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Abstract

Oxidation of alcohols and amines is catalyzed by multiple families of flavin-and pyridine
nucleotide-dependent enzymes. Measurement of solvent isotope effects provides a unique
mechanistic probe of the timing of the cleavage of the OH and NH bonds, necessary information
for a complete description of the catalytic mechanism. The inherent ambiguities in interpretation
of solvent isotope effects can be significantly decreased if isotope effects arising from isotopically
labeled substrates are measured in combination with solvent isotope effects. The application of
combined solvent and substrate (mainly deuterium) isotope effects to multiple enzymes is
described here to illustrate the range of mechanistic insights that such an approach can provide.
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1. Introduction

Solvent isotope effects, in which one determines the effect(s) on a reaction of replacing
water as the solvent with deuterium oxide, can have advantages over other kinds of isotope
effects. There is no need to synthesize an isotopically labeled substrate, often the limiting
factor in measurement of a kinetic isotope effect; instead one simply makes up solutions in
D,0 instead of H,0. As a result, solvent isotope effects can be simple to measure
experimentally. In addition, in the case of exchangeable protons such as those on carbon,
oxygen, or sulfur, use of D,0 as solvent is the only way to incorporate the heavier isotope.
Conversely, interpretation of solvent isotope effects can be complex. Because all
exchangeable protons are replaced in D,O, multiple protons in the substrate can be replaced.
In addition, many protons in the enzyme are exchanged in D,O; this can have subtle effects
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on activity and structure. The properties of D,0 as solvent are not identical to those of H,0;
the former is ~24% more viscous than H,O at 25 °C and 20% more viscous at 37 °C [1, 2].
More critically, pK, values are altered in D,O and proper controls must be carried out to
compensate for this. Despite these complications, when properly measured solvent isotope
effects are an indispensable probe of reactions involving solvent-exchangeable protons, such
as those in alcohols or amines.

The measurement of isotope effects arising from substrates that are isotopically substituted
at non-exchangeable positions can be highly effective in addressing the inherent ambiguities
in interpreting solvent isotope effects. The present review focuses on the combination of
solvent isotope effects with other isotope effects to probe the mechanisms of amine and
alcohol oxidations by enzymes. It is not meant to be a comprehensive review of the
mechanisms of enzyme-catalyzed alcohol and amine oxidation or of the application of
solvent isotope effects to study enzyme-catalyzed reactions.

2. Measurement of solvent isotope effects

There have been a number of comprehensive treatments of the theory and analysis of solvent
isotope effects [3-5], and the reader is directed to those for a more comprehensive treatment.
Typically, solvent kies arising from transfer of a single proton from nitrogen or oxygen are
in the range 1.5-3, while transfer of a proton from sulfur yields an inverse solvent isotope
effect that can be as low as 0.5 [4]. Inverse solvent isotope effects of a similar magnitude
have also been associated with low-barrier hydrogen bonds and metal-bound hydroxide or
alkoxide [6]. Normal and inverse solvent kies can also arise from the combined effects of a
large number of small isotope effects; one possible origin for such effects is a change in the
relative amounts of different conformational substates when a protein is transferred to D,0.

For most enzymes key active-site residues must be properly protonated for tight binding
and/or catalysis, so that the activity of most enzymes is sensitive to solution pH. The pK,
values of these residues will exhibit solvent isotope effects, in that the pK; value will shift in
D0, increasing by 0.3-0.7 [3]. Similar shifts will occur in the pK, values for buffers. There
is also a solvent isotope effect on the glass electrode commonly used to measure pH, so that
0.4 must be added to the pH meter reading to obtain the correct pD for a buffer in DO [7].
Because of the likelihood of a shift in the pH dependence of an enzyme in D50,
measurement of a solvent isotope effects requires that the pH/D dependence of the kinetic
parameter(s) of interest, usually keqt and Keqt/ K, be determined in both H,O and D,0O. One
can then determine the solvent isotope effect on the kinetic parameter in a pH/D-insensitive
region of the profile.

A key question in interpretation of a solvent isotope effect is knowledge of the number of
protons contributing to the observed effect. This is typically addressed by carrying out a
proton inventory, in which one determines the solvent isotope effect in mixtures of D,O and
H,0 [5, 8]. The data are then fit to a version of the Kresge-Gross-Butler equation (eq 1),
which describes changes in the state of the proton as it goes from the reactant (R) state to the
transition (T) state. Here, kg is the kinetic parameter of interest in H,0, k, is the kinetic
parameter of interest in a solution containing a mole fraction of D50 of n, x is the number of
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protons in the reactant or transition state, ¢ is the respective fractionation factor, and (2)"
reflects a medium effect. The convention in treating solvent isotope effects has been to
describe the properties of the proton in the R and T states in terms of fractionation factors,
which are equilibria for isotope exchange reactions. For many reactions, the reactant has the
same fractionation factor as solvent, so that the solvent isotope effect can be attributed only
to a change in the state of the proton(s) in going to the transition state. The data can then be
fit to the much simpler eq 2, where the isotope effect (kie) is simply the inverse of the
transition state fractionation factor. A reaction in which a single exchangeable proton is in
flight in the transition state (x = 1) will yield a linear relationship between the observed
isotope effect and the fraction of D,O. If more than one exchangeable proton is involved
(x>1), the inventory is bowl-shaped. It can be very difficult to measure the Kinetics with
sufficient precision to distinguish whether a curved inventory arises from 2 or more than 2
protons. A solvent isotope effect due to a combination of a large number of small effects,
referred to as a medium effect, will yield the greatest curvature in the solvent inventory plot.
While one could simply use eq 1 with a large and arbitrary value of a, such data should
instead be fit to eq 3. Here Z is a fractionation factor, the inverse of the isotope effect. In
some cases, curved proton inventories can occur if the solvent isotope effect being measured
is suppressed from the intrinsic value due the presence of another solvent-insensitive step of
comparable magnitude, so that there is a change in the commitments [9].

X
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3. Utility of multiple isotope effects

A complete description of the structure of the transition state for a reaction requires
knowledge of the changes in all of the bonds in the substrate when the transition state is
formed. This is seldom done due to the amount of labor involved. However, at a minimum
one would want to determine the effect of isotopic substitution of all atoms undergoing bond
cleavage or formation. This is simplest if the reaction is concerted, with a single transition
state. However, it is not uncommon for more than one step in an enzyme-catalyzed reaction
to involve breaking of a bond. An important application of the use of multiple isotope
effects is discrimination between concerted and stepwise reaction [10]. If a reaction is
concerted, the isotope effect due to substitution of one reacting atom with a heavier isotope
will be unaffected or increase if the isotope effect is measured using substrate in which
another reacting atom is substituted with a heavier isotope. The former occurs if the isotope
effect being measured is the intrinsic value, while the latter occurs if the measured isotope
effect is decreased by kinetic complexity. Conversely, if a reaction is stepwise and the two
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steps exhibit isotope effects arising from substitution of different atoms, the isotope effect
measured for one isotope will be smaller when the substrate is also substituted with the other
heavier isotope.

4. Isotope effects on alcohol oxidation

4.1 Flavoenzymes

The application of isotope effects to study the mechanisms of flavoproteins that catalyze
oxidation of alcohols or amines is often simplified by their steady-state kinetic mechanisms.
Typically, oxidation of the substrate and concomitant reduction of the flavin occurs in the
absence of any interaction with the second substrate; in addition, this reductive half-reaction
is often irreversible. The subsequent oxidation of the reduced flavin then occurs by electron
transfer to oxygen to form hydrogen peroxide in the oxidases or transfer to another redox
cofactor in the dehydrogenases. A result of an irreversible reductive half-reaction is that the
Kcat/Km value of alcohol or amine substrate is independent of the concentration of the
oxidizing substrate. The separate reductive and oxidative half-reactions and the sensitivity of
the flavin visible absorbance spectrum to redox state also makes these enzymes very
amenable to single turnover methods, in that the reductive half-reaction can usually be
analyzed in the absence of the oxidizing substrate, allowing the rate constant for flavin
reduction by the substrate to be measured directly.

A number of flavoproteins that catalyze the oxidation of alcohols to aldehydes belong to the
GMC oxidoreductase family. These enzymes have a common fold that was first identified
from the sequences of glucose dehydrogenase, glucose oxidase, methanol oxidase, and
choline dehydrogenase [11] and subsequently confirmed by three-dimensional structures
[12]. Methanol oxidase (also known as alcohol oxidase) appears to be the first GMC
oxidoreductase for which solvent isotope effects were used as a mechanistic probe. Sherry
and Abeles reported that the enzyme from Hansenula polymor pha was inactivated by
cyclopropanol, and that the inactivated enzyme contained an adduct of the flavin with a ring-
opened form of the inhibitor [13]. Two mechanisms were considered for the inactivation
(Figure 1). In both the reaction is initiated by abstraction of the hydroxyl proton by an
active-site base. In path i opening of the cyclopropyl ring in the alkoxide generates a
transient carbanion that attacks the flavin. In path ii an electron is transferred from the
alkoxide to the flavin to generate the cyclopropoxy and flavin radicals. Rapid opening of the
ring in the former to yield a 3-propanol radical would be followed by recombination of the
two radicals to form the adduct. The radical mechanism was favored because no adduct was
detected when the native FAD was replaced with 5-deazaFAD as the cofactor. This
synthetic flavin is generally considered incompetent in radical reactions [14].

The mechanism of methanol oxidase was re-examined by Menon et al. [15] using isotope
effects on the oxidation of 2-substituted ethanols and p-substituted benzyl alcohols. The
Kcat/Km values for substituted benzyl alcohols showed a good correlation with the o- value
of the substrate yielding a p value of 1.9, consistent with an electron-rich transition state as
in alkoxide formation. With benzyl alcohol as substrate, the P(k¢ai/Km) value was 1.2 and
the P20 (k. ./Km) value 2.0, consistent with little change in the CH bond during cleavage of
the OH bond. The solvent inventory with benzyl alcohol was linear, consistent with a single
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proton being responsible for the solvent isotope effect, as expected if the isotope effects
reflect formation of the alkoxide. In contrast, the ke,/Ky, values for ethyl alcohols showed
the best correlation with the g value of the substrate and a p value of -1.2, suggesting a
slightly electron-deficient transition state. The isotope effects for these substrates varied
with the substituent. With ethanol the P(ka/Kn) value was 1.5 and the P20(k /K m) value
was 1.9, while 2-Cl- and 2-Br-ethanol both had P(kg./Km) values of 5 and P20(keai/Kpn)
values of 1.1. These data were interpreted as evidence for cleavage of the OH and CH bonds
in separate steps. With ethanol as substrate the energetics of the two steps are comparable,
while with the more electron-rich 2-Cl- and 2-Br-substituents cleavage of the CH bond has
become rate-limiting. The mechanism proposed to account for these results is shown in
Figure 2. In line with the suggestion of Sherry and Abeles [13], the reaction is initiated by
abstraction of a proton from the alcohol by an active-site base to form the alkoxide. Transfer
of a hydride from the alkoxide to the flavin then generates the aldehyde and reduced flavin.

Similar studies have been carried out with other GMC oxidoreductases. Choline oxidase
catalyzes the oxidation of choline to betaine aldehyde and the subsequent oxidation of that
compound to glycine betaine (Figure 3). With fully deuterated choline, the P(kcai/Kpy,) value
is 10.7 and the P20(k../K ) value is not significantly different from unity, establishing that
the CH and OH bonds are cleaved in different steps [16]. A mechanism analogous to that of
Figure 3 was proposed to explain these results, with rapid and reversible formation of the
alkoxide followed by hydride transfer. When the active-site residue His466 was mutated to
alanine, the keai/Km value decreased three orders of magnitude [17]. The P(kea/Kpm) value
for the mutant enzyme was 6.3, but, more critically, the P29(k../Ky,) value was 2.2 and was
the same with both deuterated and non-deuterated choline. The lack of a change in

the D20(k /K ) value with the deuterated substrate established that both isotope effects
arise from a single rate-limiting transition state. The authors proposed that the role of His466
was to stabilize the alkoxide. The loss of the interaction between the positively-charged
His466 and the alkoxide would delay cleavage of the OH bond until the transfer of the
hydride to the flavin began. A similar result had previously been reported for a mutant of
flavocytochrome by, leading to a similar mechanistic proposal (vide infra) [18].

Pyranose 2-oxidase, another member of the GMC oxidoreductase family, catalyzes the
oxidation of the C2 hydroxyl of aldopyranoses to the corresponding aldehyde (Figure 4).
The FAD cofactor is attached covalently to the enzyme through His167. Kinetic isotope
effects were measured for the oxidation of glucose by the H167A enzyme using single-
turnover methods [19]. Use of 2-[2H]-glucose as substrate decreased the rate constant for
flavin reduction by 3.9-fold, but this rate constant was unchanged when the reaction was
carried out in D,O. A stepwise reaction involving hydride transfer from the alkoxide similar
to that of Figure 2 was proposed to explain these results.

Similar studies of a fungal aryl-alcohol oxidase came to a somewhat different mechanistic
conclusion, even though this enzyme is also member of the GMC oxidoreductase family.
With either p-methoxybenzyl alcohol or 2,4-hexadiene-1-ol as substrate, the dideuterated
substrate gave an isotope effect of ~9 and a solvent isotope effect of 1.4 on the rate constant
for flavin reduction [20]. The deuterium isotope effect was unchanged in D,O and the
solvent isotope effect was unchanged when deuterated substrate was used, consistent with a
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concerted reaction. Based on QM/MM calculations, Hernandez-Ortega et al. [21] concluded
that the reaction is concerted but asynchronous, with proton transfer from the oxygen
preceding hydride transfer. These authors also carried out a similar QM/MM analysis for
choline oxidase; the results in that case were also consistent with proton transfer preceding
hydride transfer but with the alkoxide being an actual intermediate in the reaction so that the
reaction is stepwise.

The reported isotope effects for members of the GMC oxidoreductase family are fully
consistent with the mechanism of Figure 2, in which the proton is removed from the alcohol
oxygen before a hydride is transferred to the flavin. Different members of this family appear
to differ in the extent to which the alkoxide is stabilized. With choline oxidase and pyranose
2-oxidase, the alkoxide is a stable intermediate preceding rate-limiting hydride transfer.
With p-methoxybenzyl alcohol and 2,4-hexadiene-1-ol as substrates for aryl-alcohol
oxidase, the alkoxide is not an intermediate, but proton transfer from the oxygen still
precedes hydride transfer in an asynchronous transition state. Indeed, the results with
different substrates for methanol oxidase suggest that the relative energetics of OH and CH
bond cleavage are quite sensitive to the identity of the substrate, such that the barrier for OH
bond cleavage can be higher than that for hydride transfer from the alkoxide in some cases.

Oxidation of a-hydroxy acids to the corresponding keto acids is catalyzed by a family of
flavoproteins with a TIM barrel fold. This family includes both oxidases, e. g., lactate
oxidase, glycolate oxidase, and long chain hydroxy acid oxidase, and dehydrogenases, €. g.,
lactate dehydrogenase and mandelate dehydrogenase; the dehydrogenases also contain a
heme domain [22]. Some members of this family, such as lactate monooxygenase, will
catalyze an oxidative decarboxylation of the enzyme-bound keto acid product during the
oxidative half reaction [23, 24].

The mechanism of a-hydroxy acid oxidation by members of this enzyme family has been
controversial. Based on the structure of the yeast lactate dehydrogenase flavocytochrome by
with pyruvate bound, two possible mechanisms were proposed for oxidation of lactate
(Figure 5) [25]. In one (path i) the active-site base His373 abstracts a proton from the a-
carbon of the substrate to form a carbanion. This is followed by transfer of the proton from
the oxygen to the phenolate of Tyr254 as electrons are transferred to the FMN cofactor. In
the second (path ii) His373 abstracts a proton from the substrate hydroxyl as a hydride is
transferred to the FMN. Solvent and deuterium kinetic isotope effects were measured with
wild-type flavocytochrome b, and mutant enzymes to distinguish between the two proposed
mechanisms. With the wild-type enzyme, there was a kinetic isotope effect of 5.4 on the rate
constant for flavin reduction when 2-[2H]-lactate was the substrate; this same step showed a
solvent isotope effect of 1.0, establishing that OH and CH bond cleavage are not concerted
[26]. While the result is consistent with mechanism i, the pH profiles of the enzyme were
consistent with a need for His373 to be protonated but provided no evidence for the
involvement of the phenolate of Tyrps4. With the Y254F enzyme, the primary deuterium
kinetic isotope effects on the Kear and Keat/Kiactate Values were both 5.0, and both kinetic
parameters exhibited identical solvent isotope effects of 1.5 [18]. The former value
decreased slight to 4.5 in D,0, while the latter value decreased to 1.4 with deuterated
lactate. These results are consistent with a slightly asynchronous concerted mechanism in
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the mutant protein due to loss of the interaction with Tyr,s4. In the wild-type enzyme Tyros,
is able to stabilize the alkoxide, allowing it to form before hydride transfer to the FMN. This
stepwise mechanism in which alkoxide formation precedes hydride transfer is essentially the
same mechanism as is described above for oxidation of simple alcohols by flavoproteins.

4.2 Pyridine nucleotide-dependent enzymes

A large number of pyridine-nucleotide dependent enzymes will catalyze oxidation of
alcohols. These enzymes typically utilize ternary complex kinetic mechanisms that, together
with the lack of a bound chromophore, can make their kinetics more complex than is the
case for the flavoproteins discussed above. The pyridine nucleotide-dependent alcohol
dehydrogenases can be divided into three structural families: the metal-independent short-
chain dehydrogenase/reductase (SDR) superfamily; the medium-chain dehydrogenase/
reductase (MDR) family, which contains metal-dependent and independent members; and
the metal-independent polyol-specific long-chain dehydrogenase/reductase (PSLDR) family
[27-29]. Within the MDR superfamily the alcohol dehydrogenase from horse liver has long
served as a model system for understanding fundamentals of enzyme-catalyzed reactions
and for development of kinetic methodology [30-34]. Structures of the enzyme with NAD*
and 2,2,2-trifluoroethanol or 2,3,4,5,6-F5-benzylalcohol bound have been obtained at very
high resolution (1.1 A) [35]. These show a distance from the active-site zinc to the substrate
oxygen of 1.96 A, consistent with a zinc-alkoxide, and a distance from the oxygen of Ser,g
to the substrate oxygen of 2.48 A, consistent with a low-barrier hydrogen bond (Figure 6).
While solvent and deuterium kinetic isotope effects on the steady state kinetic parameters
for oxidation of cyclohexanol by horse liver alcohol dehydrogenase were reported separately
early on, interpretation of these is complex due to the pH dependence of the steady-state
Kinetic parameters and to their kinetic complexity [36, 37]. Isotope effects obtained from
rapid-reaction studies, where it is possible to monitor the hydride transfer to NAD directly,
are simpler to interpret. With benzyl alcohol as substrate, the deuterium and solvent isotope
effects were 4.6 and 0.57, respectively; the substrate deuterium isotope effect was
unchanged in D,0, and the solvent isotope effect was unchanged with the deuterated
substrate, establishing that both isotope effects arise from the same step [38]. Oxidation of
ethanol similarly showed a normal deuterium isotope effect of 3.8 and an inverse solvent
isotope effect of 0.5; the solvent inventory determined with this substrate was curved [39].
These data are consistent with the mechanism of Figure 6 [38]. Here, hydride transfer occurs
from the metal-bound alkoxide, and the low-barrier hydrogen bond is lost as the alcohol is
oxidized to the aldehyde [30, 39]. This mechanism resembles that proposed in Figure 2 for
flavin-dependent oxidation of alcohols in that hydride transfer occurs from an enzyme-
stabilized alkoxide. There is a solvent isotope effect because a low-barrier hydrogen bond is
used to stabilize the zinc-bound alkoxide, and the proton involved undergoes a change in its
fractionation factor during the reaction. The curvature of the proton inventory can be
explained by a combination of a ground-state effect fractionation factor of 0.37 due to the
low-barrier hydrogen bond and a transition state fractionation factor of 0.73.

Similar analyses were carried out with Pseudomonas fluorescens mannitol dehydrogenase, a
member of the metal-independent PSLDR family [40, 41]. With this enzyme the deuterium
and solvent isotope effects changed differently with pH. The primary deuterium kinetic
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isotope effect on the kqq/Kpy, value for mannitol had a value 1.8 at pH 9 and below and
decreased to 1 above a pKj value of ~11; the deuterium isotope effect at pH 10 value did
not change significantly in D,O. At pH > 10, where the Kcat/Kmannitol Value was pH-
independent, there was a solvent isotope effect of 2.4 that was associated with a linear
proton inventory. In the reverse direction, fructose reduction, the primary deuterium isotope
effect on the Keq/Ksryctose Value was maximal at pH 7 with a value of 2.5, decreasing to 0.83
at pH 10. The solvent isotope effect was 2.6 at pH 7. These data were interpreted as
involving a stepwise mechanism of alkoxide formation prior to mannitol oxidation, with a
pH-sensitive conformational change preceding hydride transfer.

NADP*-Dependent isocitrate dehydrogenase is a member of a superfamily of metal-
dependent decarboxylases [42, 43]. The mechanism involves oxidation of isocitrate to
oxalosuccinate followed by decarboxylation to yield 2-ketoglutarate (Figure 7) [44, 45].
There are two proton transfers in this reaction, the deprotonation of the alcohol, analogous to
the reactions discussed above, and the protonation of the 2-ketoglutarate enolate formed by
decarboxylation. Combined solvent and primary deuterium kinetic isotope effects have been
used to study the mechanism of the enzyme from Mycobacterium tuberculosis [46]. Both the
Kcat and Keat/Kisocitrate Values showed modest primary deuterium isotope effects of ~1.4;
these decreased to ~1.2 in D,0. The solvent isotope effects on ke and Keai/Kisocitrate Were
3.0 and 1.5, respectively; these decreased to 1.7 and ~1.0 with deuterated isocitrate. These
data clearly establish that the solvent and primary isotope effects arise from separate steps.
The authors concluded that the solvent isotope effect was more likely due to the protonation
of the enolate than deprotonation of the alcohol, which was expected to be coupled to
hydride transfer.

4.3 Other cofactors

Galactose oxidase is the best-characterized member of the small family of radical copper
oxidases that contain a stable tyrosyl radical coordinated to a single copper atom. With
galactose as substrate, there was a deuterium isotope effect on the rate constant for reduction
of the enzyme of 21, and a solvent isotope effect of 0.99 [47]. The results with a series of
benzyl alcohols as substrates were more complex. With 4-NO,-benzyl alcohol, the
deuterium isotope effect was 12 and the solvent isotope effect 1.07, while with 4-CH30-
benzyl alcohol the deuterium isotope effect was 4.3 and the solvent isotope effect was 1.2
[48]. With the latter substrate the deuterium isotope effect decreased slightly in D,O. These
results are similar to those for methanol oxidase described above [15]. Overall the results for
galactose oxidase are consistent with proton transfer preceding the proton-coupled electron
transfer in either an asynchronous concerted reaction or in a stepwise reaction in which the
alkoxide is a short-lived intermediate, depending on the substrate.

5. Isotope effects on amine oxidation

5.1 Flavoproteins

Several families of flavoproteins will catalyze the oxidation of amines and amino acids. The
initial oxidation product is released from the enzyme before it is hydrolyzed
nonenzymatically to free amine and aldehyde or ketone [49] (Figure 8). The mechanisms

Biochim Biophys Acta. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fitzpatrick

Page 9

proposed for oxidation of amines by flavoproteins include CH bond cleavage by abstraction
of a proton, a hydrogen atom, or a hydride as well as mechanisms in which CH bond
cleavage occurs concomitant with or after formation of an amine-flavin adduct [50]. Solvent
isotope effects in combination with other isotope effects have been used to distinguish
among these possibilities. The presence of nitrogen in the reacting bond has allowed
secondary nitrogen kinetic isotope effects to be utilized as mechanistic probes in addition to
primary deuterium and solvent isotope effects [51].

The flavoproteins that catalyze oxidation of amines belong to several different structural
families. Flavoenzymes with the same overall structure as D-amino acid oxidase will
catalyze the oxidation of D-amino acids, glycine, and some N-methylated amino acids
[52-56]. D-Amino acid oxidase from pig kidney has been the most-studied member of this
family. The primary deuterium Kinetic isotope effect with D-serine, a substrate for which the
isotope effect on the kqq/Kpy, value equals the intrinsic isotope effect, is 4.5, and the solvent
isotope effect is unity [57, 58], establishing that the amino proton is not in flight in the
transition state for CH bond cleavage. The observed 1°N isotope effect was affected by both
pH and solvent, decreasing from 1.0128 at pH 7.5 to 0.999 at pH 10.1 in H,O and increasing
to 1.0175 at pD 7.5 in D,O [59]. Both effects can be explained by the 1°N equilibrium
isotope effect of 1.026 on the pKj, of the amine in an amino acid; this effect is larger in D,O
[60]. This equilibrium effect results in a larger fraction of the 15N-amino acid being the
zwitterion than is the case for the 14N-amino acid; the effect becomes smaller as the pH
increases so that an increasing fraction of the amine is in the reactive neutral form. Thus the
observed decrease in the 1°N isotope effect kqo/Ky, value with increasing pH and the
increase in D50 provide evidence for the oxidation requiring a form of the substrate in
which the nitrogen is uncharged. Correction of the measured 1°N isotope effects at both high
and low pH and in both H,0 and D,O for the equilibrium 15N effect gave identical 1°N
isotope effects under all four conditions, 0.9963 + 0.0016, establishing that the amine
nitrogen is undergoing rehybridization in the transition state for CH bond cleavage. This
value is consistent with values predicted for mechanisms involving hydride or hydrogen
atom transfer, but not with carbanion formation by proton abstraction or the involvement of
an amino acid-flavin adduct [61]. The energetic barrier for amine oxidation by transfer of a
hydrogen atom or a single electron to the flavin is much higher than that for hydride transfer,
and no flavin radical has been detected in stopped-flow studies of these enzymes, so that a
mechanism involving a flavin radical is unlikely. The mechanism most consistent with all
the kinetic isotope effects is binding of the anionic amino acid to the enzyme followed by
hydride transfer to the flavin (Figure 9).

Similar results were found with N-methyltryptophan oxidase, an enzyme with the same fold
as D-amino acid oxidase that catalyzes demethylation of N-methyl amino acids by oxidizing
the bond between the amino acid nitrogen and the methyl group (Figure 10). The deuterium
isotope on both the Keai/Ksarcosine and Keat Value was 7.2 with N-(2Hs-methyl)-glycine, and
there was no solvent isotope effect on the Keai/Ksarcosine Value [62]. The 19N isotope effect
on the Keat/Ksarcosine Value was pH-sensitive, decreasing above the pKj, for sarcosine to a
limiting value of 0.9940 £ 0.0004 [61]. These results are again consistent with the anionic
amino acid as the substrate and a hydride transfer mechanism.
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D-Arginine dehydrogenase from Pseudomonas aeruginosa has an overall structure similar
to that of D-amino acid oxidase, although the sequence identity is low [63]. The enzyme
catalyzes a similar reaction, oxidation of D-amino acids to the imino acids, but differs in
substrate specificity and reactivity with oxygen [64]. Kinetic isotope effects and pH studies
were used to determine the mechanism of the enzyme with the slow substrate D-leucine
[65]. The rate constant for flavin reduction exhibited a solvent isotope effect of 1.8 and a
primary deuterium isotope effect of 5.1; the former decreased to 1.6 with the deuterated
substrate and the latter decreased to 4.7 in D,0. The authors concluded that the enzyme
binds the zwitterionic form of the amino acid substrate, with loss of the amino proton
occuring after a conformational change and preceding hydride transfer in a stepwise
reaction. This proposal differs from those above for other amine-oxidizing flavoproteins in
that loss of the amine proton occurs in the enzyme active site, but agrees that the amine
oxidation step involves hydride transfer from the anionic amino acid.

A separate family of flavin-dependent amine oxidases has structures similar to that of
monoamine oxidase [66], but pH-independent solvent isotope effects do not appear to have
been reported for these enzymes. Still, the pH and kinetic isotope effects for these enzymes
are consistent with the mechanism proposed for the D-amino acid oxidase family.
Tryptophan 2-monooxygenase is an amino acid oxidase/decarboxylase in the monoamine
oxidase structural family [67]. The effects of pH on the k¢,/K,, values for the amino acid
substrate established that nitrogen must be neutral for productive binding [68, 69]. With the
slow substrate alanine, the primary deuterium kinetic isotope effect was 6.0 and the pH-
corrected 1°N isotope effect 0.992, consistent with hydride transfer form the anionic amino
acid [60]. In the case of monoamine oxidase A, the pH dependence similarly established the
neutral amine as the substrate [70]. With monoamine oxidase B, there was a deuterium
kinetic isotope effect on the keu/Km value of 5.2, and a pH-corrected 15N isotope effect of
0.985; the latter increased to 0.990 with deuterated benzylamine [71]. These data suggest
that CH bond cleavage and nitrogen rehybridization are asynchrous with this enzyme.
However, quantitative analyses of these isotope effects are complicated by the evidence that
there is a significant forward external commitment with benzylamine as a substrate at the pH
of the measurements, in that the deuterium isotope effect on the ke,/Km, value is only about
one-half the isotope effects on k., and on the rate constant for flavin reduction [72].

The flavoprotein proline dehydrogenase catalyzes the oxidation of proline to 3,4-
dehydroproline in both eukaryotes and bacteria. The enzyme is found both as a
monofunctional protein and as part of a bifunctional enzyme that also contains Al-
pyrroline-5-carboxylate dehydrogenase. In both cases the enzyme has a TIM barrel fold, in
contrast to the other amino acid-oxidizing flavoproteins [73, 74]. Solvent and deuterium
kinetic isotope effects have been carried out with the monofunctional enzyme from
Mycobacterium tuberculosis [75]. There was a deuterium Kinetic isotope effect of 5.6 and a
solvent isotope effect of 2.1 on the kq5i/Ky, value for proline. The former value decreased to
3.4 in D50, consistent with a stepwise mechanism in which deprotonation precedes hydride
transfer. The deuterium isotope effect on the rate constant for flavin reduction exhibited a
primary isotope effect of 5.2 and a solvent isotope effect of close to unity, establishing that
hydride transfer occurs from the anionic amino acid.

Biochim Biophys Acta. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fitzpatrick

Page 11

Berberine bridge enzyme catalyzes a ring closure reaction in the biosynthesis of plant
alkaloids (Figure 11) [76]. The reaction is proposed to involve oxidation of the bond
between the nitrogen and the methyl group by hydride transfer to the flavin followed by
(path i) or concerted with (path ii) nucleophilic attack by C2' of the phenolic ring on the
iminium ion. The latter would be facilitated by abstraction by an active-site base of the
phenolic hydrogen, further activating the ring for nucleophilic attack. Solvent and primary
deuterium Kkinetic isotope effects were carried out with berberine bridge enzyme using
methyl-deuterated berberine [77]. The rate constant for flavin reduction showed a deuterium
kie of 3.5 and a solvent isotope effect of 1.0; the former was unchanged in D,O. Similar
results were obtained when the active-site base Glusq7, was mutated to glutamine. These
results establish that the phenolic proton is not in flight in the transition state for amine
oxidation, so that the reaction is either stepwise, with rapid ring closure after the rate-
limiting amine oxidation, or formation of the phenoxide does not occur.

5.2 Pyridine-nucleotide dependent enzymes

A number of pyridine-nucleotide dependent enzymes catalyze the reversible oxidation of
amino acids to the respective keto acids and ammonium ion (Figure 12). These enzymes
catalyze both oxidation of the amino acid by hydride transfer to the pyridine nucleotide and
hydrolysis of the Schiff base intermediate, in contrast to the flavoproteins described above.
Detailed mechanistic studies of glutamate and alanine dehydrogenase using pH and both
deuterium and 15N kinetic isotope effects [51, 78, 79] support the anionic amino acid as the
active form of the amine substrate in the forward direction and ammonia as the active form
in the reverse direction. While the kg4 values in both directions show solvent isotope effects,
the rate constant for oxidation of the amino acid does not [80], consistent with hydride
transfer involving the anionic amino acid.

Combined primary deuterium and solvent isotope effects have been used to determine the
catalytic mechanism of yeast saccharopine dehydrogenase, the enzyme catalyzing the final
step in lysine biosynthesis. These were done in the direction of saccharopine formation,
using NADD to determine the deuterium isotope effect. The deuterium isotope effects on
both the keat and the Kea/Kjysine Values were 1.5-1.6 in both H,0O and D0, consistent with
concerted transfer of a hydride and a proton from the positively charged nitrogen in the
reactive CN bond. The solvent isotope effect on the Keai/Kjysine Value was 1.9 with both
NADH and NADD, while the solvent isotope effect on the k.4 value decreased from 2.2
with lysine to 1.8 with deuterated lysine; this suggested that there was an additional step that
was sensitive to D50, likely loss of water from the carbinolamine intermediate (Figure 13).
Consistent with that conclusion, the solvent inventories for both kea/Kjysine and Keqt Were
bowed upwards, with the k., value exhibiting substantially more curvature [81]. Based on
the crystal structure, Lys77 was identified as the base that removed the proton from lysine
and His 96 as the residue involved in loss of water from the carbinolamine [82]. With the
H96Q mutant, the deuterium isotope effects on both ket and Keat/Kiysine Were not
significantly different form 1.0 in H,O or D,0, and the solvent isotope effects of 2.4 on Kat
and 2.2 on Keat/Kjysine Were unchanged with the deuterated substrate; these values suggest
that interconversion of the carbinolamine and the imine is fully rate-limiting in the mutant
protein, as expected for the proposed role of His96.
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6. Applications of combined solvent and primary kinetic isotope effects to
other reactions

In the reaction catalyzed by glyceraldehyde-3-phosphate dehydrogenase, attack of an active-
site thiol on the substrate aldehyde moiety forms a thiohemiacetal (Figure 14). Oxidation of
the thiohemiacetal by hydride transfer to an oxidized pyridine nucleotide generates a
thioester for nucleophilic attack by phosphate to form the 1,3-diphosphoglycerate product;
this step also involves proton transfer from the oxygen of the thiohemiacetal. Wolfson-
Stofko et al. [84] measured solvent and deuterium isotope effects with 1-[2H]-
glyceraldehyde-3-phosphate to examine the relative order of alkoxide formation and hydride
transfer for the M. tuberculosis enzyme. The solvent isotope effect on the Keqi/Kry, value for
glyceraldehyde-3-phosphate was significantly smaller with the deuterated substrate,
consistent with a stepwise reaction in which the alkoxide is formed before hydride transfer.

Heme oxygenase catalyzes the hydroxylation of its own cytochrome P450 heme moiety in
the catabolism of heme. Davydov et al. [85] measured secondary deuterium and solvent
isotope effects of 0.7 and 2.3 on the rate constant for the formation of the hydroxylated
heme from a hydroperoxy precursor at 215K. These values are consistent with concerted
protonation of the hydroperoxy-ferri-heme and oxygen addition to the heme ring.

7. Conclusion

For oxidations of both alcohols and amines by a variety of enzymes, the use of multiple
isotope effects has established that proton transfer precedes hydride transfer. For amine
oxidation, the much lower pK, values of amines than alcohols can result in there being a
sufficiently high fraction of the amine in the reactive neutral form at physiological pH that
the enzyme does not absolutely require an active-site base to remove a proton from the
amine. For alcohol oxidation, a variety of enzymes stabilize the alkoxide sufficiently that its
formation does not contribute to the rate of catalysis. Still, the exact timing of the two bond
cleavages appears to vary with different enzymes and even with different substrates for the
same enzyme. Methanol oxidase and galactose oxidase provide examples of how the use of
alternate, typically nonphysiological, substrates can alter the relative energetics of alkoxide
formation and the subsequent CH bond cleavage; aryl-alcohol oxidase may be another
example where the selection of substrate for mechanistic studies influences the results. The
suggestion that the flavoprotein D-arginine dehydrogenase binds the zwitterionic form of the
amino acid substrate productively, in contrast to the binding of the anionic substrate by other
amine-oxidizing enzymes, implies that there may be some diversity even among structurally
similar enzymes.

The examples cited here illustrate the utility of combining solvent isotope effects with other
kinetic isotope effects. Measurement of isotope effects involving bond order changes for
atoms that do not readily exchange, whether deuterium, 15N, or other isotopes not discussed
here, can identify the specific transition state(s) that contribute to the kinetic parameter
being measured. This knowledge can substantially decrease the ambiguity inherent in
interpretation of solvent isotope effects. The advantage of such an approach is most obvious
in cases where there is an isotope effect upon substitution of a non-exchanging atom in the
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substrate but none upon replacing H,O as the solvent with D,0, since such a result rules out
transfer of a solvent-exchangeable proton in the transition state. For many of the
flavoproteins catalyzing alcohol or amine oxidation, such an absence of an effect of D,O on
the Kinetics established the alkoxide or neutral amine, respectively, as the form of the
substrate from which hydride transfer occurs. In more complicated cases, as frequently
occurs with pyridine nucleotide dependent enzymes, measurement of combined isotope
effects, in which one determines if the solvent isotope effect changes when there is isotopic
substitution in the substrate or vice versa, has been critical in distinguishing stepwise and
concerted reactions and in identifying the individual step exhibiting the solvent isotope
effect.
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Figure 1.
Proposed mechanisms for inactivation of methanol oxidase by cyclopropyl alcohol.
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Figure 2.
Mechanism of methanol oxidase.
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Figure 3.
The reactions catalyzed by choline oxidase.
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Figure 4.
The reaction catalyzed by pyranose 2-oxidase.
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Figure 5.
Proposed mechanisms for oxidation of lactate by flavocytochrome b.
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Figure 6. Alcohol oxidation by zinc-dependent alcohol dehydrogenase [38]
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The mechanism of isocitrate dehydrogenase.
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Figure 8.
The reaction catalyzed by flavin amine oxidases. The second step is nonenzymatic.
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Figure 9. The mechanism of D-amino acid oxidase
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Figure 10.

The reaction catalyzed by N-methyltryptophan oxidase and sarcosine oxidase. The second
step is nonenzymatic.
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Figure 11.
Proposed mechanisms for berberine bridge enzyme.
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Figure 12. The reaction catalyzed by glutamate and alanine dehydrogenase
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Proposed mechanism for saccharopine dehydrogenase, based on Kumar et al. [82, 83].
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Figure 14.
Mechanism of thiohemiacetal oxidation by glyceraldehyde 3-phosphate dehydrogenase [84].
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