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ABSTRACT: Using 15N solid-state NMR, we have studied protonation
and H-bonded states of the cofactor pyridoxal 5′-phosphate (PLP)
linked as an internal aldimine in alanine racemase (AlaR), aspartate
aminotransferase (AspAT), and poly-L-lysine. Protonation of the
pyridine nitrogen of PLP and the coupled proton transfer from the
phenolic oxygen (enolimine form) to the aldimine nitrogen (ketoen-
amine form) is often considered to be a prerequisite to the initial step
(transimination) of the enzyme-catalyzed reaction. Indeed, using 15N
NMR and H-bond correlations in AspAT, we observe a strong aspartate-pyridine nitrogen H-bond with H located on nitrogen.
After hydration, this hydrogen bond is maintained. By contrast, in the case of solid lyophilized AlaR, we find that the pyridine
nitrogen is neither protonated nor hydrogen bonded to the proximal arginine side chain. However, hydration establishes a weak
hydrogen bond to pyridine. To clarify how AlaR is activated, we performed 13C and 15N solid-state NMR experiments on
isotopically labeled PLP aldimines formed by lyophilization with poly-L-lysine. In the dry solid, only the enolimine tautomer is
observed. However, a fast reversible proton transfer involving the ketoenamine tautomer is observed after treatment with either
gaseous water or gaseous dry HCl. Hydrolysis requires the action of both water and HCl. The formation of an external aldimine
with aspartic acid at pH 9 also produces the ketoenamine form stabilized by interaction with a second aspartic acid, probably via a
H-bond to the phenolic oxygen. We postulate that O-protonation is an effectual mechanism for the activation of PLP, as is N-
protonation, and that enzymes that are incapable of N-protonation employ this mechanism.

■ INTRODUCTION

Pyridoxal 5′-phosphate or vitamin B6 (PLP, Scheme 1) is a
metabolically central cofactor of enzymes of broad importance1

that catalyze a variety of amine and amino acid trans-
formations.2−5 Because it encompasses four functional groups,
PLP exists in a number of different protonation states and
tautomers, which enables its biochemical functions. As
illustrated in Scheme 1, in aqueous solution PLP exists as
aldehyde 1a under neutral and basic conditions or as hydrate
1h under acidic conditions.6 With aliphatic amino groups, it
forms aldimines 1s subject to a reversible proton tautomerism
between enolimine tautomer 1s-e and ketoenamine tautomer
1s-k (Scheme 1). In enzymic environments, internal aldimines
are formed with the ε-amino group of lysine residues in the

active site. External aldimines are formed with substrate amino
acids, releasing the lysine in a process called transimination
(Scheme 1).7 Evidence has been obtained from spectroscopic
and kinetic studies8−17 and from computational studies18 for
the formation of geminal diamines 1g along the enzymic
transimination pathways. Moreover, enzymic geminal diamine
intermediates have been observed by X-ray crystallogra-
phy,19−25 although the protonation states of the amino
nitrogens could not be determined by this method. In one
case, tetrahedral adducts of enzymic PLP with water have been
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detected.24 The latter could be intermediates of a hydrolysis
mechanism that has also been discussed in the literature.26,27

It has been argued that the nucleophilic attack of the
substrate amino group on C-4′ of the internal aldimine in the
first step of transimination requires a positive charge on the
aldimine nitrogen.3,28−30 For that, the bridging proton of the
intramolecular OHN hydrogen bond has to be transferred from
the phenolic oxygen to the aldimine nitrogen, a process that is
supposed to be facilitated by the protonation of the pyridine
nitrogen.2,29−31

Liquid- and solid-state NMR are important techniques for
studying proton transfer and H-bonding,32,33 and some of us
have used these techniques to study the protonation states of
PLP and PLP aldimines in aqueous solution,34,35 in the solid
state,36,37 and in polar aprotic solution.38,39 Indeed, we
observed cooperativity between the two OHN hydrogen
bonds of model PLP aldimines.37,39 It was found that the
equilibrium constants of the enolimine−ketoenamine tauto-
merism are increased substantially when the pyridine nitrogen
is involved in a strong H-bond or is protonated as illustrated in
Scheme 1. In addition, increasing solvent polarity shifts the
proton toward the pyridine nitrogen in complexes with proton
donors, which in turn shifts the proton in the intramolecular
OHN H-bond from the phenolic oxygen to the aldimine
nitrogen.
These model studies led us to study the hydrogen bond and

protonation states of the pyridine and Schiff base nitrogens of
PLP directly in protein environments using combined liquid-
and solid-state NMR. We focused first on E. coli aspartate
aminotransferase (AspAT, ∼88 kDa)31 in which PLP is
covalently bound to Lys258 as an internal aldimine in the
active site, as has been shown by X-ray crystallography.40 The
active-site structure is depicted schematically in Scheme 2a. In
this diagram, some important hydrogen atoms that cannot be
detected by X-ray crystallography are tentatively introduced in
probable positions. The pyridine nitrogen atom forms an OHN
hydrogen bond to the side-chain carboxylate of Asp222. An
O···N distance of 2.64 Å was determined, but OH and HN

distances could not be obtained.40b Removal of the carboxylate
group by the D222A mutation indeed produces an inactive
enzyme.41 Pyridine ring 15N-labeled PLP was synthesized and
introduced into the active site of AspAT. Its protonation and
hydrogen bond states were studied using high-resolution 15N
solid-state NMR with cross-polarization (CP) and magic angle
spinning (MAS). Thus, the formation of a strong OHN
hydrogen bond and a proton located near the pyridine nitrogen
was confirmed for microcrystalline AspAT and the AspAT-
maleate inhibitor complex.42 This finding is noteworthy
because the pKa of the pyridine nitrogen is about 5.834 whereas
the pKa of an aspartic acid side chain is 3.9;43 thus, whereas
both residues are deprotonated in water at physiological pH,
their ability to bind a proton cooperatively is strongly increased
in the AspAT active site. An account of previous NMR work in
this field has been given recently.44

By contrast, alanine racemase (AlaR), a potential target for
antibiotics45 that interconverts L- and D-alanine, behaves in a

Scheme 1. Main Chemical Structures of Pyridoxal 5′-Phosphate (PLP, 1) and Derivatives, Tautomerism of PLP Aldimines, and
Transimination between Internal and External Aldimines

Scheme 2. Schematic Views of PLP (a) in AspAT40b from E.
coli and (b) in AlaR from Bacillus anthracis47a

aHydrogen positions and charges are tentatively introduced in
plausible positions. Water oxygen positions in structure b are derived
from the X-ray structure.47
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very different way. This enzyme is difficult to crystallize. Ringe
et al.46 crystallized AlaR from Bacillus stearothermophilus in the
presence of acetate. The X-ray crystal structure obtained at 1.9
Å resolution showed an acetate bound in the active site near the
phenolic oxygen of PLP. Au et al. crystallized AlaR from
Bacillus anthracis without ligands or inhibitors after the
reductive methylation of some of the lysine side chains and
obtained a crystal structure at 1.47 Å resolution.47 A schematic
view of the active site including some important side chains,
hydrogen bonds, and crystallographic water molecules derived
from the crystallographic structure47 is depicted in Scheme 2b.
Instead of the acetate, a chain of two water molecules is
observed in the Bacillus anthracis structure, which provides a
link between phenolic oxygen O-3′ and the carboxylic group of
Asp318. We have again tentatively added hydrogen atoms in
plausible positions. To produce a hydrogen bond pattern
consistent with the short O···O distance of 2.62 Å, we had to
add an additional proton between the two water molecules
leading to a distorted Zundel cation hydrogen bonded to two
anionic oxygen atoms. The existence of the excess proton has
not been discussed to our knowledge, nor has the role of this
water chain and its importance to the transimination. This
excess proton as well as Arg138 probably fulfills the role of
neutralizing the negative charge on O-3′ and on Asp318,
whereas in AspAT there is no charged residue interacting with
O-3′.
One large difference between AspAT and the two AlaR

structures is that in the latter the pyridine rings are involved
only in weak hydrogen bonds with an arginine side chain,
exhibiting N···N distances of between 2.8 and 2.9 Å.40b,47

Because the basicity of the arginine guanidine group is much
greater than that of a pyridine ring, one assumes that the
pyridine ring is not protonated in AlaR. This raises the question
of how PLP is activated for nucleophilic attack without pyridine
ring protonation.
Before the AlaR structure from Bacillus anthracis was known,

QM/MM studies on AlaR by Gao et al.48 proposed that the
positive charge on the Schiff base nitrogen of the ketoenamine
tautomer, stabilized by local solvent dipoles, is sufficient to
initiate the reaction, although the whole aldimine is neutral
because of the compensating negative charge at the phenolic
oxygen. However, PLP-lysine Schiff bases in the ketoenamine
form are stable in water up to pH 10, and hydrolysis occurs
only at higher pH.6 NMR studies of solid external aldimines of
AlaR by Griffin et al.49 and of tryptophan synthase by Mueller
et al.50 with 15N-labeled inhibitors indicated the presence of the
ketoenamine form in the first case and of a fast enolimine−
ketoenamine tautomerism in the second.
Because the mechanism of the transimination of AlaR is still

unclear, we thought that studies of the hydrogen bond

structures of AspAT and AlaR might shine new light on the
activation of PLP-dependent enzymes. To determine the
hydrogen bond structures in which the pyridine ring is
involved, we have labeled PLP chemically with 15N in the
pyridine ring and introduced it into AspAT and AlaR for
subsequent solid- and liquid-state 15N NMR experiments.
Although we could obtain AspAT microcrystals, we could not
crystallize AlaR in the absence of acetate and studied
lyophilized samples.
Unfortunately, the characterization of the Schiff base

nitrogens of the internal aldimines by 15N NMR requires a
difficult, specific 15N labeling of the corresponding lysine ε-
amino groups. Therefore, we have used poly-L-lysine (PLL) as a
protein model environment for the internal aldimines of PLP
whose ε-amino groups could easily be labeled with 15N. Various
lyophilized solid samples containing 13C and 15N in different
positions were prepared, allowing us to observe changes using
13C and 15N CPMAS NMR after adding water and/or acid. The
interpretation of the results is facilitated by previous studies of
protonation and H-bond states of the amino groups in PLL.51

In addition, the 13C and 15N CPMAS NMR spectra of an
external aldimine model system with 15N-labeled aspartic acid
were studied.
The working hypothesis resulting from these studies is

depicted in Scheme 3, where we propose that, as an alternative
to protonation or strong hydrogen bond formation to the
pyridine nitrogen, protonation or strong hydrogen bond
formation to the oxygen of the phenolate might activate the
cofactor.
This Article is organized as follows. After an experimental

section, we report the results of our solid- and liquid-state
NMR studies of internal PLP aldimines in AlaR, AspAT, and
poly-L-lysine. The results and their implications for the
biological function of PLP are then discussed.

■ EXPERIMENTAL SECTION
Enzyme Purification and Cofactor Exchange. AspAT was

overexpressed in E. coli strain DB120 (DG-70) and purified as
described previously.52 The pyridoxamine phosphate (PMP) enzyme
form was obtained by adding 5 mM cysteine sulfinate on ice. The
solution was stirred for 30 min, and the pH was decreased to 4.9 with
glacial acetic acid. The conversion to the PMP form was followed by
the loss of the bright-yellow color of enzyme-bound PLP. The PMP
enzyme was then precipitated by adding ammonium sulfate to 75%
saturation on ice. PMP was removed by washing the precipitate with
an ice-cold solution of ammonium sulfate (4 M at 0 °C). After
centrifugation, the pellets containing the apoenzyme were suspended
in 50 mL of a 20 mM MOPS buffer solution titrated with bis-tris-
propane to pH 7.5.

The apoenzyme was concentrated with an Amicon concentrator
(Ultra-4 centrifuge from Millipore, 10 000 molecular weight cutoff) for
50 min at 18 000 rpm. The concentration of the enzyme was

Scheme 3. Activation of Cofactor PLP in PLP-Dependent Enzymesa

aActivation occurs by either (a) N-protonation, as previously proposed, or (b) O-protonation, as proposed in this study.
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determined by measurement of the absorbance at 205 nm.
Approximately 330 mg of apoenzyme was obtained.
Isotopically labeled holoenzyme was obtained by adding 1 mol eq.

of 15N-PLP34 to the solution of the apoenzyme, which became bright
yellow as a result of internal aldimine formation. Microcrystallization
was performed by adding dropwise a saturated solution of ammonium
sulfate (2 mL) to a solution containing the holoenzyme (2 mL, 770
μM) and PLP (20 μL, 77 μM) under very slow stirring. The addition
was stopped once the solution became turbid. The solution was
covered with Parafilm and left in the dark overnight. The
microcrystalline precipitate was centrifuged and transferred to a 4
mm rotor.
Alanine racemase from Geobacillus stearothermophilus was expressed

in E. coli strain BL21 (DE3) and purified as described previously.53

Holoalanine racemase was treated with a 10-fold molar excess of
hydroxylamine, which reacts with PLP to form an oxime. The solution
was then dialyzed three times against 100 mM sodium acetate, 30 mM
TEA-HCl, pH 8.0, and 0.1% β-mercaptoethanol in order to obtain the
apoenzyme. 15N-PLP34 was added to the apoenzyme, and the resulting
solution rapidly turned yellow because of internal aldimine formation.
The reconstituted AlaR was flash frozen in 2-propanol/dry ice and
lyophilized. The enzyme was stored at −70 °C. The protein
concentration was determined by the DC protein assay (modified
Lowry) from Bio-Rad with bovine serum albumin as the standard.
Hydration of the solid AlaR sample was achieved via the gas phase in a
desiccator containing water. A gain of 56% in weight was obtained,
corresponding to a total water content of 36%.
Syntheses. Synthesis of 15Nε-Poly-L-lysine. High molecular weight

poly-L-lysine (PLLh), enriched to about 50% with the 15N isotope in
the amino (Nε) side-chain positions, was synthesized as described
previously51a by modification of the procedure of Hernandez et al.54

The final product, PLL·HCl, exhibited a molecular weight of 160 000
± 40 000 Da, corresponding to 1000 ± 250 monomers in the
polypeptide. Low molecular weight poly-L-lysine (PLLl) was
synthesized by slight modifications of the PLLh synthesis and was
enriched to ∼98% with the 15N isotope in the amino (Nε) side-chain
position. Nε-Carboxy-anhydride-Boc-L-lysine (NCA) was prepared
with triphosgene instead of phosgene, and the polymerization was
induced with dry triethylamine instead of sodium methoxide as
described in detail in the Supporting Information. MALDI-TOF mass
spectra indicated that the final polymer contained about 19 lysine
residues (M ≈ 1659 g·mol−1). The raw product was dissolved in water
and dialyzed against water (5 cm tube, molecular weight cutoff 1000 g·
mol−1), with the water changed daily for 3 days (1 L of H2O each
time). The cleaned poly-L-lysine was then lyophilized and stored under
argon in the freezer. Yield 1.06 g (starting from 910 mg of Nε,Nε-
di(tert-butoxycarbonyl)-L-lysine and 4 g of 15N-lysine).
Water was degassed prior to use and stored under argon in order to

avoid carbamate formation from atmospheric CO2 and the amino
groups.55 The pH was adjusted using a HANNA HI 9025 pH meter
with a Hamilton Spintrode P electrode using sodium hydroxide and
hydrochloric acid solutions in degassed water at concentrations of 3, 1,
and 0.1 M.
Synthesis of 13C-Enriched Pyridoxal 5′-Phosphate (PLP). PLP was

isotopically enriched with 25% 13C from a multistep synthesis starting
from commercially available 13C-enriched maleic anhydride as
described previously.35

Preparation of Aldimines in PLL. 15Nε-Poly-L-lysine (26 mg, 0.2
mmol) was dissolved in 15 mL of degassed water, resulting in a final
concentration of 6 M. The process was assisted by an ultrasonic bath,
and the initial pH was 5.8. Lyophilized 13C-4′,5′-PLP (1a/1h) was
added in PLP/Lys ratios of 1:1 and 1:2 to the PLL solution (50 mg,
0.2 mmol: 100 mg, 0.4 mmol). After addition, the pH of the aqueous
solution dropped to 2.6. The mixture became intensively yellow
because of the formation of aldimine 1s. The pH was adjusted to 9
with sodium hydroxide. The mixture was stirred overnight and
lyophilized to obtain 1s as a yellow solid.
The pH value and the PLL concentration of the solution were held

at 9.0 and 6 M, respectively, because these were the conditions under
which the most aldimine 1s was formed. (See Figures S1 and S2 in the

SI for the PLL concentration and pH dependence of aldimine
formation.) Some samples were lyophilized at higher pH values.

The lyophilized samples were transferred into rotors and
subsequently dried further inside the uncapped rotor at room
temperature under vacuum below 10−5 mbar. The samples were
dried for 24 h and then flushed with argon. The rotors were closed
with Teflon sealing caps and measured with NMR.

To hydrate the samples, the rotors were uncapped and then
exposed to water vapor in a desiccator by placing a receptacle filled
with water at the bottom. The mass of added water was then calculated
by subtracting the mass of the rotor before hydration from the mass of
the rotor after exposure to water vapor.

The number of molecules of water per aldimine unit was calculated
as follows. The total number of residues n in the polymer was obtained
from the sample preparation

=n
m

M
Lys

Lys (1)

where mLys is the initial total mass of the polymer dissolved in water.
At pH 9, the amino groups are protonated, and with chloride as a
counteranion, a lysine residue exhibits the molecular formula
C6H13ON2Cl for which we calculate a molar mass of mLys = 164.5 g·
mol−1. The number of PLL-Lys aldimine residues is given by

=‐n
m
MPLP lys

PLP

PLP (2)

where mPLP is the initial mass of PLP dissolved. At pH 9, the
phosphate of PLP is dianionic; with sodium as countercation we
obtain a mass of MPLP = 290 g·mol−1 for the molecular formula
C8H7O6NPNa2 of unlabeled PLP aldehyde 1a. As one water molecule
is released by the formation of an aldimine, the molecular weight of a
PLP- lys ine res idue exh ib i t ing the molecu lar formula
C14H18O6PN3Na2Cl is MPLP‑Lys = MPLP +MLys − MH2O = 436.5 g·
mol−1. Isotopic labeling with one 13C or 15N increases the molecular
masses by 1 unit. The total mass m of the dry sample is then given by

= − +‐ ‐ ‐m n n M n M( )PLP Lys lys PLP Lys PLP Lys (3)

With the molar ratio

=
−

‐

‐
R

n

n n
PLP Lys

PLP Lys (4)

we obtain

=
+‐

‐
n

Rm
M RMPLP Lys

lys PLP Lys (5)

The number of water molecules per PLP-lysine aldimine is then given
by

=
+

‐

‐n

n

m M RM

M Rm

( )H O

PLP Lys

H O lys PLP Lys

H O

2 2

2 (6)

The samples were exposed to gaseous HCl for 10 min in a closed
apparatus with a sodium carbonate bubbler at the exit. The system was
purged with argon at the end of the operation. The rotors were then
immediately resealed with the Teflon caps.

Spectroscopic Methods. Solution NMR spectra were measured
using a Bruker AMX 500 spectrometer (500.13 MHz for 1H and 50.68
MHz for 15N). Inverse gated 1H-decoupled 15N spectra were recorded
in H2O with field locking on a D2O-containing capillary with a recycle
delay set to 10 s and a pulse length of 11 μs on the 15N channel. The
15N spectra of neat nitromethane containing a D2O capillary were
recorded under the same 2H field locking conditions in order to
reference the 15N chemical shifts. The relation δ (CH3NO2, liq.) =
δ (15NH4Cl, solid) − 341.168 ppm was used to convert the 15N
chemical shifts from the nitromethane scale to the solid external
15NH4Cl scale.

56 We note that often spectra are referenced to the
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liquid ammonia scale, where δ(NH3, liq.) ≈ δ (15NH4Cl, solid) + 40.7

ppm.57 The external standard for 13C spectra was TSP.56,57

The 13C and 15N spectra of the solid enzymes and of the aldimines

embedded in poly-L-lysine were measured on a Varian Infinity Plus (14

T) solid-state NMR spectrometer (599.9 MHz for 1H, 150.9 MHz for
13C, and 60.8 MHz for 15N) with a 4 mm HX probe. Solid-state NMR

spectra of Figure 4b−d,f were recorded with a Varian Infinity Plus (7

T) NMR spectrometer (300.1 MHz for 1H, 75.5 MHz for 13C, and

30.4 MHz for 15N) with a 6 mm HX probe. Standard ramp cross-

polarization CP NMR experiments were performed under magic angle

spinning (MAS) conditions. The NMR pulse and acquisition

parameters are listed in Table S1 of the Supporting Information.

The chemical shifts of the different samples and their assignment are

assembled in Table 1.
H-Bond Correlations. The H-bond correlations used to estimate

H-bond geometries from 1H and 15N chemical shifts of OHN H-bonds

have been described previously for pyridine−acid complexes58 and for

PLP and its acid complexes.37,38,59

■ RESULTS
15N NMR of 15N-PLP in Alanine Racemase (AlaR). In

Figure 1, we present 15N spectra of 15N-PLP in AlaR and of
15N-PLP model systems under various conditions. Figure 1a
shows a spectrum of a model system, p-tolyl aldenamine 2,
dissolved in polar aprotic Freon mixture CDF3/CDF2Cl, where
the pyridine ring is not involved in hydrogen bonding or only
in a very weak hydrogen bond with the solvent. Therefore, the
spectrum was taken at 130 K where the solvent exhibits a
dielectric constant of 30.60 For solubility reasons, the 5-′OH
groups were silylated.

The chemical shift of 277 ppm is typical of the free base.58 By
contrast, in the case of an aqueous solution, methylamine
aldimine 3 exhibits at pH 7.6 a chemical shift of 262.5 ppm as
shown in Figure 1b. Under these conditions, the pyridine
nitrogen is H-bonded to water molecules. Using chemical shift
correlations described previously,36−39 we estimate an average
N···H distance of 1.75 Å.
In Figure 1c, we present the 15N CPMAS NMR spectrum of

dry lyophilized AlaR where the pyridine nitrogen was labeled
with 15N. The spectrum was measured at 208 K in order to
improve the spectral resolution by reducing molecular motions.
A signal at 272 ppm exhibiting a line width of about 15 ppm is
observed for the 15N-labeled cofactor along with a broad
backbone signal at around 80 ppm. A control spectrum with
lyophilized AlaR containing nonlabeled PLP was taken, which
confirms the chemical shift of the peptidic backbone at 78 ppm.
For the case of a lyophilized sample, these signals are
surprisingly sharp.57 The position and width of the 15N signal
indicate a broad distribution of N···H distances characterized by
an average distance of at least 2 Å, typical of a very weak
hydrogen bond.
When we hydrated the lyophilized AlaR sample to a water

content of about 36% and remeasured the sample at 208 K
where water is frozen, we observed a high-field shift to 262 ppm
(Figure 1d). This value indicates a shortening of the average
N···H distance to a value of about 1.7 to 1.8 Å as found for 3 in
water. We interpret these findings later in the Discussion.

15N NMR of 15N-PLP in AspAT. In Figure 2, 15N spectra of
15N-PLP in AspAT and of model system 2 dissolved in polar
mixture CDF3/CDF2Cl are depicted. Figure 2a shows a
spectrum obtained after adding acid Boc-Asp-OtBu to 2,
which models the Asp222−pyridine hydrogen bond illustrated
in Scheme 2a. In agreement with previous studies of pyridine−
acid complexes,58,61 the formation of a 1:1 complex with the
acid is observed at 238 ppm, corresponding to an H···N
distance of 1.43 Å. A 2:1 complex is also observed, which
resonates at 181 ppm. Thus, a zwitterionic structure with a
pyridine H···N distance of 1.1 Å results, which reflects the
increased acidity of the aspartic acid dimer compared to that of
the monomer.
Figure 2b,c depict the solid-state 15N CPMAS NMR spectra

of microcrystalline holo-AspAT in a closed conformation that is
ligand bound to inhibitor maleate and unbound in an open
conformation, both containing 15N in the pyridine ring of PLP.
The 15N signals resonate at 175 and 180 ppm, whereas the
signals of the nitrogen atoms of the AspAT backbone appear at
around 80 ppm. Using the 15N chemical shift-distance
correlation for PLP models,37−39 we estimate average N−H
distances of 1.11 and 1.09 Å, where the corresponding H···O
distances are 1.49 and 1.54 Å. These results clearly indicate a
zwitterionic structure for the intermolecular OHN hydrogen
bond in AspAT. The sum of the N···H and H···O distances,
2.60 and 2.63 Å for the AspAT species depicted in Figure 2b,c
are in excellent agreement with those of 2.58 and 2.64 Å
obtained by X-ray crystallography.40b

Finally, we dissolved AspAT in water at pH 7.5 and obtained
the 15N spectrum presented in Figure 2d. A slight high-field
shift to 167.4 ppm was observed, as well as an extreme
narrowing of the signal. The latter indicates a high local
molecular mobility, whereas the former is in agreement with a
slight shortening of the NH-bond to 1.07 Å and a lengthening
of the O···H distance to 1.64 Å. This corresponds to an increase
in the local dipole moment, as expected from an increase in the

Figure 1. 15N NMR spectra of 15N-PLP aldimines under various
conditions. (a) Aldimine 2 at 11.7 T at 130 K in CDF3/CDF2Cl.
Adapted from ref 39. (b) Aldimine 3 at 11.7 T in an aqueous solution
at pH 7.6, adapted from ref 34. (c) Solid-state CPMAS spectra at 14 T
and a spinning speed of 8 kHz of dry enriched alanine racemase
lyophilized from frozen propanol/dry ice. (d) Same as for part c, but
after hydration to a water content of about 36%.
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local dielectric constant. The implications of these findings are
discussed below.
Solid-State 13C and 15N CPMAS NMR of PLP in Poly-L-

lysine. In this section, we describe the 13C and 15N NMR
spectra of PLP-forming aldimines 1s with poly-L-lysine (PLL),
mostly obtained under CPMAS conditions. The different
isotopically labeled PLP and PLL species employed are
presented in Scheme 4 and are labeled accordingly with
superscripts or subscripts. As described in the Experimental
Section, the samples were prepared by mixing both
components in aqueous solution at a given pH and subsequent
lyophilization. Residual water was removed in vacuo. The

formation of aldimines depends on pH. 15N CPMAS spectra of
1sp indicate that formation is maximal at around pH 9 as
presented in Figure S1 of the Supporting Information.
Therefore, we prepared most samples at pH 9 but some of
them also at higher pH. We observed that the change in the
molecular weight of PLL did not lead to noticeable changes in
the 13C and 15N spectra and hence the H-bond and protonation
states of the PLP aldimines. Therefore, we did not repeat
experiments carried out using the low molecular weight PLLl
and worked later with the high molecular weight PLLh.

Dry Samples. Figure 3a shows the 13C and 15N CPMAS
NMR spectra of dry 1s″ in a sample obtained by mixing 13C2-
4′,5′-PLP and 15Nε-PLL in a ratio of 1:2. Asterisks are used to
label rotational side bands. The aldimine 13C-4′ signal appears
at 160 ppm, and the 13C-5′ signal appears at 61 ppm as
expected from previous studies of aldimine models in aqueous
solution.6 No signal is observed for free PLP 1a or for gem-
diamine 1g. According to our previous studies of a model gem-
diamine of PLP with diaminopropane, 1g should contribute a
15N-4′ peak at 10 ppm to the 15N spectrum and a 13C-4′ peak at
70 ppm to the 13C spectrum.6 The corresponding 15N signal of
1s″ appears at 275 ppm. A broad, somewhat structured signal is
observed at high field for residual amino groups; this signal is
smaller than expected for a 1:2 ratio of PLP and the lysine
residues of PLL. Although spin dynamics in the CPMAS
experiment affect the signal intensities, we think that the
lyophilized sample contained more PLP than the 1:2 ratio of
the solution before lyophilization. Our experience throughout
this study was that the final sample composition might be
different from the expected one. The sample compositions
indicated are then nominal uncorrected numbers.
When we increased the amount of PLP to form 1:1 samples,

we observed similar spectra, but now free PLP aldehyde signal
1a was observed at around 200 ppm (Figure 3b). No amino
group signal could be detected in the 15N CPMAS spectrum.
Thus, there appears to be a slight excess of PLP in the sample.

Figure 2. 15N NMR spectra of 15N-PLP aldimines under various conditions. (a) 90° single-pulse spectra of 2 in CDF3/CDF2Cl at 11.7 T and 130 K
after the addition of a protected aspartic acid. Solid-state CPMAS spectra at 14 T and a spinning speed of 7 kHz of (b) dry microcrystalline maleate-
liganded holo-AspAT and (c) microcrystalline holo-AspAT. (d) 90° single-pulse spectra of holo-AspAT in aqueous solution. Adapted from ref 42.

Scheme 4. 13C and or 15N Isotopically Enriched Species
Investigated in This Studya

aThe free ε-amino groups are shown partially protonated because the
pH value was set close to the pKa value of poly-L-lysine (pKa =
9.8551a).
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For comparison, we have presented in Figure 3c a 15N
CPMAS spectrum of 1s′ lyophilized at pH 12. A small low-field
shift to 280 ppm that is compatible with the deprotonation of
the phenolic OH group is observed.6 Now, a strong signal for
the free amino groups is observed at −15 ppm, as expected
from previous studies of PLL.51 The appearance of this signal
illustrates that the equilibrium constant for the formation of the
aldimine species is reduced at high pH.
To determine the protonation state of the pyridine nitrogen,

we measured a sample containing 15N-PLP with unlabeled PLL.
The result is presented in Figure 3d. Species 1sp contributes a
signal to the 15N spectrum at 271 ppm, which is the same value
found for AlaR (Figure 1c). It indicates that the pyridine
nitrogen is free or involved only in a very weak H-bond. In the
corresponding 13C spectrum, carbons of both 1sp and PLL
contribute. The signals of the latter have been described
previously.51,62 We did not try to assign all signals in this study
because it was beyond the scope. However, the finding of a
sharp 13C signal for the carbonyl group of PLL at 176 ppm is
important. This value is diagnostic of an α-helical conformation
of PLL,60 whereas β-pleated sheets contribute a broader signal
at 172 ppm. In principle, the signals of the α-CH carbons of the
polypeptide backbone are also of diagnostic value for the PLL
conformation but overlap here with the C-5′ signal.
Hydrated and Acidified Samples. To facilitate the

interpretation of our results with AlaR and AspAT, we hydrated
samples, exposed dry samples to HCl gas, and hydrated samples
previously exposed to HCl gas. The results are presented in
Figure 4.
For comparison, we show again in Figure 4a the spectra of

the 1:2 sample from Figure 3a. Hydration with ∼5 water
molecules per PLP leads to a small high-field shift of the 15N-4′
signal of 1s″ as illustrated in Figure 4b. The amino group signal

appears at around 0 ppm, split into two parts. The high-field
part exhibits a chemical shift typical of free 15NH2 groups, and
the low-field part exhibits a chemical shift typical of hydrated
15NH2 groups as previous hydration studies of PLL have
shown.51c The 13C spectra are unchanged and still exhibit the
chemical shifts typical of the 13C-4′ and the 13C-5′ positions of
1s″.
When part of the dry 1:1 sample of Figure 3b was hydrated

with ∼21 water molecules per PLP−PLL aldimine, we obtained
the spectra presented in Figure 4c. Again, the 13C spectra
exhibit few changes; in particular, a small amount of free PLP
persists. However, the 15N-4′ signal of 1s″ is shifted to high
field and is substantially broadened. No free amino groups are
detectable in this sample, in view of the excess 1a″. The
addition of water does not interconvert 1a″ and 1s″ rapidly on
the NMR time scale. Thus, the broadening of the 15N-4′ signal
of 1s″ cannot arise from the hydrolysis of 1s″. The Gaussian
line shape indicates that the broadening of 15N-4′ is
inhomogeneous, arising from a distribution of chemical shifts.
The shift of the signal to high field can be explained in terms of
the fast tautomerism between enolimine tautomer 1s-e and
ketoenamine tautomer 1s-k presented in Scheme 1, induced by
the addition of water. A quantitative analysis of the high-field
shift will be presented later.
Part of the dry 1:1 sample of Figure 3b was exposed to HCl

gas at 1 atm for 10 min in a desiccator. The resulting sample
gave the 15N CPMAS spectrum presented in Figure 4d. Now,
the 15N-4′ signal shifts to higher field. Two components are
observed as illustrated in Figure 4d: a broad one at 180 ppm
and a sharper one at 160 ppm. This indicates that ketoenamine
form 1s-k dominates. A broad amino signal is observed,
exhibiting superposed broad and sharper components at around
0 ppm.

Figure 3. (a) 13C and 15N CPMAS spectra of a 1:2 mixture of 13C2- 4′,5′-PLP in 15N-PLLh lyophilized from aqueous solutions at pH 9 and recorded
at room temperature at 14 T. The vertical dashed line indicates the 15N chemical shift expected for 1g″.6 (b) 13C and 15N CPMAS spectra of a 1:1
mixture of 13C2- 4′,5′-PLP in 15N-PLLl lyophilized from aqueous solutions at pH 9 and recorded at 14 T. (c) 15N CPMAS spectra of a 1:1 mixture of
PLP in 15N-PLLh lyophilized from aqueous solutions at pH 12 recorded at 14 T. (d) 13C and 15N CPMAS spectra of a 1:1 mixture of 15N-PLP in
PLLh lyophilized from aqueous solutions at pH 11. The samples were spun at the magic angle at a rate of 6 kHz for the 13C spectra and at 7 kHz for
the 15N spectra. All measurements were performed at room temperature.
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We repeated the experiments with the sample in Figure 3d
containing 15N-pyridine-labeled 1sp in order to probe how the
pyridine nitrogen responds to HCl gas. As depicted in Figure
4e, the 15N signal of this sample is also shifted to high field by
HCl addition and appears at 190 ppm. However, hydrolysis
takes place immediately after exposure of the acidified samples
to water vapor: the addition of ∼4 water molecules per
aldimine unit is sufficient for hydrolysis to occur in the solid
state. This is illustrated in Figure 4f. In the 15N spectrum, only
the signal of the protonated amino group is observed at about
−2 ppm. This value is typical of α-helical NH3

+Cl− salt bridges
hydrated by a small number of water molecules.51c In the 13C
spectrum, the aldimine carbon signal has disappeared and PLP
is present only as aldehyde 1a and as hydrate 1h, exhibiting
their well-known chemical shifts.6,35 The intensity ratio of both
signals is typical of an aqueous solution of pH 4.
Solid-State 13C and 15N CPMAS NMR of PLP−PLL in

the Presence of Aspartic Acid. To obtain preliminary
information about the protonation states of external aldimines,
we lyophilized an aqueous solution of unlabeled PLL at pH 9
with 1 eq. of doubly 13C-labeled 1a″ and 1 eq. of 15N-labeled
aspartic acid per lysine residue. The 13C and 15N CPMAS
spectra are presented in Figure 5.
Now, both the amino groups of PLL and those of the aspartic

acid residues compete for the PLP. As a consequence, no free
PLP is observable in the 13C spectrum; only the aldimine

signals that stem from both the PLL and aspartic acid aldimines
are seen.
By contrast, the 15N signals originate only from aspartic acid,

which experiences different environments. A “free” amino
group signal is observed at high field, with two components at
−1.4 and −4.4 ppm. The formation of the aspartic acid
aldimine leads to two broad 15N-4′ signals, one at 275 and the
other at 147 ppm. Clearly, the low-field signal stems from
enolimine tautomer 1s″-e and the high-field signal from the
ketoenamine tautomer 1s″-k (Scheme 1). It is remarkable that
the two signals are in slow exchange. Therefore, because proton
transfer between the two tautomers is usually very fast, the two
tautomers are located in different environments, which dictate
the tautomeric state.
At higher fields, the free amino group signal and the two

aldimine signals exhibit comparable intensities. Therefore,
about half of the aspartic acid forms an aldimine, and the
other half is free. Because there is no free PLP in the sample,
the amount of internal aldimine formed is similar to that of
external aldimine. A similar result was obtained for an aqueous
solution where PLP forms aldimines both with the ε-amino and
α-amino groups of free L-lysine.6 We will interpret these
findings later in the Discussion.

Determination of Equilibrium Constants of Tautomer-
ism. The 15N-4′ signals of the spectra presented above provide
information about the equilibrium constants Kt of tautomerism,

Figure 4. 13C and 15N CPMAS NMR spectra of lyophilized samples of poly-L-lysine (PLL) containing pyridoxal 5′-phosphate under various
conditions: (a) at 14 T for a 1:2 mixture 13C2-4′,5′-PLP + 15N-PLLl; (b) at 7 T for a 1:1 mixture 13C2-4′,5′-PLP + 15N-PLLl hydrated with 5 water
molecules per aldimine; (c) the same as in b but hydrated with 21 water molecules per aldimine; (d) the same as in b but instead of being hydrated
the sample was exposed to gaseous HCl for 10 min; (e) at 14 T for a 1:1 mixture of 15N-PLP with PLLh exposed to gaseous HCl for 10 min; (f) the
same sample as in b but obtained by 90° pulses after hydration with 4 water molecules per aldimine and then exposed to gaseous HCl for 10 min. All
measurements were performed at room temperature. The sample was spun at the magic angle at a rate of 6 kHz for the 13C spectra and at 7 kHz for
the 15N spectra.
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which is a fast process. The average 15N-4′ chemical shift is
given by

δ δ δ
δ δ

= + =
+
+

x x
K
K1e e k k

e t k

t (7)

where xe and xk represent the mole fractions of the enolimine
and the ketoenamine forms, δe and δk represent the
corresponding limiting chemical shifts, and Kt represents the
equilibrium constant of tautomerism. In principle, δe and δk can
vary with Kt,

38 but we will neglect this dependence here.
Equation 7 can be recast in the form

δ δ
δ δ
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−
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Equation 8 is useful for deriving Kt from the average chemical
shifts δ observed. Because the calculated values depend on the
values of the limiting chemical shifts, their choice is very
important. These shifts cannot be directly observed for the
systems studied and need, therefore, to be estimated from
model systems.
The value of δe is most easily obtained from the spectra in

Figure 3a,b, which indicate a value of 275 ppm. The same value
is also obtained from the low-field 15N signal in Figure 5. This
indicates that the value does not differ much between the
external and the internal aldimine. We note that it would not be
correct to use the slightly larger value for the deprotonated
negatively charged species of Figure 3c. The value of δk needs
to be taken from a Schiff base model where it is clear that only
the ketoenamine form is present. Previously, for aqueous
solutions, values of about 140 ppm were observed for this
form.6 The same value was also observed for a solid complex of
the methylamine aldimine with strong organic acids.37 Using

both values, we calculated the equilibrium constants listed in
Table 2.

■ DISCUSSION
We have studied the H-bonding and proton tautomerism of
isotopically labeled pyridoxal 5′-phosphate as an internal
aldimine in AlaR, AspAT, and PLL using 13C and 15N solid-
state NMR. In addition, we studied an external aldimine with
aspartic acid in PLL. In this section, we discuss these findings
and their implication for enzymatic reaction mechanisms.

Intermolecular OHN H-Bond of Internal Aldimines of
PLP in AspAT and AlaR: Effect of Hydration. Using the 15N
H-bond correlations described previously for H-bonded
pyridines,58 adapted for PLP,39 we have shown by comparison
with model systems (Figure 3) that the pyridine nitrogen is
protonated in microcrystalline AspAT. We estimate an O···H
distance of 1.54 Å and an H···N distance of 1.09 Å. The sum of
these distances (2.63 Å) is identical to the value of 2.64 Å

Figure 5. 13C and 15N CP MAS NMR spectra at 14 T, room temperature, and spinning rates of 6 and 7 kHz, respectively, for a 1:1:1 mixture of 13C2-
4′,5′-PLP, PLLl, and

15N-aspartic acid lyophilized at pH 9.

Table 2. 15N Chemical Shifts δk and Calculated Equilibrium
Constants, Kt, of the Enolimine-Ketoamine Tautomerism of
PLP Aldimines in Poly-L-lysine and Enzyme Environments

system ref δk/ppm Kt

1s″+ 4 H2O here 270 0.04
1s″+ 21 H2O here 245 0.3
1s″+ HCl here 180 2.4
1s″+ HCl here 160 5.8
1s″+ aspartic acid here 147 ∼20
external aldimine of AlaR with (1-aminoethyl)
phosphonic acid

49 150 13

external aldimine of tryptophan synthase with
aminoacrylate and indole

50 257.2 0.15
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found by X-ray crystallography.40b When AspAT is dissolved in
aqueous solution, the OHN bonding interaction is maintained;
the HN distance is slightly shortened and the O···H distance is
slightly lengthened, as expected for an increase in the local
polarity. The formation of H-bonds to water is not compatible
with these findings (Figure 2d). In other words, in the case of
AspAT, the H-bond structure of the solid-state (Scheme 2) is
maintained in aqueous solution (i.e., the pyridine−aspartate H-
bond is maintained in a nonaqueous environment).
By contrast, the 15N chemical shifts of AlaR (Figure 1)

indicate the following. The pyridine ring of the dry lyophilized
solid is not protonated and is involved only in a very weak
hydrogen bond, most probably to Arg224. The estimated N···H
distance is 2 Å or longer. This value is not compatible with the
value of about 1.8 Å that we estimate from the crystallographic
N···N distance of 2.84 Å (Scheme 2) assuming an arginine NH
distance of 1 Å.
However, the pyridine N···H distance shortens to the

expected crystallographic value upon hydration of the
lyophilized solid (Figure 1). Initially, we considered that the
pyridine−arginine NHN H-bond might be broken and replaced
by a pyridine−water NHO H-bond. However, this would
weaken the PLP−enzyme interaction considerably and allow
the PLP cofactor to enter the bulk aqueous solution easily, in
contrast to the experimental findings. Thus, in aqueous
solution, 15N-PLP can enter only the apoenzyme but does
not exchange with the unlabeled cofactor. We also note that
Major et al.48 included water in their calculations but did not
see the arginine−pyridine H-bond being broken. Also, the
crystal structures are determined in crystals that contain ∼50%
water where the Arg219−pyridine interaction is stable.
Therefore, we propose that upon hydration lyophilized AlaR

adopts a structure typical of the crystalline state. This can be
rationalized in terms of the absence of the two water molecules
near PLP (Scheme 2b) in the lyophilized dry state but by their
presence in the hydrated state.
These findings prove that the pyridine ring of AlaR is not

protonated, as suggested by X-ray crystallographic results, and
that it is necessary to look for an alternate means of PLP
activation other than N-protonation.
PLP in PLL as a Model Protein Environment. We used

solid lyophilized PLL (Scheme 4) as a model environment in
order to obtain information about the intramolecular H-bond
of PLP aldimines that is difficult to obtain directly. The
advantages of PLL are (i) that internal and external PLP
aldimines are easily formed, (ii) that the water content can be
controlled, (iii) that the samples can be lyophilized at different
pH values or the acid contents can be controlled by exposure to
gaseous acids or bases, and (iv) that the amino groups of the
side chains can be relatively easily labeled with 15N.
PLL is a polypeptide that can adopt a β-pleated sheet or an

α-helical conformation. β-Pleated sheets are formed only from
salts with halogen acids.51 On hydration, the NHX H-bonds are
replaced by NHO H-bonds with water because space between
sheets is limited. Therefore, we did not expect the formation of
the β-pleated sheet conformation when most lysine amino
groups form an internal aldimine with PLP because of its large
size. Indeed, the lyophilization of solutions of PLL in the
presence of PLP at pH 9 leads to aldimines (1s) of PLP, whose
structures are discussed below. By 13C NMR, we observe a peak
for the CO groups of PLL that is typical of a purely α-helical
conformation of PLL51,60 (Figure 3d), as expected. As shown in
the following section, we were able to reproduce the known

15N chemical shifts of PLP aldimines in enzymes using PLL as a
model environment.

Structure of the PLP−PLL Aldimine in the Absence of
Water and Acids. To obtain more information about the
coupling of the intermolecular H-bond to the pyridine nitrogen
with the intramolecular OHN H-bond of the aldimine, we
performed 13C and 15N solid-state NMR studies on the
aldimines of PLP in PLL. Either the pyridine nitrogen was
labeled with 15N but not the lysine side chain amino groups or
PLP was doubly labeled with 13C and the side chains of PLL
were labeled with 15N. In previous studies, we characterized the
interactions of the amino groups of PLL with acids and water.51

As shown in Figure 3, by 13C NMR, we could easily detect
the formation of PLP aldimines 1s as well as the presence of
unreacted PLP as aldehyde 1a or hydrate 1h (Scheme 1). The
equilibrium constant for aldimine formation in water is
maximized at pH 9, the pH value used here. When PLL
labeled with 15N in the side chains is used, the aldimine
nitrogen in the 4′ position is labeled with 15N and provides
information about the state of the intramolecular OHN H-
bond.
After lyophilization at pH 9, a comparison of the 15N

chemical shift of 272 ppm of the aldimine nitrogen (Figure
3a,b) with values obtained previously for model solids36 and
solutions39 indicates that only enolimine form 1s-e (Scheme 1)
is present. Also, the value of the 15N chemical shift of 275 ppm
for the pyridine nitrogen indicates that it is not protonated and
that it forms either no bond or a weak H-bond (Figure 3d).
This value is the same as that found for AlaR (Figure 1c),
indicating that in the absence of water and acid PLL reproduces
the H-bond and protonation state of the pyridine nitrogen in
AlaR.

Absence of Gem-Diamine Formation.With PLL as a model
environment, we expected to observe gem-diamine species 1g
(Scheme 1) when the amino groups are present in excess (e.g.,
the PLP/PLL 1:2 samples) or at higher pH. However, the
peaks expected from previous model studies6 are not observed.
This may be the result of several factors. First, even in aqueous
solution PLP-L-lysine aldimines do not form gem-diamines if an
excess of L-lysine is present. This means that the gem-diamines
are unfavored energetically. Second, in α-helical PLL the amino
side chains point in different directions, which means that the
formation of a gem-diamine between amino groups of adjacent
residues is less likely.

Protonation of PLP Aldimine in PLL and H-Bond Coupling.
In previous studies, we found that, in the case of model PLP−
methylamine aldimine complexes with carboxylic acids in polar
solution, the inter- and intramolecular OHN H-bonds are
coupled.39 That is, when the H of the OHN H-bond with a
carboxylic acid is located on the pyridine nitrogen, a shift of the
H in the intramolecular OHN H-bond occurs toward the
aldimine nitrogen. Because the 15N chemical shifts of both H-
bonds are a function of the average proton positions, these
shifts can be used to detect the H-bond coupling.
For that purpose, we exposed PLP−PLL samples lyophilized

at pH 11 to gaseous HCl for 10 min. The resulting 15N CPMAS
spectra (Figure 4d,e) indicate that both the pyridine and the
aldimine nitrogen signals are shifted by ∼100 ppm to high field
as a result of the protonation of the pyridine nitrogen and the
ensuing dominance of the ketoenamine form as a result of H-
bond coupling. As discussed previously,39 this behavior was also
observed for aliphatic aldimines in highly polar local environ-
ments. The chemical shift of the pyridine nitrogen (172 ppm)
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is close to that in AspAT (Figure 2b,c). This indicates again
that PLL is a good model protein environment for examining
PLP protonation states.
The chemical shift of 160 to 180 ppm for the aldimine

nitrogen (Figure 4d) indicates that ketoenamine form 1s-k is
not completely formed, for which a value of 140 ppm is
expected.36 However, the signal is broad and consists of two
unresolved features, indicating two slightly different environ-
ments, with each exhibiting a distribution of equilibrium
constants of the enolimine−ketoenamine tautomerism. In other
words, the equilibrium constants and hence the 15N signal
positions depend on the local environment, which varies with
the inhomogeneity of the sample. Environmental differences
could arise from different numbers of water molecules or other
structural inhomogeneities. Similar distributions of equilibrium
constants of tautomerism have been observed and described
previously for other inhomogeneous solid polymeric environ-
ments.63

The question of which species are formed arises, in
particular, whether one or two HCl molecules interact with
PLP in PLL. Two different structures are proposed in Scheme
5. Previous studies of aldimine models show that when a strong

proton donor forms a strong H-bond to the phenolic oxygen
(or protonates the latter) the equilibrium constant greatly
favors ketoenamine formation.64 This means that the two signal
components at 180 ppm are compatible with a 1:1 complex of

aldimine with HCl and those at 160 ppm are compatible with a
1:2 complex.

Hydration of PLP Aldimine in PLL. The hydration of a
PLP−PLL sample hydrophilized at pH 9 leads to smaller high-
field shifts of the aldimine nitrogens compared to the
interaction with HCl (Figure 4b,c). The addition of 5 water
molecules per PLP in PLL leads to a high-field shift of only 2
ppm, but 21 molecules of water shift the signal to 245 ppm and
broaden it considerably. Nevertheless, the introduction of water
increases the tautomeric equilibrium constant toward the
ketoenamine, as deduced previously39 and as has been
concluded from the computational studies of Gao et al.48

The equilibrium constants of tautomerism obtained from these
shifts are discussed below.

Acid Hydrolysis of the PLP−PLL Aldimine. Alone, neither
hydration nor acidification with gaseous HCl led to the
hydrolysis of the PLP−PLL aldimine. However, when we added
a small number of water molecules to the acidified samples, the
aldimine hydrolyzed to PLP aldehyde 1a and free amino groups
of PLL. This finding is noteworthy because it occurred in solid
samples under conditions of reduced molecular mobility.

Aldimine Formation of PLP in PLL with Aspartic Acid. To
probe the properties of external aldimines, we lyophilized
equimolar parts of doubly 13C-labeled PLP 1s″, 15N-labeled
aspartic acid, and unlabeled amino groups of PLL and recorded
the 13C and 15N CPMAS spectra depicted in Figure 5. The
spectrum contains much information, which is discussed below.
Both the unlabeled amino groups of PLL and the amino

group of aspartic acid compete for Schiff base formation with
PLP, and no unreacted PLP is observable in the 13C CPMAS
spectrum, which is not able to distinguish between internal and
external aldimines 1s′ and 1s″. By contrast, the 15N CPMAS
spectrum shows a peak at high field for the amino groups of
unreacted aspartic acid and two peaks at 275 and 147 ppm. We
assign these peaks to different environments of the external
aldimine. The chemical shift of 275 ppm indicates that this
environment contains almost the entire enolimine form 1s″-e,
whereas the shift of 147 ppm indicates only the presence of
ketoamine form 1s″-k. In each environment, tautomerism will

Scheme 5. Possible Structures of PLP Aldimines in Poly-L-
lysine Lyophilized at pH 11 after Contact with Gaseous HCl

Scheme 6. Possible Structures of PLP Aldimines with Aspartic Acid in Poly-L-lysine in the Presence of Excess Aspartic Acid
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be fast, but the two environments are in slow exchange as
discussed below. Although 15N CPMAS is not quantitative, the
spectrum indicates that about half of the amino groups of
aspartic acid are unreacted whereas the other half are in the
external aldimine form. In agreement with the sample
composition, this means that internal and external aldimines
1s′ and 1s″ exhibit similar mole fractions. The enolimine peak
is much less intense than the ketoamine peak, a feature that is
not easy to rationalize at first sight.
The main question that arises is what causes the occurrence

and the signal intensity difference of the enolimine and
ketoenamine environments. It is evident that in the enolimine
environment the pyridine ring is not protonated, in agreement
with lyophilization at pH 9, and hence the proton of the
intramolecular OHN hydrogen bond is located near the
oxygen. By contrast, the interaction of the external aldimine
with other unreacted aspartic acid molecules must be the cause
of the formation of ketoenamine tautomer 1s″-k. The simplest
possibility is the formation of 1:1 complexes as depicted in
Scheme 6. Besides complex formation with the phosphate
residue, we need to discuss hydrogen bond interactions of the
carboxylic group of an unreacted aspartic acid molecule with
either the phenolic oxygen or the pyridine nitrogen. The proton
in these hydrogen bonds is taken from the solvent in the last
stages of the lyophilization, in a manner similar to pyridine−
aspartic acid hydrogen bond formation in AspAT.
We expect a similar hydrogen bond in the absence of a

secondary interaction between the two aspartic acid residues as
illustrated by the structure of the OHN 1:1 complex in Scheme
6a. However, if a secondary interaction occurs (for example, an
interaction of the amino group of the unreacted aspartic acid
with the carboxyl group of the aldimine), then it is conceivable
that the OHO 1:1 complex depicted in Scheme 6a will be
favored. The strong OHO hydrogen bond formed between the
carboxylic group and the phenolic oxygen will shift the phenolic
proton to the Schiff base nitrogen in a manner similar to the
protonation of the pyridine ring.
Some evidence for the formation of the OHO 1:1 complex is

obtained by considering the reaction depicted in Scheme 6b.
An OHN 1:1 complex of aspartic acid with internal aldimine
will not exhibit a secondary Asp−Asp interaction. The aspartic
acid will then prefer to interact with an external aldimine,
shifting the equilibrium to the right side. This explains why the
enolimine peak is weaker than the ketoenimine peak.
Aldimine Tautomerism. From the limiting 15N chemical

shifts of the two tautomeric forms, we calculate the equilibrium
constants of tautomerism listed in Table 2 using a simple two-
state model that neglects changes in the intrinsic chemical shifts
with changing equilibrium constants.39 The equilibrium
constants obtained are up to 0.3 for extensive hydration

alone and up to about 18 for the PLP-Asp aldimine in PLL.
Two other 15N chemical shifts of PLP enzymatic intermediates
were found in the literature and are included in Table 2. The
external aldimine of AlaR with 15N-labeled inhibitor (1-
aminoethyl)-phosphonic acid studied by Griffin et al.49 exhibits
a chemical shift of 150 ppm, which is slightly larger than that of
PLP-Asp. The equilibrium constant is therefore somewhat
smaller.
The findings of Mueller et al.50 are noteworthy. They

observed a value of 257.2 ppm for a quinoid complex of
tryptophan synthase with aminoacrylate and indoline presented
in Scheme 7. On the basis of chemical shift calculations, they
interpreted this value in terms of a fast tautomerism between
the ketoenamine and enolimine forms (Scheme 7, structures a
and b). However, three-site tautomerism involving a partial
quinoid form where the adjacent carboxyl group is protonated
(Scheme 7, structure c) could not be ruled out. If we assume
enolimine−ketoenamine tautomerism, then we obtain an
equilibrium constant of about 0.15 (Table 2). In any case, it
is clear that the tautomerism found by Mueller et al.50 is
different from that found here or that found by Griffin et al.49

Biological Implications. Acid−Base Behavior in Protein
Environments Compared to That in Aqueous Solution. We
have shown that the OHN H-bond between Asp222 and the
pyridine nitrogen of PLP in AspAT adopts the same geometry
as in the corresponding model system in a polar organic solvent
exhibiting a dielectric constant of about 30. This dielectric 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 that describe the protonation

states of acids and bases in water breaks down in proteins
where direct, highly structured, and persistent acid−base H-
bonds are formed. At physiological pH, carboxylic acids are
deprotonated in water and are present as anions, and nitrogen
bases of intermediate strength such as pyridine and histidine are
neutral (i.e., not protonated in water). However, if they are
brought together to interact in the interior of a protein, then
their combined basicity and the active-site environment enable
a proton from solution to be bound between them. The
individual pKa values of both species are replaced by an
apparent pKa value of the H-bonded complex formed. This
value corresponds to the pH in water where the bond is
destroyed by the removal of the proton. The location of H in
the H-bond cannot be predicted simply by the pKa values of the
constituent groups in water; rather it depends on the local
electrostatics of the enzymatic active site.

Activation of AlaR. We come back to the issue of how the
internal aldimine in AlaR might be activated for the initial

Scheme 7. Three-Site Tautomerism of a Quinoid Complex of Tryptophan Synthase with Aminoacrylate and Indoline According
to Mueller et al.50
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nucleophilic attack by a substrate in the course of
transimination. The results presented here imply an important
role for a strong H-bond to or protonation of the phenolic
oxygen, as illustrated in Scheme 3b. Even partial proton transfer
to the phenolic oxygen might provide enough positive charge
on the aldimine nitrogen to initiate nucleophilic attack. A
strong OHO hydrogen bond could be formed by two water
molecules that might contain an additional proton in the
uncomplexed enzyme (Scheme 2, structure b), a feature that
has not been discussed previously. In other words, O-
protonation might be as efficient in the activation of the
cofactor as N-protonation. This hypothesis requires further
experimental and theoretical study.
Transimination Pathway. Do our studies have implications

for the mechanism of transimination, where both a gem-
diamine pathway and a hydrolysis pathway are conceivable a
priori (Scheme 8)? Jencks et al.8 and Toney et al.17 provide

good evidence for the existence of a gem-diamine intermediate
in model studies and in AspAT, respectively, on the basis of
kinetics measurements. Cook et al.25 observed a gem-diamine
intermediate in the crystal structure of GDP-4-keto-6-deoxy-D-
mannose-3-dehydratase and using UV−vis spectroscopy,
although the protonation state of the gem-diamine could not
be determined. In the present solid-state model system of PLP
in PLL, we could not find any evidence for the presence of a
gem-diamine; moreover, under conditions of reduced mobility,
we observed hydrolysis that represents part of the second
pathway. We suggest that the gem-diamine pathway requires a
particular chemical and conformational environment to
promote and stabilize the gem-diamine intermediate, which is
not provided by PLL but is provided by PLP-dependent
enzymes. This environment juxtaposes the unprotonated
nucleophilic amino group with C-4′ of the imine and stabilizes
the high-energy gem-diamine intermediate on the pathway to
the new aldimine. A still poorly understood aspect of enzymatic
transimination is the mechanism by which the proton-transfer
steps required to convert the initial gem-diamine to the final
imine occur. This could happen via the intrinsic acid/base
properties of the phenolic O-3′ oxygen with or without direct
facilitation by the enzymatic environment.

■ CONCLUSIONS
We arrive at the following conclusions from this study. (i)
Using solid-state NMR, we were able to confirm that the
pyridine nitrogen of PLP is protonated and involved in a strong

H-bond in the case of AspAT but unprotonated and weakly H-
bonded in the case of AlaR. (ii) Poly-L-lysine (PLL) is an
excellent model environment for the study of the protonation,
tautomerism, and H-bonded states of PLP aldimines in a
protein like environment because the water and acid contents
can be easily controlled. In this medium, we reproduced the
15N chemical shifts of the pyridine nitrogens of AspAT and
AlaR and hence the properties of the corresponding H-bonds,
in particular, their mutual coupling. In addition, we obtained
evidence for the formation of a 1:1 complex between free
aspartic acid and an external aldimine via the formation of a
strong OHO hydrogen bond to the phenolic oxygen. (iii) The
formation of a strong OHO hydrogen bond to the phenolic
oxygen or full O-protonation activates the cofactor by shifting
the phenolic proton toward the Schiff base nitrogen in a similar
way as does protonation of the pyridine ring (Scheme 3). We
propose that this hypothesis might explain the activation of
AlaR for external aldimine formation. The observed stability of
the hydrated PLP−PLL in water at neutral pH and the
formation of the ketoenamine tautomer at high pH show that
the activation of PLP for transimination in AlaR cannot be
explained simply by interaction with solvent dipoles. (iv) The
gem-diamine pathway of the transimination reaction is
energetically not favored compared to the hydrolysis pathway
in an environment such as poly-L-lysine. In the latter, aldimine
hydrolysis required the addition of acid followed by hydration.
In PLP-dependent enzymes, transimination via a gem-diamine
intermediate is enforced by the substrate amino group and the
internal aldimine being apposed in a precise manner. Enzymes
further facilitate direct transimination by providing conditions
of stabilizing a net positive charge on the aldimine nitrogen,
either by protonating the pyridine nitrogen or by directly
stabilizing the negative charge on the 3′ oxygen.
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