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In this contribution we review recent NMR studies of protonation and hydrogen bond states of pyridoxal 5′-
phosphate (PLP) and PLP model Schiff bases in different environments, starting from aqueous solution, the
organic solid state to polar organic solution and finally to enzyme environments. We have established
hydrogen bond correlations that allow one to estimate hydrogen bond geometries from 15N chemical shifts. It
is shown that protonation of the pyridine ring of PLP in aspartate aminotransferase (AspAT) is achieved by (i)
an intermolecular OHN hydrogen bond with an aspartate residue, assisted by the imidazole group of a
histidine side chain and (ii) a local polarity as found for related model systems in a polar organic solvent
exhibiting a dielectric constant of about 30. Model studies indicate that protonation of the pyridine ring of PLP
leads to a dominance of the ketoenamine form, where the intramolecular OHN hydrogen bond of PLP exhibits
a zwitterionic state. Thus, the PLP moiety in AspAT carries a net positive charge considered as a pre-requisite
to initiate the enzyme reaction. However, it is shown that the ketoenamine form dominates in the absence of
ring protonation when PLP is solvated by polar groups such as water. Finally, the differences between acid–
base interactions in aqueous solution and in the interior of proteins are discussed. This article is part of a
special issue entitled: Pyridoxal Phosphate Enzymology.

© 2011 Published by Elsevier B.V.

1. Introduction

Pyridoxal 5′-phosphate (PLP, Scheme1) is a cofactor of enzymes that
are responsible for amino acids transformations such as racemization,
transamination and decarboxylation [1–4] among others. PLP contains
four functional groups, and therefore, a number of different chemical,
protonation, hydrogen bond and tautomeric states whose facile
interconversion is a pre-requisite for its catalytic activity. In water it is
present under the form of an aldehyde (Scheme 1a) or of an hydrate
(Scheme 1b). With amino groups it forms Schiff bases, called
“aldimines” if the reaction takes place with saturated amines or amino
acids, and “aldenamines” in the case of unsaturated amines
(Scheme 1c). When PLP is embedded in an enzyme it usually forms
the so-called “internal aldimine”with the ε-group of a lysine residue in
the active site, or “external aldimines” with amino acid substrates or
inhibitors. Finally, it may also form a geminal diamine as an
intermediate in the interconversion of aldimines or in condensation
with polyamines (Scheme 1d).

The first step of all PLP dependent enzyme reactions is the
replacement of the lysine residue with the amino group of an
incoming amino acid substrate producing an external aldimine. This
reaction is called “transimination”[5]. It has been argued that the
nucleophilic attack in the first step of the latter reaction requires a
positive charge on the Schiff base imino nitrogen [1,6–8]. For that, the
bridging proton of the intramolecular OHN hydrogen bond has to be
transferred from the phenolic oxygen to the imino nitrogen. This
reversible proton tautomerism may be assisted by protonation of the
pyridine ring (Scheme 2).

Some of us have used liquid and solid state NMR techniques to study
proton transfer and hydrogen bonding in the past decades [9,10].
Therefore, we have applied these techniques to the study of the pro-
tonation, hydrogen bond and tautomeric states of PLP species in various
environments. Protonation states in aqueous solution were studied in
the case of PLP [11,12] and ofmodel PLP Schiff bases [13]. The latterwere
also studied by X-ray crystallography [14] and NMR in the solid state
[15], by liquid state NMR in polar solution [16,17] and, finally, in an
enzymatic environment, i.e. aspartate aminotransferase (AspAT) [18].

In this review, wewill address the following questions.What is the
nature of the two OHN hydrogen bonds of PLP Schiff bases? Is there a
coupling between both hydrogen bonds? How are these bonds
influenced by the environment? Is there a difference between the
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organic solid state, organic polar liquid state, water and the enzyme
environment? What kind of environment is realized in the latter?

In order to facilitate the discussion, we will initially discuss the
protonation states of PLP and PLP model Schiff bases in aqueous
solution. Then, we will describe their properties in the organic solid
state and polar solution, and finally, the properties of PLP as internal
aldimine in AspAT.

2. Chemical states and protonation states of PLP in aqueous
solution

The protonation states of PLP in water have been explored recently
using a combination of 15N NMR of PLP labeled with 15N in the

pyridine ring (1-15N) [11] and 13C NMR of (1-13C2) [12]. The struc-
tures of the labeled compounds as well as the resulting protonation
pattern are illustrated in Scheme 3. The protonation states are labeled
by Roman numerals which indicate the number of protons removed
from the fully protonated compound. These protonation states refer to
the whole molecule, and not necessarily to a given acid–base center.
The consequence is a proton tautomerism of protonation states I, II
and III as depicted in Scheme 3. In order to specify the tautomers, it is
useful to label the three acid–base centers of PLP. Thus, we label the
phosphate group as AH2, AH or A, the pyridine ring as BH or B, and the
phenol group as XH or X, where electrical charges are omitted. A given
protonation and tautomeric state can then be characterized by a
combination of the labels of the three acid–base centers.

In order to observe an effect of pH on the NMR signal of a given
nucleus its chemical shift must change upon protonation/deprotona-
tion. As proton transfer is fast in the NMR time scale, only signals are
observed which represent averages over all protonation and tauto-
meric states. The chemical shift of the methylene carbon shows little
dependence on the pH. By contrast, the 13C nucleus in the aldehyde or
hydrate site is of diagnostic value. Thus, by analysis of the pH
dependence of the signal of this carbon all four pKa values linking
protonation states 0 to IV could be obtained both for the aldehyde,
dominating at high pH, and for the hydrated form, dominating at low
pH [12]. The pKa values of both species are not very different; the
largest difference occurs for the interconversion between protonation
states I and II.

On the other hand, 13C NMR exhibits little diagnostic value for the
tautomeric processes, in contrast to 15N NMR [11]. The chemical shift
of the pyridine 15N nucleus changes strongly if the pyridine N is
protonated or deprotonated. The average signal position then
depends on the equilibrium constant of tautomerism. In protonation
state 0 only BH is formed and in IV only B providing the intrinsic
limiting chemical shifts at low and at high pH. In the hydrate, the
pyridine is protonated almost entirely in all protonation states besides
IV. By contrast, in protonation states II and III of the aldehyde the
proton is almost equally located on the pyridine N or the phenolic
oxygen. In protonation state I of the aldehyde, the proton is located
entirely on the pyridine ring and not on the phosphate.

In summary, one cannot associate independent pKa values to the
acid–base centers of PLP as they depend on each other. The location of
a proton in a given overall molecular protonation state depends on the
equilibrium constant of tautomerism, which – for a given protonation
state – is independent of pH. The pKa values of the aldehyde and of the
hydrate are not very different, but the equilibrium constants of
tautomerism are. Thus, the pyridine N of the hydrate is entirely
protonated below pH 8.7, but only to about one half in the aldehyde
below pH 8.3. Full protonation only occurs below pH 3.6.

3. Chemical states and protonation states of PLP in the presence of
amines and L-lysine in aqueous solution

In the past, PLP Schiff bases have been mainly studied by UV–Vis
absorption techniques [19–22]. However, UV–Vis spectroscopy lacks
the chemical selectivity provided by multinuclear NMR spectroscopy.
Therefore, 1H or 13C NMR at natural abundance in combination with
UV–Vis absorption techniques has been applied [19–21]. Recently, a
combination of 13C and 15N NMR has been used to obtain detailed
information about the protonation states and the intramolecular
tautomerism of PLP aldimines [13].

In Scheme 4 depicted are the protonation states of different
reaction products of PLP with amino groups. For simplification we use
abbreviated structures which highlight the functional groups.
Scheme 4a depicts the case of an external or internal aldimine
exhibiting five protonation states as PLP itself. The model aldimine of
Scheme 4b formed by PLP with a diamine exhibits an additional
protonation state arising from the free amino group. Six protonation
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states are also conceivable for a geminal diamine, for example the
cyclic geminal diamine of Scheme 4c. For simplification, we depict in
Scheme 4 only the ketoenamine tautomer, but the question arises of
how much the enolimine tautomer is formed in each protonation
state. As the pKa values and equilibrium constants of tautomerism of
the species in Scheme 4 depend on the chemical structure, we will
only discuss two representative cases in the following.

The simplestmodel of an internal aldimine is themethyl Schiff base 2
of PLP which was either labeled with 15N in the ring or in the imino
position. This species is stable in water only above pH 5; below that it
decomposes into PLP and the protonated amine. The 15N chemical shifts
of 2 measured recently [11] are plotted in Fig. 1 as a function of pH. The
pyridine N of 2 is protonated at low and deprotonated at high pH,
exhibiting a pKa value of 5.8. There is no apparent proton tautomerism
between the pyridineN and the phenolic oxygen, in contrast to PLP. The

protonation states of the phosphate group do not influence the 15N
chemical shifts within the margin of error. In analogy to PLP, from pH 6
and above the doubly deprotonated phosphate group dominates. The
imino nitrogen of 2 is protonated up to pH 11.4. The high pKa value is
partially due to the negative charge of the phosphate group; if the latter
is removed, thepKa valuedrops to10.5 as demonstrated for the caseof 3.
No sign of proton tautomerism according to Scheme 2 is observed. Thus,
either the ketoenamine tautomer is formed entirely exhibiting still the
intramolecular hydrogen bond, or the latter is broken by hydrogen
bonding to water molecules [11]. We note that a recent computational
study by Lin and Gao [23] showed that the enolimine tautomer is not
favored inwater in themethyl N-substituted Schiff base, but it becomes
stabilized – depending on the protonation state of the pyridine ring –

when a carboxylate group is introduced. This stabilization plays an
important role in the following enzyme reaction [24].
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In order to model more closely the biological substrates NMR
studies in aqueous solution were performed of PLP in the presence of
L-lysine [13]. L-lysine can form two different single headed Schiff
bases with PLP, either 4 involving the α-amino group or 5, involving
the ε-amino group (Fig. 2). Therefore, this system represents a model
for the transimination between the internal and external aldimines of
PLP. In addition, double headed Schiff bases are formed involving two
molecules of PLP and one L-lysine molecule. However, as the results
are not essentially different from those of the single headed ones they
are not discussed further. The equilibrium between the single headed
α- and ε-Schiff bases was recently studied by 13C NMR of the doubly
13C and singly 15N labeled compounds 4 and 5 whose structure in
protonation state III is depicted in Fig. 2. Information about the
protonation states and the intramolecular tautomerism was obtained
by 15N NMR.

The pHdependence of the 15N chemical shifts of the imino groups of
both model systems 4 and 5 is depicted in Fig. 2. Whereas 2 exhibited
only the ketoenamine formcharacterizedbya chemical shift of 140 ppm
(with respect to external solid 15NH4Cl) in protonation state III, low-
field shifts are observed for 4 and 5 indicating the presence of the
enolimine form. By a quantitative analysis the equilibrium constants of
tautomerism in protonation state III could be obtained, which are larger
for the ε-aldimine 5 than for the α-aldimine 4. Thus, in the latter,
the Schiff base nitrogen is less basic than in 2 and 5 as expected from the
electronic properties of the different nitrogen substituents. When the
phosphate group becomes protonated in protonation state II the
equilibrium constants are somewhat smaller, in agreement with a
weaker basicity of the imino nitrogen enhanced by the negative charge
of the phosphate in protonation state III. However, when the pyridine N
becomes protonated in state I and 0, we assume again that the
ketoenamine tautomer is again entirely formed as in the methyl Schiff
base 2.

An important point is that the observation of the enolimine
tautomer indicates that the intramolecular OHN hydrogen bond of 4
and 5 is not broken by water molecules in aqueous solution. Even
more important is that in aqueous environment, formation of the
ketoenamine tautomer does not require protonation of the pyridine N.

A geminal diamine (Scheme 1d) with L-lysine which would
involve a cyclic structure was not observed over the pH range studied
[13]. Several other geminal diamines of PLP have been detected in
solution [22,25–29]; recently, an enzymic geminal diamine formed by
an internal lysine and an external glutamate could be trapped and
observed by X-ray crystallography [30]. The protonation states of
geminal diamines are an open question. Therefore, we have used 15N
NMR to study PLP in aqueous solution in the presence of doubly 15N
labeled diaminopropane. Here, besides the single headed Schiff base 6
and double headed Schiff base, also the cyclic diamine 7 (Scheme 5)
detected previously by Metzler et al. [22] was observed and its
protonation states characterized [13]. Below pH 10 both amino groups
are protonated, i.e. protonation states 0 to III (Scheme 4c) are formed.
IV is stable only in a small range around pH 11, and the deprotonated
state V dominates above pH 12. It follows that, geminal diamines in
natural environments usually are accompanied by a counteranion.

Fig. 3 provides an overview of the occurrence of different PLP
species and their reaction partners as a function of pH. The color
intensity of the vertical bars indicates schematically the probability to
find a given species. The protonation states defined in Schemes 3 and
4 are represented by Roman numerals. pKa values that have been
determined are represented by horizontal lines separating the
protonation states. In order to facilitate the discussion we have
included schematically chemical formulas illustrating in each case the
protonation state exhibiting the highest probability in the whole pH
range. On the left side, the PLP species formed by reaction with
diaminopropane are depicted, and on the right side those by reaction
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with L-lysine.We have omitted the results obtained for double headed
Schiff bases where both amino groups of diamines or L-lysine form a
Schiff base [13].

Below pH 4, only free doubly protonated L-lysine or diaminopro-
pane is present, in a mixture with PLP for which the hydrate form 1h
dominates as expected [11,12]. The formation of single headed and
double headed Schiff base starts above pH 4. Whereas the single
headed ε-Schiff bases 5 with PLP remains stable when pH is increased
and becomes predominant at very high pH values, surprisingly, theα-
Schiff base 4 hydrolyzes at pH 12 releasing free L-Lysine and PLP as
aldehyde. The single headed Schiff base 6 with diaminopropane
shows a particular behavior: above pH 8 it is converted into a geminal
diamine species 7 which becomes the only product at very high pH.

It follows that the free energies of the different species are controlled
by protonation/deprotonation processes, but how is this feature related
to the acid–baseproperties of the individual functional groups?A lookat
Fig. 3 indicates that the acid–base properties of the pyridine N play the
most important role. The Schiff bases loose the pyridinium proton
entirely at pH4whenprotonation state I is interconverted into II; 1a and
1h loose the pyridinium proton partially, as the phenolic proton can
compensate partially for this loss [11,12]. Hence, pH 4 is the starting
point for the formation of the Schiff bases. They become, however,
dominantonlywhen1hand1ahavecompletely lost thepyridineproton

as well as the remaining phosphate proton in protonation state III. We
find only minor differences in the single and the double headed Schiff
bases, indicating that the two amino groups of diamines and of L-lysine
can react independently of each other.

As far as the stability of the geminal diamine is concerned, it is
plausible that it is destroyed by single or double protonation; double
protonation could immediately have the diamine as leaving group.
We note that Metzler et al. [19,21,22] had shown that other diamines
do not form geminal diamines with PLP. We have tried different
conditions in order to detect a geminal diamine with L-lysine at high
pH; however, the double headed Schiff bases with L-lysine decompose
at high pH as well as the single headed Schiff base 4 which
decomposes into the aldehyde 1a and free L-lysine. Only 5 remains,
entirely deprotonated in state V, but does not show any tendency to
form a geminal diamine.

We conclude here with one remarkable finding: there is one pH
where almost all PLP species, i.e. free aldehyde, hydrated PLP, and
single Schiff bases are present in comparable amounts; this is around
pH 7.

A second finding is important: formation of a geminal diamine
requires a very basic environment. Moreover, the flexibility of a lysine
side chain requires a negative entropy change for a geminal diamine
to be formed.

Finally, asdiscussed above, Fig. 3 indicates that at physiological pH, all
important PLP species, i.e. the aldehyde of PLP, the hydrate and the two
Schiff bases of PLP with the α- and with the ε-amino group of L-lysine,
representing models of the external and the internal aldimines are all
almost thermodynamically equivalent. This is the consequence of a
subtle balance of all acidic and basic groups, i.e. the phenol, pyridine N
and the phosphate group, that may well have been under evolutionary
pressure to be balanced.

4. Coupling of critical OHN hydrogen bonds of PLP Schiff bases in
solid and liquid model environments

As hydrogen bond properties and protonation states of the internal
and external aldimines of PLP in enzymes might be different than
in aqueous solution we have performed NMR studies of model
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complexes in the organic solid state and in polar aprotic organic
solvents. The idea was to correlate neutron crystallographic data with
solid state NMR parameters, in particular chemical shifts, and then to
obtain geometric information in non-crystalline environments from
the NMR parameters. The results obtained are described in the
following.

We start with a discussion of the geometric correlation for OHN
hydrogen bonds obtained from low-temperature neutron crystallo-
graphic data. They show a correlation between the two hydrogen
bond distances rOH and rHN of very different chemical systems [31].
The same correlation can be transformed into a correlation between
the natural H-bond coordinates q2=rOH+rHN and q1=½(rOH− rHN)
[32], depicted in Fig. 4a. For linear hydrogen bonds, the proton
coordinate q1 represents the distance between the average proton
position and the hydrogen bond center and q2 the heavy atom
coordinate, which is equal to the O…N distance in the case of a linear
hydrogen bond. The solid line in Fig. 4a refers to equilibrium
geometries which can be calculated using ab initio methods. The
dotted line represents a correction for anharmonic ground state
vibrations. The correlation covers both the formation of the OHN
hydrogen bond as well as proton transfer from O to N. When pro-
ton transfer occurs, the hydrogen bond is compressed as q2 is
decreased, but increases again after H has crossed the hydrogen
bond center. The data points in the minimum come from the triclinic
4-methylpyridine–pentachlorophenol complex which exhibits the
shortest known OHN hydrogen bond [33]. The great utility of the
correlation is that when the distance rHN is known, the distance rOH
can be estimated.

Distances rDN of the intermolecular ODN hydrogen bonds of a
number of polycrystalline complexes of 2,4,6-trimethylpyridine
(collidine) [34] and of aldenamine Schiff bases [15] with carboxylic
acids were obtained by dipolar 15N NMR. These distances correlate
well with the 15N chemical shifts δ(OHN) measured with respect to
the free bases which resonate around 270 ppm with respect to
external solid 15NH4Cl. Such a correlation is depicted in Fig. 4b. When

H is transferred toward N, i.e. the HN distance decreases, a strong high
field shift of the pyridine N is observed. Thus, for a given 15N chemical
shift, the distance rHN can be estimated, and by combination with the
correlation of Fig. 4a also the distance rOH.

In addition, it is well known that the chemical shift of the hydrogen
bonded proton depends strongly on the distance between the heavy
atoms of the hydrogen bond, resulting in a 1H–15N chemical shift
correlation of the type depicted in Fig. 5. In Fig. 5a the correlation for
the intermolecular OHN hydrogen bond of methyl and p-tolyl Schiff
bases series 8 and 9 is depicted. Each series is constituted by the free
PLP Schiff base and the corresponding 1:1 complexes with various
acids, in particular carboxylic acids [17]. Both data obtained for the
organic solid state as well as for polar aprotic liquids are included. The
correlation represents the NMR analog of the geometric H-bond
correlation of Fig. 4a. When H is shifted toward the H-bond center, it
experiences a low-field shift as the O…N distance is decreased; the NH
distancemonotonously decreases, leading to a bell-shaped correlation
curve as was found previously also for other acid–pyridine complexes
[32]. A maximum proton chemical shift δ(OHN) of about 21 ppm is
expected for configurations involving the shortest O…N hydrogen
bond length of about 2.45 Å predicted by the equilibrium correlation
in Fig. 4a. However, only values of about 20 ppm are reached in the
case of the data in Fig. 5a referring to polar liquids; values of about
19 ppm are reached in the organic solid state. This is consistent with
O…N distances of slightly larger than 2.45 Å as expected for low-
barrier hydrogen bonds, i.e. systems exhibiting a small barrier for
proton transfer separating two potential wells. A similar proton
tautomerism between two short H-bondswas previously observed by
1H and 13C NMR for a number of intermolecular complexes of acetic
acid with pyridines [35]. Deviations from the correlation curve in
Fig. 5a are also observed when H is close to oxygen, as carboxylic and
alcoholic OH protons exhibit substantially different chemical shifts
[36]. By contrast, since the data in Fig. 5a all refer to pyridine type
compounds the chemical shifts are similar when H is close to the
nitrogen of the pyridine ring. An ab initio calculation at the level of
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Hartree–Fock theory reveals two tautomeric states with very different
O…N distances and a large barrier separating the two states [17]. The
geometries of the latter are well located on the correlation curve. A
fast equilibrium between these two tautomers involving the equilib-
rium constant K would lead to values located on the straight dashed
line in Fig. 5a. Experimentally, this is not the case. Therefore, the
hydrogen bonds of carboxylic acids to the pyridine ring are strong and
do not exhibit large barriers for the proton motion. It is also
noteworthy that when a given complex in the organic solid state is
embedded in a polar liquid such as dichloromethane or the freon
mixture CDF3/CDF2Cl, whose dielectric constants were measured
some time ago [37], the proton in the intermolecular hydrogen bond
O1H1N1 is shifted strongly toward the nitrogen atom. This effect was
found previously for other pyridine–acid complexes [38].

In Fig. 5b depicted is the corresponding diagram for the
intramolecular OHN hydrogen bonds of 8, 9 and 10. The bell-shaped
dashed 1H–15N correlation curve is somewhat different from the one
in Fig. 5a as the imino nitrogen exhibits different chemical shifts as
compared to the pyridine nitrogen. However, in contrast to the
intermolecular OHN hydrogen bond, the intramolecular one does not
form low-barrier hydrogen bonds as can be directly inferred from the
graph. The data points are located off the correlation curve on straight

lines characteristic of a fast equilibrium between the enolimine and
the ketoenamine tautomers (Scheme 2). An interesting effect is
observed. The dominating tautomer exhibits always a longer
hydrogen bond compared to the corresponding non-dominating
tautomer, as illustrated by the two dashed upper lines with opposite
slope. This arises because of the polarity of the medium [39]. An
increase of the dipole moment is associated in the case of the
enolimine tautomerwith a strengthening of the hydrogen bond and in
the case of the ketoenamine tautomer with a weakening of the
hydrogen bond. As the enolimine tautomer dominates in a non-polar
environment, the corresponding ketoenamine exhibits then a shorter
hydrogen bond as compared to a polar environment. In the latter, the
ketoenamine tautomer dominates, and the corresponding enolimine
exhibits a shorter hydrogen bond. We note that the computed dipole
moments of the enolimine and ketoenamine species show similar
trends as that described here [23].

The question now arises whether the geometries of both hydrogen
bonds are coupled. For that purpose, we have depicted in Fig. 6 different
correlation curves for the average proton coordinates q1 of the twoOHN
hydrogen bonds. The correlation curve corresponds to series of
hydrogen bond or protonation states, either arising from chemical
variations, variations of the solvent polarity or of temperature.

These curves start with an initial state on the lower left side where
both hydrogen bonded protons are near their respective oxygen
atoms, and end on the upper right side as final state, where both
protons are located on their respective nitrogen atoms. Schematically,
the corresponding one-dimensional potential curves (V) are included
for O1H1N1 and the free energy curves (G) for O2H2N2. Besides
entropy terms, the essential difference between both types of
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hydrogen bonds is the height for the barrier of proton transfer, i.e.
small for O1H1N1 and larger for O2H2N2.

Along the correlated pathway both average proton coordinates
change in the same way leading to the diagonal correlation line (i).
Correlation lines (ii) and (iii) refer to uncorrelated pathways, where
in (ii) first the proton in the intermolecular hydrogen bond O1H1N1 is
shifted from O to N and then the proton in the intramolecular
hydrogen bond O2H2N2, whereas in (iii) the contrary is realized.

A direct experimental evaluation of the pathways in Fig. 6 is
difficult. For that purpose, the effects of deuteration in a neighboring
hydrogen bond on the proton chemical shift of a given hydrogen bond
are useful indicators, as has been shown for an intramolecular PLP
model system exhibiting coupled OHO and OHN hydrogen bonds [40].
Here, in the case of PLP model Schiff bases, we obtain information
about the coupling of O1H1N1 and O2H2N2 from a discussion of the
corresponding 15N chemical shifts, δ(O1H1N1) and δ(O2H2N2) which
are both measures of the proton positions averaged over all possible
tautomeric states and solvent configurations. The coupling is revealed
when both values are plotted vs. each other as has been described
previously [17] for the series of adducts 8 and 9 in the organic solid
state and in polar organic solvents. The results are depicted in Fig. 7.
The dashed correlation lines are presented as guides for the eye.

For solid Schiff base 8 and its solid state adducts it was found that
the average OH distances of O2H2N2 are only slightly increased when
H1 is shifted from O1 toward N1, a result which corresponds to
pathway (ii) in Fig. 6. This finding can be associated with the low
basicity of the Schiff base nitrogen carrying a tolyl group.

By contrast, the methyl Schiff base and its complexes 9 show a
strong coupling of the two hydrogen bonds. When H1 is close to O1,
H2 is close to O2 as found for the free base of 8 presenting an
intermolecular O1H1N1 hydrogen bond with a side chain OH group of
the next neighbor [14] as illustrated by the data points in Fig. 7 on the
lower left side. By contrast, in the case of solid adducts with carboxylic
acids where H1 is located near N1, the tautomerism in O2H2N2 favors
the ketoenamine form but there is a substantial amount of the
enolimine form, as illustrated by the solid triangles in Fig. 7 located

near the upper dashed line. Only with the assistance of a high solvent
polarity or even solvation by hydroxyl group containing solvents such
as methanol, the enolimine form is suppressed, as illustrated by the
data points located on the dashed diagonal line.

On the other hand, the data points for Schiff base models in
aqueous solution are not located on the above mentioned curves. As
was already described in Fig. 1, a 15N chemical shift titration of 9 [11]
indicated that above pH 11 H2 is removed from the intramolecular
hydrogen bond, leading to a low-field shift to the right side on the
upper dashed line in Fig. 7. At pH below 11, H2 is located in the
intramolecular hydrogen bond near N2, i.e. only the ketoenamine
tautomer is formed, independent of protonation of the pyridine N.
This leads to the vertical dashed line on the left side of Fig. 7. We note
again that in the case of Schiff bases with L-lysine the enolimine
dominates, but that exclusive formation of the latter requires ring
protonation (Fig. 2).

We draw the following conclusions. In media with dielectric
constantsmuch lower than in water, e.g. in polar organic solvents or in
the organic solid state, the two hydrogen bonds are coupled if the
basicity of the imino nitrogen and the acidity of the acid forming the
intermolecular hydrogen bond to the pyridine ring are balanced as
illustrated in Scheme 6a. In this case, a shift of H1 from O1 toward N1
favors the ketoenamine form. This process is assisted by local
solvation by proton donors AH as illustrated in Scheme 6b. AH
stabilizes the negatively charged oxygen atoms of both hydrogen
bonds. In water, the stabilization of O2 is such that the pyridine N does
not need any more to be protonated. However, in that case, the Schiff
base does not exhibit an additional positive charge which may be
required to initiate the nucleophilic attack as illustrated in Scheme 2.
Also the introduction of a carboxylate group into the substituent on
the imino nitrogen exhibits a similar effect [23].

5. Critical OHN hydrogen bonds of PLP in enzymic environments

In the previous sections it was shown that the hydrogen bond and
protonation states of PLP Schiff bases depend on the environment, e.g.
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when PLP is transferred from the organic solid state to polar aprotic,
protic and aqueous solution. This leads to the main question concerning
PLP enzymes: which type of hydrogen bond and protonation state, i.e.
which kind of environment is realized inside the active site. As X-ray
crystallography cannot easily localize protons, and as neutron crystal-
lography is difficult to apply to microcrystals and amorphous solids, we
have recently performed liquid and solid state 15N NMR experiments on
the internal aldimine of PLP in Escherichia coli aspartate aminotransferase
(AspAT, ~88 kDa), using our model studies as a reference for interpre-
tation [18]. The 15N-chemical shift–distance correlation for PLP models
[14–17] reviewed in the previous section allows one to estimate the
geometries of the intermolecular OHN hydrogen bonds of the pyridine

ring for the different environments and to characterize the enzymic
environment as described in the following.

In the X-ray structure of AspAT, PLP is covalently bound to Lys258 as
an “internal” aldimine in the active site [41–43], where the pyridine
nitrogen forms an OHN hydrogen bond to the side-chain carboxylate
oxygen of Asp222 as depicted schematically in Fig. 8a. An O…Ndistance
of 2.64 Å was observed but the position of the proton remained
uncertain [42]. The distancewas reported to shorten to 2.58 Åwhen the
inhibitor maleate was bound to AspAT, which induces the closed
enzymeconformation [42]. The shortO…Ndistances couldbeexplained
in terms of a short OHN hydrogen bond. Because of the higher acidity of
aspartic acid as compared to pyridinium N it was assumed that the
proton is located near the pyridine N.

But is this assumption sound? According to the 15N titration of
Fig. 1b the pKa of the pyridine ring of the methyl Schiff base 3 is 5.8
indicating the presence of the non-protonated ring at physiological pH.
From the 15N chemical shift an NH distance to hydrogen bondedwater
oxygen was estimated to be about 1.74 Å (Fig. 8b). The intramolecular
OHN hydrogen bond is zwitterionic as discussed above. As the pKa of
the aspartic acid side chain is 4.4, a strong OHN hydrogen bond to the
pyridine ring of AspAT is not plausible if the local environment is
similar to that in aqueous solution, with a dielectric constant of 78.

In order to evaluate if the local environment of AspAT is like a polar
aprotic environment we performed model 15N NMR studies on
complexes of the silylated aldenamine 8 in the presence of a protected
Asp222 model, using the freon mixture CDF3/CDClF2 as solvent, which
has a dielectric constant of 30 around 130 K. Both a 1:1 hydrogen
bonded complex 8b (Fig. 8c) and a 2:1 complex 8c were observed. In
both cases strongOHNhydrogen bondswere formedwhose geometries
were estimated from the 15N chemical shifts [18]. In the case of 8b the
proton is near oxygen, involving anH…Ndistance of 1.43 Å. By contrast,
the proton is shifted toward nitrogen in 8c resulting in anH…Ndistance
of 1.11 Å and anO…H distance of 1.48 Å (Fig. 8d), because the acidity of
a linear acid chain is larger than of a single acid molecule [44,45].

15N solid state NMR experiments were performed at 225 K on
microcrystalline AspAT lyophilized at pH 6.9 [18], where the pyridine
ring of PLP was specifically labeled with 15N. The 15N chemical shift
indicated an H…N distance of 1.09 Å and an O…H distance of 1.54 Å as
depicted in Fig. 8ewhich clearly indicates a zwitterionic structure for the
intermolecular OHN hydrogen bond in AspAT. The sum of the two
distances, 2.63 Å is in excellent agreement with the X-ray crystal
structure, yet, NMR clearly demonstrates the presence of a proton and
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provides details of its position between the N and O atoms involved in
the hydrogen bond. According to the findings discussed above, the
intramolecular OHN hydrogen bondmust be zwitterionic, in agreement
with absorption spectra of the enzyme under these conditions. For
AspAT in the presence of maleate the shortening of the O…N distance
observed by X-ray crystallography was confirmed by NMR [18].

A frequent question iswhether the X-ray crystallographic structure
is maintained in solution. This was answered for the aspartate–
pyridine hydrogen bond of singly 15N labeled AspAT by performing
15N NMRmeasurements of this system in water at pH 7.5. Whereas in
the solid state the 15N signal is broad, due to various solid state effects
including a narrow distribution of hydrogen bond geometries, a sharp
15N signal was observed for the aqueous solution at pH 7.5. A small
change in the signal position was observed, consistent with a slight
shortening of the N…H distance and a slight increase of the H…O
distance as illustrated in Fig. 8f. Thus, the zwitterionic character of the
OHN hydrogen bond is somewhat increased, but the pyridine N
remains protonated under physiological conditions. It follows that the
pyridine N and Asp222 in the active site of the enzyme behave as in
polar organic media: when they loose their water shell and come in
direct contact their combined basicity leads to a high pKa value. For the
OHN hydrogen bond of the His143–Asp222 ligand of AspAT to PLP we
observe a hydrogen bond geometry – both in the microcrystalline
environment as well as in water – which is typical for a medium
exhibiting a dielectric constant of about 30.Moreover, the pKa values of
the pyridine N and the aspartate carboxylic acid in water are not
appropriate for estimating the position of the proton in the
intermolecular Asp222/pyridine N OHN hydrogen bond. The enzyme
must provide additional interactions to allow proton transfer to the
pyridine N. The hydrogen bonds from Asp222 to His143 and two
conserved water molecules in the AspAT active site are, therefore,
probably the most important secondary interactions required to
shorten the H…N distance and to produce active enzyme.

These results indicate that the internal aldimine of PLP in AspAT is
present as a zwitterionic ketoenamine carrying an additional positive
charge which activates the cofactor for nucleophilic addition
(Scheme 2). This will hold for other PLP-dependent enzymes where
the pyridine ring of the cofactor is involved in a hydrogen bond with a
carboxylic acid group. However, in alanine racemase PLP forms an
internal aldimine where the pyridine N is not protonated, rather it
weakly hydrogen bonds to an arginine residue [46,47]. Thus, PLP does
not appear to carry a net positive charge. Richard et al. [48] have
suggested that PLP-dependent racemases sacrifice part of the
cofactor's intrinsic catalytic power by using it in the neutral pyridine
form. Apparently, the mechanistic imperative to direct the reaction
toward proton transfer at Cα, and avoid the wasteful dead-end
transamination reaction that occurs via protonation at C4′, overrides
the competing imperative to utilize the cofactor in its most active
form. A similar proposal was made by one of us [49]. Recently, mixed
quantum/molecular mechanical simulations of this system support
the presence of the ketoenamine structure induced by solvent dipoles
[50,51]. This is the same situation as described in the first section for
PLP Schiff bases in water above pH 6, where the ketoenamine forms
dominate but where nucleophilic substitution, at least by water
molecules, is slow or thermodynamically not favored. On the other
hand, a positive charge might be introduced in this case by the
addition of a stronger proton donor which forms a strong hydrogen
bond to the phenolic oxygen or which protonates the latter as
illustrated in Scheme 7. However, further studies are needed in order
to understand fully the intricacies of alanine racemase.

6. Conclusions

NMR is a powerful tool to determine average hydrogen bond
geometries both in the solid state and in solution. Thus, differences
between both phases can be detected and the role of the polarity of
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c d

Fig. 8.Hydrogen bond geometries of holo-AspAT and related model systems. (a) X-ray crystallographic structure [43]. (b) Methyl Schiff base 3 (see Fig. 1b) in water at pH 7.6. (c) 1:1
complex 8b of the tolyl Schiff base 8 with a protected aspartic acid in CDF3/CDF2Cl at 130 K. (d) The analogous 2:1 complex. (e) H-bond geometry of microcrystalline holo-AspAT at
225 K studied by solid state 15N NMR. (f) Corresponding geometry of holo-AspAT in aqueous solution at pH 7.5. For the values of the dielectric constant ε see Ref. [37]. For
explanations see text. Adapted from Ref. [18].
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the environment on critical hydrogen bonds can be evaluated even in
large proteins.

Using this method, we have shown that protonation of the
pyridine ring of PLP shifts the tautomerism of the intramolecular
hydrogen bond from the enolimine toward the ketoenamine form
(Scheme 2). A single carboxylic group is not sufficient for protonation
but needs to be assisted by a second proton donor such as histidine
(Fig. 8). Full formation of the ketoenamine form requires assistance of
solvation by additional proton donors. Both, the inter- and the
intramolecular OHN hydrogen bonds of PLP in most PLP-dependent
enzymes carry then a net positive charge as expected for the enzyme
reactions to take place. However, many surrounding polar groups, in
particular water, can also lead to a dominance of the ketoenamine
form, without protonation of the pyridine ring. Apparently, there is
then no net positive charge of PLP in alanine racemase, an unsolved
problem requiring further research.

We have also shown that the OHN hydrogen bond between the
aspartate residue and the pyridine N of PLP in AspAT exhibits a
geometry as expected for a correspondingmodel system embedded in
a polar organic solvent exhibiting a dielectric constant of about 30.
This value is far below that of water; in the interior of a protein this
local polarity is induced mostly by polar side chains and bound water
molecules. Thus, the active site environment is better modeled using
proton donors in polar aprotic solvents than in water.

The concept of pKa values which describes protonation states of
acids and bases in water under conditions of hydrated species breaks
down in proteins where direct persistent acid–base hydrogen bonds
are formed as illustrated in Fig. 9. At physiological pH, carboxylic acids
AH are deprotonated in water and present as anions, and bases B of
intermediate strength such as pyridine or histidine are neutral i.e.
deprotonated in water. However, if they are brought together to
interact in the interior of a protein they become very basic and may
incorporate a proton from solution. The individual pKa values of both
species are replaced by an apparent pKa value of the hydrogen bond
A―H⋅⋅⋅B formed. This value corresponds to the pH inwater where the
bond is destroyed by removal of the proton. The location of H in the
hydrogen bond cannot be predicted by the pKa values of both groups
in water. This location depends on the local electrostatics, as
illustrated schematically in Fig. 9.

Whereas our conclusions refer to enzymic ground states, we note
that related observations have been made for enzymic transition
states of ion recombination reactions by kinetic measurements of
Richard and Amyes [52] as well as by computational studies of Lluch
et al. [53]. In these studies it was shown that the lower polarity inside
enzymes as compared to water leads to a conversion of the solvent
separated ion pairs to zwitterionic, intimate ion pair states, or in other

words, to a reduction of the dipolemoment of the ion pair required for
the recombination reaction to occur.
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