric proteins (70 to 80 kDa) containing one molecule

52




Enantioselectivity of quinoproteins: an overview

of PQQ, one Ca*, and a single c-type heme. Examples have been isolated from ethanol
grown C. testosteroni [54,111], vanillyl alcohol grown Rhodopseudomonas acidophila
[112,113] and Pseudomonas putida [114]. Type Il QH-ADHs have been isolated from
various acetic acid bacteria. They are membrane-associated enzymes composed of
different subunits. A large subunit (72 to 80 kDa, subunit 1) containing one molecule of
non-covalently-bound PQQ, one Ca*, and one heme ¢, is thought to possess the
dehydrogenase activity [32]. A medium-sized subunit (43 to 53 kDa, subunit I1), most
likely involved in electron transport, contains three heme ¢ moieties and shows a high
degree of similarity to the CO-binding cytochrome ¢y, [51]. A small subunit (15 to 20
kDa, subunit Ill) has been speculated to promote the proper association of the subunits at
the membrane interface [50]. In Type Il QH-ADH from A. pasteurianus and A. aceti all
three subunits appear to be essential for enzymatic activity. Note that the distinction
between classes (heme/non-heme) and types (subunit composition) used here differs from
that used by other authors [32,115].

2.1. PQQ-containing methanol dehydrogenases, MDHs

2.1.1. Kinetic properties

Before discussing the enzymological characterization of the quinohemoprotein alcohol
dehydrogenases a short survey of the non-heme PQQ-containing alcohol
dehydrogenases will be given. Soluble methanol dehydrogenases occurring in the
periplasmic space of methylotrophic bacteria have played an important role in the
development of quinoprotein enzymology. Although the presence of a cofactor of
unknown structure, later to be identified as PQQ, was first reported for glucose
dehydrogenase in the sixties [116,117], methanol dehydrogenases from methylotrophic
bacteria became the source for the actual isolation and structure elucidation of PQQ
[1,2,118]. In addition, MDH (from Methylophilus methylotrophus and bacterium W3A1)
was the first quinoprotein for which the three-dimensional structure was solved [17].

NAD(P)-independent methanol dehydrogenase activity was originally described by
Anthony and Zatman [119]. A large number of MDHs (EC 1.1.99.8) with similar
properties have been characterized since [120]. As isolated, MDHs are dye-linked
enzymes, requiring cationic electron acceptors, the presence of ammonia (which can
sometimes be substituted with higher primary amines) as an activator, and pH = 9 for in
vitro activity. Most MDHs are dimeric proteins containing two molecules of PQQ [121].
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Despite its ready availability from various methylotrophes, with Hyphomicrobium X as a
particularly abundant source [122], MDH turned out not to be an easy target for the
study of the catalytic mechanism. Several complications exist: 1. MDHs are usually
isolated with their cofactor in a semiquinone form, a redox state that is unreactive with
substrate [123]; 2. oxidation with artificial electron acceptors leads to inactivation unless
substrate or carbony! group reagents are present [120,123,124]; 3. enzyme preparations
appear to be inevitably contaminated with large amounts of endogenous substrate(s) of
unknown origin [119,122,125,126]. By combining spectroscopic and kinetic techniques
a convincing kinetic scheme could nevertheless be devised [123,127-129] (Scheme 1).
Key observations comprised the radical nature of the MDH semiquinone form [130], the
acid extraction of stoichiometric amounts of PQQ and PQQH, from this enzyme form
[128], and the structure elucidation of the PQQ-adduct extracted from cyclopropanol-
inactivated MDH [129] (Figure 3).

Inactive MDHger, A
(isolated
enzyme form) At
A
N 44
(excess)  [MDHoy | MDHox HCN MDHeg
Cp
Inactive MDH,.S Activator

Scheme 1. MDH,q, reduced MDH; MDH;em, semiquinone form of MDH (EPR active); MDHoy,
fully oxidized form of MDH; MDH.,.HCN, the complex of MDH with cyanide; MDH,,.S, the
complex of MDH with substrate alcohol or aldehyde; CP, cyclopropanol; activator, ammonia or
low molecular primary amine; A and A", reduced and oxidized form of the electron acceptor
(Wurster's Blue)(adapted from [123])
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COOH

Figure 3. Structures of the interconverting PQQ-adducts isolated from cyclopropyl alcohol-
inactivated MDH [129]. Note presence of to chiral centers giving rise to diastereomeric
mixtures.

The chemical mechanism that has been proposed on the basis of these findings will be
discussed in Section 3.

2.1.2. The structure of PQQ-containing methanol dehydrogenases

X-Ray crystallography of MDHs from Methylophilus methylotrophus and Methylophilus
W3A1 [17] showed the basic structure of the PQQ-containing a subunit to be a
‘propeller fold’ barrel consisting of eight ‘blades’, also called ‘tryptophan motifs’ (Ws)
since these residues hold together small stretches of B sheets around the superbarrel.
Similar propeller motifs have been observed in a large family of proteins [131,132]. The
small B subunit is nested in a zipper-like fashion along one side of the a subunit. The
orientation originally assigned to PQQ in the active site has created confusion [133]. A
detailed study of M. W3A1 (crystal form A) at 2.4 A resolution [19,134] as well as the
determination of the structure of MDH from Methylobacterium extorquens AM1 at 1.94
A resolution [18] confirmed the position and orientation of PQQ as shown in Figure 4. A
detailed description of the active site of MDH from M. W3A1 at 1.9 A resolution
revealed the presence of a substrate molecule in the vicinity of the cofactor [20].
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Figure 4. Schematic representation of MDH from Methylophilus methylotrophus W3A1
showing the 8 bladed g-propeller fold. PQQ shown in a ball and stick representation, calcium
as dark grey sphere. This figure was generated using coordinates from pdb entry 1BN2 and
MOLSCRIPT version 2.0.2 [326).

Crystal structures have shown the presence of a rather unique non-planar eight-
membered ring formed by two vicinal cysteines (residues 103 and 104). The disulfide-
bridge was originally taken to be part of a cis-peptide bond [17,134], refined X-ray
structures, however, have shown the cysteines to be in a trans configuration both in the
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MDH structures of M. W3A1 [19] and M. extorquens [18]. The disulfide bridge is
positioned on top of the cofactor with its sulfur atoms at + 3.5 A parallel to the plane of
the PQQ molecule. The bridge is solvent accessible forming one side of the active site
funnel with the opposite wall made up of various hydrophobic residues. Tryptophan 243
(M. extorquens) forms the bottom of the active site cavity. PQQ is positioned parallel to
this residue with the phenyl moiety of the indole group in what appears to be a -
stacking interaction with the pyridine ring of PQQ, thus sandwiching PQQ between Trp
243 and the disulfide bridge. The calcium ion is liganded by the g-carboxyl oxygens of
Glu 177 (axial position), the amide oxygen of Asn 261, and the C(5)-carbonyl oxygen,
the C(7)-carboxyl group and the pyridine nitrogen from PQQ occupying equitorial
positions (residue numbering refers to MDH from M. extorquens). The remaining axial
position is filled by an Ala 305. All distances of ligands to Ca** range between 2.4 — 2.8
A. These values that are in fair agreement with data collected in the Cambridge database
for i.e. Ca**-carboxylates [135]. In the high resolution structures, water molecules are
seen nearby the C(7)-carboxyl group and C(5)-carbonyl oxygen of PQQ. The proposed
active site base, Asp 303, is located opposite the o-quinone moiety of PQQ. As a result
of its limited dimensions, the funnel-shaped active site cavity places severe restrictions
on the size of possible substrates. In accordance with experimental findings, it appears
that only primary alcohols may enter the active site (Figure 5).

The hydrophobic residues in the active-site funnel might play an important role in the
docking of the naural electron acceptor of MDH, cytochrome c,. Originally, it was
thought that the small B-subunit was responsible for the interaction with this cytochrome
due to the excess of lysines present (15 out of 74 residues) [124,136]. However, those
lysines are not conserved in all MDHs. Further chemical studies suggested interaction of
lysines at the surface of the a-subunit with carboxylates on the cytochrome. The
importance of these ionic interactions was confirmed by the influence of the ionic
strength on the rate of electron transfer [137,138]. For effective electron transfer, PQQ
and the heme of cytochrome ¢, need to be in close contact. The shortest possible
pathway would be via the hydrophobic funnel. No lysines are present in the vicinity of
the funnel entrance. Current ideas involve alignment and initial docking of the two
proteins by electrostatic interactions via lysines at the surface of the a-subunit and
carboxylates on the cytochrome followed by a change in docking position due to
hydrophobic interactions between the active site funnel and the natural electron acceptor
[139].
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Figure 5. View on the active site of MDH from Methylophilus methylotrophus W3A1 showing
the 8-membered disulfide bridge in stacking interaction with PQQ and underlying tryptophan
residue (Trp 237). The molecule of methanol (or formaldehyde) present in the crystal structure
is represented as a ball and stick model. The solvent accesible surfaces were generated while
omitting the substrate molecule. Residues and PQQ shown as stick models, calcium as CPK
model (radius divided by two). Figures generated using INSIGHT (Biosym, Inc.).

Determination of the three-dimensional structure of a macromolecule by X-ray
crystallography is commonly regarded as the cornerstone of the structural
characterization. While protein crystallographers feel confident that uncertainties in the
structure are properly acknowledged by specifying the resolution and by giving reference
to the protocols used, researchers that are less familiar with this discipline, on the other
hand, tend to overlook the assumptions underlying the fitting and regression analyses and
express too much faith in the description of the structure that is provided. On occasion,
this widely held belief has been challenged (see [140,141] and comments [142]). In this
respect, the erroneous orientation of PQQ in the structure originally proposed for MDHs
of M. methylotrophus and M. W3A1 [17] may serve as an example of the fact that the
information implied in X-ray structures may be biased by the underlying assumptions. Of
course, this bias will be less severe when better resolutions are obtained. In the context
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Figure 6. Structures of PQQ in the active site of MDH. Panel A, detailed view of the active site
of MDH from M. extorquens (1.94 A resolution, coordinates were kindly provided by the
authors) [18].Panel B, corresponding view of MDH from M. W3A1 (1.9 A resolution, pdb entry
1B2N) [20]. Figures were generated using MOLSCRIPT version 2.0.2 [326].

of the present survey, two details stand out from the high-resolution structure reported for
MDH from M. W3A1 [20]. Of these, the interpretation of the elongated electron density
in the active site cavity in terms of the presence of a molecule of methanol is well
supported by earlier findings of a single tightly-bound methanol (or formaldehyde?) to
MDH [126]. The out-of-plane position of the oxygen atom in the PQQ-C(5)-carbony!
group is more surprising, however, especially since a similar observation has been
reported for the atom attached to the PQQ-C(4) position in the MDH from
Methylobacterium extorquens [18]. Both structures are shown in Figure 6. Discussion of
the possible relevance of these observations will be deferred until Section 4.

In addition to the remarks made above, the question may be raised whether the
determination of good-quality structures has provided insight into the complications that
have hampered kinetic investigations of MDHs (see 2.1.1). Clearly, the peculiar geometry
of the PQQ-C(4) oxygen in MDH from M. extorquens and the PQQ-C(5) oxygen in MDH
from M. W3A1 may pertain to the impaired interaction with substrate. There appears to
be little reason, however, why fully oxidized PQQ would be unstable in the environment
of the active site. The large amount of endogenous substrate equivalents (up to 90! [126])
likewise remains a mystery.

2.2. QH-ADHs from Acetobacter and Gluconobacter

2.2.1. Kinetic description

Type Il QH-ADHs have been isolated from various acetic acid bacteria. They are
membrane-associated enzymes composed of different subunits [32,50-52,59,143]. The
QH-ADHs isolated from A. aceti, A. pasteurianus, and G. oxydans appear to follow
regular ping-pong kinetics for a variety of substrates. Both natural (ubiquinone) and
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artificial (ferricyanide, Wurster’s Blue) electron acceptors have been used. Ammonia or
amines are not required for activity. pH optima are generally around pH 6. Substantial
data sets have been reported for the conversion of non-chiral substrates, detailed
analyses of the kinetic schemes in terms of Michaelis and inhibition constants, however,
are not yet available [51,143,144]. The kinetic features of the conversion of chiral
glycidol using whole cells and isolated QH-ADH from A. pasteurianus have been
described [59] The conspicuous presence of (chiral) glycidaldehyde as an intermediate in
the reaction has been noted. While whole cells catalyze the conversion of glycidol to
glycidic acid with concomitant release of only minute amounts of intermediate
glycidaldehyde into the medium, conversions with isolated QH-ADH give rise to
substantial accumulation of glycidaldehyde, eventually bringing the reaction to a
complete halt. In analogy with the kinetic bi-bi ping-pong scheme including
uncompetitive substrate inhibition reported for the mechanistically similar reaction
catalyzed by the QH-ADH Type | of Comamonas testosteroni [69] (see below), the
oxidation rate of a single enantiomer of the alcohol in the presence of aldehyde by the
Type Il enzyme has been expressed as:
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With [alc], lald], [E], and [Fe], the concentration of the alcohol, aldehyde, active
enzyme, and ferricyanide, respectively. Experimental support for the consistency of this
kinetic equation has been derived from the determination of the time course of the
reaction of racemic glycidol catalyzed by purified QH-ADH [59]. Curiously,
dimerization of the intermediate aldehyde had to be included in the overall model as a
reversible reaction. Inactivation of the enzyme by the aldehyde and inhibition by the
dimer accounted for the abortion of the catalytic reaction that is observed to take place
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before glycidol is fully converted.

2.2,2. Structural characterization

All three subunits of Type Il QH-ADH from A. pasteurianus and A. aceti appear to be
essential for enzymatic activity. The indispensibility of the small subunit (15-20 kDa,
subunit I}) in the QH-ADH from G. suboxydans has, however, recently been questioned
[51,52]. The large subunit (72 to 80 kDa, subunit 1) of Type Il QH-ADHSs, which
possesses the dehydrogenase activity, contains one molecule of non-covalently-bound
PQQ and one heme ¢ [32,143,145]. The genes of QH-ADH from A. aceti [146-148], A.
polyoxygenus [149] A. pasteurianus [50,150] and G. suboxydans [52] have been cloned
and sequenced. X-ray structures of Type Il QH-ADHs are still lacking. A working model
has been obtained by molecular modeling. Cozier and coworkers [49] constructed a
homology model of the QH-ADH from A. aceti based the 31% sequence identity and
66% sequence similarity of the residues 1-590 of the QH-ADH of A. aceti [106,146,147]
and residues 1-595 of MDH from M. extorquens [136]. Alignment was determined using
a Needleman-Wunsch algorithm and a protein-sequence score matrix, followed by
refinement by inspection and modification. Quanta/CHARMm was used to generate and
relax side chain positions. Clashes were removed by hand and a force field-derived
energy minimization was carried out with partial constraints on the backbone atom
positions in order to preserve the basic structure as found in MDH. Thus, the resulting
model of the N-terminal domain of A. aceti (QH-)ADH retains the characteristics of the
MDH structure [49]. No attempts were made to model or position the C-terminal heme-
containing domain.

Recently, we succeeded to construct a model of the PQQ-containing domain of the
large subunit of the Type Il QH-ADH from A. pasteurianus [67] using the same approach
as adopted to obtain a structural model for the QH-ADH from C. testosteroni. The amino
acid sequence of QH-ADH from A. pasteurianus as reported by Takemura and coworkers
[150] (accession number D13893) was used. Considering the extent of sequence identity
(> 90%) between QH-ADH from A. aceti and QH-ADH from A. pasteurianus the
alignment [151] of the former sequence with that of MDH from M. extorquens was used
for the initial comparison. Alignments performed using ClustalW 1.6 [152] did not differ
significantly. Coordinates were assigned going from the core to the surface residues of
the protein. Configurations of loops were suggested by database searches and assigned.
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The unique cysteine-bridge was formed prior to refinement. PQQ and calcium were
placed according to optimal superpositioning of the crude model and the MDH structure.
Molecular dynamics, using CVFF, was used to remove sidechain clashes. Structures were
checked using PROCHECK [153] and ProStat and although some deviation from
normally observed values was found, the results were satisfactory. As a control the X-ray
structure of MDH was run against ProStat which gave some unsatisfactory amino acid
conformations as well. Because the model is build on the MDH structure it is obvious
that it will inherit the errors present. Since no obvious errors were observed for the active
site residues, further refinement was not considered. No attempts were made to model

the heme domain.

2.3. QH-ADH from Comamonas testosteroni
Quinohemoprotein alcohol dehydrogenase Type | was isolated from C. testosteroni (at
that time known as Pseudomonas testosteroni) as the apoenzyme [111,154]. Only two
other representatives of this single subunit type have been reported since: a PQQ-
containing holoenzyme from Pseudomonas putida [155], and a holoenzyme from
Rhodopseudomonas acidophila [112]. Like the Type Il enzymes, QH-ADH from C.
testosteroni does not require ammonia or amines for activity. Its pH optimum is around
7.5. PQQ-free QH-ADH apoenzyme is isolated from ethanol-grown C. testosteroni in the
absence of extraneous PQQ. Purified apoenzyme, showing a single band on native gel
electrophoresis (71 kDa) can be converted into active holoenzyme by addition of PQQ
in the presence of calcium ions [54]. Incomplete reconstitution has been ascribed to the
presence of ‘nicked’ apoprotein showing up as two band of 51 and 25 kDa, respectively,
on SDS/PAGE. Analysis of the N-terminal sequences of the fragments and comparison
with the DNA sequence of the gene [156] suggests (proteolytic) scission to occur
between two phenylalanine residues (450-451). Following reconstitution with PQQ,
active holoenzyme and nicked, inactive, enzyme can be separated [54]. Binding of PQQ
apparently leads to structural changes, as reflected by changes of spectral and
chromatographic properties. Reconstitution of apoenzyme with PQQ analogues results in
a decreased activity [157] and enantioselectivity [63,158] for the oxidation of chiral
alcohols.

The interaction between PQQ and heme ¢ has been characterized by the shift of the
maximum absorption of the heme moiety in reduced and oxidized QH-ADH as well as
by a 60 mV increase in the heme midpoint redox potential upon reconstitution of
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apoenzyme with PQQ [53]. A shift of the 'H-NMR porphyrin methyl group resonances
has been observed for the binding of PQQ in the oxidized form of the enzyme, while a
shift of the methionine heme ligand accompanies binding in the reduced form [53]. The
redox-dependent reorganization of surface residues at the heme edge of horse heart
cytochrome ¢ has similarly been related to the redox behaviour of the protein [159,160].
Spectroelectrochemical evidence for a conformational change triggered by heme
reduction has been reported to accompany electron transfer in tetrahemic cytochromes
¢, [161]. Distance constraints on the intramolecular positioning of the heme ¢ and PQQ
redox centers have been deduced from F-NMR relaxation studies employing fluorine-
labeled phenylhydrazones of PQQ [162].

2.3.1. Kinetics of QH-ADH Type | from C. testosteroni

The kinetic mechanism of QH-ADH Type I has been described in detail for the oxidation
of primary (chiral) alcohols and aldehydes using ferricyanide as an electron acceptor
[69]. Initial rate data could be described by hexa uni ping pong kinetic schemes in which
the alcohols are oxidized to the corresponding carboxylic acids and the intermediate
aldehydes are released from the enzyme. For some substrates uncompetitive inhibition
had to be invoked. In general, oxidation of aldehydes is much faster than the oxidation of
the alcohols from which they are derived. Progression curve analysis suggested reversible
inactivation of the enzyme to take place in proportion to the concentration of
ferricyanide present at the start of the conversion. Simpler kinetic schemes are expected
for the oxidation of secondary alcohols [163].

2.3.2. Structural model of QH-ADH Type |

So far, X-ray crystallography of Type | QH-ADH from C. testosteroni has not been
successful. A structural model has been constructed by homology modeling based on the
sequence similarity of N-terminal residues 1-570 with the a subunit of MDHs from M.
W3A1 and M. extorquens. [164]. The amino acid sequence of QH-ADH of C.
testosteroni has been compared to other QH-ADHs and related MDHs by Stoorvogel and
coworkers [156]. Only 34 % sequence identity was found with the sequences of MDHs.
However, salient structural features appeared to be conserved on the primary sequence
level. The repeated ‘tryptophan motif’ that constitutes the eight-bladed g-propeller fold is
also present in QH-ADH. The active site residues, involved in PQQ and calcium
binding, are completely conserved as well. The unique disulfide bridge and the
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tryptophan responsible for the stacking of PQQ are found at the primary sequence level
of the N-terminal domain of QH-ADH in the same position. The conservation of these
residues strongly suggested a similar arrangement of the active site structure for QH-
ADH. The presence of the tryptophan motif served as a scaffold for the building of the
overall folding of the PQQ-binding domain. The C-terminal heme-binding domain,
residues 571-677, absent in MDHs, has been modeled using minimal sequence similarity
with cytochrome c; from Azotobacter vinelandii, cytochrome c from Plectonema
boryanum, and cytochrome c;s; from Ectothiorhodospira halophila [165]. Using distant
constraints inferred from ""F-NMR relaxation studies of trifluoromethylphenylhydrazine-
derivatized PQQ bound to QH-ADH apoenzyme [162], as well as theoretical relations
for optimal electron transfer [166,167], the relative positioning of the heme- and PQQ-
binding domains was estimated (Figure 7).

The model successfully accounted for the site of proteolytic attack (see Section 2.2),
the substrate specificity, the change of spectral properties upon reconstitution of
apoenzyme with PQQ [53], and the electronic interaction between heme ¢ and PQQ. A
discussion on the implications of the model for the enantioselectivity displayed by the
enzyme in the oxidation of chiral alcohols and aldehydes is presented in Section 4.

3. Mechanism of action of quino(hemo)proteins

3.1. Structural and chemical properties of PQQ and derivatives

X-ray crystallography has played an important role in the detection and structure
elucidation of PQQ. Kennard and coworkers reported the structure of the PQQ-acetone
adduct which led to the identification of PQQ as a novel cofactor [1,118]. The structure
of the dinitrophenylhydrazone of PQQ triester, an important derivative in early analytical
protocols [168], was determined by van Koningsveld [169]. The structure of the penta-
hydrated disodium salt of PQQ has been reported by Urakami and coworkers [170], who
also described quantum-mechanical calculations on the stacking ability of PQQ
important for the formation of charge-transfer complexes with aromatic amino acids.
Although the reaction of PQQ with tryptophan has recently been shown to lead to a
different product [171], the stacking interaction clearly plays a role in the accomodation
of PQQ in quinoproteins. X-ray crystallographic data for free PQQ and PQQ mono-
potassium salt are available as well [172]. The X-ray structure determination of C(4) and
C(5) adducts of PQQ triester and methanol and their possible relevance to quinoprotein
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Cys103-Cys104

Trp439

Figure 7. Representation of homology model for QH-ADH from Comamonas testosteroni.
Heme, 8-membered cysteine bridge, PQQ and tryptophan shown using ball-and-stick
representation, calcium using CPK representation. Picture generated with MOLSCRIPT

version 2.0.2 [326].
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1. PQQ
2. PQQ mono potassium salt
3. PQQ disodium pentahydrate 4. PQQ acetone adduct 5. PQQ DPNH

NO,

HOOC

6. Imidazolo-PQQ 7. PQQ hemiacetal

Figure 8. PQQ and PQQ-related compounds for which structures have been determined by X-
ray crystallography. 1. PQQ {172]; 2. PQQ mono potassium salt {172); 3. PQQ disodium
pentahydrate [170]; 4. PQQ acetone adduct [1,118]; 5. PQQ dinitrophenyl hydrazone [169]; 6.
Imidazolo-PQQ [171]; 7. PQQ-C(5) hemiacetal [133]; 8. PQQ-C(4) acetal [133].

catalysis have been reported [133]. An overview of X-ray structures that are currently
known is given in Figure 8.

The X-ray structures show the PQQ molecule to be almost completely flat with only a
slight dihedral angle between the heterocyclic rings (+ 10°. The C(2) and C(7)-carboxylic
groups are in the plane of the tricyclic ring system. The C(9)-carboxylic group is tilted by
+ 22°. The non-planarity of this group has also been reproduced using high level ab Initio
quantum chemical calculations [173-175]. Adducts of PQQ show a slight twist in the
ring system most probably to accommodate the substituted sp® carbon at the C(4) or C(5)-
positions. In the mono-potassium complex [172] the K* atom is liganded by the C(7)
carboxyl group, the carbonyl O(5) and two waters in diad symmetry with another PQQ
molecule. The resulting structure shows a high resemblance with the Ca**-complexes
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found in the X-ray structures of the MDHSs. Surprisingly, the positive charge of the
potassium ion is balanced by complete ionization of the C(9) carboxyl group of the
neighbouring PQQ molecule, leading to a reasonably strong hydrogen bond to the
pyrrole N(1). Quantum chemical calculations show that this hydrogen bond may also be
present in the non-ionized form of the C(9) carboxyl group.

Studies of the chemical reactivity of PQQ were greatly stimulated when various routes
for its chemical synthesis became available [176-181]. Although the original procedures
suffered from low overall yields, synthetic bottle-necks could be relieved [182-185] by
appropriate adaptation of the procedure devised by Corey and Tramontano [176] or by
novel strategies [186,187]. Methods for the microbiological production of PQQ have
been described [188-190]. However, the commercial availability of PQQ (FLUKA,
Buchs) still relies on chemical synthesis [191].

The pivotal role of the o-quinone moiety of PQQ in quinoprotein catalysis was
recognized even before its structure was fully known [192]. The semiquinone, PQQH-
(2), the quinol, PQQH, (3), and the tetrahydro derivative, PQQH, (4), can be obtained
upon reduction (Figure 9). The biological relevance of compounds 1-3 has been well
established [128]. A possible role for the keto alcohol derivative (5), a likely intermediate
during borohydride reduction of PQQ to PQQH, under aerobic conditions [193], has
been suggested (see Section 3.2). The existence of a two-electron oxidized lactone of
PQQ has been claimed on the basis of mass spectroscopic data [194]. PQQ can be
considered a medium-potential biological oxidant distinct from the high-potential
quinones that have been applied in organic synthesis [195]. The redox chemistry of PQQ
has been investigated by several groups. From potentiometric titrations of PQQH, at
several pHs Duine and coworkers [196,197] determined the redox potential of the
PQQ/PQQH, couple. Bergethon [198] investigated the amperometric detection of PQQ
in HPLC analysis. Redox behaviour at acid pHs was determined by cyclic voltammetry
[199]. McWhirter and Klapper [200] obtained a value for the redox potential of the
PQQ/PQQH: couple at neutral pH from pulse radiolysis experiments. Eckert and
coworkers compared redox properties of PQQ with those of related o-phenanthroline
quinones [201,202].

The redox properties of a PQQ-ruthenium complex were determined by Schwederski
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3. PQQH,
(quinol)

4. PQQH;
(keto alcohol)
Figure 9. Currently known redox forms of PQQ. 1. PQQ; 2. PQQ semiquinone; 3. PQQH,
(quinol form); 4. PQQH; (keto alcohol form); 5. PQQH,

5. PQQH,

and coworkers [203]. Itoh and coworkers described the electrochemical behaviour of the
trimethyl esters of PQQ and its N(1)-methylated analogue in aprotic organic solvents
[204]. Redox properties of PQQ are collected in Table Il. These numbers may be
compared to the value of +80 mV (vs NHE) of the heme c in C. testosteroni QH-ADH
apoenzyme and +140 mV (NHE) in the holoenzyme [53].

The close resemblance of the structural features of PQQ and well-established
chelating agents, e.g. a-picolinic acid [205] and 8-hydroxyquinoline [206], has been
noticed [207,208]. Equilibrium complexing of 9-decarboxyPQQ with Cd(ll) at pH 4.0
(ionic strength 1.0, NaClO,) has been reported [207]. Formation of a 1:1 complex was
deduced from titration plots [209]. Addition of Cu(ll) apparently gave rise to 2:3
complexes. Both 1:1 and and 1:2 complexes were observed in the titration of PQQ and
several derivatives lacking oxygen substituents at C(4), and C(5), respectively, with Cu(ll)
[191].

In all cases, equilibrium constants were of order 10° M [210]. Strong indications
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Table Il. Redox properties of PQQ and PQQ-Metal complexes

Couple Redox potential, V Method Refs.
E. (NHE) En (SCE)
PQQ/PQQH, 0.090° Potentiometric titration [197]
0.15° Thin-layer cyclic voltammetry ~ [202]
+ Zn(ll) 0.17/0.23° Thin-layer cyclic voltammetry [202]
0.053° 1.75¢ Cyclic voltammetry [198,199]
PQQ/PQQH -0.122° Pulse radiolysis [200}
-0.218f Potentiometric titration [197]
PQQH/PQQH, 0.22¢ Pulse radiolysis [200]
-0.242f Potentiometric titration [197)]
PQQ/PQQH-Ru 0.82° Cyclic voltammetry [203]
PQQH/PQQH.-Ru 0.26° Cyclic voltammetry [203)

a. 10" M PQQ, 0.1 M phosphate, pH 7.0, 5x10° M phenazine methosulfate, KsFe(CN)g;

b. 0.5 M sodium acetate, pH 5.6;

c. 10* M PQQ, 0.016 M phosphate/0.1 M NaCl, pH 7.0;

d. 3x10“* M PQQ, 0.5 M KCI, pH 7.2;

e. Pulse radiolysis-generated CO," in O,-saturated 0.1 M formate, 5 mM phosphate, mmolar
quantities of PQQ, pH 7.2;

f. 10* M PQQ, 2 M salicylate, pH 13, KsFe(CN)g, from semiquinone formation constant of 2.54;
g. Acetonitrile, 0.1 M (BusN)PFs. Adapted from [82]

were found for the involvement of the C(5)-covalent hydrate in complex formation [191].
Complexation of PQQ and PQQH, with calcium requires higher concentrations.
Equilibrium complexation (50 pM PQQ) was observed to occur at 100 mM Ca** in 20
mM MOPS/KOH, pH 7.5 suggesting an equilibrium constant of order 10° M [162].
Changes of the UV/Vis-spectrum are in accordance with the formation of a PQQ-
hydrate-Ca** complex. Similar changes have been observed upon addition of Ca®* and
Mg* to PQQ solutions [211]. Complex formation of PQQH, with calcium in the
presence of dithiotreitol (1 mM) required similar concentrations of Ca®* [162].

The affinity of PQQ for nucleophiles adding to the C(5) carbonyl group was
discovered at an early stage [128,212-214]. Formation of C(4) adducts has been observed
to occur when PQQ trimethyl ester is treated with methanol under acidic conditions
[133]. Addition of amines as a first step in the oxidative deamination that was at one time
believed to be a role of PQQ in quinoprotein amine oxidases anddehydrogenases that
are now known to harbor different quinones, has been investigated by Itoh and
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coworkers [215-218]. The relevance of these model systems for the understanding of the
mode of action of TPQ [219-221] and TTQ [222,223] containing quinoproteins, as well
as of the reactivity of PQQ in biological samples [224,225] has been addressed [6].
Reactions of PQQ with various carbonyl group reagents, aimed at the formation of stable
derivatives for the extraction and identification of PQQ in alleged quinoproteins have
obtained due attention. Competing activities of hydrazones in the reduction [226] and
derivatization of PQQ [172,227] have been reported.

3.2. Proposed reaction mechanisms

Methanol dehydrogenases have been the prime subject of investigations into the
chemical mechanism of quinoprotein alcohol dehydrogenase catalysis. Early suggestions
on the participation of three-electron reduced enzyme species [228] could not be
substantiated [229]. A revised reaction scheme [230] was rejected in favor of the kinetic
scheme presented in Section 2.2.1. (Scheme 1). Conversion of the oxidized, substrate-
containing, complex into the reduced enzyme and product is generally considered to be
the rate-limiting step in the reductive half reaction [123,129] (for a review see [11]). This
is also the only step requiring ammonia or primary amines as activators for the enzyme
as isolated. A covalent PQQ-substrate adduct appears to be a prime candidate for this
role (Scheme 2). Evidence for the actual participation of such an adduct is, however,
largely circumstantial. An important motivation has been provided by the well-
documented reactivity of PQQ with a variety of nucleophiles [212,231], giving rise to the
formation of C(5) carbonyl adducts [133]. The central position of such adducts in early
mechanistic proposals is illustrated in Scheme 2.

The isolation of the corresponding PQQ-adducts (Figure 3) from cyclopropanol- (and
cyclopropanal-) inhibited MDH has been considered as a major indication for the
involvement of an active site base setting up the alcohol for nucleophilic addition. This
assumption was further supported when the X-ray structures revealed an aspartate
residue (Asp303 in M. extorquens MDH) situated in an appropriate position for proton
abstraction. Curiously, changing this residue into a glutamate by site-directed
mutagenesis resulted in a highly active enzyme with, however, a much lower substrate
affinity [115]. This situation appears to be in contrast with observations on the
flavoprotein-catalyzed oxidation of acyl-CoA [232] where replacement of a glutamate
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COOH

\l}l OH
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Asp-303 Asp-303 Asp-303

Scheme 2. Proposed reaction mechanism of MDH involving covalent adduct formation of PQQ
and methanol followed by deprotonation and rearrangement

residue with very similar function by an aspartate leads to severe reduction of the
reaction rate, suggesting a crucial dependence on the correct “spacing”. Also, while
hemiketal formation at C(5) would position the substrate a-hydrogen in a geometrically
favorable configuration for transfer to PQQ via a six-membered transient, several
objections can be raised. Of trivial importance is the notion that whereas free PQQ
hardly requires catalysis for adduct formation, PQQ in MDH would require explicit base
catalysis. This, of course, may well be caused by the specific environment of PQQ in
MDH. An issue of more importance is the proton abstraction by the remaining carbonyl
at C(4), an entity that is not normally known for its high basicity. Scheme 3 addresses a
possible role of the pyrrole nitrogen in the promotion of the basic strength of this
carbonyl group by conjugation [233] (Scheme 3).

COOH COOH
HN

OH
HC?

HO\(O

Aspam Apand

Scheme 3. Proton abstraction facilitated by charge separation.
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It is not clear whether charge separation as shown in Scheme 3 will be an important
contribution to the basic properties of the C(4)-carbony! group. Comparison of the “C
NMR chemical shifts of the C(5) and C(4) carbons indeed shows the C(4) atom to be
slightly more shielded (DMSO-d,, ppm, 173.3 (C-4); 179,3 (C-5); [231]). The (slight)
difference of the electrophilic characteristics of the carbony! groups that form the o-
quinone moiety of PQQ has been investigated by ltoh and coworkers in terms of the
formation and relative stability of (hemi)ketals [133]. A mechanistic proposal was
designed that elaborated earlier suggestions [196,234] on the possible participation of a
p-quinonoid tautomeric structure of PQQ (Scheme 4).

It must be emphasized that N(1)-alkylated PQQ analogs show low but definite activity
in the reconstitution of Type | QH-ADH apoenzyme from C. testosteroni [157]. In these
experiments possible contamination of the derivative with authentic PQQ could be
rigorously excluded by determining the different enantioselectivity of the resulting
holoenzyme [158].

Although the possibility that PQQ might behave as a p-quinone cannot be rejected as
yet, the physiological relevance of the proposed mechanism [133] depends strongly on
the alleged presence of a suitably situated serine or threonine residue in the active site
(see Section 2.1.2 for discussion of the erroneous assignment of the orientation of PQQ
in early crystal structure). Currently available high-resolution X-ray data, however, do not
support this view.

While these proposals considered covalent addition of the substrate alcohol to PQQ
as a primary event, an interesting possibility was raised when the importance of Ca**,
both as a structural and as a catalytic factor became evident [hatie $thuctures
of MDH from M. extorquens and M. W3A1, Ca’* is situated in the plane of the PQQ
molecule with the C(7) carboxy group, the N(6) pyridine nitrogen and the C(5) oxygen as
equatorial PQQ-derived ligands. Contributions from Asn 261, Glu 177, and a solvent
water molecule complete the coordination. The role of Ca** in the catalytic mechanism is
supported by a series of interesting observations, including a Ca**-lacking mutant enzyme
devoid of activity [235], of which the activity could be restored (in part) by addition of
Ca*, Ba®* or Sr** [108,236-238]. In the mechanisms shown in Schemes 5 and 6, Ca* is
portrayed as a Lewis acid promoting the polarization of the C(5) carbony! for the transfer
of a hydride [11,107].
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Scheme 4. Possible participation of enzyme-bound p-quinonoid vinylogous ester

Table lll. PQQ-containing (hemo)quinoproteins for which the presence of Ca?* (and
closely related metal ions) has been established

Metal ions
Enzyme Source Metal ion capable of Refs.
replacing Ca®*
MDH Hyphomicrobium X Ca® [309]
M. W3A1 (76,322]
M. extorquens Ca* s, Ba®' [119,255]
P. denitrificans Ca® st [64,128,129]
QH-ADH (Type 1) C. testosteroni ca® Mg, S©**, Co®, [66,123]
Cd?, Ba®", Ni¥*,
Fe?, vO*
QH-ADH (Type 1) Acetobacter sp. Ca?® st [66]
EDH P. aeruginosa Ca® s [228]
GDH (soluble) A. calcoaceticus Ca® Mn?*, Cd®* [77.116}
. 2+ 2+ Srz*, Coz*, Cdz’.
GDH (membrane bound) E. coli Ca“ /Mg Ba? Fe? zn2* [72,208]
PVA-DH Pseudomonas Ca® [131,270,271]
sp.VM15C
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Scheme 5. Hydride transfer by Lewis acid catalysis (l)

A variation of the hydride transfer mechanism, based on high-level quantum
mechanical calculations [175] is shown in Scheme 6.

COOH
HOOC HN:
0, N 5 \’:‘ JK(LO \@%0 \N 0@ \N OH
o | (.o‘\/,H AL A " B
NS 2pe? T ==CH. Aple”” 24 24"
e H/S/_ & o J : K ) Qe C‘
\ H \
Q‘}_‘ o & o 0, >0 oN O350
Asp303 Asp 303 Asp3B Aspam Asp303

Scheme 6. Hydride transfer by Lewis acid catalysis (1)

Despite the great variety of mechanisms, some of the basic features of MDH catalysis
are not covered by these proposals. Except, possibly, for some of the early suggestions
[196,234], none of the schemes addresses the role of the activator ammonia. There may
be some justification in the fact that ammonia (as the free base) is required as an activator
only when the enzyme is assayed with artificial electron acceptors. With cytochrome as
an electron acceptor, ammonia is not usually needed [124,128,236,239]. In this respect,
both Type | and Il QH-ADHs behave quite differently. No activator is required. It might
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be argued that a lysine residue, conspicuously present in the active site cavity of the QH-
ADH homology models, assumes this role. An alternative function for this residue in the
accomodation of product aldehydes has been proposed [157]. If one accepts the
possibility that the natural electron acceptor, cytochrome ¢, of MDHs overcomes the
need for an amine-type activator in the oxidized enzyme-substrate complex, i.e. by
providing a lysine of suitable basicity under physiological conditions, it would appear
that the kinetic scheme of a hexa-uni ping-pong reaction [123,124] is no longer valid
and should be replaced by ternary complex kinetics involving oxidized enzyme,
substrate/product, and cytochrome, most probably in a rate-controlling step. The ability
of ammonia to restore enzyme activity when critical catalytic basic residues have been
mutated has been described [240]. In this respect, restoration of activity by addition of
ammonia for an inactive Lys258Ala mutant of Escherichia coli aspartate aminotransferase
is of interest [241,242]. Not only was the degree of restoration found to be dependent on
the type and concentration of the amine added, also a correlation between the logarithm
of the efficiency and the pKa of the amine was observed. These results suggest that
exogenous amines would substitute the functional role of Lys258. This approach has
been applied to Lys296-substituted rhodopsin [243], Lys80-substituted leucine
dehydrogenase [244], and Lys329-substituted ribulose 1,5-bisphosphate
carboxylase/oxygenase [245].

Suggestions for the oxidative half-reaction of MDHs feature the free-radical
semiquinone form of PQQ with the unpaired electron localized in the o-quinone moiety
(Scheme 7). There would appear to be little reason to speculate on the possible
localization of the unpaired electron at the C(4) oxygen of MDH from M. extorquens [11]
(or the C(5) oxygen in MDH from M. W3A1, for that matter [20]) in order to rationalize
the out-of-plane positions of these atoms in the respective X-ray structures. Neither the
extent of refinement, nor the hybridization state warrants such a proposal. Structures
reported in the literature for cation-stabilized radicals derived from o-benzoquinones
give no indication for out-of-plane positions of the oxygen atoms [246,247].

Although MDHs and QH-ADHs reported to date are dehydrogenases, with the
possible exception of an extracellular quinoprotein oxidase that catalyzes conversion of
enacyloxin IVa to enacyloxin lla, for which the involvement of PQQ has not been
unequivocally established [248], models for the reaction of PQQH, with dioxygen have
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Scheme 7. Oxidative half-reaction of MDH.

been investigated. Indications for the role of Ca** in the oxidation of PQQH, trimethyl
ester in acetonitrile have been found [249]. Ca** was shown to have a catalytic effect on
this oxidation. An electron-transfer mechanism (SET) was proposed analogous to the
reaction of 1,5-dihydroflavins with *0O,. Schirer and Clark used the results of
semiempirical (PM3) MO calculations to propose that the oxidation of PQQH, with
dioxygen may proceed by successive hydrogen-atom-transfer steps [250] (Scheme 8).

COOH COOH COOH

HOOC HN HOOC HN HOOC HN

—_— —_— ®

° N OH ° N LQH ° N OH

H H
(o . oo b L0 o} _.-0
G 2 e Ry
AR~ N o TN
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Scheme 8. Oxidation of PQQH; with dioxygen.

An electron-transfer mechanism is deemed unlikely. The authors conclude that the
reaction of PQQH, trimethylester with *O, to give a triplet radical pair is a spin allowed
reaction with Ca®* acting as an electrostatic catalyst in the reoxidation of reduced PQQ.
The suggestion that ‘..this might possibly be the best documented example of this type of
catalysis in biological systems..” [250], completely disregards the fact that PQQ-
containing oxidases are not particularly abundant in nature. Sofar, the X-ray structures of
MDHs do not provide a clear answer as to the reason for the fact that dioxygen does not
function as an electron acceptor for these enzymes. In could be argued, though, that
dioxygen can not, in the enzyme, compete favorably with other calcium ligands so that
the situation created in the model systems simply does not arise. Similar insensitivity to
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dioxygen is observed for reduced QH-ADHs. An observation that may be of interest to
rationalize the presence of TPQ in oxidases and PQQ in dehydrogenases has been
reported by Kalyanaraman and coworkers [251] who found that semiquinones of certain
catechol(amine)s react with oxygen with rates of order 10° M. s (a value corresponding
to 25 s for ambient (8-9 ppm) oxygen concentrations), while those of hydroxy-
substituted catechol(amine)s react with rates two to three orders of magnitude higher.

The possible role of the disulphide bridge in the release of protons concomitant with
the successive single electron oxidations of PQQH, (Scheme 7) has been investigated
[252,253]. Reduction with dithiothreitol aborts the activity with cytochrome, however,
oxidation with artificial electron acceptors was not impaired [252], most probably
because these oxidants rapidly restore the disulphide bridge. Mechanistic involvement as
proposed for the rare thiol-disulphide oxidoreductase family [254,255] is unlikely. A role
in the stabilization of the semiquinone intermediate has been suggested [253].

4. Alternative mechanistic possibilities

Despite the plethora of proposals discussed in Section 3, more than twenty years of
intense research has provided only limited insight into the chemical mechanism of
quinoprotein alcohol dehydrogenase catalysis. An important aspect of this quest has
been the lack of chemically relevant model systems that might be of value to probe
various effects thought to contribute to catalysis in the physiologically active enzyme.
Whereas model systems for the reaction of PQQ with amines [216-218], amino acids
[215,225], thiols [256], glucose [257], pyridoxamine phosphate [258], and even
epoxidation reactions [259], have been explored, similar reactions of free PQQ with
alcohols mimicking its function in MDHs and QH-ADHs have been hard to design.
Curiously, the adduct (Figure 3) resulting from the reaction of PQQ with cyclopropanol
has been found to rearrange under basic conditions (pH 11, [230]) or in the NMR tube
(neutral pH, 30 °C [129]) to give PQQH, and propenal. This observation summarizes a
most peculiar situation: 1. The non-natural reaction, i.e. redox-neutral formation of PQQ-
cyclopropanol adduct, occurs “for free” in MDH, while it takes intricate chemistry in the
laboratory [129], whereas: 2. The natural reaction, i.e. exchange of redox equivalents
between PQQ and cyclopropanol in the preformed adduct occurs readily in the NMR
tube and not at all in the enzyme that is supposed to be equipped with the full machinery
for just this type of (redox) reaction! Clearly, this anomaly should inspire some caution as
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to the mechanistic relevance placed on the inhibition of MDHs with cyclopropanol.
Another reason for concern is provided by the fact that the stereochemical features of the
PQQ-cyclopropanol adduct extracted from cyclopropanol-inhibited MDH have not been
established, leaving the possibility open that the adduct may contain both configurations
at the C(5) position. In comparison: the PQQ-acetone adduct isolated upon extraction of
PQQ from MDH of a methylotrophic bacterium could be identified as the racemic
mixture [1,118], suggesting its formation outside the active site. This conclusion has
found support in the finding that QH-ADH apoenzyme from C. testosteroni accepts only
one enantiomer of synthetic racemic PQQ-acetone adduct mixture upon reconstitution
[157]. In summary, the emphasis that has been put in the past on the exemplary role of
cyclopropanol inhibition in MDH catalysis may have been misplaced. Again, this notion
is supported by the fact that QH-ADHs that catalyze essentially the same reaction type
using the same cofactor are not inhibited by cyclopropanol [260].

4.1. Lewis acid catalysis

In this respect, the recent suggestions for a more dominant role of Ca®* in catalysis
(Scheme 6) deserve proper attention. Model studies by Itoh and coworkers [261] using
the trimethyl ester of PQQ in organic solvent with DBU as a base, showed the oxidation
of methanol to formaldehyde to be significantly enhanced by addition of calcium [233].
Some caution is due, however, since the system is very similar to the conditions
described by Skibo and Lee [262] for the rather unnatural oxidation of methanol with a
heterocyclic quinone in the presence of strong base (methanolate). Still, it would appear
that the generation of negative charge on the alcohol oxygen does set up the system for
the hydride transfer, a line of reasoning that has been investigated recently using
quantum chemical calculations by Bruice and coworkers [175]. If their suggestions hold,
the chemistry involved would be very similar to the well-studied Meerwein-Ponndorf-
Verley, Oppenauer, and Cannizzaro reactions. In retrospect, an early report on Lewis
acid chemistry using aluminum t-butoxide as a catalyst for the biomimetic oxidation of
alcohols by PQQ trimethy! ester in organic solvent deserves to be mentioned [263].

Considering the experimental evidence for the formation of a covalent adduct during
methanol dehydrogenation, some support can be obtained from the observation of a
slight shift in the UV-Vis spectrum, attributed to a possible intermediate in the reaction of
MDH with deuterated methanol [128,264]. However, finding similar values for the
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energies of the covalent adduct and the Ca**-ligated alcoholate calculated by Zheng and
Bruice [175] suggests another possibility. As these authors concluded, the covalent
adduct may well be at a mechanistic side road. Partitioning into this non-committed
species could then occur for the deuterated alcohol. For MDH, the conversion from the
oxidized enzyme-substrate complex [MDH,,..S] to reduced MDH and product has been
proposed as a rate-limiting step in the catalytic cycle. To get beyond this step requires the
presence of activator. Compared to unlabeled methanol, use of 2H,COH (1 mM) leads to
a sevenfold decrease in the rate bringing it to 8.5x10” s, clearly indicating that an
intramolecular hydrogen transfer from substrate to PQQ is involved. In the absence of
activator, this step is independent of pH, suggesting that acid- or base-catalyzed proton
transfers are not rate-limiting. In the presence of saturating concentrations of the
activator, the rate constant increases more than 400-fold, while the deuterium isotope
effect decreases from 7 to 1.4 [128]. In a preliminary attempt to rationalize these findings
on the basis of current ideas, we propose a mechanistic scheme in which the activator
functions in the equilibration of a primary keto alcohol form of PQQ and the tautomeric
diol, PQQH,. The situation as it might apply to QH-ADH-catalyzed reactions id shown
in Scheme 9.

Asp-303 Asp 303 Asp-303 Lys Asp 303

Scheme 9. Proposed role for lysine in QH-ADHs as a natural activator in quinoprotein alcohol
dehydrogenase catalysis.

It must be emphasized that the experimentally found release of product aldehyde after
addition of ammmonia in the reaction catalyzed by MDH does not necessarily invalidate
this proposal, since it may be hypothized that a prolongued lifetime of the primary C(5)-
reduced PQQ in the absence of activator could well force the substrate into a different
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mode of action characterized by a substantial kinetic isotope effect, KIE. Also, the
binding of aldehydes to calcium is almost as strong as that of the alcohols [265]. In view
of the structural similarity of C(5) hemiketals and the PQQH, tautomeric form, its UV-Vis
and fluorescence spectroscopic properties are likely to be similar. Sofar, indirect, but
highly compelling evidence has been obtained for the existence and chemical stability of
this tautomeric form of PQQH, [191]. As shown in Scheme 10, this species most
probably occurs as an intermediate during the complete reduction of PQQ to give the
non-physiological PQQH, compound. A similar mechanism has been proposed for the
reduction of 1,10-phenanthroline-5,6-dione [2] and the synthesis of (trans)-
dihydroquinols [266,267].

In view of the 100-fold excess of borohydride that is required to bring the reduction to
completion (in the presence of dioxygen to recycle PQQH,) the stability of the primary
reduction product is expected to be low, however, the conversion is carried out at high
pH (0.1 M NaOH) which may promote rearrangement to the more stable PQQH,
tautomer. lIts lifetime under neutral conditions may well be extended.

The computational studies by Zheng and Bruice [175] addressed above were initiated
with the intention to explore the possible involvement of a PQQ hemiketal intermediate

COOH COOH COOH
HOOC HN HOOC HN HOOC HN
NaBH, NaBH,
——————
OH
HOOC N (o] HOOC N (o] HOOC N 4
o] H OH H OH
)
&
PaQ %o' 2 COOH /&é‘o PQQH;, PQQH,
%
% 3 Keto alcohol
% \ HOOC  HN & ¢ )
&Y
HOOC N OH
OH
PQQH,

Scheme 10. Occurrence of the intermediate keto alcohol as a tautomeric form of PQQH: in the
synthesis of PQQH,4 from PQQ under aerobic conditions.
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followed by a ‘retro-ene’ rearrangement [268] leading to oxidized substrate and reduced
PQQ (Scheme 11)

From the results of high-level quantum mechanical calculations it was concluded that
hydride transfer might be driven by the generation of a negative charge on the incoming
alcohol. Subsequently, the possible formation of an hemiketal intermediate followed by a
‘retro-ene’ reaction was rejected since these reactions are known to be slow and proceed
at high temperatures only [269-271]. Direct hydride transfer to the C(4) carbonyl oxygen,
as implied in Scheme 11 would be possible, but not very likely. The authors conclude
from their ab Initio calculations that formation of the hemiketal intermediate might not
be on the primary reaction path. Instead, the alcoholate complexed to the calcium, has
been proposed as the mechanistically relevant configuration. Facilitation of alcoholate
formation by a cation that is not normally considered a typical Lewis acid appears
feasible. For comparison, study of the proton transfer kinetics in carbonic anhydrase
suggested that the proton from a water molecule ligated to the Zn** ion acquires pKa ~ 7
[272]. A similar effect in the case of methanol complexing with Ca** would bring its pKa
in the range for proton abstraction by the active site base (Asp303 in MDHs). On this
basis, a comparison with the more general hydrogen transfer reactions mentioned above

Enophile

\ "ene" reaction
2

& &
A #~ _H - el

retro-"ene" reaction

Ene

Scheme 11. Retro-ene reaction. A. General mechanism. B. Applied to PQQ/Ca®*
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could be of interest.

Meerwein-Ponndorf-Verley reductions (and the complementary Oppenauer
oxidations) normally require mild reaction conditions. A readily oxidizable hydrogen
donor and a simple ketone are the prerequisites for this reaction to occur. The reaction is
catalyzed by metal alkoxides such as Al(Oi-Pr),. The activity of these catalyst is related to
their Lewis acid character in combination with ligand exchangeability. The reaction
mechanism is commonly believed to involve a six-membered transition-state. The
alcohol reactant is coordinated as an alkoxide to the metal centre. Activation of the
carbonyl by coordination to the metal initiates the hydride transfer from alcoholate to the
carbonyl function. The use of calcium as Lewis acid has not been frequently mentioned,
however, interesting observations have been made using barium as a Lewis acid in the
reaction with 4-hydroxycyclohexanone [273]. In a series of experiments using constant
ratio’s of i--PrO7 i--PrOH in the reaction medium, the rate of intermolecular hydride
transfer was seen to increase with increasing Lewis acid character of the cation with AP**
> Li* > Ba®* > Na* > K*. Under identical conditions, it was found that the intramolecular
hydride transfer increased in a reversed order with Ba** > K* > Na* > Li* > Al**, in line
with increasing metal-oxygen basic character. It was concluded that the reversal of the
rate order must be a function of the way in which the oxygens are configured in the
transition state for hydride transfer. If a cyclic transition state is possible, the reaction
catalyzed by the better Lewis acid will be favored whether intra- or intermolecular. On
the other hand, when a cation-linked cyclic transition state is stereochemically
prohibited, hydride transfer is favored by the greater negative charge build-up on the
oxygen atoms, i.e. by the poorer Lewis acid and the stronger base. This might well be the
way in which Ca* functions in MDH and QH-ADH catalysis since a planar cyclic
transition state cannot be readily adopted in the enzyme active site due to steric
constraints. Interestingly, single electron transfers (SET), i.e. radical reactions, have on
occasion been observed in the MPV reaction [274-278]. By analogy, an earlier
suggestion for the mechanism of inactivation of MDH with cyclopropanol, involving the
formation of a radical pair [279] might be reconsidered.

Current ideas with respect to the mechanism of the related Cannizzaro reaction favor
a hydride transfer from RCH(OH)O™ to RCHO in an inefficient stepwise mechanism
[280].
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O -
—~ ‘ PhCH0
2PhCHO + HO- === Ph o~ + Ph —_— .

PhCH,OH

formaldehyde TS

Scheme 12. Cannizzaro reaction of benzaldehyde and proposed TS for formaldehyde reaction
(according to [280]).

These views are in complete support of the mechanism as originally proposed by
Swain [281,282]. Ab Initio calculations on the HO/CH,O model system infer a low lying
energy state for the tetrahedral species HOCH,O". When this species approaches
formaldehyde two competitive reactions can occur. The first alternative is nucleophilic
attack of the alkoxide center of the energized ion at the electrophilic carbon of
formaldehyde. This proceeds without barrier and via a deep channel to form
HOCH,OCH,O". The second reaction is the Cannizzaro process and is essentially
irreversible. The hydride transfer is not linear, the activation barrier is low, but the
reaction channel is narrow. The unfavorable orientation of the reacting species,
HOCH,O and CH,0, required to allow passage over the saddle point of the potential
energy surface makes the probability of the Cannizzaro reaction low and less likely to be
of relevance for the reaction mechanism of quinoprotein alcohol dehydrogenases. On
the other hand, both MDHs and QH-ADHs have been found to catalyze the oxidation of
aldehydes, in most cases with higher efficiency than the corresponding alcohols [69].
The measured deuterium isotope effects of Cannizzaro reactions are generally low (1.8 in
the case of benzaldehyde) [283], these numbers compare favorably with the numbers
found for MDH catalyzed oxidations in the presence of activator [129].

Both the MPV, and the Cannizzaro reaction involve hydride transfer to a carbon
centre while the proposal by Zheng and Bruice [175] favors hydride transfer to the C(4)-
oxygen. Preliminary calculations carried out by the present authors suggest that the
reason for this difference could be caused by the undue relaxation of the position of the
Ca®*-ion in the computational protocol of Zheng and Bruice which disregards the full

83



Chapter 2

coordination shell of Ca>* in MDH (and has the stereochemistry of the Ca*/PQQ
complex inverted!). From the data provided [175] it appears that the metal-ion has
shifted position towards the o-quinone moiety allowing the hydrogen that is to be
transferred to come within reach of the accepting oxygen at C(4). Within the geometrical
constraint set by the active sites of MDH (and QH-ADHs, see below), hydride transfer to
C(5) carbon appears to be preferred. At this point, the enantioselectivity of QH-ADHs for
secondary alcohols has been used to provide coroborative evidence [67,164].

4.2. Molecular modeling of QH-ADH enantioselectivity

Molecular modeling of enzyme enantioselectivity has gained some popularity in the field
of hydrolases, notably proteases [284-288] and lipases [289-295]. The protocols that
have been developed for this purpose aim at the estimation of the Gibbs free energy
difference between the two enantiomer-enzyme complexes in the enantioselectivity-
determining step of the catalytic cycle. The tetrahedral intermediate formed upon
nucleophilic addition of the catalytic serine to the substrate (peptide or ester) carbonyl
function is accepted to be a reasonable approximation of the actual transition state [296-
298]. Recalling the relation between the enantiomeric ratio, £, and the Gibbs free energy
difference, AAG?®, of the relevant transition states, one has
RTIE =AGg,, s - AG,. r = AAG” (Section 1). Assessing AAG* directly requires
extensive computational efforts. Thermodynamic integration, Tl, protocols have been
reported [289], as have the reasons for their failure [299]. Hybrid quantum mechanical
and molecular mechanical, QM/MM, methods have been developed [300] and used
[301,302] to obtain values for free energy differences. A computationally less expensive
approach is to calculate forcefield potential energies and equate these to the
corresponding AAG*-value. Clearly, the entropic contribution, which has been shown to
be of substantial magnitude [66,74], will then be neglected. This may not be warranted
for QH-ADH-catalyzed enantioselective conversions. Examples of QH-ADH
enantioselectivity have been reported where the entropic contribution actually exceeds
the enthalpic contribution [67]. A simple and computationally inexpensive method starts
by constructing the TS model structure and searches the conformation space by suitable
molecular dynamics algorithms [295]. In principle, a qualitative estimate of the relative
stabilities of the TSs can be obtained when certain criteria satisfied. Such criteria include
the number of hydrogen bonds, absence of clashes, and most importantly limited root-
mean-square, rms, deviations of the structures searched during the dynamics runs as
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compared to the starting structure. For this condition to hold, the starting structure has to
be of good quality. This requirement is also commonly acknowledged from a slightly
different perspective [303]: "In order to understand the mechanism of action of an
enzyme, it is necessary to determine, as precisely as possible, the tertiary structure of the
protein ...". Clearly then, when good quality structures (MDH) do not provide the
answers homology models (QH-ADH) will be even less meaningful. Still, computational
efforts on QH-ADH homology models may not be completely wasted. Firstly, it is quite
conceivable that the active site area of QH-ADHs will be as closely similar to that of
MDHs as the models predict, while secondly, QH-ADH’s active site chemistry may be
more akin to the physiologically functional situation than that of the rather artefactually
behaving MDHs. With respect to the active site residues, some differences occur (Figure
10).

The cysteines involved in the disulfide bridge were linked in their final trans —position
prior to the structural refinement. The conserved position of all other active site residues
is inherent to the modeling procedure. The position of the non-conserved Trp 477 in
MDH from M. extorquens is taken up by Val 479 in the model for QH-ADH from C.
testosteroni and by Gly 479 in the model of QH-ADH from A. pasteurianus.. These
changes lead to a significant increase in the active site dimensions of the QH-ADHs, as
compared to those of MDH. This might explain the observed difference in substrate
specificity i.e. the conversion of bulky alcohols (and even sterols) by QH-ADHs as
opposed to the more restricted substrate specificity of MDHs. The non-conserved Arg
331 (M. extorquens) is replaced by Lys 335 in both QH-ADHs. It has been suggested that
this arginine residue might play a role in the reaction mechanism of MDH by forming a
hydrogen bond to the C(5)-carbonyl oxygen thus promoting build-up of positive charge
on this atom [19]. Its replacement by an amino group might offer an explanation for the
fact that QH-ADHs do not need to be activated by ammonia (Scheme 9).

As pointed out above, structural information for quinoprotein dehydrogenases has
been deduced largely from homology modeling experiments. Of the currently existing
models no coordinates are available for the PQQ-binding domain of QH-ADH from A.
aceti [49]. 3D models of the Type | QH-ADH from C. testosteroni [164] and the PQQ-
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Figure 10. Stick representation of active site residues from A) MDH from Methylophilus
methylotrophus W3A1 (crystal structure at 1.9 A resolution; B) QH-ADH from Acetobacter
pasteurianus (homology model), and C) QH-ADH from Comamonas testosteroni (homology
model). The stacking of PQQ between the disulfide bridge and underlying tryptophan is a
recurring theme in the pictures. A glutamate is conserved as a ligand for the calcium as is an
asparagine residue. The active site base (aspartate) is present in all three structures. The
apical position in the calcium ligation is taken up by an alanine in MDH(A) and a threonine in
QH-ADH (B and C). The arginine that is in close contact to the O(4) position of PQQ in MDH
(A) is replaced by a lysine in both QH-ADHs (B and C). Figures generated using INSIGHT
(Biosym, Inc.).

containing domain of the large subunit of the Type It QH-ADH from A. pasteurianus [67]
have been described (See Section 2 for details). In order to gain insight into the reaction
mechanism and the enantioselectivity of this class of enzymes, preliminary molecular
modeling experiments were performed aimed at the validation of proposed transition
state structures with respect to the enantioselective features of these enzymes. Reaction
intermediates leading to the respective transition states for the covalent PQQ-adduct
reaction mechanism (the hemiketal intermediate, i.e. Schemes 2, 3) and the hydride
transfer mechanism (i.e. Schemes 5, 6, and 9) were subjected to closer examination. To
evaluate the stability of the hemiketal intermediate, PQQ-substrate adducts were build
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and placed in the active site. To study the intermediates in which the alcoholate anion is
complexed to the calcium ion, docking simulations were performed starting from outside
the active site. Force field-derived energies for all complexes with substrates of opposite
chirality were monitored and analyzed.

Conformational searching for the most stable PQQ-adduct structures was carried out
by placing torsions on two dihedral angles. Rotations around the (PQQ)-C(5)-O(substrate)
bond as well as the O(substrate)-C(a)-(substrate) bond were introduced. In case of the
PQQ-(R,5)-2-hexanol adducts this was done for free PQQ as well as the for PQQ in the
active site. The results for the (5)-2-hexanol PQQ-C(5)-adduct are shown in Figure 11.

Figure. 11. Conformational search for the hemiketal intermediate formed by addition of (S)-2-
hexanol to PQQ-C(5). Torsion angles around PQQ-C(5)-(O)-alcohol and alcohol-(O)-chiral C
were rotated usings steps of 10 degrees. 400 conformations were generated using
DISCOVER. Picture made using INSIGHT (Biosym, Inc.).

In order to fully search the active site, several different conformation of the PQQ-
adduct were generated and placed in the active site. The dielectrical constant was set to
1 in all cases. MNDO runs were performed, within the GAMESS-US program [304], on
the diastereomeric PQQ-(R,5)-2-hexanol adducts. Energies for the final structures were
compared and found to give no significant difference between (R)- and (5)-substrate-
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PQQ-adduct (such differences have been reported to occur for hydrolase tetrahedral
intermediate structures in which only the atoms of the active site serine were included
[305]).

4.3.2. Enantioselectivity of QH-ADH from C. testosteroni

PQQ-C(5) adducts of (R)- and (S)-pentan-2-ol, hemiketal intermediates, were placed in
the active site and subjected to minimization and molecular dynamics. Water molecules
were added according to their coordinates in the reference structures. Waters showing
substantial overlap with the PQQ-adducts were discarded. The whole structure was
solvated during the dynamic runs. Although this is a very crude approximation of an
enzyme performing a reaction, the idea holds that by calculating the energies for the
different (enantiomeric) reaction intermediates, insight can be gained on the overall
reaction mechanism. Similar force field energies were found for both adducts. The
energy differences between the favorable conformations of the adducts with opposite
chirality were sufficiently small to be in line with the observed enantiomeric ratio for this
substrate [164].

4.3.3. Enantioselectivity of QH-ADH from A. pasteurianus

Both the hemiketal mechanism and the mechanism involving direct hydride transfer were
tested. For studying the intermediates resulting from covalent adduct formation the same
approach was used as for the QH-ADH from C. testosteroni. From the resulting favorable
conformations and their corresponding force field energies a clear preference for the (S)-
enantiomer could not be inferred (Figure 12, A-C). This kind of simulation depends very
much on the initial placement of the cofactor-substrate adduct, as was allready known
from the simulation performed on QH-ADH from C. testosteroni. To simulate the
mechanism involving direct hydride transfer, substrate molecules were pulled into the
active site, by applying a force at their alcohol oxygen. In order to use the coordinating
power of the calcium ion, the opposite end of the pulling vector was located at this ion.
Substrate molecules were docked into the active site and analyzed for their ability to
transfer a hydride when in their lowest energy conformation. The results of this combined
‘energy-distance’ criterium are shown in Figure 12 (D,E).

Preference for the (S)-enantiomer is in agreement with experimental data [59,67].
Considering the large number of assumptions made, it is hardly possible to discriminate
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Figure. 12. Results of different approaches to simulate the reaction mechanism with respect to
enantioselectivity determing transition states of PQQ containing quinoproteins. All calculations
used the homology model of QH-ADH from A. pasteurianus and (R)- and (S)-2-butanol as
substrate. Calculations were performed using DISCOVER. Net atomic charges for PQQ and
PQQ-adducts and substrates were calculated using MOPAC. Parameters for calcium were
adapted from Wavefunction Inc. Docking was performed by pulling the oxygen of the
substrates towards the calcium position with a maximum force of 100 kcal.mol™.A™. Initially,
substrates were placed well away from the protein surface (+ 10 A). Following each pull the
substrate was submitted to a short (1000 cycles) molecular dynamics run at 400 K with
subsequent cooling to 50 K before energy minimization and archiving of the resulting structure.
Each structure was analyzed for its force field energy components and for the distance
between the hydrogen to be transfered and the C(5)-position of PQQ. Runs were also carried
out allowing relaxation of residues in a 10 A sphere around PQQ in which case the substrates
were initially placed at a distance of 19.0 A from PQQ. Up to 10 A the substrates were pulled in
steps of 1.0 A, from 10 - 1 A in steps of 0.5 - 0.2 A. The same simulated annealing approach
as described above was used. Runs were carried out for (S)-2-butanol and (R)-2-butanol.
Interestingly, in these runs the disulfide bridge had to be constrained to its position. Due to
non-balanced charges and van der Waals interactions, the disulfide bridge slowly swung away
from its original position when no constraints were applied. Whether this points to a severe
error in the model, or is a feature exhibited by the original MDH-crystal structure as well, is not
clear at the moment. The importance of well balanced charge-charge interactions has been
shown to be of major importance in protein simulations. Because of non-balanced charge-
charge interactions or the absence of proper counter-charges (as in the case of MDH without
its 8-subunit) protein unfolding is likely to occur.

Figure 12A-C show the results of calculations performed assuming the covalent adduct to be
the enantioselectivity determining step in the oxidation of (R)- and (S)-2-butanol. Graph A
displays the calculated forcefield energies of a subset of residues containing the active site
and the hemiketal intermediate corresponding to the (R)- or (S)-substrate PQQ-adduct. As the
calculation was only performed on a subset of residues contained in a sphere with a radius of
10 A, no long-range electrostatic forces are incorporated. Graphs B,C show the distance of the
hydrogen to be abstracted to the PQQ-C(4) and PQQ-O(4) position, respectively. - @ +R)-2-
Butanol (run 1#); — — (R)-2-Butanol (run 2#),—  —{(S)-2-Butanol (run 1#); — & — (S)-2-
Butanol (run 2#); — &— (S)-2-Butanol (run 3#);

Figure 12D,E show the results of “docking” runs, performed by pulling a molecule of substrate
into the active site and onto the calcium. Graph D shows the energies involved. No emphasis
should be given to the absolute values of the energies, as residues have been fixed to their
positions and only a subset of residues has been used. — — (S)-2-Butanol;— O— (R)-2-
Butanol. In Graph E the distance from the alcohol oxygen to the calcium and the hydrogen-to-
be-transferred to the PQQ-C(5) position is displayed. Runs were performed on the aicohol, not
on the alcoholate. — —(S)-2-Butanol; —O—(R)-2-Butanol; —— Distance to calcium atom.
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Figure 13. Structures of intermediates preceeding the enantioselectivity determining transition
state. On the left: “best fit” of secondary alcohols for the covalent adduct mechanism as
proposed in Schemes 2, 3, leading to wrong prediction of QH-ADH enantiopreference; on the
right: “best fit" for Calcium-ligated secondary alcohols as proposed in Schemes 5, 6, 9, leading
to correct prediction of QH-ADH enantiopreference. S, small substituent, L, large substituent
on chiral carbon. Boxes indicate active site limitations as deduced from homology models of
QH-ADHs

between the mechanistic proposals. Yet, it appears that the intermediate calcium-alcohol
complex that is invoked in Schemes 5, 6, and 9 as a precursor for hydride transfer, is
more likely to predict the correct enantioselectivity than the PQQ-C(5) adduct presented
in Schemes 2, 3. Diagrams of the prefered configurations involved in these mechanisms
are given in Figure 13,

5. Prospects

Unlike the situation in related areas of enantioselective biocatalysis, i.e. “Kazlauskas
rule” for lipases [306,3071], “Prelog’s rule” for yeast-mediated reductions [39,308] and, of
historical interest, “Bertrand’s rule” for acetic acid bacteria in the conversion of vicinal
diols [310], “rules of thump” for the prediction of the enantiopreference have not been
formulated for the enantioselectivity of quino(hemo)protein alcohol dehydrogenases.
Qualitative correlations of enzyme enantioselectivity and substrate structure were
originally proposed for liver alcohol dehydrogenase [311]. Similar approaches have been
documented since [312-315]. An attempt to rationalize the observed enantiopreference
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for quinoproteins has been reported [67]. Figure 14 summarizes the results in a “substrate

XCHs

overlay” diagram.

HaC

o0

(R)-Solketal

(R,5)-1,2-Cyclohexanediol

(R,R)-1,2-Cyclohexanediol

(8)-Glycidol

(S)-2-Butanol

Benzylalcohol
(pro-$ specificity mode)

A Benzylalcohol
H! (pro-R specificity mode)

Figure. 14. Overlay of substrate enantiomers that are preferentially oxidized by
quinohemoprotein dehydrogenases of Acetobacter, Gluconobacter and Comamonas sp. as
compared to the pro-chiral specificity for benzylalcohol reported for MDH (adapted from [67])
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Clearly, such diagrams should be treated with due care. Not only because “averaging”
the prefered structures does not lend credit to the fact that some of the “prefered”
enantiomers may not be “prefered” substrates, and may actually perform worse than
“non-prefered” enantiomers of good substrates. Also, one would ideally like to compare
transition state structures and not Michaelis-type complexes (see Section 1 for analysis).
Thirdly, there may be appreciable ambiguity with respect to the ordering of ligands. In
this respect, the possible orientation of benzylalcohol is of interest. MDH has been
reported to catalyze removal of the pro-S hydrogen (ref. 16 in [124]). Whereas
comparison with the enantiopreference for secondary alcohols would suggest pro-R
specificity, comparison with glycidol and solketal suggests the observed pro-S specificity
(Figure 14). Finally then, the characteristics of the individual enzymes may defy
correlations of this type.

An important aspect of quinochemoprotein enantioselectivity is the location of the
enantioselectivity determining reaction step on the reaction coordinate. Since this step
may not be identical to the rate-controlling step, appropriate analysis of the mechanism
is required. In this respect, the study of (deuterium) isotope effects on the reaction rate as
well as on the enantioselectivity may be helpful. It must be emphasized that location of
the rate controlling step following the enantioselectivity determining step has no
influence on the enantiomeric ratio. This situation has been verified in the case of QH-
ADH Type | from C. testosteroni [69], and QH-ADH Type Il from A. pasteurianus [59] for
the electron acceptors ferricyanide and decylubiquinone (U. Wandel, personal
communication). Even though ferricyanide is rate controlling, no effect of ferricyanide
concentrations of £ were found. It will be interesting to investigate possible effects of
intramolecular, viz. intermolecular electron transfer as well. Kinetic studies of
quinohemoprotein D-fructose dehydrogenase from Gluconobacter industrius, a three-
subunit enzyme containing PQQ and heme ¢ [316,317] showed parallel reciprocal plots
in the oxidation of D-fructose with varying concentrations of ferricyanide indicative of
ping-pong kinetics [318]. A reciprocal plot of the reduction of ferricyanide at saturating
concentrations of D-fructose gave a break which was considered to result from the
involvement of two active centers, namely PQQ and heme c. The electron transfer rate
between PQQH, and heme c was calculated as 2.2 = 0.4.10* M".s”, with ks of 93 =
14 s and 162 = 7 s for the slow (reduced heme at low ferricyanide concentrations) and
fast (oxidized heme at high concentrations) branches of the pathway, respectively. Rate
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limitations of this kind for QH-ADH alcohol dehydrogenases should thus be considered.

Current knowledge of the structure of PQQ-containing dehydrogenases relies heavily
on the X-ray crystallographic data obtained for MDHs. The structure elucidation of
glucose dehydrogenase from Acinetobacter calcoaceticus (soluble form, expressed in
recombinant E. coli) has been announced (B.W. Dijkstra, personal communication) and
will probably add to our understanding of the role of PQQ in quinoprotein-mediated
redox reactions. Kinetic and mechanistic details of the reactions catalyzed by this
enzyme have been reported [58,319,320]. Presumably even more interesting will be the
eventual structure elucidation of the membrane-bound GDH from this and related
organisms. This enzyme catalyzes the oxidation of D-glucose and other monosaccharides
to the corresponding lactones. The electron acceptor is ubiquinone [321,322]. A low
extent of sequence identity with MDHs has been found, based on which a model has
been constructed [323]. In the model, a histidine residue is seen to replace the
disulphide bridge present in MDHs, a finding consistent with earlier data on the
involvement of in histidine residue in the binding of PQQ to this enzyme [324]. Recent
isolation of a new quinoprotein dehydrogenase from G. oxydans DSM 4025 that
effectively oxidizes L-sorbose as well as a broad variety of primary and secondary
alcohols, aldehydes, aldoses, and ketoses, but not methanol or formaldehyde might
bridge the gap between PQQ-containing glucose dehydrogenases and alcohol
dehydrogenases [325]. Some of the structural constraints deduced to be of importance
for the enantioselectivity of e.g. QH-ADHs may have to be reconsidered once new
structures become available.
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Homology Model of the
Quinohemoprotein Alcohol
Dehydrogenase from
Comamonas testosteroni

Aldo Jongejan, Jaap A. Jongejan and Johannis A. Duine

Abstract

A molecular model of QH-ADH, the quinohemoprotein alcohol dehydrogenase from
Comamonas testosteroni, has been build by homology modeling. Sequence similarity of
N-terminal residues 1-570 with the a-subunit of quinoprotein methanol dehydrogenases,
MDHs, from Methylophilus W3A1 and Methylobacterium extorquens provided a basis
for the design of the PQQ-binding domain of QH-ADH. Minimal sequence similarity
with cytochrome c,,, from Ectothiorhodospira halophila and cytochrome ¢, from
Azotobacter vinelandii has been used to model the C-terminal heme c-binding domain,
residues 571-677, absent in MDHs. Distance constraints inferred from '*F-NMR
relaxation studies of trifluoromethylphenylhydrazine-derivatized PQQ bound to QH-
ADH apoenzyme as well as theoretical relations for optimal electron transfer have been
employed to position the heme- and PQQ-binding domains relative to each other. The
homology model obtained shows overall topological similarity with the crystal structure
of cd,-nitrite reductase from Thiosphera pantotropha. Experimental findings including ()
the site sensitive to in vivo proteolytic attack, (ii) the substrate specificity in comparison to
MDHs, (iii) changes of the spectral properties of the heme ¢ upon reconstitution of apo-
enzyme with PQQ, (iv) electronic interaction between heme and PQQ, and (v)
enantioselectivity in the conversion of a chiral sec alcohol are adequately accounted for
by the proposed model.
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Homology modelling of QH-ADH

Introduction

Alcohol dehydrogenases containing pyrroloquinoline quinone (2,7,9-tricarboxy-1H-
pyrrolo[2,3-flquinoline-4,5-dione, PQQ) (Figure 1), as a cofactor have been isolated from
various Gram negative bacteria [1-3]. Based on the cofactor requirement two classes can
be distinguished: quinoprotein alcohol dehydrogenases (containing PQQ and Ca®) and
quinohemoprotein alcohol dehydrogenases (containing PQQ, Ca’* and heme ¢).

Figure 1. Structure of pyrrologuinoline quinone, PQQ

The first class includes methanol dehydrogenases, MDHs, from methylotrophic bacteria
[4-8], and ethanol dehydrogenases, EDHs, occurring in Pseudomonads [9-12]. Both
MDHs and EDHs possess an a,B, configuration with subunits of 66 kDa(a) and 8.5
kDa(). The o subunits contain one molecule each of non-covalently bound PQQ and
calcium. The electrons accepted upon oxidation of the substrate are transferred to the
natural electron acceptors, cytochrome ¢, in the case of MDH [5,6,13], cytochrome ¢,
for EDH from Pseudomonas aeruginosa [12]. Only positively charged dyes, e.g. TMPD",
PMS, PES, appear to function as artificial electron acceptors in the in vitro assay. Primary
amines or ammonia are required as activators. Whereas an optimum pH of 9.0-9.5 is
observed in both cases, EDH has a K,, value for methanol that is 1000 times that for
ethanol. High-resolution crystal structures are available for MDHs from Methylophilus
W3AT1 [14-16] and Methylobacterium extorquens [17). Crystals have been obtained for
EDH [18].

Two types of quinohemoprotein alcohol dehydrogenases, QH-ADHs, have been
described. Type Il comprises membrane-bound enzymes composed of at least three
different subunits. Examples have been found in Acetobacter and Gluconobacter species
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[19]. The a-subunit (72 kDa), thought to possess dehydrogenase activity, contains one
molecule of PQQ and one heme c. The other subunits contain several heme-c-binding
motifs [20-22] The genes of QH-ADH from A. polyoxygenus [21], A. aceti [23] and A.
pasteurianus [24,25] have been cloned and sequenced.

Type | quinohemoprotein alcohol dehydrogenases are monomeric proteins containing
one molecule of PQQ and a single c-type heme. Examples have been isolated from
ethanol grown Comamonas testosteroni [9,26-29] and Comamonas acidovorans
(Kraayveld et al., unpublished), vanillyl alcohol grown Rhodopseudomonas acidophila
(30,311, Pseudomonas putida [32] and poly(vinyl alcohol) grown Pseudomonas sp. [33].
Whereas the latter species produce QH-ADH in the holo-form, C. testosteroni has sofar
been found unable to synthesize PQQ and produces a PQQ-free apo-enzyme when
grown in the absence of PQQ. The protein is isolated as a 73 kDa soluble, inactive,
heme ¢ containing monomeric apo-enzyme [9,26,27]. Upon reconstitution with PQQ in
the presence of calcium, active holoenzyme is formed both in vitro as well as in vivo.
Part of the apo-enzyme appears to be nicked at a specific site during growth of the
organism in the absence of PQQ, resulting in strongly associated fragments of 51 kDa
and 25 kDa unable to bind PQQ upon reconstitution [27]. Once formed, holo-enzyme is
less sensitive to proteolytic attack. Upon substrate oxidation two electrons are transferred
to PQQ. Reoxidation of PQQH, has been proposed to occur by subsequent
intramolecular electron transfer to the heme ¢ moiety [34]. Compared to MDH and EDH
a broader range of artificial electron acceptors including negatively charged ferricyanide
is accepted, suggesting the heme cofactor to be involved in the electron acceptor
interaction. The physiological redox partner is not known (preliminary results suggest a
role for an azurin-type blue-copper protein under certain growth conditions (Kraayveld et
al., 1996, unpublished). The two types of quinohemoprotein alcohol dehydrogenase
differ in substrate specificity and enantioselectivity for chiral C3-alcohols [34]. Whereas
Type Il QH-ADHs specifically oxidize primary and secondary alcohols ranging from
ethanol to hexanol and have low activity for formaldehyde and acetaldehyde, Type |
QH-ADH from C. testosteroni also converts sterols, polyethylene glycols [27,30] and
secondary alcohols [35] as well as various aldehydes implying a more accessible active
site. The pH optima for the two types differ by 2-3 units (7.7 for Type | and 4-6 for Type
I1). No activator is required for catalysis. Recently, the gene for QH-ADH from C.
testosteroni has been cloned and sequenced [36]. X-ray crystallography has been
attempted [37]. No crystal structures are available for QH-ADHs.
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For a better understanding of the observed differences in catalytic behaviour and the
intramolecular electron transfer processes, knowledge of the three-dimensional structure
of QH-ADHs is required. A molecular model for the Type Il enzyme from Acetobacter
aceti lacking the essential heme-domain has been presented [38]. In view of the large
body of experimental observations, the fundamentally interesting cofactor arrangement
and the potentials for application of Type | QH-ADH [39-42], further investigations
would benefit greatly from the availability of an appropriate structural model. We
investigated the potential of homology modeling protocols for the construction of a 3D-
model of C. testosteroni QH-ADH, comprising both PQQ-binding and heme c-
containing domains.

Homology modeling

In the absence of comprehensive a priori folding rules accurate protein structure
elucidations based solely on the amino acid sequence are not feasible. Secondary
structures have, however, been assigned for extended sequences [43,44] while methods
for the prediction of tertiary structures have appeared [45,46]. Since the three-
dimensional structures of related proteins tend to be conserved X-ray structures of related
proteins have been used as a scaffold to construct a model of the target protein by
homology modeling. The merits of this approach for the understanding and organization
of experimental observations have been documented. Examples include: lignin
peroxidase [47], D-glyceraldehyde-3-phosphate dehydrogenase [48], glutathione S-
transferases [49], a monocyte chemo-attractant [50], leader peptidase NisP [51],
interleukin-13 [52], interleukin-4, serine & cysteine proteases [53,54], hypothetical
model flavodoxin-tetraheme cytochrome ¢, [55], D-lactate dehydrogenase [56],
phenylalanine dehydrogenase [57] and rap-1A protein [58].

Structures proposed using homology modeling that have been subsequently confirmed
by X-ray crystallography include immunoglobulin D1.3 [59] and angiogenin ([60] and
references therein). The extent of amino acid sequence identity appears to be the most
critical parameter for the accuracy of the model building [61].

Reference structures for modeling of Type | QH-ADH

Amino acids sequences have been compared for Type | QH-ADH and related
quinoproteins [36]. Up to 43 % amino acid identity is observed for the sequences of QH-
ADH from Comamonas testosteroni and the QH-ADHs of Acetobacter species. However,
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no X-ray structures are available for these enzymes. Lower identity (34 %) is found for
QH-ADH and the a-subunit of MDH from Methylobacterium extorquens and
Methylophilus methylotrophus (Figure 2). For these enzymes high-resolution X-ray
structures are available [14-17]. A 50 % sequence identity limit is generally accepted as
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a reliable starting point for homology modeling based on a single reference structure
[61]. Lower sequence identity scores may, however, be acceptable when a number of
related structures is available [54,56,62-65]. In the present case, salient features of the
MDH structures appear to be highly conserved on the primary sequence level in the N-
terminal domain of QH-ADH. The 'tryptophan-motif' [7,14-17] that constitutes the eight-
bladed B-propeller fold found in MDHs is distinctly present on the primary sequence
level in QH-ADH as well (Figure 3A).
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Figure 2. Sequence alignment of the primary sequence of QH-ADH from C. testosteroni and
MDHs from M. extorquens and M. methylophilus, respectively. Structural motives as found in
MDH from M. methylophilus are depicted beneath its sequence (H designates an helix, g a
beta-sheet).
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The amino acids involved in PQQ and Ca’ binding in MDH appear to be completely
conserved in QH-ADH (Figure 3B). In particular, the conservation of the vicinal cysteines
103 and 104 and tryptophan 243 lining the characteristic PQQ sandwich in the active
site of both MDHs (numbers refer to M. extorquens) strongly suggests a similar
arrangement in the active site of QH-ADH. Since the residues conserved between the
MDHs and QH-ADH are evenly distributed in space structure predictions based on their
positions might well be more accurate than could be expected on the basis of the 34%
overall sequence identity.

UV/Vis, EPR and NMR spectroscopy have shown QH-ADH to contain a low-spin, six-
coordinated heme, most probably liganded by methionine and histidine residues [28].
The methionyl-histidinyl-Fe-coordination is also implied by the presence of a heme c-
binding motif in the C-terminal domain of QH-ADH. For QH-ADH no sequence
similarity in this region was found with the natural electron acceptors of MDH and EDH,
cytochrome ¢, and cytochrome c,,, respectively. Low similarity is observed for the
heme-domain of QH-ADH of C. testosteroni and the C-terminal part of the 44 kDa
cytochrome c subunit of QH-ADH from A. polyoxygenus (20 % identity, accepting gaps
in the alignment) and that of cytochromes c,;, of cyanobacteria and algae (23 % identity
with cytochrome c,;, from Plectonema boryanum [36]. X-ray structures are not available
for these cytochromes. The primary sequence and NMR structure determination of
cytochrome c,,, from the purple phototrophic bacterium Ectothiorhodospira halophila is
available [66]. For this cytochrome low sequence identity (23 % identity) with the heme-
domain of QH-ADH is also observed (Figure 4). Since, based on the NMR assignment,
this cytochrome is proposed to be structurally homologous to cytochrome ¢, from
Azotobacter vinelandii for which an X-ray structure is available [67] the structure of the
latter cytochrome provided a starting point for the construction of a model for the heme-
domain of QH-ADH.

The relative positions of heme- and PQQ-domains

In order to construct the full model appropriate spatial positioning of the heme- and PQQ
domains is required. An estimate of the separation of the heme-Fe and PQQ cofactors
has been obtained from 'F NMR-relaxation measurements of QH-ADH containing
fluorine-labeled PQQ-derivatives [29]. A distance of ca. 20 A between PQQ-C5 and the
heme Fe has been deduced. Kinetic measurements [34] have indicated the heme to be
involved in intramolecular electron transfer processes between the electron-acceptor
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Figure 3. (A) Tryptophan motif conserved for QH-ADH from C. testosteroni and MDH from M.
methylophilus and M. extorquens, respectively.(B) Sequence alignment for active site residues
in QH-ADH from C. testosteroni and MDH from M. methylophilus and M. extorquens,
respectively. PQQ-ligands in shaded boxes, cysteine-bridge and tryptophan boxed, conserved
residues in bold typeface.
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and the primary PQQ redox-site. Distinct changes of the heme Soret band upon
reconstitution of QH-ADH apoprotein with PQQ do not contradict the presence of an
electronic link between the heme and PQQ cofactors (although other possibilities have
been pointed out, see below). Analysis of the probable electron transfer pathways [68]
leading from PQQ to the surface of the N-terminal domain in the proposed model might
thus provide an estimate of the relative location of the heme-containing domain.
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Cyt. c5 Azvin GGGARSGDDVVAKY----CNACHGTGLLNAPKV-GDSAAWKTRADAKGGLDGL

Cyt. ¢ QH-ADH PNFYFKGPAMVRG DFT
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Figure 4. Sequence alignment of the C-terminal cytochrome part of QH-ADH of C. testosteroni
with the sequence of cytochrome css3 (P. boryanum), cytochrome cssq (E. halophila) and
cytochrome c¢s (A. vinelandii). For cytochrome css; and cytochrome css3 identical residues are
shown relative to cytochrome ¢ from QH-ADH, and for cytochrome ¢ss1 [66]

Materials and methods

Modeling experiments were performed on a Silicon Graphics Indigo XZ4000 using
Insightll/Discover/Homology (BIOSYM Technology, San Diego). GREENPATH v0.97 was
kindly provided by ). J. Regan, MolScript v1.4 by P. Kraulis [69], Raster3D [70,71] was
obtained by anonymous ftp from ftp.bmsc.washington.edu.

Protein volumes were calculated using Insightll.

Force field parameters, minimizations and dynamics

Energy minimizations have been carried out using the Consistent Valence Force Field
(CVFF, Biosym Inc.) disregarding cross terms and Morse bond stretching potentials. A
double cut-off was applied at 14.0 A and 20.0 A, with a switching distance of 1.5 A. A
dielectric constant of 1 was used in all minimizations. Structures were minimized using
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steepest descent (maximum derivative < 5.0 kcal A" mol”) and conjugate gradient
(maximum derivative < 0.1 kcal A" mol™) algorithms followed by molecular dynamics
protocols. In consecutive MD rounds the temperature was varied between 50 and 300 K.
Ca, atoms were restrained to their initial position by applying a force of 2 kcal/A and
allowing a maximum force of 10 kcal/A while the PQQ molecule and calcium-ion were
kept at their initial coordinates. After a 1-5 ps equilibration period dynamics was
performed for 10 ps before cooling down to 50 K (2-5 ps). The constraints on the
Cq atoms prevented unfolding at temperatures up to 250 K. At higher temperatures
further optimization was not succesfull, probably due to the overriding importance of
correct charge assignments to maintain the structural integrity. The final model was
obtained after several rounds of minimization and molecular dynamics to monitor its
stability. The MDH structure of M. extorquens was subjected to similar protocols for
comparison.

Note: Molecular dynamics performed on MDH structures (previously ‘relaxed’ using
standard procedures) at 300 K without its B-subunit showed the structure to be highly
unstable, while including the B-subunit and using the same protocol left the structure
intact. The relative abundance of charged residues in this small subunit, illustrates the
importance of the correct and well-balanced positioning of charges for succesful
performance of energy minimizations of protein structures. Apparently, the B-subunit
functions as a zipper to stabilize the structure of the a-subunit of MDH. Assessing a
similar role for the heme-domain is outside the scope of this project.

The literature was searched for force field parameters for the heme moiety [72-77].
Parameters of the CHARMM force field as described by Brooks and coworkers [78] were
used and transferred to the CVFF force field. New potential types were introduced for
iron, nitrogen and carbon atoms in the porphyrin ring as described by Lopez & Kollman
[72] (Figure 5). However, most force field parameters describe heme molecules that
have CO, O, or H,O as a sixth ligand. Bond and angle parameters for the methionine
sulphur as the sixth ligand were taken from the crystal structure of cytochrome ¢, from
Az. vinelandii. Partial charges were adapted from Lopez & Kollman and from
calculations using MOPAC (implemented in INSIGHT). The structure of the macrocycle
and its two axial ligands of cytochrome ¢, from Az. vinelandii served as a template for
optimization of the parameters. The structure was further minimized and compared with
the original after 100 steps of steepest descent followed by dynamics runs of 10 ps (300
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K) and 2 ps (50 K). Force constants were adapted to meet geometric constraints. The
parameter set leading to a final RMS deviation for the nitrogen, carbon and iron atoms of
0.71 A and for all atoms of 1.02 A was used in further minimization and dynamics runs.
Final values of the parameters have been collected in Table 1. Similar values have been
presented while this work was in progress [79].
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Figure 5. Potential types (according to [72]) and charges for the porphyrin ring as used in the
mechanics and dynamics calculations.
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Table |. Parameters used for description of a low-spin heme in the CVFF force field.

Quadratic bond stretching potential: E = K2 (R - R0)?

Bond

fe - npo/noo
fe- s (Met)
fe - np (His)

Ro (A)
1.98
2.36
2.08

K, (kcal mol' A%)

275.00
100.00
100.00

Quadratic angle bending potential: E = K2 (8- 00)2

Angle

npo/noo - ¢5 - zq

npo - fe - npo

np (His) - fe - noo/npo
npo - fe - noo
zr-c5-ch
c5-2r-ch

npo/noo - fe - s (Met)
np (His) - fe - s (Met)
¢ (Met) - s (Met) - fe
fe - npo/noo - c5

fe - np (His) - ¢5 (His)
zr - ¢5 - npo/noo

¢5 - npo/noo - ¢c5

zq - ¢5 - npo/noo

6o (deg)
109.00
179.90
90.00
90.00
125.00
125.00
90.00
179.90
120.00
125.00
130.00
125.00
108.80
125.00

K, (kcal mol* rad?)?

70.00
50.00
50.00
50.00
70.00
70.00
50.00
50.00
50.00
70.00
20.00
70.00
70.00
70.00

Dihedral angle potential: E = K¢ [1 + cos(n ¢~ ¢o)]

Angle

X - npo/noo - ¢c5 - X
X-fe-X-X
fe-X-X-X

K¢ (deg)

11.40
0.00
0.00

N NN S

o (deg)
180.00
180.00
180.00

®Discover converts angles to radians
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Model building
PQQ-domain. Crystal structures of quinoprotein methanol dehydrogenase from
Methylophilus methylotrophus W3A1 (pdb entry 3aah) and Methylobacterium
extorquens were kindly provided by the authors (F.S. Mathews and M. Ghosh,
respectively). Four blocks of structurally conserved regions, SCRs, were identified by
pairwise sequence and structure alignment of the MDH sequences (Block 1 from
Thr10/Ser10 to Ala115/Pro115, block 2 from Gly116/Ala122 to Val311/Asp317, block 3
from Ala313/Gly320 to Asn436/Lys443 and block 4 from Gly444/Gly453 to
Leu571/Leu580. Residue numbers of MDH are given as M. methylotrophus W3A1 / M.
extorquens). Partial sequences of MDHs and QH-ADH were aligned according to
Stoorvogel et al. (Figure 2). Two procedures were tested to model the structure of the
PQQ-domain of QH-ADH.
Procedure A. The center of MDH was located by visual inspection at Trp 345. Non-
conserved residues within a radius of 10 A were mutated in the MDH structure. The
orientations of the side chains were retained as much as possible. After each round of
'accelerated evolution', energy minimization was applied to the residues within this
sphere, keeping the surrounding residues fixed at their initial positions. This procedure
was repeated after increasing the radius another 10 A until all non-conserved residues
were mutated. Loops were generated using an energy-based procedure. Candidate loops
were picked by visual inspection of the resulting structure ignoring RMS deviations if
needed. High priority was given to the topological similarity with the overall MDH
structure. An extra round of energy minimization was performed in order to relax the
residues in the loops using the surrounding residues as constraints.
Procedure B. Structures of both MDH's were superimposed guided by the SCRs.
Coordinates for all residues were transferred and loops were constructed in a single
round. Several rounds of energy minimization were performed. Areas with close contacts
were allowed to move freely while their surroundings were kept fixed serving as
contraints for the minimizations. Residues showing bad contacts were replaced with their
rotamers as well as manually adapted. Molecular dynamics simulations were performed
starting at low temperature (50 K). Cgr-atoms were restrained to their initial position with
a force of 2 kcal/A and a maximum force of 10 kcal/A. In consecutive rounds the
temperature was raised to 250 K.

In both procedures the disulfide bridge between the vicinal cysteines was constructed
after completion of the initial minimizations. The PQQ cofactor and the calcium ion
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were introduced in this stage of the modeling by superposition of the active site residues
from QH-ADH on these of the MDH structures. Charges for PQQ were calculated using
MOPAC.

Heme-domain. The coordinates of cytochrome ¢, from Az. vinelandii were obtained from
the crystal structure (pdb entry 1cc5, |67]). Residues 587-677 of QH-ADH were first
aligned to the sequence of cytochrome c,;, from E. halophila using the Biosym
Homology module (gap penalty = 6, gap lenght penalty = 1.65). The resulting sequence
was then aligned to the sequence of cytochrome c, from Az. vinelandii [66]. Results are
collected in Figure 4. Secondary structure elements were determined using the methods
of Garnier-Osguthorpe-Robson [44] and Chou-Fasman [43]. All coordinates were
transferred and loops constructed using an energy-based procedure. The domain was
extended with residues 571-586 using the BIOSYM Biopolymer-module. One round of
minimization (300 steps of steepest descent and 500 steps of conjugate gradient) was
performed while keeping the conserved residues restrained to their initial positions in
order to relax the loops. Initially, the heme macrocycle together with its axial ligands was
kept fixed using a restraint-file. Deviations from starting values were allowed as follows:
0.5 degrees for dihedral angles, 0.05 A for distances within the macrocycle and 0.1 A for
distances between the macrocycle and its closest neighbouring residues. In subsequent
runs the heme was minimized using parameters described by the home-made force field.
Minimization of the full model was performed similarly.

Positioning of the PQQ and heme domains
Electronic coupling to surface residues. Surface residues of the PQQ-domain were
identified by rolling a probe with a radius of 3.0 A over the surface [68]. Electronic
coupling with the PQQ cofactor was calculated for these residues using GREENPATH
[80-82]. The C(5) carbonyl bond of PQQ was taken as the donor state while the
respective surface residues were taken as acceptor states. The highest coupling value
calculated for a specific bond in the residue was taken as the coupling value for that
particular residue. Surface residues colored according to their relative coupling intensity
with PQQ are shown in Figure 6.

As the heme edge is exposed to the solvent no calculation of the electronic coupling
to the surface residues was performed for this domain.
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ACTIVE SITE (disulfide brdae C-temmnus

Figure 6. Electronic coupling from PQQ (in white) to surface residues as calculated with
GREENPATH [80-82]. Colouring is according to the value of coupling (increasing from dark
grey to white). Only backbone atoms of the amino acids are displayed. The highest value
found within an amino acid has been as the value for that particlar residue.

Docking. The heme-domain was placed manually at ~30.0 A along the pseudo C2-axis
from the PQQ with the heme edge pointing towards the active site cavity. A force of 100
kcal A" was assigned to pull the heme-iron towards PQQ. A step size of 1 A was applied
initially. On closer approach the step size was decreased to 0.1 A. Each pull was
followed by a round of minimization (300 steps of conjugate gradient). Initially, thePQQ-
domain was kept fixed while the complete heme-domain was allowed to movefreely. In
subsequent runs residues constituting the alledged docking site were allowed to move
freely, while the surrounding residues were kept fixed. The energy of the complete
protein was monitored during the process in order to determine optimal docking under
the conditions applied.

Enantioselectivity
C(5)-(R)- and (S)-pentan-2-ol adducts of PQQ were build on the basis of the PQQ X-ray
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structure available to us [83]. After replacement of the C(5)-carbonyl group with the
appropriate hemiketal moiety charges were set using MOPAC. Subsequent minimizations
were performed using CVFF parameters. The adducts were introduced into the active site
cavity using maximum overlap of the atoms belonging to PQQ. The conformation of the
alkyl side chains was allowed to relax during dynamics runs with and without
Coulombic interactions (1000 iterations at 300 K). Except for the calcium ion, the
hemiketal alkoxy and the hemiketal hydroxy group, all atoms were kept fixed to their
model coordinates. In subsequent runs water molecules were included from the pdb-file
of MDH from M. extorquens. Those waters showing a large interaction with the
hemiketal groups (> 10 kcal/mol) were deleted. The residual waters were allowed to
move during the dynamic runs but confined to the active site by waters placed in a
solvent box around the protein.

Results

PQQ-domain. The distinct sequence similarity between QH-ADH and the related
quinoproteins, methanol dehydrogenases from M. extorquens and M. methylophilus
W3A1, allowed stepwise construction (Procedure A) of a model for the PQQ-domain of
quinohemoprotein alcohol dehydrogenase. Application of a single round of mutagenesis
(Procedure B) was not successful: excessive sidechain clashes occurred. Procedure A
allowed relaxation of the side chains in between the different rounds of ‘mutation’. The
initial alignment of both MDHs provided four blocks of structurally conserved regions
comprising 91 % of all residues in 588 pairs. RMS deviation of 0.64 A was found for the
Co. atoms upon alignment of the structures. Two major variational regions were observed
(residues 114-116 vs 114-122 and 435-443 vs 442-451 in M. methylophilus W3A1 and
M. extorquens, respectively). Both loops are exposed on the outside of the proteins. Only
minor loops had to be included in the PQQ domain of QH-ADH. Results of the
minimizations and molecular dynamics runs (solvent molecules not included) are
depicted. (Figure 7)

Heme-domain. The results of the model building protocol using the coordinates of Az.
vinelandii cytochrome c, as a template are shown in Figure 8.

Full model. Application of GREENPATH for the analysis of the electronic coupling
between PQQ and the surface residues of the N-terminal domain identified a favorable
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MDHW3Al

Figure 7. (A) Secondary structure of the a-subunit of MDH from M. methylotrophus W3A1.
PQQ is shown as ball and stick structure, Ca®* as a small sphere. (B) Secondary structure of
the model QH-ADH structure (N-terminal part). PQQ is shown as a ball and stick structure,
Ca?* as a small sphere. Figures are generated with MolScript [69].

region directly over the active site entrance. The docking position located directly over
the active site cleft allowed the heme to approach the PQQ C(5)-bond to within 20 A.
The full model obtained by joining the PQQ-domain with the heme-domain via the long
loop of sufficient length (~ 25 residues) to span the distance is shown (Figure 10). In view
of the many degrees of freedom involved no further attempts were made to refine the
position of this loop relative to the PQQ-domain.

Validation of the model structure

Several procedures for the evaluation of structural models have been described [84-87].
Analysis of the QH-ADH model structure using PROCHECK [88], WHAT_CHECK [89]
and the protein check software as implemented in the BIOSYM Homology module
identified residues in 'unlikely' sections of the plots during initial stages of the
minimizations and dynamics runs. After further minimizations and relaxations while
constraining the surrounding residues improved scores where obtained. In the final
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Figure 8. Constructed heme-domain of QH-ADH from C. testosteroni. Heme, methionine and
histidine shown in dark grey (histidine above heme, methionine below), cysteines in light grey
and heme iron depicted as a small sphere. Helices are represented as solid ribbons.

model low scores of residues in positions outside the region of our prime interest, the
PQQ-binding and active site pocket, were disregarded. During initial rounds of energy
minimizations several amino acids were forced into D-configurations. These were
replaced by their L-counterparts. After several rounds of minimization and replacement
inversions at Cg were no longer observed. The total protein volume was measured to be
63138 A’ This value compares favorably to the value of 55732 A’ obtained for MDH.

Discussion

As a consequence of the assumptions and constraints embedded in the modeling strategy
the final model incorporates the features present in the MDH structures. Thus, the 8-
bladed B-propeller fold is clearly retained. The amino acids involved in this structure
motif appear to be either conserved or replaced by similar residues in QH-ADH. No
major disturbance of the overall folding pattern revealed itself during the modeling
procedure (Figure 7). A similar observation has been reported for the homology modeling
of the Type Il QH-ADH from A. aceti [7].
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(B)

(€)

MDH OH-ADH

Figure 9. Views of the active site of MDH from M. extorquens and QHADH of C. testosteroni.
All residues within 6 A are included. PQQ is shown in grey, cysteine bridge in light grey,
calcium in grey and tryptophan in dark grey. (A) Top view on the active site entrance of MDH
and QH-ADH. The disulfide bridges have been removed for clarity. (B) Side view of the active
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The vicinal disulfide bridge (Cys103-Cys104 in the primary sequence of M.
extorquens) that is conspicuously present in the MDH structures is conserved on the
primary level in the QH-ADH sequence (Cys116-Cys117). The cysteines form a unique
non-planar eight-membered ring. At one time, the disulfide-bridge was proposed to be
linked by a cis-peptide bond [90], as predicted [87,91] and observed for disulfide
containing peptides [92,93]. High resolution crystal structures, however, have
subsequently shown the cysteines to be in a trans configuration [16,17]. In the model
structure the ring is accomodated in trans configuration on top of the cofactor with its
sulfur atoms at ~3.5 A parallel to the plane of the PQQ molecule. Tryptophan 245
(Trp243 in M. extorquens) is positioned at the bottom of the active site cavity, its phenyl
ring in a m-stacking interaction with the pyridine ring of PQQ. In MDH from M.
extorquens the calcium ion is liganded by the y-carboxyl oxygens of Glu 177, the amide
oxygen of Asn 261, the C5-carbonyl oxygen, one oxygen of the C7-carboxy! group and
the pyridine nitrogen of PQQ. In QH-ADH the coordination sphere of the calcium is
provided similarly by the Glu 185 y-carboxyl oxygens, the amide oxygen of Asn 263 and
the PQQ atoms mentioned above. Despite the fact that the calcium ligands were not
restricted to their positions during the energy minimizations only a slight increase (2.4 -
3.1 Ain QH-ADH vs. 2.4 - 2.8 A in MDH) in the distances between the calcium ion and
its ligands is observed.

The overall appearance of the active sites of the model QH-ADH and MDHs is
strikingly similar. However, the position of the non-conserved tryptophan (Trp 477 in M.
extorquens, Trp 467 in M. methylophilus W3A1) is taken up by Val 479 in the present
model, the loop to which this tryptophan belongs being absent in QH-ADH. As a
consequence the active site entrance is widened into a cleft-like structure, whereas in
MDH it is funnel-shaped [13]. This provides a suitable explanation for the observed
difference in substrate specificity e.g. the conversion of bulky alcohols and even sterols
by QH-ADH as opposed to the more restricted substrate specificity of MDHs.

Comparative cross-sections are depicted in Figure 9. As a possible consequence of the
increased size of the cavity, PQQ was observed to occupy slightly tilted positions with

site of MDH and QHADH. All residues in the plane in front of the PQQ were subsequently
removed to get a better view of the active site. (C) Top view of the active site of MDH and QH-
ADH. The disulfide bridges have been included to show the clear difference in the active site
dimensions between MDH and QH-ADH.
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respect to the underlying tryptophan and the disulfide bridge in initial energy
minimizations. Parallel sandwiching was restored, however, by transfering structurally
defined waters from the active site of MDH (M. extorquens) to their analogous positions
in the QH-ADH structure and minimization of the complete active site cavity following
suitable relaxation of the water molecules.

Accomodation of bulky substrates by QH-ADH may well follow a similar pattern.
While displacing water molecules the PQQ cofactor could easily tilt to facilitate the
formation of a PQQ-substrate adduct at the C(5) position. Restricted entrance by the
blocking tryptophan residue and the smaller size of the active site most probably prevent
MDHs from oxidizing alcohols other than methanol to the corresponding acids (Figure
9B).

Compared to MDHs the active site of QH-ADH also shows a slight increase in size
around the alledged positions of the N1- and C3- atoms of PQQ (Figure 9A & B). Thus,
the model rationalizes the observation that PQQ derivatives carrying (small) alkyl groups
in these positions [94] fit into the active site most probably replacing water molecules.
Meanwhile, it has become clear that reconstitution of apoQH-ADH with PQQ
derivatives carrying bulky alkyl groups in these positions is not successful. Reconstitution
experiments with PQQ attached to pyrrole by way of a Cé-alkyl spacer arm were equally
unsuccessful (to be published elsewhere).

Construction of a model for the heme domain was considerably less straightforward
due to the low degree of sequence similarity on the primary sequence level with
cytochromes ¢ for which crystals structures are currently available. Although the
sequences may not show major similarities a common folding pattern is observed for
many cytochromes c, called the ‘cytochrome c fold'. The residues thought to be involved
appear to be conserved to a certain extent in the cytochrome domain of QH-ADH
(Figure 4). We therefore assumed the heme-domain of QH-ADH to possess the overall
topology present in the small cytochromes c. Sequence similarity with cytochromes of
phototrophic bacteria was found. The low degree of sequence similarity with cytochrome
Css, from E. thiorhodosphira [66] and the observed degree of similarity of this cytochrome
with cytochrome ¢ from Az. vinelandii (X-ray structure available) prompted us to accept
the latter as a reference structure. The alignment used by Bersch et al. has been based on
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the crystal structures of cytochrome c,,, from Chlorobium limicola [95] and cytochrome
¢, from Az. vinelandii [67]. As mentioned by Bersch et al., these structures have to be
treated with caution. The low-resolution structure of the cytochrome ¢, has never been
refined and is no longer available from the Brookhaven Protein Data Bank. The
cytochrome ¢, stucture has been the subject of a critical discussion as to whether or not
the crystal structures correspond to the biochemically relevant form [96]. Despite these
limitations we accepted this structure as the basis for a crude model of the cytochrome ¢
domain of QH-ADH. In this cytochrome the heme-iron is also liganded to a histidine and
a methionine, and contains a low-spin heme as is observed for QH-ADH (Figure 8).

The final model results from the docking procedure in which the heme-domain has
been placed manually in the vicinity of the two favorable electron transfer pathway
patches identified by the GREENPATH program, one directly over the active site area and
one at the opposite side of the pseudo C2-axis, running through the PQQ-domain. As the
docking position and orientation is unknown we used experimental data to support
allocation of the heme-domain. The value of 20 A between the PQQ-C5 and the heme
iron obtained from NMR-relaxation experiments with '°F-labeled PQQ-derivatives [29] is
acceptable for electron-transfer to occur at rates faster than the observed enzyme turn-
over rate (approx. 35 s”) [97,98]. Based on energetic demands we decided in favor of the
docking position located directly over the active site cleft since this position appeared to
be most favorable allowing the heme to approach the PQQ C(5)-bond to less than 20 A
(Figure 10). The alternate position away from the active site appeared to be less likely
since approach of the heme-iron and PQQ-C5 to within 24 A required unrealistically
high energies. In both cases the residues in the contact-regions were allowed to move
during the minimizations in a naive attempt to mimic the dynamic properties of the
encounter. Flexibility in the loops located further away on the protein surface might
actually allow an even closer approach.

In the final model, 6 well-defined hydrogen bonds are formed at the perimeter of the
contact area (diameter of ca. 20 A). One of the hydrogen bonds formed is between the
backbone hydrogen of Val 119, a residue in the PQQ-domain, and one of the propionic
acid side chains of the heme moiety. The central part of the contact area consists of
residues that are mainly hydrophobic in nature. Two of these residues, Tyr 545 and Phe
113, protrude from the PQQ-domain into the heme-domain and appear to play an
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anchoring role.

The loop connecting the PQQ-domain with the heme-domain clearly belongs to the
class of long-open loops as defined recently [99]. The distribution of residues in the loop
does not deviate significantly from that found for other members of this class. In
particular, no accumulation of (positively) charged residues was found in this loop.
Although this seems to exclude a role for the loop as proposed for the small $-domain of
MDH [14,17] a restraining interaction with the PQQ-domain can not be excluded.

Figure 10. Total view of QH-ADH from C. testosteroni and positioning of the cofactors and
important residues (shown in ball and stick representation). Going from top to bottom: heme ¢
with His608 to the left, Met647 (right) and Cys604 and Cys607 and PQQ sandwiched between
the disulfide bridge (Cys116 and 117, above PQQ) and Trp245. Calcium shown as grey
sphere with its van der Waals radius. Backbone shown in grey. Figure generated with
MolScript [69].
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A feature in support of the current model that can be readily visualized concerns the
site of the proteolytic attack that is observed to take place to a certain extent during
cultivation of Comamonas testosteroni in the absence of PQQ. As is to be expected, the
two phenylalanines (450 and 451) between which breakage of the bond occurs are
located at the surface, however, they are not part of the long loop connecting the PQQ-
and heme-domain. Although the close association of the fragments formed after the
proteolytic nick well may be supported by the hydrophobic interactions between the
separate heme- and PQQ-domains a curious topological feature is revealed in the model:
the N-terminal extension of the loop connecting the heme- and the PQQ-domain is
partially tucked underneath the B8d-sheet. In order to fully separate both fragments the
severed sequence would have to move through a small opening, thus obstructing the
physical separation of the fragments. In addition, the extra degrees of freedom acquired
after proteolysis might give rise to the formation of an association complex in which the
heme-domain is more firmly anchored onto the active-site region. This could well
explain the observed resistance of the nicked protein to reconstitution with PQQ
resulting in an inactive complex, still showing almost the same chromatographic
properties as the fully intact (apo-Jenzyme [27,28].

A comparison of the spectroscopic properties of the heme in oxidized apo- and
holoenzyme reveals a shift of the absorption maximum of the y band from 410 nm (apo)
to 412 nm (holo). Concomitantly, the midpoint potential of the heme changes from +80
mV (apo) to +140 mV (holo) when PQQ is bound [27-29]. Significant changes are also
observed in the 'H-NMR spectra of the apo- and holoenzyme. The most downfield signal
of the heme methy! groups (37.0 ppm in apoQH-ADH) changes upon binding of PQQ
(43.7 ppm in reconstituted QH-ADH). No such shift is observed for the signals of the
other methyl groups. This might be taken as an indication that the electron density on the
pyrrole ring carrying that methyl group decreases.

Resonance Raman spectroscopic investigations of the different enzyme forms, on the
other hand, have not shown any significant changes in the porphyrin and Cq-S (cysteines
604 and 607, methionine 647) bonds to occur. These observations have been explained
by implying a rotation of the methionine liganding the heme-iron. The current model
fully supports the possibility of a conformational change involving the heme-domain,
incorporation of PQQ by the apo-enzyme triggering the proposed rotation [28].
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It must be emphasized that the deductions stated above provide additional support for
the particular choice of the spatial location of the heme-domain on the basis of the
electron pathway analysis and distance minimization protocols. On positioning the
heme-domain at alternative locations effects of PQQ-reconstitution on the spectroscopic
properties of the heme would hardly be expected. Also, reconstitution of nicked
apoenzyme might still be considered feasible since no blocking of the active site cleft
would occur.

The overall topology of the model is strikingly similar to that described for the cd,-
nitrite reductase from Thiosphera pantotropha [100]. This enzyme, responsible for the
one-electron reduction of nitrite to nitric oxide, and the four-electron reduction of
oxygen to water, is isolated as a soluble dimer of 62 kDa subunits. The cytochrome d
containing domain (C-terminal residues 135-567) forms a rigid eight-bladed B-propeller
fold. However, the overall primary sequence identity with QH-ADH is low (21 %).
Profile searches using the Profiler-3D programs developed by Eisenberg and coworkers
[101,102] did not show significant similarity between the profiles calculated for QH-
ADH and cd,-nitrite reductase. None of the tryptophan-motifs could be found either. The
characteristic vicinal cysteines are absent as are the residues involved in PQQ and
calcium binding in MDHs. Another difference revealed upon inspection of both
sequences concerns the location of the cytochrome c binding motif. Whereas it is
located near the C-terminus in QH-ADH, the N-terminal residues 1-134 make up the a-
helical cytochrome ¢ domain in the cd1-nitrite reductase. Quite similarly, however, the
cytochrome ¢ containing domain is connected via a long loop to the 8-bladed propeller-
fold domain. A detailed comparison of the two structures has to await deposition of the
coordinates.

Mechanistic implications

Several mechanisms have been proposed for the role of PQQ (Figure 1) in the oxidation
of alcohols by quinoprotein alcohol dehydrogenases [1,103-107). Limited evidence for
the involvement of various functionalities present in PQQ has been obtained from the
reconstitution of apo-quinoproteins with PQQ analogues and derivatives [94,108,109] as
well as from inhibitor studies [107,1101. In a few cases, reconstitution experiments have
been designed to discriminate between effects on binding and activity. Thus, the
importance of the PQQ o-quinone moiety could be established from reconstitution
experiments involving QH-ADH apo-enzyme and pyrroloquinoline derivatives in which
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this functionality was abolished. The effect of the carboxylic acid moiety at C(9) may,
however, well be related to the affinity for the apo-enzyme [108]. Nucleophilic addition
of the substrate alcohol at the C(5) carbonyl group of PQQ has been suggested as a
primary step in substrate oxidation, leading to the formation of PQQ-5-hemiketal.
Alternative formation of PQQ-4-adducts has been suggested as well [2,111]. In both
cases an active site base is supposed to be responsible for proton abstraction from the
incoming alcohol enhancing its nucleophilic properties. Initial formation of an alcoholate
anion has gained support from inhibitor studies employing cyclopropanol [107]. In the
active site cavity of MDHs Asp303 (Asp 308 in QH-ADH) would be located
appropriately to fulfill this role [17,103]. Whether or not the subsequent reorganization
leading to PQQH, and aldehyde involves a concerted or a step-wise hydride transfer has
not been unequivocally established. It has been argued that the C4-carbonyl oxygen
might not be a likely candidate for either hydride or proton abstraction in a concerted
mechanism involving a 6-ring transition state. Concerted general acid-base catalysis
involving proton abstraction by an active site base followed by electron rearrangement
has also been proposed [104]. A role for an active site lysine residue in transient binding
and release of the aldehyde formed upon substrate oxidation has been suggested [94].

In view of the uncertainties outlined above, evaluation of the model in terms of its
implications for absolute reaction rates is not feasible. With respect to relative reaction
rates, however, a different situation applies. As shown by Geerlof et al. [34], QH-ADH
catalyzes the oxidation of chiral primary alcohols with good enantioselectivity.
Appreciable enantioselectivity has also been reported by Somers et al. [35], for the
oxidation of certain secondary alcohols. The enantioselective properties of enzymes are
conveniently expressed as the enantiomeric ratio, £, the ratio of specificity constants for
the two enantiomers of a chiral substrate, [112-114]

E = (keat ! K R Itkcar 1 Ky S

The enantiomeric ratio for the enantioselective oxidation of chiral alcohols can be
determined using the steady-state kinetic relation for the ratio of rates for the conversion
of (R)- and (S)-enantiomeric alcohols [34]. The relation between the E-value and the
Gibbs free energy profile of the reaction is obtained from Eyring transition state theory,
TST. Application of the TST expression for the microscopic rate constant:

k=x Me‘ﬁAG#
h
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to the ratio of specificity constants gives:

- # _AcH _ #
(kcat /KM )R /(kcat /KM )S = k’s?p/k§p =€ ﬁ(AGR AGS) =€ ﬂAAGRS =E

(all symbols with their regular meaning, AG" the difference in Gibbs free energy between
the ground state and activated state for (R)- and (S)-enantiomer conversion, respectively).
The physical meaning of AAG" is questionable in the sense that both TST itself, the
identity of the transmission coefficients, and the lumped character of the specificity
constants, imply certain assumptions. However, as has been pointed out [115,116], the
relation AAG"; = —RTInE appears to be of general applicability, provided that the Gibbs
free energy difference is understood to represent the ‘selectivity determining’ energy
barriers. Using the relation for the prediction of E-values of enzymes, stimulating results
have been obtained by calculating the difference of force field energies of the tetrahedral
intermediates on the reaction coordinate of serine-type hydrolases [117]. Guided by the
kinetic analogy between bi-bi ping-pong mechanistic schemes for serine-type hydrolases
and the kinetic pattern of QH-ADH catalysis [34], we identified the PQQ-5-hemiketal
adducts of the alcohol enantiomers as likely candidates for this analysis. PQQ-5-
hemiketals of (R)- and (S)-pentan-2-ol were build and subjected to energy minimization
using MOPAC. The compounds were docked into the position determined for PQQ in
the model structure. Extensive minimization and dynamics runs were performed to
determine energy minima for the total structure. A set of closely similar conformations of
virtually equal force field energy (within 2 kcal/mol) were obtained for each adduct.
Favorable conformations of both adducts are shown and compared (Figure 11). It appears
that the difference in force field energy calculated for the favorable conformations of the
adducts of opposite chirality are sufficiently small (differences are of order 10 kcal/mol)
to be in agreement with the observed enantiomeric ratio (E=70, [35] requires
AAG* =2.5 kcal/mol at room temperature) for this substrate. Further refinement has to
await elucidation of the three-dimensional structure, kinetic evaluation of the importance
of the hemiketals for enantioselectivity, and the possible importance of entropic
contributions to AAG* = AM1* —~TAAS®. Regarding the latter contribution, preliminary
results of the temperature (in)dependence of the enantiomeric ratio for the kinetic
resolution of (R)- and (S)-solketal (A. Geerlof, personal communication), suggest that for
this case, the enantioselectivity results almost exclusively from entropic effects. The
temperature dependence of the E-value for 2-butanol has not been determined.
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Ala 549
Thi 442

Arg 550

Asp 500

The 310

Figure 11. View of the active site of QH-ADH from C. testosteroni. Residues blocking the view
are removed. Important residues are shown in different shades of grey. Hydrogen at the chiral
carbon is shown in white, PQQ-04 in dark grey, S-2-pentanol in dark grey, R-2-pentanol and
PQQ in light grey and calcium in black. The distance between hydrogen (R-enantiomer) and
Asp308 is 3.67 A, hydrogen (S-enantiomer) and Asp308 3.17 A and between PQQ-0O4
carbonyl and Lys335 2.74 A.

The conspicuous presence of Lys335 (absent in MDHs) as well as the (conserved)
Asp308 in the vicinity of the substrate a-hydrogen to be abstracted during the oxidation
by QH-ADH is noted. These residues can be considered prime candidates for
mutagenesis studies aimed at the unraveling of the catalytic mechanism.

Conclusions

It must be emphasized that the accuracy of the model proposed here for the structure of
the quinohemoprotein alcohol dehydrogenase from Comamonas testosteroni rests
completely on the validity of the underlying assumptions. Considering the large number
of additional simplifications that have been introduced, the presentation is highly
questionable on the level of the conformation of individual amino acids and secondary
structure elements. On the level of the overall topology of the model, however, a more
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realistic picture may have been obtained. In particular, the model summarizes currently
available experimental observations in a concise and organized fashion. Since
determination of the structure of QH-ADH by X-ray crystallography is not anticipated in
the immediate future, the present model serves as a guide for the allocation of amino
acid residues of importance for further investigations. Engineering of the
enantioselectivity by mutational protocols, mechanistic studies of the crucial aspects of
hydride and/or electron transfer, and structural investigations on the importance of
cofactor interactions are currently explored.
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Direct Hydride Transfer in the
Reaction Mechanism of Quinoprotein
Alcohol Dehydrogenases:

A Quantum Mechanical Investigation

Aldo Jongejan, Jaap A. Jongejan and Wilfred. R. Hagen

Abstract

Oxidation of alcohols by direct hydride transfer to the pyrroloquinoline quinone (PQQ)
cofactor of quinoprotein alcohol dehydrogenases has been studied using ab initio
quantum mechanical methods. Energies and geometries were calculated at the 6-
31G(d,p) level of theory. Comparison of the results obtained for PQQ and several
derivatives with available structural and spectroscopic data served to judge the feasibility
of the calculations. The role of calcium in the enzymatic reaction mechanism has been
investigated. Transition state searches have been conducted at the semi-empirical and
STO-3G(d) level of theory. It is concluded that hydride transfer from the Ca-position of
the substrate alcohol (or aldehyde) directly to the C(5) carbon of PQQ is energetically
feasible.
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1. Introduction

Alcohol dehydrogenases containing pyrroloquinoline quinone (2,7,9-tricarboxy-1H-
pyrrolo(2,3-flquinoline-4,5-dione, PQQ) (Figure 1) as a cofactor have been isolated from
several sources [1-3]. Enzymes belonging to this class have been characterized as dye-
linked enzymes following ping-pong kinetic schemes [4]. Quinones, cytochromes and
blue copper proteins have been found to act as the natural electron acceptors [5-9]. The
enzymology of PQQ-containing alcohol dehydrogenases has been extensively reviewed
[1-3,10-12]. Methanol dehydrogenases (MDHs), isolated from methylotrophic bacteria,
catalyze the oxidation of short-chain primary alcohols whereas ethanol dehydrogenases
(Q-ADHs) oxidize a range of primary alcohols as well as secondary alcohols [13-15].

Figure 1. Structure of pyrroloquinoline quinone, PQQ

Quinohemoprotein alcohol dehydrogenases (QH-ADHs) contain a heme ¢ as an
additional redox-active cofactor. Two types of QH-ADH'’s can be distinguished based on
differences in cofactor requirements and subunit composition (for reviews see ref.
[12,16]). In the first step of the alcohol dehydrogenase-catalyzed reaction, the reducing
equivalents are passed from the substrates to PQQ (Scheme 1). The involvement of an
active site base has been inferred from the isolation of the corresponding PQQ-adducts
from cyclopropanol- (and cyclopropanal-) inhibited MDHs [17]. Mutagenesis studies
have identified an aspartic acid residue as a likely candidate [12]. An important
mechanistic role has been suggested for the calcium ion complexed to PQQ [18].
Calcium is also involved in the oxidation of glucose by PQQ-containing glucose
dehydrogenases [19]. In the soluble GDH isolated from Acinetobacter calcoaceticus, for
which a high-resolution x-ray structure has recently become available [20], a histidine
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Scheme 1. Oxidation of alcohols and aldehydes by PQQ.

is found to act as the active-site base [21]. Reduced PQQ is subsequently oxidized by
either inter- or intra-molecular electron transfer.

A number of mechanistic schemes for the reduction of PQQ by substrate have been
proposed (for reviews see ref. [11,22]). An enzymatic mechanism featuring covalent
adduct formation of PQQ and substrate as a key step has been presented in analogy to
the in vitro reactivity of PQQ with various nucleophiles (Scheme 2) [23,24]. Valuable
information has been obtained from mechanistic studies of the oxidation of methanol
catalyzed by MDHs [17,25,26]. Although high-resolution crystal structures are available
for MDHs from Methylophilus methylothrophus and Methylobacterium extorquens,
mechanistic studies were hampered by the complexity of the assays: (1) MDH’s are
usually isolated with their cofactor in the semiquinone state, a redox state that is
unreactive with substrate [26] ; (2) oxidation with artificial electron acceptors leads to
inactivation unless substrate or carbonyl group reagents are present [6,26,27]; (3)
enzyme preparations are inevitably contaminated with excess endogenous substrate(s) of
unknown origin [28-31]; (4) in vitro activity requires the use of cationic electron
acceptors and activation with ammonia at high pH.

Quinohemoprotein ADHs appear to be less demanding. X-ray crystallographic data of
quinohemoprotein ADHs are, however, not yet available. It is commonly accepted that
the special characteristics of MDHs, notably the requirement for ammonia and high pH
in the in vitro assays, may well be artefacts introduced during isolation. Thus, these
properties have been routinely disregarded as part of the ‘consensus’ mechanism of
quinoprotein alcohol dehydrogenases. Theoretical studies of the formation of a hemiketal
intermediate have been reported by Andrés et al. [32,33] and Zheng and
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Scheme 2. Proposed reaction mechanism of MDH involving covalent adduct formation of PQQ
and methanol followed by deprotonation and rearrangement.

Bruice [18]. Formation of the intermediate followed by a ‘retro-ene’ rearrangement has
been rejected [18] in favor of hydride transfer to the oxygen at the C(4) position of PQQ
(Scheme 3A). A role for the active site calcium ion in the mobilisation of the substrate
Ca-hydrogen atom has been proposed [11,18,34,35].

Asp-303
Scheme 3A. Hydride transfer by Lewis acid catalysis to the C(4)-carbon of PQQ.

Asp

Since the catalytic reaction bears a formal resemblance to the well-studied Meerwein-
Ponndorf-Verley reduction (Oppenauer oxidation) [36] and Canizzarro reaction [37], we
investigated the feasibility of hydride transfer from the alcohol Ca-position directly to the
C(5)-carbon of PQQ (Scheme 3B). The following strategy has been adopted: 1. Ground
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state energies of PQQ derivatives of known structure and physical properties were
calculated at the 6-31G(d,p) level of theory and compared with available experimental
results; 2. Energies and structures of probable reaction intermediates were determined
with calcium included using the basis set developed by McLean and Chandler [38]. 3.
Potential energy differences of ground-state and transition-state structures for the
postulated hydride transfer mechanism were calculated. Results have been evaluated by

comparing measured reaction rates with those predicted by Eyring’s transition state
theory (TST) [39-41].

Ao S S

cab* Ca%’ Ca%‘
A
§

Oz "%70 %
Asp Asp Asp

Scheme 3B. Direct hydride transfer by Lewis acid catalysis to the C(5) carbon of PQQ
followed by tautomerisation and formation of product and PQQH..

2. Computational methods

Ab initio calculations were performed using GAMESS-US (version Dec. 1998) [42].
Geometry optimizations were carried out at different levels of theory, ranging from PM3
to 6-31G(d,p). Final calculations were performed using the unrestricted HF method. The
McLean/Chandler triple split basis set (12s,9p)/[6s,5p] (MC) was employed for calcium
(38].

Transition state calculations on the calcium containing model complex were
performed using the MC basis set. Natural internal coordinates as described by Fogarasi
et al [43,44] or delocalized coordinates as implemented in GAMESS-US were used [45].
Initial Hessian force matrices were used when available.

Calculations were performed on a single processor SGI-O2 R10K workstation or the
multi-processor CRAY-T3E at the High Performance Applied Computing (HPaC) Centre
of the Delft University of Technology, The Netherlands. Output was visualized using
MOLDEN [46] or MacMolPlt [47].
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3. Results and Discussion

Mechanistic details of enzyme-catalyzed reactions may be beyond the reach of currently
available biophysical and biochemical experimental methods. In such cases, insight into
the atomic, energetic and electronic aspects of the reaction mechanisms can be obtained
by computational methods. However, proper validation of the results obtained from
theoretical calculations is required. In the first section we describe the calibration of the
methodology. X-ray crystallographic data and physical properties of PQQ and derivatives
determined by "H-NMR-, fluorescence- and UV-Vis spectroscopy are compared with the
calculated energy differences. In the second section, energies of ground-state structures
and postulated intermediates are determined. Calculations including the calcium are
presented in section 3. The geometry of the transition state and the energy barriers
involved in the proposed reaction are discussed in the final section.

3.1 Calibration.

PQQ and PQQH, represent the cofactor ground states for the reductive half-reaction
(Scheme 1). Semiempirical calculations at the AM1 or PM3 level of theory appeared to
be unsuitable for proper computation of the orientation of the carboxylic acid groups of
PQQ. Including the m-orbital interaction of the aromatic rings and the carboxylic acid
moieties required the use of higher level basis sets. in addition it was found essential to
include polarization functions in order to reproduce the geometry of the carboxylic acid
groups as found in the high-resolution X-ray structures of the PQQ Na* [48] and K" salts
[49] and of the PQQ structure present in s-GDH [20] and refined MDH [50] X-ray
structures. For free PQQ in solution nucleophilic attack is known to take place at the C(5)
carbon of the quinone moiety, suggesting hemiketal formation to be energetically
favorable. Dekker et al. investigated the partial hydration of PQQ at the C(5)-position
using 'H NMR- and fluorescence spectroscopy [23]. In order to compare the computed
relative energies with the equilibrium free energies deduced from these observations, the
ionized form of PQQ and its derivatives were considered. The pK,-values of the
carboxylic acid groups of PQQ in aqueous solution [51] favor the fully deprotonated
state at pH 7. At first sight, the presence of triply negatively charged PQQ in the enzyme
active site would appear unlikely. The charges on the carboxylic acid groups are
neutralized due to hydrogen bonding and pair-ion interactions within the protein
environment (Glu55, Arg109, Thr159, Ser174, Thr241, Arg331, Asn394 and Trp476 in
MDH from M. extorquens [52], Arg408, Lys377 and Arg406 in s-GDH from A.
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calcoaceticus [20,21]), the charge on the C(7)-carboxylic acid also being neutralized by
complexation of the divalent calcium cation. To mimick this situation in subsequent
calculations, hydrogens were attached to the C(2)- and C(9)-carboxylic acid moieties
during the final stages of the transition state searches.

Hydrated forms of three methyl-substituted PQQ derivatives, for which data of their
relative degrees of hydration exist, have also been included in the calculations.

Ground state PQQ. The fully-converged structure of free, trianionic PQQ at the HF/6-
31G(d,p) level of theory shows values for single and double bond lengths well within the
range that is normally observed. The greater part of the molecule is planar, as has been
found for the X-ray structures determined for PQQ and its K*-salt [49]. Coplanarity of the
pyrrole and pyridine rings is slightly off (9.3 degrees for the dihedral N(1)-C(1A)-C(9A)-
C(9) bond). This angle compares well with the values that have been reported for the X-
ray structures of the C(4)-dimethylacetal (9.6 degrees) and C(5)-hemiacetal (9.9 degrees)
forms of PQQ-triester [53]). Butterfly dihedral values close to 180 degrees are observed
for the connection of the pyridine ring to the quinone ring as well as for the connection
of the pyrrole to the quinone ring. Puckering is observed for the quinone ring forcing the
C(4) carbon atom out of the plane of the PQQ, resulting in a value for the O(4)-C(4)-C(5)-
O(5) dihedral angle of 16.5 degrees. Except for the group at C(2), the carboxylic acid
groups are not in the plane of the PQQ tricyclic ring-system. The C(7)-carboxylic acid
group is rotated by 22.9 degrees with the oxygen (O7B) closest to the C(8) position above
the pyridine ring (see Footnote). In the case of the negatively charged C(9)-carboxylic
acid group the rotation is more pronounced (41.98 degrees). Flexibility in the rotational
disposition of this group has been observed in the structures of PQQ and its K*-salt [49].

All calculations confirm the presence of a hydrogen bond between the pyrrole-
nitrogen and the carboxylic acid group at the C(9) position. All of the above values are in
line with X-ray crystallographic data. A slight overestimation of the rotation computed for
the carboxylic acid groups is noted. Most probably these highly charged anionic species
require higher level basis-sets including additional diffuse functions (6-311G**) to obtain

Footnote: Positions relative to the plane of the molecule are considered with respect to the face of PQQ
that is turned towards the active site entrance. In MDHs and (probably also) QH-ADHs “above”
indicates the 55i,4Re-face. In sGDH this is the 5Re,4Si-face of PQQ.
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proper geometries. Such calculations, however, turned out to be computationally too
expensive.

For neutral PQQ the situation is similar. Bond lengths for the carboxylic acid oxygens
change from partial double bond (1.23 A) to double bond (carbonyl 1.19 A) and single
bond (hydroxyl 1.32 A). Bond lengths between carboxylic acid carbon and connected
ring atom decrease slightly (by 0.05 A). The rotation of the C(9)-carboxylic acid group
does not change, although the quinone ring adopts a more planar configuration as
indicated by a decrease in the dihedral angle O(4)-C(4)-C(5)-O(5) (from 16.54 to 9.71
degrees). The largest change observed concerns the rotation of the C(7)-carboxylic acid
group by 25 degrees to a position almost coplanar with the pyridine ring. The oxygen
atom O(7B), above the plane of the PQQ in the trianionic form, is now slightly below the
plane of the pyridine ring ( 2.54 degrees).

Reduced PQQ (PQQH,, compound Il). PQQH, is nearly flat. The C(4)-C(5) bond length
is that of an aromatic ring bond (1.38 A) in agreement with the aromatic character of the
quinone ring. The pyrrole- and pyridine rings are virtually coplanar (the dihedral angle
N(1)-C(1A)-C(9A)-C(9) reduces to 3.70 degrees). The two phenolic oxygens are in the
plane of the tricyclic system (the dihedral angle O(4)-C(4)-C(5)-O(5) decreases to zero).
Final structures for anionic PQQ, neutral PQQ and PQQH, are given Figure 2.

Selected geometrical features and energies for the three structures are summarized in
Table .

Hydration of PQQ (compounds Il and IV). Upon addition of water, the planarity of the
tricyclic ring system is reduced compared to that of the trianionic form of PQQ. The
dihedral angle for C(3A)-C(4)-C(5)-C(6A) increases from 18.2 to 36.3 degrees, while the
dihedral angle for N(1)-C(1A)-C(9A)-C(9) only increases with 3 degrees (to 12.7). The
configuration around the C(4)-C(5) bond becomes increasingly more skewed. However,
the sign of the torsional distortion is opposite for the two hydrated forms of PQQ. In the
case of the C(5)-hydrated PQQ (111}, the C(5) carbon atom is raised above the plane of the
PQQ, whereas in the C(4)-hydrated form (IV) it is the C(4) carbon. In the structure of
PQQ-C(5)(OH), the C(7)-carboxylic acid group is rotated out of the pyridine plane by
12.8 degrees (O(7B) above the plane). In PQQ-C(4)(OH), the rotation amounts to 12.0
degrees (O(7B) below the plane). The rotation of the C(9)-carboxylic acid group stays
roughly the same at 35 degrees for both compounds. Experimentally, the C(5)-adduct is
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PQQ(3-), I PQQ, I

PQQH;, Il

Figure 2. Structures of anionic PQQ, neutral PQQ and reduced PQQ (PQQHy). All compounds
were optimized at the 6-31G(d,p) leve! of theory. Pictures were created with MacMolPIt +7.

Table I. Energies and selected geometrical features of anionic, neutral and reduced
PQQ

PQQ(3-) PQQ PQQH.
Energy (Hartree/mole) -1239.6369 -1241.5225 -1240.8031
Bond length (A)
C4 C5 1.54 1.54 1.34
C4 04 1.21 1.19 1.37
C5 05 1.19 1.18 1.37
C7A o78 1.19 124 1.24
C7A O7A 1.31 1.23 1.23
Dihedrat angle (degrees)
N1 C1A C9A C9 9.26 9.00 3.70
C3A C4 C5 C6A 18.19 11.59 1.38
Cc8 Cc7 C7A o78 -22.92 254 -7.82
C9A C9 c9B 09B -41.99 -44 92 -38.73
04 C4 C5 05 16.54 9.71 -0.08

found to be more stable than the corresponding C(4)-adduct [23,53]. Also in the
calculated structures it is found that the change from carbonyl sp® to hydrate sp’-
hybridisation of the ring carbon leads to larger geometrical differences for the PQQ-C(4)-
hydrate as compared to free PQQ. In order to accommodate this change in orbital
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hybridization the C(7)-carboxylic acid group has to rotate. This induces a change in the
relative positions of the pyridine and pyrrole ring. In water at pH 7 and 24 °C, PQQ is
found to be hydrated for 39% at the C(5)-position exclusively, although exchange of
oxygen is observed to occur for both the C(5) and C(4) carbonyls upon exposure to H,'*O
[23]. From these data the free energy difference between PQQ and its C(5)-hydrate is
estimated to be close to 0.25 kcal/mol at 24 °C. The enthalpic difference calculated on
the basis of the temperature dependence of the hydration amounts to 3.6 kcal/mol in
favor of the C(5)-hydrate. Calculated energy differences between PQQ and H,O and the
C(5)-hydrate amount to 9.7 kcal/mol, again in favor of the hydrate (Table 11). Clearly, the
magnitude of the calculated difference is almost twice the measured value, reflecting the
poor approximation of thermodynamic quantities by gas phase electronic energies.
Assuming a similar entropic contribution to the hydration at C(4), the calculated
equilibrium constant (24 °C) would be of the order 10° M, in agreement with the fact that
the C(4)-hydrate appears to be absent in the equilibrium mixture.

PQQ derivatives and their corresponding C(5)-hydrated forms (XII-XIV). Upon
introduction of a methyl-group at the N(1)-position of PQQ (XII) the dihedral angle N(1)-
C(1A)-C(9A)-C(9) is seen to increase from 9.3 in PQQ to 28.4 degrees. The C(9)-
carboxylic acid group rotates in a clockwise fashion increasing the dihedral angle. The
C(7)-carboxylic acid group rotates through the plane of the pyridine ring bringing the
O(7B) oxygen below the plane. The final dihedral angle for O7B-C(7)A-C(7)-C(8) is 23.3
degrees (Table I11.A).

Table ll. Calculated energy differences between PQQ + H,O and C(4)- and C(5)-

hydrated forms of PQQ. All energies have been calculated at the 6-31G(d,p) level of
theory

Compound(s) Hartree/mole kcal/mole
PQQ -1239.6369 -777822.6956
H0O -76.0236 -47701.7871
PQQ-C4-(OH), -1315.6557 -825521.5048
PQQ-C5-(OH), -1315.6760 -825534.2176
AE(PQQ-C4-(0H), - PQQ+H,0) 0.0047 2.9779
AE(PQQ-C5-(0OH); - PQQ+H,0) -0.0155 -9.7349
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Table lILLA. Selected dihedral angles for anionic and N(1)-, C(3)- and C(8)-methyl-PQQ
derivatives and their C(5)-hydrated forms.

PQQ(3-) PQQ-N1- PQQ-N1- PQQ-C3- PQQ-C3- PQQ- PQQ-C8-

Dihedral angle Me Me- Me Me- C8Me  Me

(degrees) C5(0H), C5(OH), C5(0H)2
N1 C1A C9A C9 926 2835 2864 1042 1330  11.30 15.50
C3A C4 C5 C6A 1819 2488 4131 22.04 36.95 14.32 35.11
c8 C7 C7A O7B 2292 2328  -7.22 2308  -1166 -7330  -58.33
C9A C9 C9B 09B 4199 13703 -130.33 4298  -40.81 -64.24  -63.47

Formation of an sp*-carbon atom at C(5) following hydration (Xlla) causes the dihedral
angle C(3A)-C(4)-C(5)-C(6A) to increase to 41.3 degrees. The C(7)-carboxylic acid group
rotates back to a position that keeps the O(7B) 7.2 degrees above the pyridine plane.
Replacement of the hydrogen at the C(8) position of PQQ by a methyl group (XIV) forces
the two neighboring carboxylic acid groups out of the plane of the PQQ. The overall
structure of PQQ is not altered. Rotation of the C(7)- and C(9) carboxylic acid groups
increases to 60 degrees for both the free and hydrated forms (XIVa) of PQQ-C(8)-Me. In
the non-hydrated form the rotational angle for the C(7) carboxylic acid group is slightly
larger at 73 degrees.

The C(3)-methyl-PQQ derivative (XIIl) shows the least distortions. The methyl group
does not sterically interact with the C(2)-carboxylic acid group, which stays largely in the
plane. No major effect is observed on the rest of the PQQ molecule. Hydration (Xllla)
only affects the dihedral involving the C(4)-C(5) bond and allows the C(7)-carboxylic acid
to move into the plane of the molecule.

Comparing the energies computed for the N(1)-, C(3)- and C(8)-methyl| substituted
PQQ derivatives and their respective C(5)-hydrated forms matches the experimentally
observed trend [54]. Although equi-electronic, the PQQ-C(3)-Me derivative is computed
to be significantly more stable than its N(1)- and C(8)-counterparts (by 3.8 and 19.4
kcal/mol, respectively). This holds for the hydrated forms as well (6.3 and 20.1 kcal/mol,
respectively). The N(1)-methylated PQQ being the least stable species is not surprising as
in this case the hydrogen bond between the N(1)-proton and the C(9)-carboxylic acid
group is absent. Introducing a methyl group at the C(8) position seems to have negligible
influence on the formation of this hydrogen bond and by consequence it is more stable
than the N(1)-methylated PQQ. In this case the methyl-group can be easily
accommodated and does not disturb the original PQQ structure. However, the C(7)
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carboxylic acid group is forced to rotate out of the plane of the pyridine ring making this
derivative less stable than its C(3)-methylated counterpart. By and large, the computed
energies (Table I11.B) appear to follow the trend that is observed experimentally. From the
comparison, discrepancies would be estimated to be less than 10 kcal/mol.

Redox reaction of PQQ/PQQH,.

The energies obtained for the molecules involved in the overall redox reaction (Scheme
1) provide an indication of the correctness of the used methods. The redox-potential of
the PQQ/PQQH, couple has been measured to be +90 mV (pH 7) [55], whereas for the
methanol/formaldehyde couple a redox-potential of ~182 mV (pH 7) has been reported
[56]. The equilibrium thus lies completely to the PQQH,/formaldehyde side. A severe
shortcoming of the (gas phase) calculations becomes evident when we compare the
computed energies of PQQ+methanol (reactants) and PQQH,+formaldehyde (products).

Table 1Il.B. Structures and energies of several methyl-PQQ derivatives. All energies
are calculated at the 6-31G(d,p) level.

Entry R1 R2 R3 R4 Energy (Hartrees/mol)
X -CH; -H -H =0 -1278.6436
Xila -CH; -H -H <8: -1354.6838
X -H -CH, -H =0 -1278.6756
Xilla -H -CHs -H <g: -1354.7162
XIvV H -H -CHs =0 -1278.6696
XIVa -H -H -CH; <g: -1354.7062
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Although the energy computed for PQQH, is lower than that of PQQ, the electronic
energy of formaldehyde is significantly higher than that of methanol. This brings the
overall electronic energy difference (calculated as the sum of the individual species) to
0.0107 Hartree/mol (6.74 kcal/mol) in favor of the reactants. In the aqueous phase,
however, formaldehyde is completely hydrated. As a first-order approximation of the
energy involved, gas-phase energies of water and the hydrated form of formaldehyde
were computed. The total energy difference for the reaction PQQ + CH,OH + H,0O >
PQQ, + CH,(OH), amounts to 4.1 kcal/mol in favor of the products (Table IV). This
number is still substantially smaller than the number -nFAE, = -2*96.5*(0.09-(-
0.272))/4.18 = -13.2 kcal mol™ calculated for the Gibbs free energy of the oxidative half
reaction (pH 7, standard conditions). Most likely, preferential solvation of the product
formaldehyde is an important factor.

Conclusions from the calibration.

The geometries of the available X-ray structures can be satisfactorily reproduced by the
computations. The pyrrole- and pyridine rings are found to be consistently planar. Their
relative position is determined both by the hybridization state of the C(4)- and C(5)-
carbon atoms (and the aromatic character of the middle ring) and the presence of a
hydrogen bond between the N(1)-hydrogen and the C(9) carboxylic acid moiety. The
least structural changes are observed when the C(5) carbon changes its hybridization
from a sp’ to a sp® upon addition of water to the carbonyl group. These changes appear
to be readily accommodated by the PQQ structure. In the case of addition to C(4), the
rotation of the C(7) carboxylic acid moiety changes appreciably. Also the pyrrole
nitrogen is seen to dip below the plane of the pyridine ring. Of the three carboxylic

Table IV. Calculated energies for methanol, formaldehyde and hydrated formaldehyde
and corresponding energy differences for the oxidative half reaction. All energies were
calculated at the 6-31G(d,p) level of theory.

Compound Hartree/mole kcal/mole
Methanol -115.0467 -72187.2232
Formaldehyde -113.8697 -71448.7214
Formaldehyde(aq) -189.9106 -119161.3325
AE(PQQ+methanol) - (PQQH,+formaldehyde) -0.0107 -6.7422
AE(PQQ+methanol+H,0) - (PQQH,+form(aq)) 0.0065 4.0818

154




Direct hydride transfer

groups, the C(7)-carboxylic acid group is observed to respond most prominently to
structural changes. The C(2)-carboxylic acid retains coplanarity with the pyrrole ring,
throughout. Most probably, this carboxylic acid group is least affected by steric
interactions [48] The C(9)-carboxylic acid group is primarily positioned by way of
hydrogen bonding to the N(1)H, an interaction that remains intact in all studied PQQ
structures except for the N(1)-methyl derivative of PQQ. Substitution of the C(3) position
by a methyl group does not induce any major changes in the structure. Hydration of the
C(5) carbonyl forces the C(7) carboxylic acid group to become more planar, but this
could be a side effect of the different hybridization of the C(5) carbon. Substituents
introduced at the C(8)- and N(1)-position have considerably more effect on the overall
structure. Both C(7)- and C(9)-carboxylic acid groups are forced out of the plane of the
molecule. In the case of hydration of the C(5) carbonyl the C(7)-carboxylic acid group
retains its original position when placing a substituent at the N(1) position.

Protonation of the respective carboxylic acid groups changes the bond lengths, as the
bonds become more localized in nature. A further effect is the rotation of the C(7)-
carboxylic acid group, a near planar configuration with respect to the pyridine ring is
adopted. This carboxylic acid group is, however, not expected to be protonated as it is
one of the Ca** binding ligands.

The results of the calculations performed on the ground-state PQQ structures thus
provide a suitable basis for the study of the proposed reaction mechanism.

3.2 Postulated reaction intermediates.

With a suitable frame of reference established, energies of intermediates that might be
involved in a hydride transfer reaction have been computed. For direct hydride transfer
from methano! to PQQ, both the carbons (C(5) or C(4)) and the carbony! oxygens are
candidates. Zheng and Bruice studied the possible role of the C(4) carbonyl oxygen as a
primary hydride acceptor [18]. The ab initio energies of the PQQ-hydroxy-dienones
species formed after transfer of the hydride are summarized in Table V. As expected, (1X
[18]) is the most stable of the iso-electronic structures. Somewhat surprisingly, (V1) is the
next stable species. Considering the intuitive notion that an electron-rich oxygen can
hardly be considered an attractive hydride acceptor, we decided to investigate the
energetic demands of direct hydride transfer to the C(5)-carbon in more detail. Formation
of PQQH, will then require tautomerization in a consecutive step.
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Table V. Structures and energies of hydrated PQQ, protonated and deprotonated
PQQ-hydroxy-dienones. All energies are calculated at the 6-31G(d,p) level of theory

Entry Ry R: Rs R, M Energy (Hartree/mole)
n T~o— —OH —oOH - -1315.6759
v —OH —oOH T~—po— - -1315.6557
'} T~o— —H —OH - -1240.8108
Vi —H —o0OH T~o— - -1240.7848
vil T~o— —H —0- - -1239.8946
vill —H —0~ T~ - -1239.8913
IX —OH - —0- - - -1239.9161
X —OH - —0- - Ca? -1917.1783
X T~o— —H—0" g -1917.1601

The electronic energy of the postulated intermediate, PQQ-C(5)H-O" (VIl), can not be
directly compared to either of these systems (PQQ or PQQH,), as the number of atoms is
not equal. Nevertheless, a comparison can be made with the hydrated intermediate,
PQQ-C(5)H-OH (V)/formaldehyde couple. The calculated energy for this couple
compares favorably with the PQQH,/formaldehyde state by 0.0077 Hartree/mol (4.84
kcal/mol). The corresponding PQQ-C(4)H-OH (V1) is higher in energy (0.0182
Hartree/mol, 11.44 kcal/mol). This intermediate lies 0.0290 Hartree/mol (18.18 kcal/mol)
above the energy level of the PQQ/methanol state. It therefore seems reasonable to
assume that if the reaction proceeds via hydride transfer it will most likely form a C(5)-H
intermediate. The same trend is observed in the non-protonated form of the postulated
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intermediates. PQQ-C(4)H-O" (VIII) is less stable than PQQ-C(5)H-O" (VII) by 2.11 kcal
(0.0034 Hartree/mol). However, the energy difference between the unprotonated forms is
much smaller (16.35 kcal/mol for the protonated forms versus 2.11 kcal for the
unprotonated ones). The C(5)-deprotonated form of PQQH,, PQQ-C(4)OH-C(5)-O’,
which allready has a double bond formed and lengthened carbonyl bonds, is more stable
than both PQQ-C(4)H-O" and PQQ-C(5)H-O" (15.56 kcal (0.0248 Hartree) and 13.45
kcal (0.0214 Hartree), respectively).

Geometries of protonated and deprotonated PQQ-hydroxy-dienones (V-VIil). The
optimized structures much resemble the PQQ-C(4)- and C(5)-hydrates. Again reversal of
the C(3A)-C(4)-C(5)-C(6A) dihedral angle sign takes place, placing the carbon that
exhibits sp® character above the plane of the PQQ. As a consequence the N(1)-C(1A)-
C(9A)-C(9) dihedral also reverses sign, driving the pyrrole ring below the plane of the
pyridine ring when the C(4) changes from sp® (carbonyl) to sp’. This induces no change
in the C(9) carboxylic acid position while the C(7) carboxylic acid experiences some
changes. The O(7B) oxygen occupies a position beneath the plane of the pyridine ring.
The PQQ-C(5)H structure remains the same. The bond distances for the carbonyl carbon
and the hydrogen are 1.09 in both cases. Addition of a hydride to the PQQ-C(5)-carbon
is favored over the C(4)-position by 0.0034 Hartree/mol (entry VII vs. VIlI, Table V).
Energies of these intermediates can be compared to that of iso-electronic deprotonated
PQQH,. Consecutive rearrangement to C(5)-deprotonated PQQH, is favored by 0.02
Hartree/mol (entry IX, Table V). Upon protonation the difference in energy between the
corresponding C(4)- and C(5)-addition complexes increases to 0.026 Hartree/mol (entries
V and Vi, Table V).

3.3 Role of Calcium

The resemblance of structural features of PQQ and well-known chelating agents, e.g. a-
picolinic acid [57] and 8-hydroxyquinoline [58] has been noticed in an early stage. Two
positions for chelation seem available to divalent cations; (1) between the two carbonyl
groups or (2) between the C(5) carbonyl and C(7)-carboxylic acid group. The first has
been observed for the Na* and K* salts of PQQ [48,49], but not for divalent cations. In
the crystal structure of the acetone-adduct, the position between C(5) and C(7)-COOH is
taken up by a water molecule. Also K* [49] and Cu** [59-61] have been shown to occupy
this particular position. In the available high-resolution X-ray structures of MDH [50,52]
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and s-GDH [21], PQQ binds Ca** through the C(5) carbonyl oxygen, C(7) carboxylate
and, surprisingly, the pyridyl nitrogen, N(6). The remaining ligand positions are taken by
oxygen bearing residues in the protein environment or water molecules. No severe
restrictions are placed on the character of the amino acid functioning as a ligand. In s-
GDH from A. calcoaceticus [21], main chain oxygen atoms from Gly247 and Pro248
and two water molecules serve as ligand (coordination number n=7), while in MDH from
M. extorquens both oxygens from the carboxylate of Glu177 and the amide oxygen of
Asn261 fill the coordination sphere (n=6) [52]. In this case, two waters are located close
by and might be subject to rapid ligand exchange as is well known for calcium (i.e. n=6-
8).

Calcium was included in the computations of the possible reaction intermediates to
estimate the effect of its presence on the relative energies. Fragments mimicking the
protein environment were not included in the calculations (i.e. taking (neutral) formic
acid to model the catalytic Asp)[62]. The complexation of Ca®™ by C(5)-deprotonated
PQQH, (Table V, entry IX and X) induces some minor changes in its structure (Table
VI.A). The distances between the Ca**-ion and the O(7A), N(6) and O(5) position are
2.24, 2.29 and 2.21 A, respectively (Table VI.B). As a result the bond length of the
carbonyl and carboxylic acid group slightly changes. The C(5)-O(5) bond length
increases from 1.29 to 1.36 A, while the partially double bond character of the oxygens
in the C(7) carboxylic acid group is increased. The bond C(7A)-O(7B) shortens by 0.04 A,
while the bond length of the oxygen liganded to the Ca**-ion increases by 0.05 A. The
tilting angle between the heterocycles decreases and the dihedral angle of the C(9)
carboxylic acid group with the pyrole ring diminishes as a result of the complexation.
The C(7) carboxylic acid group is forced in the plane, that is ligated to the calcium. The
dihedral angle O(7B)-C(7A)-C(7)-C(8) decreases to -3.3 degrees (-34.8 in the calcium-
free compound).

Addition of Ca® to the deprotonated C(5)-hydroxy-dienone (Table V, entry VIl and XI)
results in a flat structure for this postulated reaction intermediate. The C(7) carboxylic
acid is again rotated into the plane of the pyridine ring by complexation to the calcium
ion (O(7B)-C(7A)-C(7)-C(8) angle decreases from —42.0 to -9.3). The same holds for the
C(9)-COO group (O(9B)-C(9B)-C(9)-C(9A) dihedral changing from —47.5 to 36.0 degrees).
The calcium ion is ligated to O(7A), N(6) and O(5) with distances of 2.24, 2.32 and 2.17
A, respectively (Table VI.B). The bond length between C(5) and the hydrogen is
shortened, 1.15 vs. 1.11 A, while the C(5)-O(5) bond length increases from 1.30 to 1.36
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A. The difference in energy between the two calcium complexed PQQ intermediates
amounts to 11.41 kcal, while between the corresponding calcium-free compounds the
energy difference equals 13.45 kcal. A net stabilization of the deprotonated C(5)-
hydroxy-dienone form of PQQ of 2.04 kcal upon complexation with calcium occurs
(Table V).

The distances between the divalent calcium ion and the chelating atoms of PQQ are
in general too short with respect to the reported distances for the various X-ray structures
(Table VI.B).

Table VI.A. Selected geometrical features for C(5)-deprotonated PQQ derivatives and
their corresponding Calcium complexes. Roman numbers in parentheses correspond
to entries in Table 5

PQQ-C(5)H- PQQ-C(5)H- PQQ-C(4)OH- PQQ-C(4)OH-

C(5)0° C(5)0-—-Ca* C(5) C(5y---Ca?"

Bond length (A) (vin (X1) (1X) (X)

C5 HCs 1.11 1.15 - -
c5 05 1.36 1.30 1.29 1.36
C7A O7A 1.29 1.23 1.24 1.29
C7A 07B 1.20 1.25 1.25 1.21
Dihedral angle (degrees)

N1 C1A C9A C9 10.61 12.97 2.40 -179.30
C3A C4 C5 C6A 32.55 38.24 1.78 1.21
078 C7A C7 cs8 -42.03 -9.33 -34.76 -3.27
098 C9B C9 C9A -47.48 -36.01 -46.76 -38.98

Table VI.B. Coordination distances between PQQ and Calcium as found in the ab
initio structures and experimental X-ray structures. All distances are in angstroms. The
resolution of the X-ray structures is given in italics.

Calculated Experimental
S- MDH MDH EDH PQQ- PQQ-
GDH (M. W3A1) (M. extorquens) K¢ Na*"
Bond X XU 58 2480 194 24A° 1984 264

N6 - Ca®* 229 232 249 235 2.63 2.56 245 2.94 272 2.48(2.53)
05 -Ca®* 221 217 248 251 2.46 2.95 277 2.81 277 261(2.64)
O7A -Ca® 224 224 241 2.38 2.68 2.96 2.52 2.90 248 2.40(2.40)

(a) ref. 21 (b) ref. 35 (c) ref. 48 (d) ref. 49 (e) ref. 50 (f) ref. 52 (g) ref. 73 (h) ref. 74. Values in
parentheses are coordination distances for the other PQQ molecule present in the unit cell.
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This may be attributed to an overestimation of the electronic forces in the ab initio
calculations. Increased distances were found for the complex of neutral PQQ with Ca**
(N(6)-Ca®* 2.47 A, O(5)-Ca** 2.30 A and O(7A)-Ca** 2.36 A) by Zheng and Bruice [18].
However, it should also be taken into account that the charges are geometrically not as
well balanced in these calculations as they obviously are in an enzyme structure or
crystallographic unit cell. It should be noted that distances between PQQ and calcium
appear to be highly variable within the different types of quinoproteins as is evident from
the data presented in Table VI.B. The distances obtained from the ab initio structures are
nevertheless too short and fall outside the observed range. Identical values are found in
hybrid QM/MM calculations employing model systems comprising acetate or propanoate
complexed calcium [63]. These complexes are bidentate and the interactions are very
strong due to the attractive interaction of the charged species. Typical distances are in the
range of 2.2 to 2.3 A. Amide (unidentate) complexes with Ca®* (complexation to the
carbonyl function) give even shorter distances for the purely quantum chemical
calculations (~ 2.15 A), whereas distances between ethylimidazole and calcium are
slightly longer (~ 2.35 A). Quantum chemical calculations of the condensed phase using
the self-consistent reaction field (SCRF) method for the bidentate complex of acetate with
Ca® show slightly longer distances (~ 2.4 A) [64). The large dipole moment of actetate (~
5 D) is held responsible for these interactions.

3.4. Transition state structures.

Model compound. Location of the transition state structure of the hydride transfer
between a carbonyl moiety and methanolate complexed with a calcium ion was done for
a model complex. The formal charge of the calcium was balanced by addition of an
extra methanolate and water molecule. This resulted in a final coordination number of 4
(Fig. 3). Coordination numbers for Ca’* are required to range from 6 to 9 [65]. However,
gas-phase ab initio calculations with only one or two ligands have been found to give
satisfactory results regarding structural and energetic properties [63,64,66]. The use of
filled coordination spheres, as applied in the calculation of hydration of divalent cations
[65], was judged unnecessary in the current context.

While the distances between the hydride and the respective carbons of the
methanolate and formaldehyde were restrained, all other structural variables were
optimized. The analytical Hessian matrices obtained for structures close to the TS were
used to locate the first-order saddlepoint using a mode-following protocol (i.e. the energy
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is maximized along one of the eigenvectors of the Hessian, while the other modes are
minimized). To ensure that a first order saddlepoint was indeed located the eigenvalues
of the Hessian were reanalyzed. A single imaginary frequency corresponding to the
motion of the hydride (v = 1123.81 cm™) was found. The frequencies belonging to the
translational and rotational modes have wavelengths between 0.7 and 8.3 cm™. Intrinsic
Reaction Coordinate (IRC) runs were performed in both directions to establish the
symmetry of the potential energy surface. Starting from the TS, both reactant and product
state were reached. This confirms that the located TS indeed connects both states and is
located on a reaction pathway.

The eigenvalues of the Hessian matrix belonging to the final states of the IRC run,
which are identical in this case, were calculated. These showed the final states to be true
minima. The energy difference between the TS and the reactant/product state at this level
of theory (MC) amounts to 24.13 kcal/mol (0.0389 Hartree/mol).
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Figure 3. Structure of the model calcium complex used to locate the TS of the hydride transfer
reaction.

PQQ complex. The values obtained for the distances between the hydride and the
carbon atoms were copied to a model including PQQ, methanolate and calcium. This
complex was minimized at the STO-3G(d) level while restraining the distances between
PQQ-C(5) carbon and the hydride and the carbon of the methanolate and the hydride
(Fig. 5A). The Hessian belonging to this minimized structure was analyzed and used to
locate the TS using a mode following procedure. This resulted in a structure with a single
imaginary frequency corresponding to a true TS (v = 1387.07 cm™) (Fig 4). Rotational
and translational frequencies between 0.42 and 4.09 cm™ were obtained.

In the transition state the distance between PQQ-C(5) position and the hydride is
1.307 A, between hydride and methanolate carbon 1.389 A. This compares favorably
with the distances usually found for reactions involving hydride transfer [67]. The total
distance between the PQQ-C(5) carbon and the methanolate carbon is 2.59 A. This
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Figure 4. Structure of the located TS for the transfer of a hydride between methanol and the
C(5) carbon of PQQ. Contributions to the single imaginary frequency found (v = 1387.07 cm™)
are depicted as vectors (scaled to appropriate size). Carbon atoms in light grey, nitrogen in
black, oxygen in dark grey, hydrogens in grey (small spheres) and calcium ion as large grey
sphere. These calculations were performed at the STO-3G(d) level of theory. Picture was
created using MacMolPIt ¥/,

implies an angle of 147.6 degrees. The methanolate is complexed to the calcium ion
through its oxygen (distance 2.17 A). The direction of the carbon-oxygen bond in the
methanolate slightly deviates from the plane including the calcium, PQQ-C(5) and the
central atom of the substrate (11.0 degrees).

A grid search was performed by varying the distances between the hydride and the
carbon atom of the methanolate and the PQQ C(5) carbon atom in steps of 0.1 A to yield
information on the potential energy surface of the reaction (Fig. 5A,B). As can be inferred
from the contour lines, the transition state barrier is slightly more than 8 kcal mol”, when
measured from the lowest energy complex present on this grid.

Both forward and backward IRC runs, starting at the located TS, were performed to
ensure that the TS is a point on the reaction pathway (Fig. 6). Starting at the TS, the
energy for the forward reaction (going to the “product” state, PQQ-C(5)-H and
formaldehyde complexed by Ca**) drops relatively slowly compared to the backward
reaction. The energy difference between the TS and the “product” state is only 8.16 kcal
mol”. The length of the PQQ-C(5)-H bond deviates 0.1 A from the value found in the
corresponding equilibrium structure (Structure VII), which indicates that the final
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Figure 5A. Schematic drawing of the complex
used in the grid search performed to locate the
TS for the direct hydride transfer reaction
between methanol and PQQ. Labeled
distances were varied systematically, while all
remaining variables were free to move.
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Figure 5B. Potential energy surface calculated for the direct hydride transfer reaction between
PQQ and methanol. X- and Y-axes correspond to the distances labeled in Fig. 5A. Calculated
structures are denoted with black dots. All energies are in kcal/mol and given relative to the
lowest energy structure (1.5, 1.2). All calculations were performed at the STO-3G(d) level of
theory.
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“product” state has not yet been reached during the IRC run. The energy drop for the
backward reaction is significantly larger measured over the same path length. The bond
length between the hydride and the carbon of the substrate is 1.103 A at this point,
comparable to the other H-C distances (1.099 A and 1.098 A). The energy difference of
18.9 kcal/mol might thus be taken to represent the energy barrier for the described
hydride transfer. This value is in the same range as that found by Zheng & Bruice for
hydride transfer to the PQQ-O(4) (18.5 kcal/mol at the B3LYP/3-21G(d) level of theory)
[18].

3.5 Mechanistic implications

The reaction mechanism of quinoprotein dehydrogenases has long been subject to
debate. The chemistry of free PQQ in solution with regard to the ready addition of
various nucleophiles, has focussed on the formation of a hemiketal intermediate as the
initial step. Formation of covalent adducts with water, alcohols and amines has been
well-documented [23,24]. Addition of acetone and aldehyde at the C(5)-position of PQQ
has been shown to lead to strongly fluorescent compounds [23]. Observation of a
fluorescent compound thus suggests the addition of a substance at the C(5)-position of
PQQ. The recent observation of a fluorescent transient in the reaction of s-GDH with
glucose seems to lend credit to such a mechanism [19,68]. However, the actual redox
step would either require hydride transfer from the substrate to the C(4)=0 group or the
C(5) oxygen. Whereas the latter is relative electron rich, the C(4) carbonyl oxygen is not
particular well-known for its high affinity for hydrides. Several mechanism have been

. TS
Figure 6. 04

Minimum energy path

connecting the TS found for

the oxidation of methanol by -5 -
PQQ to the reactant and
product state. The path
length is given in mass
weighted Cartesian
coordinates, while the energy
for the TS has been taken as 15
zero kcal/mol.
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suggested in the literature to solve these problems. Formation of a p-quinone structure
via loss of the N(1)-hydrogen has been suggested by several groups [10,53]. This
proposal had to be rejected when N(1)-methylated PQQ derivatives showed activity in
reconstitution assays with apo-QHADH from C. testosteroni [54]. The involvement of
calcium in the catalytic mechanism has been established by mutagenesis studies
performed in the group of Anthony [34]. Mutations in the moxA, moxK and moxL genes
involved in methanol oxidation by M. extorquens lead to the synthesis of an inactive
calcium-free MDH. Reconstitution with calcium restores the original activity and spectral
features of the fully reduced normal MDH. MDH in which the Ca’* ion is replaced by
Ba’" showed decreased affinity for both substrate and activator (K, (Ca**) for methanol is 3
UM, K. (Ba*) 3.5 mM, K,(Ca™) for ammonia is 2 mM, K,(Ba*") is 52 mM) [69]. Zheng &
Bruice have shown the calcium to play a role in the activation of the substrate [18]. They
also suggested the hemiketal to be a ‘dead-end’ complex. However, hydride transfer
from the substrate to the C(4)-carbonyl oxygen, as proposed by these authors, is
questionable on the basis of steric and electronic arguments.

Based purely on bond lengths and electronic considerations direct hydride transfer to
the C(5) carbon of PQQ offers a plausible alternative. With the methanolate liganded to
the Ca®* ion, the hydrogens come very close to the C(5) carbon, which is also in a
electron deficient state.

Taking the protein environment into account further strengthens the notion of direct
hydride transfer to the C(5) position of PQQ. Looking into the active site funnel of MDH,
the C(5)=0 moiety of PQQ is exposed, whereas the C(4)=O group is shielded from sight
by the protein. Recent X-ray crystallographic studies on both MDH and s-GDH have
indicated the presence of substrate molecules in the respective active site funnels
[50,70]. These high resolution data do not resolve the location of the hydrogens, but
suggest the carbon atom from which the hydride is to be abstracted to point in the
direction of the C(5) position of PQQ. Oubrie et al. located the substrate binding site of s-
GDH by soaking s-GDH-PQQ crystals in a solution containing excess glucose and in the
absence of electron acceptors [70]. This led to reduction of PQQ to PQQH, in the final
ternary s-GDH-PQQH,-glucose complex crystals. Based on the minimal differences
observed in the geometries of the different redox states of the cofactor, a s-GDH-PQQH,-
glucose complex was assumed to mimic a reactive s-GDH-PQQ-glucose complex.
Binding of glucose to s-GDH shows the glucose C1 atom to be located directly above the
PQQH, C(5) atom. The catalytic base, His144, is situated close to the O1-oxygen of the
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substrate. Inspection of the binding site shows major rearrangements to be necessary in
order to facilitate an addition-elimination reaction. Favorable interactions between
positively charged amino acids and the developing negative charge at the deprotonated
O1 atom have to be disrupted. Formation of a covalent bond between the glucose O1
atom and the PQQ-C(5) atom would lead to energetically expensive rearrangements. The
authors conclude that an addition-elimination reaction would be highly unlikely in the
case of s-GDH. It was noted that the position of the glucose molecule was ideally suited
for direct hydride transfer from the C1 atom of glucose to the PQQ-C(5) atom. The
distance between the two carbon atoms involved is only 3.2 A. The geometric
parameters ensure a fast reaction to be possible. Observation of a fluorescent
intermediate in kinetic experiments performed on the oxidation of s-GDH by glucose,
could be explained by the formation of a C(5) reduced PQQ species [19,68]. The
subsequent rate-determining step would then be the tautomerization of the intermediate
to PQQH,. Similar observations have been made regarding the oxidation of methanol by
MDH [17,25,71]. A deuterium effect of 6, as found for MDH, can be perfectly well
explained by the direct hydride transfer mechanism. An even higher deuterium kinetic
isotope effect of 7.8 has recently been reported for the oxidation of B-D-glucose by s-
GDH in which the calcium has been replaced with Ba** [19]. Replacement of PQQ with
its nitrated PQQ derivative, which seems unable to form the hemiketal intermediate,
leads to the disappearance of the fluorescing intermediate upon reaction with hydrazine.
The initial fast formation of the fluorescent C(5)-reduced PQQ intermediate would be
followed by a much slower, rate-limiting, tautomerization step to PQQH,.

The calculations described in this article have culminated in the notion that the direct
hydride transfer from the substrate molecule to the C(5) carbon of PQQ is energetically
feasible. The height of the computed energy barrier is comparable to that found by Zheng
and Bruice for the postulated direct hydride transfer from the methanol carbon to the
PQQ-0O(4) position. The formation of a C(5) reduced PQQ species is in good agreement
with the observation of a fluorescent transient in the oxidation of glucose by s-GDH
[19,68] and methanol by MDH [17,25,71]. The investigated mechanism offers a
consistent explanation of the observed experimental data.

When this work was completed a recent article of Zheng and coworkers [72]
published a re-evaluation of the x-ray crystallographic data of MDH from M.
methylotrophus W3A1 in a second crystal form [50]. Convincing evidence for the actual
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presence of the C(5)-reduced intermediate of PQQ (Structure as in Table 5, entries V, VII,
viz. X1) strongly supports the findings presented here.

4. Conclusion

High level ab initio gas-phase calculations have been performed to study the feasibility of
direct hydride transfer in the oxidation of methanol by PQQ. The applied computational
methods were calibrated against available experimental data. Ab initio energies for
different possible reaction intermediates were computed. A transition state for the
oxidation of methanol by PQQ in the presence of calcium was located and
characterized. The computed energy barrier was in the same range as that calculated for
a mechanism involving direct hydride transfer from the methanol carbon to the PQQ-
O(4) position. Comparison of these values and the observed experimental phenomena
support a reaction mechanism involving direct hydride transfer from the Ca-position of
the substrate molecule to the C(5) position of PQQ. A similar mechanism has recently
been proposed on experimental grounds for the oxidation of glucose by soluble
quinoprotein glucose dehydrogenase from Acinetobacter calcoaceticus [21]. Future
calculations should incorporate the effects of the protein environment and solvent in
order to obtain more accurate data. Mechanistic studies, including the measuring of
kinetic isotope effects, are currently explored.
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Deuterium Isotope Effect on
Enantioselectivity in the Comamonas
testosteroni QH-ADH-catalyzed Kinetic
Resolution of rac-Solketal

Aldo Jongejan, Jaap A. Jongejan and Wilfred R. Hagen

Abstract

Isotopic substitution provides an effective tool to probe the mechanism of enzyme-
catalyzed reactions. To our knowledge, kinetic isotope effects on the enantioselectivity of
enzymes have not been reported. We investigated the effect of deuterium-substitution on
the enantiomeric ratio, E, of PQQ-containing quinochemoprotein alcohol dehydrogenase,
QH-ADH, from Comamonas testosteroni in the ferricyanide-coupled kinetic resolution of
rac-2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane, solketal. Under otherwise identical
conditions, we measured E = 30 for solketal and E = 6 for rac-2,2-dimethyl-4-[1,1-
*Hlhydroxymethyl-1,3-[5,5,4-*H]dioxolane, di-solketal. 1t is proposed that isotopic
substitution affects the relative kinetic weights of the initial hydron/deuteron transfer from
substrate to cofactor and the subsequent proton/deuteron shift in the cofactor-product
complex. The latter step is becoming more important in the deuterated complex to the
extent that the enantiomer discrimination in the first step is partially overruled.
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Deuterium isotope effect on enantioselectivity

Introduction

Enzyme-catalyzed kinetic resolution has proven to be a powerful method for
enantioselective synthesis [1-3]. Both practical and fundamental aspects of the
enantioselective performance of enzymes have been explored. Extensive documentation
of the effects of (co)solvents [4-8], temperature [9-12], (surface)pressure [13-16],
substrate modification [9, 17, 18], added salts [19-22], pH [23, 24], and catalyst
formulation [25] can be found in the literature. Whereas kinetic isotope effects provide
an effective tool to probe the mechanism of enzyme-catalyzed reactions [26-29], explicit
investigations of the effects of isotopic substitution of the substrate on the
enantioselectivity of enzymes have not yet been reported.

For catalytic, non-enzymatic, kinetic resolution reactions obeying Arrhenius-type
equations: k = A exp(-Aerszs/RT), with Agr s the energy difference including zero point
energies of the transition state, TS, and reactant state, RS, respectively, primary deuterium
kinetic isotope effects (KIEs) are not expected to affect the enantioselectivity. With
enantiomeric reactants, R and S, in isotropic media, assuming pre-exponential factors to
be equal and Ay ZPER = A ZPE:SS, (kRIKS), = (k®/KS), follows from Ap ZPER =
Ap.wZPE;® (Figure 1). Indeed, only minor effects on enantioselectivity, (k¥k%), = 4.2;
(K*/k%) = 4.5, have been reported for enantiomer-dependent kinetic isotope effects in the
(+)-(8R,99)-dihydro-quinidine-catalyzed (non-enzymatic) 1,3-hydride transfer reaction of
1-methylindenes, with primary deuterium KIEs ranging from 5.71 (S) to 6.46 (R) [30].

For enzyme-catalyzed kinetic resolutions, an intrinsically more complex situation
applies. Several kinetic barriers involved in the formation of intermediate (Michaelis)
complexes and products contribute to the enantioselectivity. Previously, we showed that
the enantiomeric ratio, E-value [31], equals the ratio of the sums of the exponentiated
barrier contributions relative to the ground state [11, 32] (Figure 2). Despite the ‘shared
control’, differentiation into ‘enantioselectivity determining’ and ‘rate determining’
barriers along the reaction coordinate may be opportune [32, 33]. Notably, when
isotopic substitution of the substrate enantiomers changes the relative contribution of the
individual barriers, effects on the E-value can be expected.

Alcohol dehydrogenases containing pyrroloquinoline quinone, 2,7,9-tricarboxy-1H-
pyrrolo[2,3-flquinolin-4,5-dione, PQQ, and Ca** have been isolated from several sources
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Figure 1. Energy diagram summarizing the contribution of kinetic isotope effects in a non-
enzymatic enantioselective reaction. (+)-Aup, (-)-Awp, reactant enantiomers; B*, chiral catalyst;
AZPEp.4, zero-point energy difference of substrate-H and substrate-D ground states; AAers
rs{H) and AAersrs(D), activation energy differences of (+)- and (-)-reactants. Adapted from
Ref. [30].

[34]. Quinohemoprotein alcohol dehydrogenases, QH-ADHs, contain an additional
heme ¢ [35, 36]. A high-resolution crystal structure of QH-ADH from Comamonas
testosteroni has recently been described [37]. The enzyme catalyzes the ferricyanide-
coupled oxidation of various alcohols and aldehydes to the corresponding aldehyde and
carboxylic acid, respectively, following ping-pong kinetics [38]. C. testosteroni QH-ADH
has been shown to be a highly enantioselective catalyst for the kinetic resolution of chiral
alcohols [32, 39]. Considering the proposed mechanism of action, featuring the
intermediate formation of a hydroxy-ketone form of PQQ and subsequent rearrangement
to PQQH, [32, 37, 40, 41] (Scheme 1), QH-ADH is an attractive target to investigate the
effect of isotopic substitution on enzyme enantioselectivity.

Materials and Methods

QH-ADH (apo-form) from C. testosteroni was isolated and purified as described [38].
Upon reconstitution with PQQ in the presence of Ca** fully active holoenzyme was
obtained (k. (ethanol) = 17.5 s, K,,(ethanol) = 2.2 mM, g,,4(red) = 160,000 M'cm™'[42]).
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Figure 2. Kinetic profile of the initial steps of a bi-bi ping-pong scheme for an enzyme-
catalyzed kinetic resolution of a chiral substrate. To emphasize the general features of the
profile, kinetic barriers are plotted as ‘exp(1/k)’ along the reaction coordinate. When the
relations that can be derived from Eyring TST (thermodynamic format) hold, there is a one-to-
one correspondence between exp(1/k) and AG*srs (the activation free energy difference).
Less stringent conditions hold for the E-value relations, where pre-exponential factors tend to
cancel. AZPEyp represent the zero-point energy difference of H/D-substrate enantiomers in
the reactant state, RS. For the choice of transition state ZPEs, and the introduction of an
isomerisation step, see text.

(R)-(-)-, (8)-(+)- and (R,S)-Solketal were purchased from Janssen Chimica. rac-2,2-
Dimethyl-4-[1,1-*H]hydroxymethyl-1,3-[5,5,4-*H]dioxolane was synthesized from d;-
glycerol (Sigma) and acetone following literature procedures [43]. Inspection of the 'H-
NMR and mass spectra showed the product to be deuterated as expected except for the
alcohol function which contained 'H as a result of exchange during work-up. Chemical
purity of the reaction product was confirmed using chiral GC (Chiraldex G-TA, Astec,
Whippany, N.J.) [44].
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Scheme 1. Mechanism of the reductive half-reaction of the QH-ADH-catalyzed oxidation of
alcohols. Formation of the Michaelis complex (Step 1) is followed by base-catalyzed hydride
transfer from the substrate to PQQ-C5 (Step 2). Rearrangement (possibly: lysine-catalyzed
tautomerization, Step 3) of the intermediate hydroxy-ketone produces PQQH; and the first
product (aldehyde). PQQH; is reoxidized by electron acceptor in the oxidative half-reaction

(S)-ds-Solketal was prepared by QH-ADH-catalyzed kinetic resolution of rac-ds-
solketal in a pH-stat system (Methrom) equipped with a stirred reaction vessel,
thermostatted at 25° C. Wet cells of ethanol-induced C. testosteroni (3.3 g) were
suspended in 15 mL 10 mM Tris/HCI, pH 7.5, containing 2.5 g of ferricyanide. PQQ (9
mM, 120 pL) was added and the cells were left to equilibrate at room temperature (1 hr)
before addition of 1.37 g (10 mmol) of rac-ds-solketal. The reaction was monitored by
the addition of 1 M NaOH. After 85% conversion the mixture was extracted with diethyl
ether and dried over anhydrous MgSO,. The solution was filtered and the solvent
removed by evaporation under reduced pressure to yield 111 mg (S)-ds-solketal (8 %).
The reaction product was analyzed using 'H-NMR and MS. The chemical and chiral
purity (> 98%) was checked by chiral GC.

Initial reaction rates were determined spectrophotometrically by monitoring the
reduction of ferricyanide (Ae,, = 1020 M'cm™) at 25° C in a 1-cm cuvette containing 10
mM MOPS/KOH, pH 7.5, 5 mM CaCl,, 1 mM ferricyanide, and a fixed amount of holo-
enzyme. The reactions were started by the addition of (enantiomer mixtures of) substrate
alcohols.
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Results and discussion

The kinetic resolution of solketal by QH-ADH from C. testosteroni has been described
[38]. Using the method of initial rates on a range of enantiomer mixtures at otherwise
fixed conditions [45], we found E, = 30 = 2, in good agreement with published results
(Figure 3). Applying the same method to determine the E-value for the oxidation of 2,2-
dimethyl-4-[1,1-*Hlhydroxymethyl-1,3-[5,5,4-*H]dioxolane, ds-solketal, required the
synthesis of the enantiomerically-enriched compound. This was accomplished by the
condensation of dg-glycerol and acetone to give racemic ds-solketal, part of which was
resolved by selective oxidation of the (R)-enantiomer using C. testosteroni (whole cells).
Measuring initial rates under otherwise identical conditions showed a substantial
decrease of the enantioselectivity, E, = 6 = 1, for the deuterated solketal (Figure 3).

The contribution of microscopic kinetic constants to the E-value is described by the
defining equation, E=(kyq /K y) p (ke /K pg) g (311, or by the equivalent ‘translation’ into
an exponential format [11] (Eqns in Figure 2). Using either representation, it is
straightforward to show that kinetic isotope effects are not expected to affect the
enantioselectivity if: full (classical) primary isotope effects are operative in each and
every step to which these kinetic constants apply. In this respect, the current finding
represents a remarkable result, indicating that one or more of these restrictions is not met.
Probable causes could be: (a) the occurrence of different mechanisms for the oxidation of
the enantiomeric substrates or, (b) different (primary) isotope effects for the corresponding
steps leading to a redistribution of the relative importance of the individual steps for the
E-value. The occurrence of different mechanistic schemes has been proposed for the
hydrolysis of (R)- and (S)-styrene oxide by the epoxide hydrolase from Agrobacterium
radiobacter AD1 [46]. In view of our earlier observation that the active site topology of
QH-ADH, as deduced from a homology model, would support the accomodation both
(R)- and (S)-sec-alcohols depending on whether the alcohol ligates to the calcium site or
forms a hemiketal with the PQQ-C5 carbonyl function [47], this would be a possibility.

However, since it is observed (Figure 3) that the decrease in E results mainly from a
lower oxidation rate of the faster-reacting (R)-enantiomer, whereas that of the slower
reacting (S)-enantiomer is hardly affected, we investigated a scenario where isotopic
substitution leads to a different distribution of the relative importance of kinetic barriers
along the reaction coordinate.
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Figure 3. Initial rates of QH-ADH-catalyzed oxidations of solketal (upper trace), and ds-solketal

(lower trace) as a function of the chiral composition of the substrate mixture under otherwise
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fr Ts, Tx, the initial enzyme-catalyzed reaction rates for mixtures of solketal and mixtures of ds-
solketal of mole fraction x = 0, x = 1, and x = x, respectively

The mechanism of alcohol oxidation by PQQ-containing enzymes has been
extensively studied for methanol dehydrogenases, MDHs (for review see [32]), and
(soluble) glucose dehydrogenase, sGDH [48]. Despite considerable differences in
substrate specificity and turn-over rates, (probably) diffusion-limited formation of a
Michaelis complex (Scheme 1, Step 1), base-catalyzed proton abstraction in concert with
direct hydride transfer from the substrate to the C5 position of PQQ (Step 2), and
subsequent tautomerization of the hydroxy-keto-PQQ intermediate to PQQH, (Step 3),
seems to be the consensus mechanism of the reductive branch of the reaction. In
particular, the similarity of the alcohol oxidation mechanisms for MDH and QH-ADH is
supported by the conservation of the catalytic machinery [37].

The identification of three kinetic barriers (Steps 1 - 3) in the reductive branch of the
catalytic reaction, in combination with the Eyring TST equation (thermodynamic format),
k = kgT/ h-exp|~AG" / RT), allows a unique assignment of the individual barrier heights
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if additional assumptions for the diffusional barrier and the contributions of kinetic
isotope effects are incorporated. As a numerical exercise we calculated the barrier
heights (Figure 2) assuming k&°=10%s" (diffusional k. [49]), and

A, ,AG) ,, =5.15 kl.mol (deuterium KIE of factor 8 at 298 K). Highly satisfactory
agreement with the experimental findings is obtained for the following combination:

_ exp(11.04) + exp(22.95) + exp(19.16)
M exp(11.04) +exp(18.47) +exp(19.16)

_ exp(11.04) + exp(22.95) + exp(21.24)
P exp(11.04) + exp(18.47) +exp(21.24)

where we have assumed a full deuterium KIE (AZPE/RT =2.08 at T = 298 K) to occur in
Step 3 only. For the magnitude of the leading terms, advantage was taken of the fact that
at least one of the exponentials should be close to (but not exceeding) the AG"/RT value
calculated from k:':, =19.27%10% s'M™" = AG* / RT =19.59 (for the denominator), and
k§ =0.64%103 s-IM-1 = AG# /| RT =23.0 (for the numerator), the values of the specificity
constants for the conversion of solketal at T= 298 K [38].

In order to explore the feasibility of these assumptions, we calculated ZPEs-ZPE at
the STO-3G(d) level of theory for the deuteride-transfer step (Fig 2, TS,) using the
transition state configuration deduced for the oxidation of methanol by MDH [50].
Partition functions were computed using Gamess-US. We found AZPE/RT =0.83,
suggesting that this barrier contributes a factor of slightly over 2 to the deuterium KIE.
This result is supported by experimental data for the QH-ADH-catalyzed oxidation of
deuterated ethanol, C,D,OH, where we found a KIE of 2 (data not shown). Even more
convincing, early work on the oxidation of methanol by MDH from Hyphomicrobium X
[51] showed that a deuterium KIE of approx. 8 for the oxidation of CD,OH in the
absence of ammonia, is reduced to only 1.5 in its presence.

These results seem to indicate that the tautomerisation reaction (Step 3), which in the
case of QH-ADH does not require the addition of ammonia probably because of the
presence of a residue, Lys335, that is suitably oriented for catalysis [37, 47], carries most
of the deuterium KIE. In order for this step to be incorporated into the equations that
relate the E-value and the kinetic barriers, we have to assume that product release takes
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place after, or at least concomitantly with, the tautomerisation. A possible mechanism for
this step is included in Figure 3.

Conclusions

Analysis of the contributions of the catalytic steps of the C. testosteroni QH-ADH-
catalyzed kinetic resolution of (deuterated) solketal to the E-value suggests that the
relative importance of the kinetic barriers shifts from the hydride-transfer step (for
solketal) to the tautomerisation step (for ds-solketal). An important prerequisite for this
interpretation to hold is that the release of the first product (aldehyde) forms part of the
reductive branch of the kinetic scheme.

We can not discard the possibility that the lower E-value results (in part) from
secondary isotope effects, however, in view of the marginally higher steric demands of
the deuterium-labeled solketal, the fact that the chiral center is not directly involved in
the oxidation reaction, and the matching decrease of overall rate and enantioselective
performance, this appears unlikely.

It should be emphasized that even though the present finding falls onto a long line of
negative effects on enantioselectivity, beneficial effects of isotopic substitution may well
be observed for enzymatic reactions that perform near the diffusion limit. For such
systems, increasing the enantioselectivity-determining barrier relative to the diffusion-
related barrier could, in principle, raise the enantioselectivity at the expense of the
overall rate, examplifying the intuitive notion that ‘slower processes allow better
selectivity’. Although, the introduction of deuterium in the substrate (i.e. deuteration of
the a-position only) could afford the non-isotopically substituted product of interest, it is
doubtful whether such a strategy would have any merits.
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Summary

The present-day combination of quantum theory and computing power has opened the
possibility to investigate (bio)chemically interesting systems in silico. A selection of
successes and failures has been collected in Chapter 1. It is concluded that the accuracy
of the prediction of various properties of small molecules using computational
techniques is still increasing steadily, up to the point where chemically accepted values
are within reach. Application to enzyme catalysis is, however, still hampered by the size
of the systems. Examples involving the calculation of binding affinities, electron transfer,
and reaction rates are provided. The quinohemoprotein alcohol dehydrogenase (QH-
ADH) from Comamonas testosteroni is introduced as a suitable target for further
investigations using computational methods.

Alcohol dehydrogenases containing pyrroloquinoline quinone (2,7,9-tricarboxy-1H-
pyrrolo[2,3,flquinoline-4,5-dione, PQQ) as an organic cofactor are of fundamental and
practical interest. The quinoprotein methanol dehydrogenases, MDHs, from
methylotrophic organisms have been particularly well studied. However, much less is
known of the quinohemoprotein alcohol dehydrogenases (containing PQQ, Ca** and
heme c), of which the QH-ADH from C. testosteroni is an example. In Chapter 2 the
current status of this field is reviewed. Attention is given to the structural and mechanistic
features involved in the catalytic action of these enzymes. Proposed mechanistic schemes
are discussed. Considering available experimental evidence, two mechanisms are
highlighted: 1) formation of a covalent, hemiketal adduct at the PQQ-C(5) position and 2)
direct hydride transfer of the substrate a-hydrogen to the PQQ-C(5) position promoted by
the nearby Ca*-ion.

Applying various molecular modeling approaches and a combination of energetic
and geometric criteria, the intermediate calcium-alcohol complex involved in the direct
hydride transfer reaction is concluded to offer a better explanation for the observed
enantioselectivity than does the PQQ-C(5) adduct.
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The construction of a homology-based model of the QH-ADH from C. testosteroni is
described in Chapter 3. Although the sequence identity is low, related methanol
dehydrogenases have been used as templates for the catalytically active PQQ-domain. A
crude model of the covalently bound cytochrome ¢ domain could be build using the
minimal sequence homology with cytochromes ¢ for which structural information was
available at the time. Emphasis is on locating the position of this domain relative to the
PQQ-domain with regard to electron transfer properties.

Results of the investigations regarding the reaction mechanism of quinohemoprotein
alcohol dehydrogenases are described in Chapter 4. The mechanism involving direct
hydride transfer is studied by calculation of the reaction of PQQ and various PQQ-
derivatives with methanol using moderate to high level ab initio theory. All possible
intermediate states are calculated and the Transition State for the reaction between PQQ
and methanol in the presence of calcium is located. Although the absolute value for the
energetic barrier calculated in this way is too high, direct hydride transfer from the
substrate a-hydrogen to the PQQ-C(5) position appears to be a likely reaction
mechanism.

Chapter 5 describes the use of isotopes to probe the enzyme-catalyzed reaction. For
the first time kinetic isotope effects (KIEs) on the enantioselectivity of an enzyme are
reported. To investigate the actual reaction mechanism of QH-ADH from C. testosteroni
the effects on the enantiomeric ratio, £, in the ferricyanide-coupled kinetic resolution rac-
2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane (solketal) is measured. The observed
difference in E-values for the non-deuterated and deuterated form of solketal, £ = 30 vs. E
= 6, respectively, is rationalized by assuming different relative kinetic weights of the initial
hydron/deuteron transfer from substrate to cofactor and the subsequent proton/deuteron
shift in the cofactor-product complex. In case of the deuterated complex, this latter step
seems to partially overrule the enantiomeric discrimination in the first step.

At the start of this research, knowledge of the three-dimensional structure of QH-ADHs
was not available. In view of the large body of experimental observations, and especially
the elucidation of the primary sequence of the QH-ADH from C. testosteroni, a
computational strategy was adopted to construct a 3D model using homology modeling
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protocols. Recently, a high resolution X-ray structure of the QH-ADH from C. testosteroni
became available. A comparison of the homology model of QH-ADH with the elucidated
X-ray structure is included in Chapter 1. It is rewarding to see that the major structural
features were predicted correctly. More importantly, it appears that with this new
information the computational techniques that have been explored and developed in this
thesis can now provide more reliable guidelines to interprete the available experimental
data. This may well lead to a better understanding of the electronic and kinetic properties
of this intriguing and fascinating enzyme and of biocatalysts of similar complexity.
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Samenvatting

De combinatie van quantum theorie en rekenkracht van de huidige computer maakt het
mogelijk interessante (bio)chemische systemen in silico te bestuderen. Een selectie van
successen en mislukkingen is verzameld in Hoofdstuk 1. Geconcludeerd kan worden dat
de nauwkeurigheid van de rekenmethoden wat betreft het voorspellen van de
eigenschappen van kleine moleculen gestaag toeneemt en de grens nadert waarop
voorspellimgen met chemische nauwkeurigheid kunnen worden verricht. Bij het
toepassen van deze technieken op enzymgekatalyseerde processen vormt de grootte van
deze systemen een probleem. Voorbeelden van de berekening van bindingswaarden,
elektronen transport, en reactie snelheden worden besproken. Aan het eind van
Hoofdstuk 1 wordt het quinohemoproteine alcoholdehydrogenase uit Comamonas
testosteroni geintroduceerd als een geschikt enzym om met rekenmethoden te
onderzoeken.

Alcoholdehydrogenasen die pyrroloquinolinequinon (2,7,9-tricarboxy-1H-pyrrolo-
[2,3,flquinoline-4,5-dion, PQQ) bevatten als organische cofactor zijn interessant, zowel
vanuit fundamenteel als vanuit praktisch oogpunt. De quinoproteine
methanoldehydrogenases, MDHs, uit methylotrofe organismen zijn zeer goed
bestudeerd. Veel minder is bekend over quinohemoprotein alcohol dehydrogenases, die
naast PQQ ook een Ca®*-ion en een heem c¢ bevatten. Hiervan is het QH-ADH uit C.
testosteroni een voorbeeld.

In Hoofdstuk 2 wordt een overzicht gegeven van de huidige inzichten op het gebied
van quinoproteine enzymen. De aandacht gaat vooral uit naar de structurele en
mechanistische aspecten die van belang zijn bij de katalytische eigenschappen van deze
enzymen. Voorgestelde mechanismen worden besproken. Gelet op de beschikbare
experimentele data blijven twee mechanismen over als zijnde meest waarschijnlijk: 1)
vorming van een covalent-gebonden, hemiketaal adduct op de PQQ-C(5) positie; 2)
directe hydride overdracht van het waterstof atoom op de a positie van het substraat naar
de PQQ-C(5) positie, gestimuleerd door het dichtbij gelegen Ca**-ion.
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Op basis van moleculaire modelleer technieken en een combinatie van
energetische en geometrische criteria, lijkt de vorming van een intermediair calcium-
alcohol complex, gevormd tijdens de directe hydride overdracht, een betere verklaring te
geven voor de waargenomen enantioselectiviteit dan vorming van het PQQ-C(5) adduct.

De constructie van een ruimtelijk model voor het QH-ADH op basis van sequentie
homologie met MDHs wordt beschreven in Hoofdstuk 3. Ondanks de matige
overeenkomst kondenverwante MDHs gebruikt worden als referentie structuren voor het
katalytisch actieve PQQ-domein. Een grof model van het covalent gebonden heem
domein kon worden gebouwd door de beschikbare structurele informatie van enkele
cytochromen te gebruiken, alhoewel die siechts minimale overeenkomst in primaire
sequentie vertoonden. De nadruk is daarom gelegd op bepaling van de locatie van dit
domein relatief ten opzichte van het PQQ-domein, in de wetenschap dat er elektronen
transport plaats moet kunnen vinden tussen PQQ en heem.

In Hoofdstuk 4 worden de resultaten van het onderzoek aan de mogelijke reactie
mechanismen van de QH-ADHs beschreven. Het mechanisme, uitgaand van een directe
overdracht van het hydride, is bestudeerd door berekeningen te verrichten aan de reactie
van PQQ en PQQ-derivaten met methanol op verschillende theoretische niveaus.
Mogelijk relevante intermediairen zijn in de berekening betrokken zodat de
overgangstoestand van de reactie tussen PQQ en methanol in de aanwezigheid van
calcium kon worden gelokaliseerd. Ondanks het feit dat de absolute waarde van de
berekende energetische barriére te hoog uitvalt, wordt aannemelijk gemaakt dat de
directe overdracht van een hydride tussen de C, positie van het substraat en de C(5)-
positie van het PQQ zeer waarschijnlijk is.

Het gebruik van isotopen om het mechanisme van enzymgekatalyseerde reacties te
achterhalen is het onderwerp van Hoofdstuk 5. Voor het eerst wordt hier de invloed van
het kinetisch isotoop effect op de enantioselectivitiet van een enzym gerapporteerd. Om
het mechanisme van QH-ADH uit C. testosteroni te onderzoeken werd het effect op de
enantiomere ratio, E, in de ferricyanide-gekoppelde kinetische resolutie van rac-2,2-
dimethyl-4-hydroxymethyl-1,3-dioxolaan (solketal) gemeten. Het berekende verschil in
E-waarde voor de niet-gedeutereerde en gedeutereerde vorm van solketal, £ = 30 vs. £ =
6, kan worden verklaard door aan te nemen, dat er verschillen in kinetische bijdrage zijn
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voor de initiéle overdracht van een hydron/deuteron van het substraat naar de cofactor
en de daaropvolgende omlegging van het proton/deuteron in het cofactor-product
complex. In het geval van het gedeutereerde complex, lijkt dit de enantiomeer
discriminatie in stap 1 gedeeltelijke teniet te doen.

Bij aanvang van dit onderzoek was er weinig bekend van de driedimensionale
structuur van QH-ADHs. Gelet op de beschikbare hoeveelheid experimentele data zoals
de primaire structuur van QH-ADH uit C. testosteroni, leek het construeren van een 3D-
model door middel van homologie bouw wenselijk.

Recent werd de structuur van een kristal van QH-ADH uit C. testosteroni opgehelderd.
In Hoofdstuk 1 is het homologie model (Hoofdstuk 3) vergeleken met deze structuur. Het
geeft voldoening te zien, dat de belangrijkste elementen van de structuur correct
voorspeld zijn. Belangrijker is, dat met deze nieuwe informatie de gebruikte reken
technieken, die werden ontwikkeld tijdens dit onderzoek, met meer vertrouwen ingezet
kunnen worden om de beschikbare experimentele informatie te interpreteren. Dit zal
hopelijk leiden tot een beter begrip van de elektronische en kinetische eigenschappen
van dit intrigerende en fascinerende enzym en biokatalysatoren van vergelijkbare
complexiteit.
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In the end there still is curiosity












