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Abstract

Experimental probes of the acidity of weak carbon acids have been developed and used to
determine the carbon acid pKjs of glycine, glycine derivatives and iminium ion adducts of glycine
to the carbonyl group, including 5’-deoxypyridoxal (DPL). The high reactivity of the DPL-
stabilized glycyl carbanion towards nucleophilic addition to both DPL and the glycine-DPL
iminium ion favors the formation of Claisen condensation products at enzyme active sites. The
formation of the iminium ion between glycine and DPL is accompanied by a 12-unit decrease in
the pKj of 29 for glycine. The complicated effects of formation of glycine iminium ions to DPL
and other aromatic and aliphatic aldehydes and ketones on carbon acid pKj are discussed. These
data provide insight into the contribution of the individual pyridine ring substituents to the
catalytic efficiency of DPL It is suggested that the 5’-phosphodianion group of PL P may play an
important role in enzymatic catalysis of carbon deprotonation by providing up to 12 kcal/mol of
binding energy that is utilized to stabilize the transition state for the enzymatic reaction.
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1. Introduction

Pyridoxal 5’-phosphate serves as a cofactor for an extraordinarily large number of enzyme-
catalyzed reactions of amino acids [1, 2]. The primary catalytic role of PLP is to reduce the
activation barrier for conversion of a—amino acids to a zwitterionic carbanion [3]. The
primary functional roles of the protein catalyst are; (a) to provide additional catalytic
assistance to carbanion formation [4], (b) to ensure cleavage of the proper bond at the
reactant amino acid [5] and, (c) to direct the reaction of the carbanion intermediate to the
desired product.

Our interest in defining and rationalizing substituent effects on carbanion stability in water
[6-9] and in understanding the mechanism for catalysis of these reactions by enzymes [10,
11] prompted an examination of the carbon acidity of the simple amino acid glycine and
derivatives of glycine. This led to the determination of pKj for deprotonation of the a—
amino carbon of glycine [12], of glycyl peptides [13] and of several simple derivatives of
glycine [14-16]. There have been extensive studies to characterize covalent catalysis by PLP
in enzymatic [1], in model reactions[17-22], and in chemical syntheses that employ PLP
analogues as reagents [23]. By comparison, there is relatively little quantitative data on the
carbon acid pK;(s) of the key iminium ion intermediate of these reactions. For example, it
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was stated as late as 2004 that there is “ro available experimental information on the
energies of the carbanionic intermediate for the uncatalyzed or PLP catalyzed reactions (or
on their existence)’ [24]. We therefore extended our work and have evaluated the effect of
the PLP cofactor and related electrophilic catalysts on the carbon acidity of glycine [25], and
examined the relationship between the structure of PLP and its reactivity as a catalyst of
deprotonation of glycine [14, 26-28] and alanine [29]. We summarize here the results of
these studies, and their relevance to the mechanism of PLP-catalyzed reactions in water and
at enzyme active sites.

2.1. Methods for the Determination of Carbon Acid pKgs

The thermodynamic barrier to deprotonation of weak carbon acids and carbon acid pKjs
might be calculated directly from the equilibrium constant for ionization of the carbon acid
in water, but the concentration of the carbanion product is often too low to detect for
strongly unfavorable proton transfer reactions. These barriers can also be determined by
kinetic methods, because AG® (Figure 1) for thermodynamically unfavorable deprotonation

of a carbon acid is equal to AG! —AG’__ (eq 1 for Scheme 1), the difference between the

kinetic activation barrier to formation of the carbanion and the activation barrier to
carbanion protonation in the reverse direction.
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Kinetic methods to determine carbon acid pKjs have been summarized in a recent review
[11]. Briefly, carbon acid pKj,scan be determined from the ratio of rate constants for
formation and reaction of the carbanion (e.g., eq 2 and 3), provided it is possible to estimate
the value of the rate constant for fast carbanion protonation. For example, the Kkinetic barrier
to carbanion formation is the dominant term (AGpo > AGpon!, eq 1) for unfavorable
ionization of weak carbon acids, such as for deprotonation of the amino acid glycine to form
the highly unstable glycyl carbanion (Figure 1A). In this case, the small barrier for
protonation of the unstable carbanion by water can be estimated from the limiting rate
constant of A = 1011 s71 for rate-determining rotation of water into a reactive conformation
[8]. There is a much larger barrier AGyon™ (Figure 1B) to protonation of glycyl carbanions
stabilized by formation of a Schiffs base adduct to carbonyl compounds, including 5’-
deoxypyridoxal (Figure 1B). In these cases the pKj; for the carbon acid has been estimated
from the rate constant Ao for carbon deprotonation, using the linear free energy
relationship (eq 4) between the rate constant Ao and pKcy for the carbon acid [12, 25].

The essential experimental parameter used to estimate these carbon acid pKG3s (eqs 3 and 4)
is the second order rate constant Ao (M~1s™1) for deprotonation of the carbon acid by
hydroxide ion. In our hands, the fastest and most convenient method to determine Apg is to
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monitor the DO™-catalyzed deuterium exchange reaction of an acidic methyl or methylene
group in DOD (Scheme 2). This reaction can be conveniently monitored using *H NMR,
because the incorporation of deuterium results in a decrease in the area of the singlet for an
X-CHg or an X-CH,-R group (Scheme 2), and the appearance of a 0.01 — 0.02 ppm upfield
shifted triplet for the X-CH,D or X-CHD-R groups [6, 7]. Values of ko for carbon acid
deprotonation in HOH are then estimated from Apg for reactions in DOD, using
representative values of the solvent deuterium isotope effects (Aqo/kpo) for carbon acid
deprotonation [6-8, 12, 13].

3. Novel reactions between pyridoxal and glycine

1H NMR analysis of the reaction of glycine with the pyridoxal analog DPL in DO at pD
7.0 reveals the first-order disappearance of DPL to give a mixture at chemical equilibrium
that contains 3% DPL and 97% of the diastereomeric products shown in Scheme 3, but no
detectable (< 1%) incorporation of deuterium from D50 into glycine or transamination to
give 5’-deoxypyridoxamine [27]. It was therefore not possible to determine the effect of
DPL on the carbon acidity of glycine by monitoring the pyridoxal-catalyzed deuterium
exchange reaction of glycine. The Claisen-type addition of glycine to pyridoxal shown in
Scheme 3 was reported many years ago in a study on the role of metal cations in PL P-
catalyzed reactions [30]. These same Claisen-type adducts were also reported to form as a
product of the reaction of aminomalonate with DPL, presumably by decarboxylation of the
DPL -aminomalonate iminium ion to form the DPL -stabilized glycyl carbanion (Scheme 3),
which then reacts with the carbonyl group of a second molecule of DPL [31].

The rate-determining step for the Claisen-type condensation reaction between glycine and
pyridoxal at pH 2 — 7 is deprotonation of the glycine iminium ion (&, = AHo[HO] + Ag[B],
Scheme 3) to form the pyridoxal stabilized glycyl carbanion. This is because the rate of
addition of the carbanion to DPL (kaqg[DPL],, [DPL], =10 mM, Scheme 3) is much faster
than the rate of carbanion protonation by the water and by buffer catalysts (k<-p = Apon +
kgnu[BH]). Under these reaction conditions, the observed first-order rate constant for the
reaction of DPL is equal to the rate constant for deprotonation of H-DPL =Gly: kypsq =
kiqo[HO] + Ag[B], (Scheme 3). An examination of the reaction kinetics between pH 2 and 7
has provided a thorough description of the kinetic acidity of the different ionic forms of H-
DPL=Gly [25]. There is a large increase, with increasing pH, in the equilibrium constant for
addition of glycine to DPL to form the iminium ion H-DPL =Gly. This favors formation at
high pH of an additional novel product by addition of the DPL -stabilized glycyl carbanion
to the a—pyridyl carbon of H-DPL=Gly [28].

Enzymes such as serine palmitoyl transferase [32] and 5-aminolevulinate synthase [33]
catalyze Claisen-type addition reactions that involve addition of PLP-stabilized a-amino
carbanions to thioesters. For example, the key step for the 5-aminolevulinate synthase-
catalyzed reaction is addition of the PLP-stabilized glycyl carbanion to succinyl-CoA to
form a p—keto acid (Scheme 4), which then undergoes decarboxylation to 5-aminolevulinate.
Our results show that while the glycyl carbanion is strongly stabilized by interactions with
the PLP cofactor, it maintains a high Kinetic reactivity toward addition to the carbonyl
group. Therefore, the key condensation step in these enzyme-catalyzed Claisen reactions
probably requires no assistance by the enzyme beyond orientation of the carbanion and
thioester at the active site.
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4. The Burden Borne by Pyridoxal in Catalysis of Deprotonation of Glycine

An examination of the changes in carbon acid pKj; for a broad range glycyl derivatives and
glycine-iminium ions provides considerable insight into the contribution of the different
structural elements of the PLP cofactor to the enhanced carbon acidity of H-DPL=Gly.

Chart 1 shows that addition of the —~NH3* group to acetate anion causes a 4.5 unit decrease
in the carbon acid pKj from 33.5 [9] to 29 [12]. The conversion of glycine to its acetone
iminium ion 1-H results in a seven unit decrease in the carbon acid pK; from 29 to 22 (Chart
1) [34]. This relatively large effect on carbon acid pKj represents the sum of two smaller
effects:

1. Anenhancement of intramolecular electrostatic stabilization of the enolate anion by
interaction with the cationic nitrogen when the amino protons are replaced by an
organic fragment to give the iminium ion [3, 12]. This results in a 2 unit larger
acidifying effect of the a-NMes* group at betaine methyl ester (pKcn = 27) than of
the a-NH3* group at glycine methyl ester (pKcn = 29) [12].

2. Stabilization of the enolate by inductive and resonance interactions with the -
N*=C(CH3), substituent. Similar resonance and inductive interactions between an
enolate carbon and a vinyl (-C=C-) substituent result in a 3 unit lower pKj of 15.2
for the C-2 proton of 3-cyclohexenone [35] compared with the pK; of 18.1 for
cyclohexanone [36]. Part of this change in pK; must be due to an inductive effect
of the vinyl group, because a similar vinyl substitution causes a 1.0 unit decrease in
the pK; = 10.7 for CH3CH,CH,NH3™* to 9.7 for H,C=CHCH,NH3* [37], for a
reaction where there is no resonance interaction between the substituent and the
basic site.

The carbon acid pKj of 27 for the neutral benzaldehyde imine 2 (Chart 2) is similar to that
for betaine (Chart 1) and the pKj of ~ 23 for the protonated iminium ion 2-H (Chart 2) is
similar to that for the acetone iminium ion 1-H (Chart 1). These comparisons show that
there is no significant stabilization of negative charge at the enolate of 2-H by delocalization
of negative charge onto the phenyl ring substituent. The results suggest that the inductive,
and not the resonance effect of the -N*=C(R1)(Ry) substituent at 1-H and 2-H, is largely
responsible for the reduction in the carbon acid pKs for these compounds compared with
the pKj of betaine.

The 2-O7 substituent at the salicylaldehyde iminium ion 3-Hcauses only a small increase in
the carbon acid pKj of the benzaldehyde iminium ion 2-H. This reflects the destabilizing
interaction between the oxyanion ring substituent and the carbanionic glycyl carbon. By
contrast, there is an 8 kcal/mole /arger thermodynamic driving force for formation of the
iminium ion 3-H compared to 2-H. This reflects the stabilization of 3-H by the resonance
effect of the 2-O~ substituent, and the additional stabilization of 3-H by an intramolecular
hydrogen bond between the 2-O~ substituent and the iminium nitrogen [26]. This large
effect of the 2-O7 substituent on iminium ion stability dominates over the smaller effect on
carbon acidity (Chart 2), so that salicylaldehyde is more effective than benzaldehyde as a
catalyst of deprotonation of glycine [34]. The ring oxyanion at DPL should provide a similar
catalytic advantage to deprotonation of glycine through the H-DPL =Gly iminium ion
intermediate [26].

The a-benzyl carboxylate group at benzaldehyde causes a large increase in the reactivity of
the carbonyl group as an electrophilic catalyst [14, 34], which reflects the decrease in the
carbon acid pK'~ 23 for 2-H to pK; =14 for 4-H. This large substituent effect on carbon
acidity is consistent with a significant delocalization of negative charge from the enolate
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carbon to both the a-amino acid carboxylate (Scheme 5, resonance form A) and to the a-
benzylic carboxylate (resonance form C). The results suggest that the carboxylate group at
enzymatic pyruvoyl prosthetic groups is essential for effective catalysis of reactions that
proceed through a.-amino carbanion reaction intermediates [38—41]. Despite the strong
carbon acidity of 4-H, DPL is more effective than phenylglyoxalate as a catalyst of
deprotonation of glycine [14], because of the very favourable equilibrium constant for the
addition of glycine to DPL to form the iminium ion H-DPL=Gly that is stabilized by an
intramolecular hydrogen bond between the iminium nitrogen and the 2-O~ ring substituent
[25, 26].

A very low carbon acid pKj of 6 was estimated for the most highly protonated form of the
PLP cofactor Ho-DPL=Gly-H. This would favor enzymatic catalysis of deprotonation at the
a-imino acid carbon of H,-DPL=Gly-H. However, X-ray crystal structures of pyridoxal
enzymes show the cofactor bound in the form analogous to H-DPL =Gly [42-44], or in the
case of alanine racemase, in the form analogous to DPL =Gly (basic pyridine nitrogen [45]).
Despite the refatively weak carbon acidity of H-DPL=Gly (pKj; ~ 17) and the even weaker
carbon acidity of DPL=Gly (not determined) there are several reasons why enzyme-
catalyzed reactions are unlikely to proceed by deprotonation of strongest carbon acid Ho-
DPL =Gly-H. First, the equilibrium constant for formation of H,-DPL =Gly-H from glycine
and DPL is less favorable than for formation of H-DPL=Gly [25]. Second, there is a
substantial thermodynamic barrier at pH 7 to formation of Ho-DPL =Gly-H from H-

DPL =Gly because of the relatively weak basicity of the phenoxide oxygen (pK; = 3.0 [46])
and the carboxylate oxygen (pKj = 2.1 [46]). Third, the minimal ionic sites at the fully
protonated cofactor Ho-DPL=Gly-H compared with H-DPL =Gly provide few targets for
recognition by enzyme catalysts.

The low carbon acid pKj of ~ 18 for 5-H (Chart 3) [47] shows that the a.-pyridyl group
provides stabilization of negative charge by delocalization onto the pyridinium ring (Scheme
6A). The large electron-demand of the pyridinium ring favors delocalization of charge from
the a-amino to the a-pyridyl carbon at the DPL-stabilized glycyl carbanion, as required for
cofactor catalysis of transamination reactions by a 1,3 hydrogen shift (Scheme 6B). The
large effects of the pyridinium ion at H-DPL=Gly (pK; = 17, Chart 3) and the -CO5~
substituent at 4-H (pKj; = 14, Chart 2) on the acidity of the glycyl carbon suggest that a
strongly resonance electron withdrawing substituent at the iminium carbon is required to
drive delocalization of negative charge across the extended m-systems, as shown in Scheme
5 and 6B.

The acidity of the guanidinium amino acid side chain next to the pyridine ring nitrogen of
PLP at the active site of alanine racemase (Arg-219 [45]) is apparently much weaker than
for the carboxylic acid side chains next to this nitrogen at the active sites of D-amino acid
transaminase (Glu-177 [48, 49]) and alanine glyoxylate aminotransferase (Asp 180, [50]).
These observations suggest that the pyridine nitrogen is protonated during PLP enzyme-
catalyzed transaminase reactions, where there is requirement for delocalization of charge
onto the a-pyridyl carbon (Scheme 6B), but not during PLP enzyme-catalyzed racemization.
This is because holding the pyridine nitrogen in the basic form should minimize
delocalization of charge onto the a-pyridyl carbon, and protonation of this carbon to give
the unwanted product of transamination of alanine [45, 51, 52].

5. The Burden Borne by Pyridoxal Enzymes

The highly zwitterionic imine H-DPL =Gly undergoes nonenzymatic deprotonation by
phosphate dianion (pK; = 6.5) at 25 °C, with a second order rate constant kg = 1.7x1073
M~1s71[25] that is substantially smaller than the value of A,/ Ky = 32 M1 s71 for the
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tryptophan synthase-catalyzed deuterium exchange reaction of the pro-2/ hydrogen of
glycine at pD 7.0 [53], and of Aa/ Ky, = 4 x 10° M~1 571 for alanine racemase (Bacillus
stearothermophilus) catalyzed racemization of D-alanine at 25 °C [52]. A comparison of the
second-order rate constants for the nonenzymatic and alanine racemase-catalyzed reactions
shows that the presence of the protein catalysts causes a 2 x 108-fold rate increase in the
apparent second-order rate constant for the nonenzymatic reaction [25]. This is similar to the
true rate acceleration for carbon-acid deprotonation, because proton transfer is partly rate
determining for the alanine racemase catalyzed reaction [24, 45, 52]. It corresponds to a ca
11-kcal/mol stabilization of the transition state for deprotonation of the a-imino carbon. A
larger 19 kcal/mole transition state stabilization was estimated for proline racemase, which
does not require the assistance of the PLP cofactor [54]. This comparison shows that the
PLP cofactor relieves about one-half of the catalytic burden borne by proline racemase. The
cofactor therefore plays a critical, but not indispensible role in catalysis of the racemization
of amino acids.

6. Phosphodianion binding energy and catalysis

The interactions between the spectator phosphodianion group of PLP and enzyme catalysts
are certainly utilized to stabilize the enzyme-cofactor Michaelis complex. One of the most
important differences between enzyme and small molecule catalysts is that enzymes often
make efficient use of the interactions between the protein and nonreacting substrate parts in
the stabilization of the transition state for the enzymatic reaction at a distant site [55]. In
other cases the phosphodianion groups of D-glyceraldehyde 3-phosphate, orotidine 5’-
monophosphate and dihydroxyacetone phosphate each provide a ca. 12 kcal/mol
stabilization of the respective transition states for proton transfer catalyzed by
triosephosphate isomerase (TIM) [56], decarboxylation catalyzed by orotidine 5’-
monophosphate decarboxylase [57], and hydride transfer catalyzed by glycerol 3-phosphate
dehydrogenase [58]. Part of this binding energy is expressed at the ground state Michaelis
complex, but in all three cases more than 50% of the intrinsic binding energy of the substrate
phosphodianion group is expressed specifically at the transition state for the catalyzed
reaction [56-59]. There is little additional experimental data relevant to the importance of
the utilization of phosphodianion interactions in the stabilization of other enzymatic
transition states. However, it would be surprising if our recent work has uncovered the full
set of reactions where these interactions make an important contribution to the enzymatic
rate acceleration.

The PL P-dependent enzymes alanine racemase, ornithine decarboxylase and
diaminopimelate decarboxylase are members of the PLP-binding barrel superfamily [4, 60].
This superfamily exhibits a highly conserved phosphodianion binding motif that resembles
the phosphate binding motif of the TIM superfamily and the ribulose-phosphate binding
barrel superfamily, of which orotidine 5’-monophosphate decarboxylase is a member [60].
It is interesting to speculate that these phosphodianion interactions do not simply serve the
pedestrian function of stabilizing the Michaelis complex between the cofactor and the
protein catalyst, but that they may be specifically expressed at the transition state for
deprotonation of the a-imino carbon, and contribute to the protein stabilization of the
reaction transition state.
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Figure 1.
Profiles that show the changes in free energy for deprotonation of weak carbon acids (eq 1)

to form carbanion products. Note that the barrier to thermodynamically unfavorable proton
transfer (AGTHO) is equal to the sum of the thermodynamic barriers to proton transfer (AG
°) and the barrier to downhill protonation of the carbanion in the reverse direction
(AGTHOH). (A) Strongly thermodynamically unfavorable proton transfer reaction, for
which there is a limiting small barrier to protonation of the carbanion by water. (B)
Thermodynamically unfavorable formation of a strongly resonance stabilized carbanion, for
which there is a substantial kinetic barrier to protonation of the carbanion by water [61].
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