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Chapter 6. 

 

 

 

Looking at AEH now and in the future 
 

Thomas R.M. Barends and Bauke W. Dijkstra 
 

 
In the present thesis, the crystal structures of two members of the AEH family have been described, as 

well as the structures of two mutants. These structures provide opportunities to learn from comparisons 

with other, related enzymes and to design new experiments. In this chapter, the AEH structures will be 

reviewed in comparison with homologous structures and proposals for additional research will be done. 
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Looking at AEH now and in the future 

Tetrameric configuration  

The observation of the same tetrameric configuration in all three A. turbidans AEH structures as well as 

in the X. citri esterase structure warrants a closer look. An important structural feature involved in 

oligomerisation are the N-terminal arm domains, which are in contact with an adjacent monomer. On this 

adjacent monomer, an arm domain stretches over the surface of the cap domain, and partly lies in a 

groove at the interface of the cap and α/β-hydrolase domains. The two dimers thus formed are held 

together in a tetramer by less extensive interactions involving all three domains. In PepX, which is a 

dimer, the N-terminal arms are replaced by N-terminal domains, which are also involved in dimer 

formation (Rigolet et al., 2002). This dimer does not, however, show the same relative positions of the 

two monomers as observed in the AEHs. No N-terminal arm or domain was observed in CocE (Larsen et 

al., 2001), which occurs as a monomer (Bresler et al., 2000). 

A tetramerization motif 

In a sequence alignment, the sequences of the AEHs from Acetobacter turbidans, Xanthomonas citri, 

Zymomonas mobilis and Xylella fastidiosa show three insertions with respect to the sequences of the 

related proteins glutaryl acylase and CocE. PepX shows two insertions in places similar to two of the 

three insertions in the AEHs. These three insertions shall be named i1 (residues 123-133 in A. turbidans 

AEH, prior to helix αA), i2 (residues 159-173, between β4 and αB), and i3 (residues 556-564, on the 

jellyroll domain). In PepX, the so-called lasso-loop is found at the position of i1, and another much longer 

insertion is seen at the position of i3. When mapping the residues involved in intermonomer contacts onto 

this alignment (not shown), it becomes clear that these insertions play a role in tetramerization. 

Interestingly, the lasso-loop in PepX, which corresponds to i1 in AEH, is involved in intermonomer 

contacts in PepX, too.  

 

Next page: Figure 1. Alignment showing the insertions i1, i2 and i3 in both sequence and structure. The 

sequences of the AEHs from X. citri (Xc) A. turbidans (At), X. fastidiosa (Xf) and Z. mobilis (Zm) as well 

as from the L. lactis (Ll) PepX, the Rhodococcus sp. (Rs) CocE and B. laterosporus (Bl) glutaryl acylase 

are shown. The structures of AEH (green), CocE (blue) and PepX (orange) are shown, too. The figure 

was prepared using Bobscript (Esnouf, 1997) and Raster3D (Merrit, 1997).  
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  Given the "conservation" of the occurrence of these insertions amongst the AEHs, it seems likely 

that they constitute a "tetramerization motif", implying that the AEHs from Z. mobilis and X. fastidiosa 

may be expected to form similar tetrameric structures. Thus, the tetrameric structure observed in three A. 

turbidans AEH structures and the X. citri AEH structure may be a unifying property of the AEH family. 

Evolution of AEHs  

Possibly, the cap domain, the jellyroll domain and the insertions i1, i2, and i3 are features that 

have been added to an ancestral α/β-hydrolase protein during the course of evolution. Such insertions can 

have arisen gradually, by consecutive small mutations, or by the direct insertion into the gene of a 

fragment of DNA through genetic recombination. While it is generally difficult to say which mechanism 

occurred in a specific case, it seems that the jellyroll domain, being a globular domain also observed in 

several other proteins, was "borrowed" from another gene. Interestingly, the linker between the α/β-

hydrolase fold domain and the jellyroll domain is shortened into a compact loop by a disulfide bridge in 

AEH, whereas in CocE and PepX the linker is simply shorter in sequence. Perhaps, after a coupling event 

linking an α/β-hydrolase protein with a jellyroll protein, the linker was shortened by different 

mechanisms: formation of a disulfide bridge in AEH, and deletion of residues in CocE and PepX. For the 

cap domain, it is difficult to say whether it arose due to recombination events, gradual mutation or a 

combination of the two.  

The insertions i1, i2 and i3 probably originated after incorporation of the cap and jellyroll 

domains, since these small insertions are not seen in CocE and are different in PepX, which does not have 

an insertion at the position of i2. I1 and i2 occur in positions in the α/β-hydrolase fold where insertions 

are commonly observed (Heikinheimo et al., 1999) and which probably constitute sites where the α/β-

hydrolase fold is indifferent to insertion. Interestingly, the i3 insertion seems to be in such a "tolerated" 

position on the jellyroll domain, given that an insertion is also observed here in PepX. Another such 

position is the N-terminus, where the "arm" is found in AEH, and the dimerization domain in PepX. 

Apparently, due to tolerance of the α/β-hydrolase- and jellyroll folds towards insertions at these sites, 

different insertions evolved here which could stabilize dimers and tetramers, thus leading to highly 

similar proteins gaining highly dissimilar quaternary structures. Intriguingly, the quaternary structures of 

AEH and PepX, and the long i3 insertion in PepX (Rigolet et al., 2002), all effectively preclude access of 

macromolecules to the active site. Thus, the evolutionary pressure leading to the incorporation of these 
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insertions seems to have been directed towards enabling the protein to adopt a state which allows activity 

on small molecules only. 

Experiments with the tetramer 

It would be interesting to construct a mutant which is monomeric, and to investigate the effect of such a 

mutation on catalysis, substrate specificity and also on the bacterial phenotype. Perhaps the removal of 

the N-terminal arms could be a step towards the construction of such a mutant. Also, the oligomerization 

behaviour of the wild-type enzyme could be investigated using small-angle X-ray scattering. Using this 

technique, the effects of temperature, pH and other factors on oligomerization may be investigated. One 

factor that could be looked at, also in terms of catalysis and stability, is the redox potential, since 

reduction of the disulphide brigde in AEH may be expected to lead to increased flexibility in the linker 

between the α/β-hydrolase and jellyroll domains. 

Calcium ion 

In the X. citri AEH structure, a calcium ion was found, bound by a novel calcium-ion binding motif. 

Interestingly, this motif is found between two elements of secondary structure (a helix and a strand). The 

AEH gene of X. citri codes for a signal peptide apparently ordering the export of this protein to the 

periplasm. Since it has been found that divalent cations may stabilize and even nucleate helices (Ruan et 

al., 1990) (Siedlecka et al., 1999), and given the low calcium concentration in the cytosol, this metal ion 

binding site may function as a "folding help" for the protein upon export from the cytosol. Unfolding 

studies in a calorimeter, in the presence and absence of calcium, may show the importance of this site for 

protein stability. 

Active site configuration  

Examining the active site of AEH in detail, the structural basis for the different substrate specificity 

compared to CocE and PepX becomes clear. Where CocE and PepX have hydrophobic or neutral 

residues, AEH displays a prominent negatively charged cluster of residues, possibly involved in 

recognizing the ammonium group of the substrate. It is, however, much more difficult to explain the 

differences in substrate specificities observed between the AEHs from A. turbidans and X. citri. 

Interestingly, the Acetobacter enzyme is capable of hydrolyzing both amoxycillin and cephadroxil 

(Polderman-Tijmes et al., 2002a), which both contain a p-hydroxyphenylglycine acyl group, but differ in 

their β-lactam nucleus. The Xanthomonas enzyme, by contrast, can hydrolyze neither compound (chapter 



Chapter 6 

 104

3) but is active on cephalexin and ampicillin, which lack only the p-hydroxy substituent compared to 

cephadroxil and amoxycillin. This difference should be explained by the structure of the cap domain, 

which forms the acyl chain binding pocket. A possible explanation seems to be offered by the residue at 

position 250 (Acetobacter numbering), which is close to the position expected for p-substituents on a 

phenylglycine acyl chain. In the Acetobacter protein, this is an alanine, whereas in the Xanthomonas 

protein, a more bulky asparagine (Asn219) possibly precludes binding of a p-substituted phenylglycine. 

However, the AEH from Zymomonas mobilis also has an asparagine in this position, but is able to utilize 

substrates with a p-hydroxyphenylglycine acyl chain, underlining how difficult the structural explanation 

of subtle differences in specificity can be. Soaking experiments with different antibiotics may lead to a 

better understanding of the origin of these differences. 

Carboxylate cluster 

The carboxylate cluster is one of the features that sets the AEHs apart from other serine esterases. This 

grouping of two aspartates and one glutamate was proposed to bind the ammonium group of the substrate, 

explaining the substrate specificity of the amino acid ester hydrolases. The interaction between an 

ammonium group and these carboxylates can be expected to be dominated by electrostatic effects, which 

may contribute considerably to transition state stabilization. However, to strongly bind an ammonium 

group, less than three carboxylates should suffice. Indeed, in the Xanthomonas campestris proline 

iminopeptidase, a pair of glutamates is proposed to bind the N-terminal imino group of the peptide 

substrate (Medrano et al., 1998). The tricorn-interacting aminopeptidase F1 has a similar carboxylate pair 

to bind an N-terminal amino group (Goettig et al., 2002). Of this pair, however, only one of the 

carboxylates interacts directly with the substrate, whereas in AEH, all three carboxylates point into the 

active site cavity to form a narrow interaction site. 

 In fact, this cluster of carboxylates is highly reminiscent of a metal binding site. Another example 

of an enzyme with a three-carboxylate cluster in its active site is formed by malic enzyme (Tao et al., 

2003). In this cluster, a manganese ion is bound which is important for catalysis. Interestingly, metal ions 

have been reported to inhibit AEH activity, which may be explained by competition for the carboxylate 

cluster between the metal ion and the ammonium group of the substrate. Since the physiological function 

of the AEHs is unknown, the presence of a putative metal-binding site in the active site raises the question 

of whether the enzyme functions in vivo as a metalloenzyme. No information regarding this can be found 

in the existing literature on the AEHs. However, modelling a metal ion in the carboxylate cluster shows 
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that the active site is too small to accomodate a substrate complexing a metal ion in this site, which makes 

this possibility highly unlikely. 

 What then is the advantage of having this small binding site between three carboxylates? 

Comparing the binding site in AEH with the situation in aminopeptidases where one carboxylate interacts 

with the N-terminal amino group shows one clear difference. With the three-carboxylate combination, 

only a very narrow, highly localized binding site is formed. This localization of the optimal binding 

position for the amino group may be expected to be much less for a system with only one carboxylate. A 

possible reason to evolve such a highly localized binding site is to ensure that the interaction energy of 

ammonium group binding only reaches its maximum at a certain stage during catalysis, like e.g. in the 

transition state. Binding studies with transition state analogs and substrates may be used to test this 

hypothesis. 

Oxyanion hole 

Figure 2 shows the architecture of the oxyanion holes of the AEHs, CocE and PepX. In each case, one 

contribution to oxyanion stabilization is made by the backbone amide of the tyrosine residue following 

the catalytic serine, named TyrA for clarity. A second contributor is another tyrosine, named TyrB, which 

is found on the loop between strand β3 and helix αA, using the nomenclature for the α/β-hydrolase 

domain in (Ollis et al., 1992). Interestingly, a proline residue directly preceding the latter tyrosine is 

wedged in between the two tyrosine sidechains mentioned in the AEHs and CocE. In PepX, there is direct 

T-stacking between the two tyrosines with the two phenyl rings almost perpendicular to each other, 

whereas they are much more coplanar in the AEHs and in CocE. 

In CocE, the sidechain of the TyrB (Tyr44) is further held in place by a hydrogen bond between 

the Tyr44 hydroxyl group and the W166 Nε amide, as illustrated by the fact that the in structure of the 

Tyr44Phe mutant, the phenylalanine sidechain moves away from the oxyanion hole (Turner et al., 2002). 

In the α-amino acid ester hydrolases, this TyrB makes a hydrogen bond with the hydroxyl group of 

another tyrosine (Tyr222 in the X. citri, and Tyr253 in the A. turbidans protein). This tyrosine is 

conserved in the AEHs and this hydrogen bond may be expected to perform the same function. In the 

AEHs as well as in CocE, the residue that thus holds the second contributor to the oxyanion hole in place 

stems from the cap domain. In PepX, the arrangement is different, since there, the TyrB OH, which 

should stabilize the oxyanion, is not held in place by a hydrogen bond. Rather, the Tyr210 sidechain is 
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fixed by van der Waals contacts between Tyr349, Ile214, Leu404 and Leu401 on one side and Leu350 on 

the other.  

In the AEHs as well as in CocE and PepX, the sidechain of TyrB is exposed at the surface of the 

active site. Until recently, a tyrosine sidechain contributing to oxyanion stabilization had been observed 

only in prolyl oligopeptidase (Fülöp et al., 1998). Thus, this tyrosine has enjoyed considerable interest in 

the form of the mutagenesis study (Turner et al., 2002) mentioned above and discussions in (Larsen, et 

al., 2001), (Turner et al., 2002), chapter 3 and chapter 4 in which it was proposed that the TyrB sidechain 

is involved not only in oxyanion stabilization, but perhaps also in substrate binding. The capacity of TyrB 

to complex substrates is shown by the crystal structure of the A. turbidans S205A mutant in which an 

ampicillin molecule is bound to the active site, making extensive contacts to this residues side chain. 

Interestingly, in PepX the TyrB sidechain is in the middle of a hydrophobic patch which may serve to 

bind a substrate as well. 

It is important to remember that TyrA, which directly follows the catalytic serine in the sequence, 

is so conserved it is part of the GxSYxG consensus sequence for X-prolyl dipeptidyl aminopeptidases and 

related proteins like the AEHs. Thus, given the interactions its sidechain has with TyrB, it may be 

expected to be crucial to the buildup of the oxyanion hole even though it points into the protein and away 

from the active site. This is illustrated by the effects of the Tyr206Ala mutation on the catalytic properties 

of the A. turbidans AEH (Polderman-Tijmes et al., 2002a). Interestingly, in the Tyr206Ala crystal 

structure this mutation translates into a shift of the other tyrosine, Tyr112, of which the hydroxyl group 

moves towards the active serine (Chapter 4). Whether these effects are due to changes in the capability of 

Tyr112 to stabilize the oxyanion or in its capability to bind the substrate should be made the subject of 

additional research, involving both kinetic and structural work. 

Function of AEH in vivo 

Can we, using the crystal structures and the biochemical information, formulate a hypothesis on the 

physiological function of the AEHs? The protein is found in, amongst others, Xanthomonas and Xylella, 

which are plant pathogens, and it is unlikely that they evolved or picked up AEH genes to resist β-lactam 

antibiotics since such drugs are not used to treat plant infections. The AEHs seem to be extracellular or 

periplasmic enzymes. Looking at the active site of AEH, the similarity to the X-prolyl dipeptidyl 
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Figure 2. Architecture of the oxyanion holes in AEH, CocE and PepX. The figure was prepared using 

Bobscript (Esnouf,1997) and Raster3D (Merrit and Murohy, 1997). 
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aminopeptidase (Rigolet et al., 2002), and the presence of the ammonium binding site suggest that the 

AEHs may function as an aminopeptidase. Indeed, an aminopeptidase was found in Xanthomonas 

rubrilineans which has biochemical characteristics (Krest'ianova et al., 1990) suggesting it to belong to 

the AEH family. The tetrameric state of the protein would allow only small peptides to enter the active 

site. In many organisms, such aminopeptidases function in protein degradation, by hydrolyzing small 

peptides resulting from the initial action of proteases on intact proteins (Goettig et al., 2002). In 

Xanthomonads, which are plant pathogens, strains deficient in extracellular protease were found to be 

somewhat less pathogenic and less viable (López et al., 1999) (Chan and Goodwin, 1999). AEH may 

function in a digestive system for proteins, as part of a range of peptidases with varying specificities, next 

to proteins like the prolyl iminopeptidase. To test this hypothesis, binding studies with a range of peptides 

may be performed. Also, AEH-deficient strains of Xanthomonas or Xylella may be investigated. 

 




