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Abstract

L-Threonine aldolases (TAs), a family of enzymes belonging to the fold-type I pyridoxal 5′-

phosphate (PLP) dependent enzymes, play a role in catalyzing the reversible cleavage of L-3-

hydroxy-α-amino acids to glycine and the corresponding aldehydes. Threonine aldolases have 

great biotechnological potential for the syntheses of pharmaceutically relevant drug molecules 

because of their stereospecificity. The pH-dependency of their catalytic activity, affecting reaction 

intermediates, led us to study the effect of low-pH on E. coli TA (eTA) structure. We report here a 

low-pH crystal structure of eTA at 2.1 Å resolution, with a noncovalently bound uncleaved L-

serine substrate, and a PLP cofactor bound as an internal aldimine. This structure contrasts with 

other eTA structures obtained at physiological pH that show products or substrates bound as PLP-

external aldimines. The non-productive binding at low-pH is due to an unusual substrate serine 

binding orientation in which the α-amino group and carboxylate group are in the wrong positions 

(relative to the active site residues) as a result of protonation of the α-amino group of the serine, as 

well as the active site histidines, His83 and His126. Protonation of these residues prevent the 

characteristic nucleophilic attack of the α-amino group of substrate serine on C4′ of PLP to form 

the external aldimine. Our study shows that at low pH the change in charge distribution at the 

active site can result in substrates binding in a non-productive orientation.
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INTRODUCTION

L-Threonine aldolases (TAs) are a group of fold-type I pyridoxal 5′-phosphate (PLP)-

dependent enzymes that catalyze the reversible cleavage of L-3-hydroxy-α-amino acids, 

e.g., L-serine, L-threonine, L-allo-threonine, erythro- and threo-L-3-phenylserine, to glycine 

and the corresponding aldehydes [1-3]. These enzymes are found in several different species 

of bacteria and fungi, but also include the family of serine hydroxymethyltransferases from 

both prokaryotic and eukaryotic sources [4-6]. The addition of an alkyl group to C-3 of the 

substrate amino acid generates a second asymmetric site resulting in threo and erythro 

isomers. The lack of strict stereospecificity and the possibility of employing different 

aldehlydes as substrates suggest the potential of these enzymes catalyzing diastereoselective 

syntheses of 3-hydroxy amino acids for pharmaceutically relevant drug molecules by the 

reverse reaction of glycine and the appropriate aldehyde. By understanding the mechanism 

and active site structure of eTA and using site-directed mutagenesis, it is possible to alter the 

stereospecificity to favor the synthesis of either the threo- or erythro- forms [4-8].

Threonine aldolase catalysis, as in all other PLP-dependent enzymes, proceeds by a well-

studied mechanism where the PLP cofactor is first transferred from an internal aldimine 

linkage to the ε-amino group of an active site Lys to an external aldimine with the α-amino 

group of the substrate in a transaldimination reaction (Scheme I). Obtaining structures with 

reaction intermediates has proved difficult because adding the 3-hydroxy substrate (serine, 

threonine, etc.) results in rapid conversion in the crystal to an equilibrium mixture of the 

PLP external aldimine with both the substrate and the glycine product. In this work we 

describe a very unusual structure of an uncleaved substrate non-covalently bound at the 

active site of E. coli threonine aldolase (eTA). This structure was obtained as a result of an 

unproductive binding of the substrate, due to an unusual charge distribution in the active site 

at pH 5.6 at which eTA is essentially inactive [4].

MATERIALS AND METHODS

Crystallization, Data Collection and Structure Determination

E. coli TA (EC 4.1.2.48) was expressed and purified following a previously described 

procedure [4]. Freshly dialyzed eTA (22 mg/mL in 20 mM potassium phosphate, pH 7.0) 

was incubated with L-serine (6.25 mM) for five minutes at a final ratio of 1:1 of tetramer 

eTA to L-serine. The complex was then crystallized by hanging drop vapor diffusion 

method with precipitant solution containing 0.1 M sodium citrate tribasic dihydrate pH 5.6, 

20% v/v 2-propoanol and 20% v/v PEG 4000.

The X-ray data set was obtained at 100° K on an R-axis IV++ image plate detector using 

CuKα radiation (λ=1.5417 Å) from a Rigaku Micro-MaxTM -007 X-ray source equipped 

with Varimax confocal optics operating at 40 kV and 20 mA (Rigaku, The Woodlands, TX). 
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Crystals were cryoprotected in their mother liquor supplemented with 11% glycerol, and 

diffracted to 2.1 Å resolution. The data set was processed and scaled with Rigaku D*TREK 

software. Diffraction data statistics are shown in Table 1.

The structure was solved by the molecular replacement method with the program AMoRe 

[9] using the published native eTA homodimer structure (PDB code 4LNJ) that was 

crystallized at pH 7.5 as a search model [10]. Two dimers forming a homotetramer in the 

asymmetric unit were obtained with a correlation coefficient of 26% and an R-factor of 

53.4%. The catalytic sites showed non-covalently bound L-serine. Several cycles of 

refinement with CNS and model corrections with coot [11;12], and addition of L-serine 

molecules (in two possible orientations, each refined at 50% occupancy) at all four catalytic 

sites, six Na+ atoms and several water molecules resulted in a final Rwork/Rfree of 21.3/27.9 

at 2.1 Å.

HINT analysis of interaction between the substrate L-serine and protein

The HINT forcefield [13;14] was used to quantify the interactions between the non-

covalently bound L-serine and the active site residues of the eTA structure. The foundation 

of HINT has been extensively reviewed [13-15], but briefly, it is a scoring tool that exploits 

the free energy information from partition coefficients of solute transfer between water and 

1-octanol (log Po/w) as a forcefield that recognizes hydropathic interactions as above, while 

inherently encoding entropy and solvation/desolvation.

The HINT calculations were performed both at simulated acidic pH 5.6 (where the active 

site residues His83, His126, Arg308 and Arg169 should exist predominantly in their 

protonated forms), and at simulated neutral pH 7.5 (where Arg308 and Arg169 should be 

positively charged, while His83 and His126 become increasingly unprotonated). The 

calculation also assumed the substrate’s L-serine carboxylate to be predominantly 

unprotonated at all pH values, while the amino moiety is predominantly protonated at pH of 

5.6 but becomes increasingly unprotonated as the pH is increased to 7.5.

Using the Sybyl 8.1 molecular modelling suite (Tripos LP. www.tripos.com, St. Louis, MO, 

USA), hydrogen atoms were added to the pH 5.6 eTA-Ser complex structure coordinate 

containing the two different poses of the substrate, and minimized (Tripos forcefield, with 

Gasteiger-Hückel charges and distance-dependent dielectric) to a gradient of 0.01 kcal 

mol−1 Å−1 while the non-hydrogen atoms were treated as an aggregate. Prepared structures 

were then used for HINT score calculations.

RESULTS

Overall Structure

We have co-crystallized eTA with L-serine at pH 5.6 (subsequently referred to as eTA-Ser-

pH5.6). Diffraction data, refinement and structural statistics of eTASer-pH5.6 are 

summarized in Table 1. The structure was determined using the molecular replacement 

method with the unliganded eTA structure that was crystallized at pH 7.5 (PDB code 4LNJ) 

as the search model [10]. The structure has been refined to a Rwork/Rfree of 21.3/27.9, and 

deposited in the PDB with ID code of 4RJY. The asymmetric unit contains two homodimers 
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(A/B and D/C), with each dimer burying a total surface area of ~3600 Å2, forming a stable 

homotetramer composed of monomers A, B, C and D (Fig. 1A). The previously published 

eTA structures (all obtained at pH 7.5), i.e. the unliganded structure, the complex with 

glycine (obtained by co-crystallization of eTA with L-serine), and the complex with L-

threonine/L-allo-threonine/glycine (obtained by co-crystallization of eTA with L-threonine) 

[10], will be used for comparative purposes. These structures will be referred to as eTA-

pH7.5 (PDB code 4LNJ), eTA-Ser-pH7.5 (4LNL), and eTA-Thr-pH7.5 (4LNM), 

respectively. The overall fold of eTA-Ser-pH5.6 is indistinguishable from all three pH 7.5 

structures, with root mean square deviation of less than 0.4 Å. Each of the four active sites 

of eTA-Ser-pH5.6 are contributed to by three subunits, differently from other fold-type I 

PLP-dependent enzymes that normally utilize 2 subunits to form the active site.

The substrate L-serine in eTA-Ser-pH5.6 binds in a non-covalent fashion at all four active 

sites (in two alternate conformations; each refined at 50% occupancy), while the PLP 

cofactor binds as an internal aldimine with the fold-type 1 PLP-dependent enzyme 

conserved Lys197 (Fig. 1B-D). This is in contrast to eTA-Ser-pH7.5 and eTA-Thr-pH7.5 

structures that show either the substrate glycine or a mixture of glycine/threonine/allo-

threonine, respectively, covalently attached to PLP (Fig. 1E) as a result of the enzyme-

catalyzed reaction [10;16]. Thus, despite the presence of bound ligand at the active site of 

eTA-SerpH5.6, there appears to be no enzymatic reaction that could lead to external 

aldimine complex formation and retro-aldol cleavage.

The positions of the amino acid residues at the active sites of the four comparing structures 

do not change much with the exception of the side-chains of Lys197 and His126. The 

former residue makes a covalent interaction (internal aldimine) with the C4’ of PLP in both 

eTA-pH7.5 and eTA-Ser-pH5.6, but has moved significantly with elimination of this 

interaction in eTA-Ser-pH7.5 and eTA-Thr-pH7.5. His126 is located on an active site loop 

contributed by a subunit that is part of the other dimer and recently had been proposed to 

play an important role in substrate recognition [10]. His126 was observed to be highly 

disordered in eTA at pH 7.5 when ligands are absent (eTA-pH7.5) or when glycine is bound 

as an external aldimine (eTA-Ser-pH7.5); where in both structures, there is no associated 

interaction between His126 and a substrate. In contrast, in eTA-Ser-pH5.6 or eTA-Thr-

pH7.5 the bound amino acid ligand (attached either covalently or non-covalently) hydroxyl 

moiety makes hydrogen-bond interactions with His126, stabilizing its position (Fig. 1E).

Six Na+ ions from the crystallization buffer are present in the eTA-Ser-pH5.6 structure. Four 

of the metal ions are located adjacent to the active site, while the other two are found at the 

interface of the two dimers. The metal ions have previously been observed in the other eTA 

structures with conserved protein interactions that are proposed to stabilize the active site 

and tetrameric structure, respectively [10].

Active Site Structure

The active site of monomer A, which is formed by subunits A, B and D, will be used for 

detailed discussion of active site interactions. The internal aldimine-bound PLP in eTA-Ser-

pH5.6 makes similar protein interactions (with protein subunits A and B) as the previously 

reported eTA structures (Fig. 2A) [10]. The side-chains of His83 and Ala168 from subunit A 
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make hydrophobic interactions at the re-face and si-face of the PLP ring, respectively. The 

phenolic oxygen and the pyridine nitrogen of PLP make hydrogen-bond interactions with 

the guanidinium group of Arg169 and the carboxylate group of Asp166 from subunit A, 

respectively. The PLP phosphate group makes several hydrogen-bond interactions with the 

peptide or side-chain atoms of Gly58 and Thr59 from subunit A, as well as with Arg229 

from subunit B. There are also several water-mediated interactions (water molecules A-E; 

Figs. 1D, 2A) between the PLP phosphate and the protein. Most of these water molecules 

are conserved in the eTA structures obtained at pH 7.5 [10]. In eTA-SerpH7.5 and eTA-Thr-

pH7.5, the external aldimine-bound ligands have displaced the amino group of Lys197 from 

PLP to form a Schiff-base interaction with the cofactor [10].

As noted above, although in eTA-Ser-pH5.6 the enzyme was co-crystallized with L-serine, it 

is evident that the amino acid did not undergo enzyme-catalysed cleavage, as the serine is 

observed to bind non-covalently (Fig. 1B-D). It is also notable that, despite the presence of 

ligand in the active site of eTA-Ser-pH5.6, the PLP stays bound as an internal aldimine with 

Lys197 as observed in the unliganded eTA-pH7.5 structure (Fig. 1B-D and 2A). These 

findings make eTA-Ser-pH5.6 the first reported PLP-dependent enzyme structure that has its 

substrate trapped in the active site in an unreactive abortive manner when the enzyme is co-

crystallized with the substrate. We note that another PLP-dependent enzyme, Citrobacter 

freundii methionine γ-lyase was also recently shown to non-covalently bind the amino acids 

L-1-amino-3-methylthiopropylphosphinic acid or S-ethyl-L-cysteine. However, unlike the 

eTA study in this report, the methionine γ-lyase complex structure was obtained by soaking 

the native crystal with a large excess of the amino acid substrates [17].

In fold-type I enzymes, the formation of an external aldimine between PLP and the amino 

acid ligand is accompanied by a 10-30° rotation of the PLP ring from its internal aldimine 

position in the unliganded native structure [10;16;18]. As expected from its internal aldimine 

position, the PLP ring in eTA-Ser-pH5.6 has also rotated by about 25° from the external 

aldimine position, close to the unliganded position (Fig. 1E).

L-serine binding at pH 5.6

The electron density map in Figure 1B and C clearly shows that at pH 5.6 the substrate L-

serine is bound at the active site, however it does not form an external aldimine with PLP, 

which remains bound to Lys197 as an internal aldimine. Electron density of serine may be 

fitted in two possible conformations, each refined at 50% occupancy (Figs. 1B-D; 2B and 

2C). One conformation has the α-carboxylate group pointing toward and making hydrogen-

bond/salt-bridge interactions with the positively charged Arg169 and Arg308, while the β-

hydroxyl forms a hydrogen-bond interaction with His126 (Figs. 1D and 2B). We note that 

external aldimine bound amino acids in fold-type I PLP-dependent enzymes also show the 

α-carboxylate making interaction with Arg169 and/or Arg308. In the alternate conformer, 

serine is flipped about 180° from the first conformer so that the serine α-carboxylate group 

makes hydrogen-bond/salt-bridge interactions with the positively charged His83 and His126 

(Figs. 1D and 2C). In this orientation, the serine hydroxyl group makes a hydrogen-bond 

interaction with Arg308. The two arginines and the histidines are conserved in threonine 

aldolases, while only Arg308 is conserved across all PLP-dependent enzymes. Interestingly, 
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even though all four active sites show two alternate bound serine conformations as described 

above, the binding modes are slightly different, especially when it comes to the location of 

the serine α-amino group of one of the alternate conformers. Specifically, in all the active 

sites, the conformer with the α-carboxylate facing Arg169 and Arg308 shows the α-amino 

group pointing away from the C4’ of PLP, where it would normally make a nucleophilic 

attack to form a geminal diamine; the first intermediate in forming the external aldimine 

(Scheme I). On the other hand, the conformer with the α-carboxylate facing His83 and 

His126, shows differing α-amino group positions, especially between the monomer A bound 

serine and the other three active site bound ligands. In monomer A, the serine α-amino 

group is about 3.4 Å from the C4’ of PLP (as shown in Fig. 1B-D), and it is apparent from 

the electron density map that the two do not make any observable covalent interaction. For 

the other three active sites, the serine α-amino groups is about 4-6Å from the C4’ of PLP, 

pointing in a ~90° direction. In any position in the four active sites, the serine α-amino 

group makes hydrogen-bond interactions with water molecules; some of these water 

molecules mediate interactions with the protein (Fig. 2B and C). Such asymmetric binding 

of ligands is a characteristic feature of many PLP-dependent enzymes [10;19].

HINT analysis predicts substrate binding orientation at different pH values

HINT (Hydropathic INTeractions) is an empirical force field that exploits partition 

coefficient properties; which encodes all types of interactions expected to be found in 

bimolecular systems, giving qualitative and quantitative analysis of interactions. Higher 

HINT scores indicate more favourable interactions. We thus used this tool to quantitatively 

evaluate the binding energetics of L-serine at pH 5.6 using eTA-Ser-pH5.6; first with the 

non-covalently bound serine conformer which has its carboxylate facing the two protonated 

histidines, His83 and His126. We next repeated the analysis with the second conformer with 

its carboxylate facing the protonated arginines, Arg308 and Arg169. The calculation 

assumed that the amino group of the serine is essentially in the protonated form. The above 

calculations were repeated, this time assuming a pH of 7.5, where the putative serine amino 

group, as well as the histidines become increasingly unprotonated, while the arginines are 

protonated.

We obtained a favourable HINT score of +1200 with the substrate serine carboxylate facing 

protonated His83 and His126 at pH 5.6; a favourable HINT score of +1431 with the 

substrate serine carboxylate facing protonated Arg308 and Arg169 at pH 5.6; a favourable 

HINT score of +1522 with the substrate serine carboxylate facing protonated Arg308 and 

Arg169 at pH 7.5 (as observed in neutral-pH structures); and an unfavourable HINT score of 

−727 with the substrate serine carboxylate facing unprotonated His83 and His126 at pH 7.5 

(control experiment). This analysis suggests that at pH 5.6, both orientations are possible 

consistent with the structural studies that show equal occupancies for the two orientations 

(Fig. 1B-D); at pH 7.5, however, HINT clearly suggests that the only orientation possible is 

with the carboxylate interacting with Arg169 and Arg308, consistent with this exclusive 

orientation observed at external aldimine bound amino acids in PLP-dependent enzymes at 

neutral pH values.
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DISCUSSION

Previous kinetic studies showed eTA to be essentially inactive at pH 5.6 [4]. Enzymes 

exhibit a pH optimum and become inactive at either high or low pH. The inactivity at low 

pH is usually suggested to be the result of the conversion of a critical active site base (like a 

His residue) to its conjugate acid form or to significant changes in protein structure. Neither 

of these proposals appears to be the reason for the inactivity of eTA at pH 5.6.

In order to elucidate the molecular reason for eTA inactivity at low pH, we determined its 

crystal structure at pH 5.6 with L-serine substrate. Unlike previous eTA complex structures 

that were crystallized at neutral pH and showed covalently bound amino acid substrates, the 

eTA complex structure at pH 5.6 shows an exclusively non-covalently bound substrate in 

non-productive orientations in which the α-amino group and carboxyl group of the serine 

are in the wrong orientations. The α-amino group of the serine points away from the C4’ of 

PLP cofactor, and is not able to form the external aldimine intermediate and therefore carry 

out catalysis. Interestingly, unlike eTA, the α-amino group of the noncovalently bound 

amino acid substrates in Citrobacter freundii methionine γ-lyase are directly facing the C4’ 

of PLP [17].

Previous inhibition, spectral and rapid reaction studies with the PLP-dependent enzyme, 

serine hydroxymethyltransferase, which catalyzes all of the same reactions as eTA, showed 

that the substrates serine and glycine bind in the anionic form (neutral amino group) at the 

active site [19;21]. The substrate α-amino group needs to be in its unprotonated form in 

order to react with C4’ of PLP to initiate the transaldimination reaction [22;23]. At pH 5.6 

the α-amino group of serine is highly protonated and unable to act as a nucleophile in the 

first step of the transaldimination step (Scheme 1). Thus, the most likely reason for the α-

amino group of serine to be pointing away from C4’ of PLP is repulsion by the positive 

charge of the protonated internal aldimine at the bottom of the enzyme active site.

At low pH, the active site residues His83 and His126 are being converted from largely 

neutral molecules into their positively charged conjugate acid. The only significant change 

in position of active site residues, occurring at pH 5.6 in comparison to pH 7.5, is the 

movement of His126. Previous studies with eTA have proposed His83 and/or His126 as the 

putative base for the retro-aldol cleavage mechanism [4;16]. However, recent structural and 

site-directed mutation studies of wild-type and active-site mutant forms of eTA clearly 

showed that neither residue is the catalytic base, but rather the base is a conserved active site 

water molecule, its basicity enhanced by several coordinating basic residues, including 

His126 and His83 [10]. It was also suggested that the two histidine residues were important 

in substrate binding and specificity [10]. The structure at pH 5.6 shows that His126 is 

important in binding and positioning of the substrate in a specific orientation. At low pH, the 

likely protonated His126, and for that matter His83, which is capable of forming strong H-

bonds and electrostatic interactions with the carboxylate moiety of the substrate, account for 

the observed alternate substrate conformation where the carboxylate group is pointing 

toward the two His residues. As the pH increases to neutral, the histidine residues and the α-

amino group of serine become increasingly unprotonated, allowing the substrate to re-orient 

to its catalytic position that brings the carboxylate facing Arg169 and Arg308 and the 

Remesh et al. Page 7

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

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



neutral α-amino group facing C4’ of PLP. This interpretation is supported by the high HINT 

scores for the two orientations at pH 5.6. In summary, the reason for the inactivity of the 

enzyme at pH 5.6 is the change in the charge distribution where two critical His residues and 

the serine α-amino group become positively charged instead of neutral. Our study explains 

on a molecular level why the activity of eTA is quite different at different pH values; 

information important from protein engineering point of view, and more specifically may be 

useful in developing eTA as a biocatalyst.
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Highlights

• Structure of e. coli threonine aldolase with non-covalently bound serine 

substrate

• Non-catalytic orientation of serine due to an unusual charge distribution at low 

pH

• Amine of serine and C4’ of PLP repels due to protonation of both species at low 

pH

• PLP binds as an internal aldimine despite the presence of serine substrate
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Figure 1. 
Structure of eTA. (A) Tetrameric structure of eTA-Ser-pH5.6 (in ribbons) in complex with 

L-serine (red spheres), PLP (orange spheres) and six Na ions (green spheres). Monomers A, 

B, C and D are in yellow, magenta, grey and cyan, respectively. (B) A 2Fo-Fc omit map 

(omitting Lys197, PLP and L-serine) shown at 0.9σ level for eTA-Ser-pH5.6. PLP is in the 

internal aldimine form, as shown by the continuous electron density between Lys197 and the 
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cofactor. The map is superimposed with the final refined model. (C) A final refined 2Fo-Fc 

map shown at 0.9σ level for eTA-Ser-pH5.6. (D) Stereo-view of the monomer A active site 

of eTA-Ser-pH5.6 with the internal-aldimine bound PLP (cyan) and noncovalently bound L-

serine (grey) in two alternate conformations. Na ion and water molecules are green and red 

spheres, respectively. (E) Stereo-view comparison of active sites of eTA-ser-pH5.6 (yellow), 

unliganded eTA-pH7.5 (magenta) and eTA-Thr-pH7.5 (white).
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Figure 2. 
Scheme of two-dimensional contacts between ligands, protein residues and the structural 

water molecules discussed in the text. Dotted lines indicate hydrogen-bond interactions and 

their length (in Å), and broad dashed lines represent hydrophobic interactions. (A) PLP 
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contacts. (B) L-serine (with the carboxylate facing the arginines) contacts. (C) L-serine 

(with the carboxylate facing the histidines) contacts.
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Scheme 1. 
Reaction scheme for external aldimine and quinonoid formation in threonine aldolase
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Table 1

Crystallographic data and refinement statistics for liganded eTA. Values in parentheses refer to the outermost 

resolution bin.

Data collection statistics

Space group P21

Cell dimensions (Å) a=77.16, b=104.88, c=84.91;
β=92.49°

Resolution (Å) 32.80–2.10 (2.18–2.10)

No. of measured reflections 224481

Unique reflections 77165 (7458)

Redundancy 2.91 (2.77)

I/σI 8.4 (3.8)

Completeness (%) 98.0 (95.4)

Rmerge (%)a 9.3 (26.8)

Structure refinement

Resolution limit (Å) 29.99–2.10 (2.20–2.10)

 No. of reflections 76865 (8917 )

 Rwork (%) 21.3 (32.5)

 Rfree (%)b 27.9 (38.0)

R.m.s.d. standard geometry

 Bond lengths (Å) 0.009

 Bond angles (°) 1.5

Dihedral angles (%)

 Most favored regions 91.2

 Allowed regions 9.2

Average B-factors (Å2)

 All atoms 27

 Protein alone 27

 Water 30

 Na ions 23

 L-serine substrate 29

 PLP 27

a
Rmege = ΣhklΣi/Ihkli – <Ihkli>/ ΣhklΣi< Ihkli>.

b
Rfree was calculated with 5% excluded reflection from the refinement.
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