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Cold-induced aldimine bond cleavage by Tris
in Bacillus subtilis alanine racemase†
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c Laboratory for Molecular Infection Medicine, Department of Molecular Biology, Umeå Centre for Microbial Research, Umeå University, 
90187 Umeå, Sweden
*Corresponding authors. Email: xjuan@iqfr.csic.es / Email: federico.gago@uah.es 

Pyridoxal 5’-phosphate (PLP) is a versatile cofactor involved in a large variety of enzymatic processes. Most of 
PLP-catalysed reactions, such as those of alanine racemases (AlaRs), present a common resting state in which the 
PLP is covalently bound to an active-site lysine to form an internal aldimine. The crystal structure of BsAlaR 
grown in the presence of Tris lacks this covalent linkage and the PLP cofactor appears deformylated. However, 
loss of activity in a Tris buffer only occurred after the solution was frozen prior to carrying out the enzymatic 
assay. This evidence strongly suggests that Tris can access the active site at subzero temperatures and behave as 
an alternate racemase substrate leading to mechanism-based enzyme inactivation, a hypothesis that is supported 
by additional X-ray structures and theoretical results from QM/MM calculations. Taken together, our findings 
highlight a possibly underappreciated role for a common buffer component widely used in biochemical and 
biophysical experiments.

Alanine racemases (AlaRs) belong to a family of homodimeric enzymes that catalyse the interconversion between L-

amino acids and D-amino acids.1 They are dependent on the coenzyme pyridoxal 5’-phosphate (PLP),2 the biologically 

active form of vitamin B6. AlaRs are considered promising antibacterial targets for structure-based drug design.3 In the 

substrate-free form, the aldehyde group of PLP forms an internal aldimine with the -amino group of an active-site lysine 

(Scheme 1). When L-Ala binds as a substrate in one monomer, its amino group undergoes a transaldimination reaction 

to yield an external aldimine from which the -proton is abstracted by a tyrosine residue from the other monomer. The 

trigonal planar carbanion intermediate is reprotonated by the amino group of the same catalytic lysine. As a result, there 

is an inversion of absolute configuration at the C so that, when a second imine exchange reconstitutes the native form 

of the enzyme, D-Ala is produced and released from the active site (Scheme 1).
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Scheme 1. BsAlaR catalyses the racemization of L-Ala.1
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As part of our ongoing efforts to understand the structural basis for the specificity of amino acid racemases,4 we recently 

solved several crystal structures of AlaR Bsu17640 from Bacillus subtilis (BsAlaR) (Table 1). In common with other 

AlaRs, BsAlaR folds as a globular homodimeric enzyme and residues from both monomers make up the active site. 

Unexpectedly, however, we found that, in the structure crystallized in the presence of tris(hydroxymethyl)-amino-

methane (Tris) at 2.1 Å resolution, the PLP is not bonded to Lys39 and Lys39' in both active sites, and the C4’ atom of 

this cofactor is actually missing (Figure 1). Because of this, the enzyme reconstituted from the crystal is inactive for the 

catalytic transaldimination reaction in the absence of fresh PLP. 

Figure 1. (A) Detail of the PLP environment within one of the active sites of BsAlaR co-crystallized in the 
presence of Tris. Relevant residues involved in the catalytic mechanism, 4’-deformyl-PLP, Tris (yellow), and 
CO2 are displayed as sticks (including Tyr272´ from the other subunit); water oxygens and the chloride ion 
are shown as red and green spheres, respectively. Hydrogen bonding interactions are indicated by dotted 
lines. (B) Electron density (2Fo-Fc map contoured at 1 for 4’-deformyl-PLP, Tris, CO2 and Lys39.

Remarkably, the racemase activity of BsAlaR in Tris buffer did not decrease (Figure 2) unless the sample was frozen 

before the enzymatic assay. The phenomenon of cold scission or cold lability, often influenced by pH and ionic strength,5 

has been previously observed in a number of PLP-containing oligomeric enzymes, most notably in tetrameric 

Escherichia coli tryptophanase in buffers containing either 100 mM potassium phosphate or 100 mM KCl-50 mM tricine 

(N-[2-hydroxy-1,1-bis(hydroxymethyl)-ethyl]-glycine).6-8 For this enzyme, the observed aldimine bond cleavage at 2 oC 

is preceded by conformational changes proposed to result from the weakening of hydrophobic interactions5 that lead to 

dissociation into dimers and a reversible loss of activity. Of note, the same homotetrameric enzyme from Proteus 

vulgaris,9 under the same conditions, dissociates into monomers.6, 8 
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Figure 2. Specific activities (U/mg) of BsAlaR after incubation in 100 
mM Tris at different pH values at room temperature for 30 s. Arg and 
Met were used as negative controls for selectivity. CB and ON stand 
for carbonate-bicarbonate buffer and overnight, respectively.

Figure 3. Chemical structures of the different buffers used for the crystallization, 
(A) Tris-HCl, (B) Bis-Tris propane, and (C) HEPES.

  To assess whether the observed effect was specific to Tris, crystals of BsAlaR were also grown in the absence of buffer 

or at pH 8.5 in the presence of either bis-Tris propane or HEPES (Figure 3). These crystals were also flash cooled prior 

to X-ray data collection (Table 1) but no PLP inactivation/degradation was observed (Figure 4). Thus, the existence of 

an intact internal aldimine in these other crystal forms rules out the effect of pH and/or radiation damage on the bond 

cleavage detected in the presence of Tris. For the sake of reproducibility, we produced fresh protein and grew new 

crystals of Bs-AlaR by the microbatch method in a medium containing 15% PEG 4000, 0.2 M MgCl2, 0.1 M Tris pH = 

8.5 many months later; the same results were found (Figure S1 in ESI). With the key role of Tris firmly established, we 

then checked several other structures of homodimeric PLP-containing enzymes solved by X-ray crystallography in the 

presence of Tris available in the PDB. In the following cases the 4'-aldehyde of the PLP cofactor is not covalently linked 

to the ε-amino group of the active-site lysine: (i) human KAT (hKAT, PDB entry 3FVX),10 (ii) human mitochondrial 

branched-chain aminotransferase (hBCATm, PDB entry 1EKV),11 E. coli tryptophanase (PDB entry 4UP2),12 and (iii) 

Toxoplasma gondii ornithine aminotransferase (TgOAT, PDB entry 5EQC).13 An intact Tris molecule in the active site 

is observed only in 5EQC whereas 1EKV reveals partial occupancy of PLP and the presence of a poorly defined reaction 

intermediate that was assumed to be a Tris molecule covalently bridging PLP and the active-site lysine.11 
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Table 1. Crystallographic data collection and refinement statistics.*
BsAlaRTRS BsAlaRnobuff BsAlaRTRSprop BsAlaRHEPES

Data collection
Wavelength (Å) 0.980110 0.979260 0.979340 0.979340
Space group P4322 P21 P4322 P4322
Unit cell a, b, c (Å) 72.89, 72.89, 332.83 88.43, 110.53, 88.51 73.24, 73.24, 333.53 73.66, 73.66, 331.61
Unit cell ,, (º) 90, 90, 90 90, 116.42, 90 90, 90, 90 90, 90, 90
T (K) 100 100 100 100
X-ray source Synchrotron Synchrotron Synchrotron Synchrotron
Resolution range (Å) 49.2-(2.22 -2.10) 46.6-(2.99-2.85) 49.6-(2.00-1.92) 49.3-(2.05 -2.11)
Unique reflections 53961 35532 70977 58818
Completeness (%) 100.0 (100.0) 99.5 (99.8) 100.0 (100.0) 99.9(100)
Redundancy 11.4 (10.2) 3.2 (3.2) 12.9 (12) 16.5 (17.6)
Rmerge 0.10 (0.55) 0.048 (1.02) 0.05 (1.07) 0.10 (1.26)
Rpim 0.11 (0.35) 0.10 (0.78) 0.04 (0.48) 0.05 (0.31)
Average I/σ(I) 21.5 (4.8) 5.7 (1.0) 16.6 (2.3) 10.1 (2.1)

Refinement 
Resolution range (Å) 49.2-2.1 45.3-3.0 49.3-1.95 49.3-2.05
Rwork/Rfree 0.16/0.20 0.23/0.29 0.20/ 0.23 0.19/0.24
No. Atoms

Protein 6033 12106 6062 6064
Water 538 7 571 345
Ligand 104 4 11 4

B-factor (Å2)
Protein 31.12 72.40 46.62 30.79
Water 32.5 63.65 45.80 42.78
Ligand 60.57 82.52 53.59 51.76

R.m.s. deviations
Bond length (Å) 0.016 0.015 0.018 0.025
Bond angles () 1.48 1.55 1.67 2.376

Ramachandran 
Favored/outliers (%) 96.75/0.0 95.96/0.26 96.74/ 0.13 97/0.0
Monomers per AU 2 4 2 2

PDB code 5IRP 6Q72 6Q71 6Q70

*Values between parentheses correspond to the highest resolution shells.
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Figure 4.  Electron density (2Fo-Fc map contoured at 1 for of BsAlaR in the crystal structures obtained: 
(A) in the absence of buffer, (B) in the presence of bis-Tris propane pH 8.5, (C) in the presence of HEPES 
pH 8.5. Relevant residues and PLP cofactor depicted as capped sticks. Color codes as in Figure 1.

  In light of these considerations, our unprecedented findings of internal aldimine bond cleavage 

and PLP degradation in a bacterial AlaR prompted us to search for a possible mechanism (Scheme 

2). Electron density matching the size and shape of a Tris molecule from the buffer was found at 

the entrance to the active site, in the neighbourhood of Asp174/Asp174' and Tyr364/Tyr364' 

(Figure 1B). In common with natural -amino acids, Tris contains a primary amine but, in contrast 

to them, it lacks a carboxylate group (Figure 3). Therefore, we reasoned that, rather than giving rise 

to the reversible reaction shown in Scheme 1,1 the external aldimine formed by Tris might have 

evolved differently (Scheme 2) so as to eventually render the inactivated PLP cofactor and the free 

lysine observed in the X-ray crystal structure (Figure 1). In fact, earlier experimental work has 

already shown that the addition of Tris to a solution of PLP results in spectral changes consistent 

with formation of the corresponding Schiff base at high pH followed by evolution to a carbinolamine 

or addition of one of the three -OH groups of Tris to the double bond.14-16

  Our mechanistic proposal (Scheme 2, path A) invokes an initial Tris-PLP adduct IIIA, which can 

be deprotonated within the enzyme’s active site to form the carbocation IVA. The latter species, 

upon addition of a water molecule, would decompose to form VA, which would finally evolve to 

Tris + CO2 and 4’-deformyl-PLP, as observed in the X-ray crystal structure. As an alternative, and 

inspired by a hypothesis put forward to account for the inhibition of hBCATm by Tris [8], we also 

evaluated the possibility of generation of the double imine IIIB before formation of the oxazolidine 

IVB (Scheme 2, path B). Both reaction pathways were studied within the enzyme microenvironment 

by means of hybrid quantum mechanics / molecular mechanics (QM/MM) calculations [12].
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An expanded scheme can be found in Figure S2 of the ESI. 
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Figure 4. Detail of the geometries of the near-attack conformation I of Tris at the active site of 

BsAlaR and those of intermediates IIIA (path A) and IIIB (path B). The corresponding enthalpies 

(kcal mol-1) computed at the B3LYP/6-31G(d,p) level of theory are shown in the grey box.

  In the optimized near-attack conformation I (Figure 4), the deprotonated Tris (pKa = 8.06 at 

25 °C) is oriented within the active site of BsAlaR in a manner similar to that expected for its natural 

amino acid substrate, that is, with its attacking nitrogen close to C4’(PLP) (at 3.4 Å) and one of its 

hydroxyl groups mimicking one of the carboxylate oxygens. Once the trans-aldimination reaction 

occurs, the external aldimine II evolves to oxazolidine IIIA in a process that is thermodynamically 

favourable (∆EII→III = -7.2 kcal mol-1). In this regard, it is known that pyridyl-aldimines such as II 

are spontaneously converted (>95%) in solution to their corresponding 1,3-oxazolidines (e.g. 

IIIA).17, 18 Besides, it has been demonstrated that the deprotonated form of the Tris-PLP Schiff base 

in highly alkaline solutions differs from analogous adducts of PLP with amino acids Gly or Val, for 

which a downshift of the absorption maximum and the appearance of the 4’-H signal in the 1H-

NMR spectrum at much lower chemical shift values (9.2  6.2 ppm) are observed. These pieces of 

evidence are indicative of the absence of an aldimine such as II.17, 18 Furthermore, the β-aminopolyol 

Tris has been used as a reagent for the synthesis of oxazolidines through condensation reactions 
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with ketones.19 The alternative intermediate IIIB (pathway B, Scheme 2) seems unlikely due to the 

high energy of imine IIIB (Figure 3). Besides, this path would require an additional hydrolysis step 

(IIIB  IVB) to reach the oxazolidine intermediate. Altogether, we propose that Tris may assist the 

deformylation of the cofactor by formation of oxazolidine IIIA as an intermediate.

  In contrast to the previous outcome in solution, and as a consequence of the chemical environment 

within the active site of BsAlaR, oxazolidine IIIA may evolve to IVA through a Lys39-assisted 

deprotonation (Figure 4). On the one hand, the acidity of H4’ is increased by the hydrogen-bonding 

network involving oxazolidine O2; on the other hand, the attacking nitrogen of Lys39 is activated 

by the Asp321 carboxylate. The optimized geometry of oxazolidine IVA is reminiscent of the 

structures of the external aldimine adducts formed by cycloserine-derived inhibitors within the 

active site of prokaryotic AlaR racemases20 and M. tuberculosis BCAT.21 In the present case, 

however, C1 of Tris in IVA cannot be protonated/deprotonated by Tyr272’/Lys39. Nonetheless, this 

highly electrophilic intermediate can be attacked by a proximal nucleophile, namely a water 

molecule. In fact, the crystallographic water molecule HOH151, which would be activated by 

Tyr272’/His169 and the phosphate group, can add onto C4’ to form VA. This hydroxylated 

intermediate would evolve to VIA and 4’-deformylpyridoxal upon breakage of the C─C bond. 

Intermediate VA is formally a masked 4-carboxy-3-hydroxypyridine that can decompose to CO2 and 

3-hydroxypyridine, in analogy to other pyridine carboxylates, through an assisted 1,3-dicarbonyl 

decarboxylation22 with the participation of a second water molecule. 

   It must be stressed that, despite its widespread use as a standard buffer component in 

biochemical and biophysical research, Tris can (i) degrade peptides such as substance P,23 (ii) act 

on several proteins as a nucleophile,24 and (iii) scavenge hydroxyl radicals.25 Of even more 

relevance to our case, Tris has also been reported as an agent capable of reversing the modification 

of lysine residues by PLP, unless the resulting Schiff base is stabilized by reduction with NaBH4.26 

In fact, some PLP-containing enzymes, such as tryptophanase,7 kynurenine-oxoglutarate 

transaminase (KAT),10, 27 threonine dehydratase and threonine deaminase,28, 29 are known to be 

inactivated in the presence of Tris-HCl buffer, the activity being restored only upon incubation with 

added PLP. In relation to these observations, it is known that freezing favours the trapping of 

intermediates accumulated during the steady state of the reaction in enzyme crystals.30 In addition, 
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under these circumstances, high concentrations of organic cosolvents can also give rise to 

denaturation, change in ligand binding and altered enzyme-substrate interactions.31 We show here 

that something similar happens to BsAlaR in the presence of Tris and we rationalize this finding by 

proposing that intermediate IIIA is generated after flash cooling. Taken together, our results 

highlight that Tris, a common buffer component, can act as a mechanism-based inactivator of a 

PLP-containing enzyme at subzero temperatures.

Experimental and computational procedures

Cloning and purification of BsAlaR.

The Bacillus subtilis gene Bsu17640 encoding BsAlaR was cloned into the pET28b plasmid 

(Novagen) for expression in E. coli BL21(DE3) cells.32 Expression was induced (at OD600 = 0.4) 

with 1 mM IPTG for 2 h. Cell pellets were resuspended in 50 mM Tris HCl pH 7.5, 150 mM NaCl 

and Complete Protease Inhibitor Cocktail Tablets (Roche), and lysed through a French press. 

Proteins were purified from cleared lysates (30 min; 65,000 rpm) on Ni-NTA agarose columns 

(Qiagen) and eluted with a discontinuous imidazole gradient. Pure proteins were visualized by SDS-

PAGE.33

L-Ala D-Ala

DAAO

FAD FADH2

NH4
+

OOC

NH3

H
HOOC

NH3
BsAlaR

H2O2

HRP

OPDDAP

NH2

NH2

NH2

NH2

N

N
H2O

PA
OOC

O

Figure 5. Scheme of the enzyme-coupled assay used to measure BsAlaR activity. 
DAAO, D-amino acid oxidase; HRP, horseradish peroxidase; OPD, o-
phenylenediamine; DAP, 2,3-diaminophenazine; PA, pyruvate. The cartoon 
representation of homodimeric BsAlaR corresponds to PDB entry 5IRP.
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Racemase activity assay.

An enzyme-coupled assay (Figure 5) was used to measure BsAlaR activity.34 First, the enzyme was 

incubated in either Tris-HCl 100 mM at different pH values: 6.8, 7.5, 8.0, 8.8, and 9.0 or carbonate-

bicarbonate buffer (pH 9.0). The reaction mixture was prepared with each specific buffer in a final 

volume of 50  L and catalysis was allowed to proceed for 30 s at room temperature using 0.57 M 

of BsAlaR and 20 mM of L-Ala as the substrate. The reaction was stopped by boiling for 10 min. 

The samples were then centrifuged for 10 minutes at 14,500 rpm to remove the inactivated protein 

and the reaction product was mixed with D-amino acid oxidase, an FAD-containing flavoenzyme 

that catalyzes the oxidative deamination of D-Ala to its corresponding α-keto acid (i.e. pyruvic acid), 

ammonium and hydrogen peroxide. H2O2 is then reduced to water by horseradish peroxidase and o-

phenylenediamine is simultaneously oxidized to give the chromogenic 2,3-diaminophenazine.35 The 

specific activity was determined by measuring, in triplicates, the production rate for 20 mM of L-

Ala at different time points (0.5–5 min). The specific activity was calculated as g of L-Ala 

racemized per min and per amount of enzyme.  

Crystallization of BsAlaR. Crystals of BsAlaR were obtained by the hanging drop method in four 

different crystallization conditions: (a) 15% PEG 4000, 0.2 M MgCl2 (BsAlaRnobuff), 0.1 M Tris 

pH = 8.5; (b) 15% PEG 4000, 0.2 M MgCl2 (BsAlaRTRS); (c) 13% PEG 4000, 0.2 M MgCl2, bis-

TRIS propane pH=8.5 (BsAlaRTRSprop); and (d) 15% PEG 4000, 0.2 M MgCl2, 0.1 M HEPES 

pH = 8.5 (BsAlaRHEPES) at a concentration of 3.5 mg/mL. Drops containing 1 μL of protein with 

1 μL of reservoir solution were equilibrated against 150 μL of reservoir solution. The optimized 

crystallization conditions were obtained using the microbatch technique. X-ray data sets were 
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collected from flash-cooled crystals at 100 K. Before cooling, the crystals were washed for a few 

seconds in a cryoprotectant solution of 70% (v/v) Paratone.

X-ray data collection and structural determination. The X-ray diffraction data set from 

BsAlaRTRS was collected on beamline ID23-1 at ESRF (Grenoble, France) with 1 oscillation 

between images and up to 2.1 Å resolution. The remaining datasets were collected on beamline 

XALOC at ALBA (Barcelona, Spain) with 0.25º oscillation range for BsAlaRnobuff and 0.2º for 

both BsAlaRTRSprop and BsAlaRHEPES. BsAlaRnobuff, BsAlaRTRSprop and 

BsAlaRHEPES diffracted up to 2.85 Å, 1.95 Å, and 2.05 Å, respectively (Table 1). The data sets 

were processed using iMOSFLM36 and XDS37, and were scaled with AIMLESS from the CCP438 

program suite.

  The BsAlaR–TRS structure was solved by the molecular replacement method using MOLREP39 

and Bacillus anthracis AlaR (PDB code 3HA1) as the template. The model was completed manually 

using Coot40. BsAlaRTRSprop and BsAlaRHEPES were solved using as template the 

BsAlaRTRS structure obtained previously. BsAlaRTRS Rwork converged to 0.16 and the Rfree to 

0.20 in the final model, BsAlaRnobuff Rwork 0.20 and Rfree 0.25, BsAlaRTRSprop Rwork 0.20 and 

Rfree to 0.23, BsAlaRHEPES Rwork 0.19 and Rfree 0.24. The coordinates were refined using Phenix41 

and Refmac from the CCP438 program suite and modelled using Coot.40 The data refinement results 

are summarized in Table 1.

Molecular dynamics (MD) simulations. The initial geometry was prepared using the BsAlaR 
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coordinates (PDB id. 5IRP) and replacing the decarboxylated PLP by a full-reconstituted Lys39-

PLP internal aldimine and a free neutral Tris molecule. Before running the mechanistic studies, a 

restrained MD simulation protocol was followed. The enzyme was immersed in a cubic box of 12 

Å from the solute to the border of the box filled with ca. 24,500 TIP3P water molecules42 and 17 

chloride ions to ensure electroneutrality. The tleap utility in AMBER1443 was used for the setup of 

all systems. Periodic boundary conditions were used and the electrostatic interactions were 

computed using the Ewald method44  with a grid spacing of 1 Å. The cutoff distance for the non-

bonded interactions was 10 Å and the SHAKE algorithm45 was applied to all bonds involving 

hydrogens. An integration step of 2.0 fs was defined. Before the production phase, the energy of 

each simulated system was minimized sequentially in three steps: initially only the hydrogens, then 

the waters plus the counterions, and finally the whole molecular ensemble, in every case by first 

using the steepest descendent algorithm and then the conjugate gradient method. The resulting 

energy-minimized solvated geometries were heated from 100 to 300 K over 100 ps using the 

Berendsen thermostat but keeping the positions of all the heavy atoms of the solute restrained with 

a harmonic constant of 20 kcal-1 mol-1 Å-2; in this step, a random seed was imposed. Thereafter, the 

imposed restraints were gradually removed in 5 steps of 20 ps each, during which the system was 

switched from an NVT (40 to 10 kcal-1 mol-1 Å-2 in 80 ps, constant volume) to an NPT (10 kcal-1 

mol-1 Å-2 in 40 ps, constant pressure) ensemble. Throughout this procedure, we could identify an 

initial optimized geometry for the QM/MM MD studies. All the MD simulations were carried out 

using the pmemd.cuda_SPFP module from the AMBER1443 suite of programs running on a GPU 

architecture (NVIDIA GeForce GTX980). System build-up, distance monitoring and cluster 

analysis were carried out using the cpptraj module in AMBER14.46 
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Hybrid quantum mechanics / molecular mechanics (QM/MM) MD studies. The QM region was 

defined so as to include the PLP cofactor, the active-site Tris molecule and the side chains of the 

following relevant BsAlaR amino acids: (i) catalytic residues Lys39 and Tyr272’ and their assisting 

partners Asp321 and His169; (ii) PLP-anchoring residues Tyr43, Tyr364, Arg225, Arg139; and (iii) 

the proximal Asn209. In addition, the crystallographic water molecule HOH151 and a second water 

molecule (WATB), as defined in our mechanistic proposal, were also included. All the QM/MM 

MD reaction pathways were simulated for 10 ps making use of the SCC-DFTB:leaprc.14SB 

method47 in AMBER14. The initial near-attack conformation and all intermediates were energy 

minimized before/after the simulation of the reactions by means a QM/MM MD protocol 

(DFTB:leaprc.14SB, 20,000 cycles). Finally, the geometries of the QM regions of the resulting 

complexes were optimized at a higher level of theory using the cluster method. 

Cluster method (QM optimizations). The same QM region defined above but including the side 

chain of Asn209 was used for the definition of the QM region. The resulting geometry obtained 

after the QM/MM MD simulation was optimized at the DFT level of theory using the hybrid 

functional B3LYP and the 6-31G(d,p) basis set but the heavy atoms were kept frozen to preserve 

the conformation found in the protein. All the energies were computed including the zero-point 

energy correction. All the optimizations were run using program Gaussian09, revision D.01.48 The 

cartesian coordinates of the optimized geometries of the complexes shown in Scheme 2 can be found 

in the ESI file Structures.xyz.
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The commonly used Tris buffer acts as a surrogate substrate and deformylates 
pyridoxal phosphate in a bacterial alanine racemase at subzero temperatures.
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