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Chapter 1. 

 

 

 

General introduction: catalysis by Ser-His-Asp catalytic triads 
 

 

 

 

 
This general introduction focusses on enzymes with a classical Ser-His-Asp catalytic triad. Since the 

AEHs are expected to have such a triad, this introduction sets the stage for the interpretation of the AEH 

structures. 
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The hydrolysis of esters, amides and peptides 

Found in every textbook of organic chemistry, the nucleophilic substitution reaction on carbonyl 

compounds follows one of the most well-known reaction mechanisms (figure 1). The attack of a 

nucleophile from either side of the planar carbonyl group prompts the breaking of the carbon-oxygen π 

bond, resulting in the formation of a tetrahedral species. This promptly collapses, in which the expulsion 

of the weakest base bound to the central carbon is favoured. 
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In nature, such reactions are ubiquitous. For instance, peptide and protein hydrolysis follows this 

scheme. Moreover, other molecules containing amide or ester bonds are built up and broken down via this 

general mechanism as well. However, as with most reactions occuring in biology, these reactions do not 

spontaneously occur at rates sufficient to sustain life as we know it. Thus, to enhance their rates to the 

high levels required by life, nature uses enzymes. This enzymatic catalysis has been the focus of much 

research (Benkovic and Hammes-Schiffer, 2003) which has led to insight into the mechanisms by which 

rate enhancement is realized.  

Amongst the multitude of enzymes capable of converting esters, amides and peptides, one 

common structural theme, the serine-histidine-aspartate/glutamate catalytic triad, seems to be so well 

suited for this purpose, that it has evolved independently on several separate occasions during the history 

of life. The first part of this thesis describes a novel enzyme that makes use of this enzymatic system, and 

therefore, this introduction will focus on the structure and chemistry of enzymes displaying such a triad 

structure.  

Interestingly, in spite of decades of structural and biochemical studies using an exhaustive 

spectrum of techniques, the details of the mode of action of such enzymes have, even in recent years, 

been the subject of a sometimes lively debate, and new mechanistic proposals have continued to be put 

forward. 

Figure 1. 
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There is, however, a basic mechanistic scheme that has been agreed upon. This introduction will 

briefly describe the structure and mechanism of the canonical catalytic triad as found in the textbooks and 

then elaborate on the various constituents of the system, their interactions and on the incisive experiments 

that have sought to validate the mechanism and elaborate on it. In doing so, issues that still remain to be 

addressed and that sometimes were raised many years ago, will be noted, and recent proposals aimed at 

laying them to rest will be reviewed. 

 

The catalytic mechanism of the serine hydrolases 

Blow et al. (1969), in their seminal paper, described the structure of native chymotrypsin, and were the 

first to point out the Ser-His-Asp residues in the active site. They believed these residues were hydrogen 

bonded together between both Ser and His, and between His and Asp. Previously, the structure of tosyl-

α-chymotrypsin had been described. The close interaction between Ser195 and His57 and their 

involvement in catalysis was deduced from previous experiments. However, due to an error in the 

primary structure, Asp102 had been assigned as asparagine. Later investigations corrected this mistake, 

allowing Blow et al. to focus on this aspartate rather than asparagine residue that was found in contact 

with the catalytic Ser and His. The authors were struck by the fact that for a charged residue, the Asp 

seemed positioned quite deep inside the protein, and they proposed that in this way a highly nucleophilic 

species was formed, which could activate the serine through resonance involving proton transfer between 

Ser and His along a hydrogen bond. Although this mechanism is now no longer believed to be correct, the 

concept of a catalytic triad with unusual properties, conferred on it by its structure and surroundings, was 

born. 

In the years that followed, similar triads were observed in many other proteins, ranging from 

proteases (e.g. trypsin, α-lytic protease, wheat serine carboxypeptidase, subtilisin) to esterases (e.g. 

acetylcholinesterase) and neutral lipases (e.g. Bacillus lipase). It was also found in a chaperone, but no 

hydrolytic function for this protein has been proven yet (Quigley et al., 2003). In some proteins, the 

catalytic triad was found to be arranged as the mirror image of the catalytic triad in trypsin, chymotrypsin 

and subtilisin, and in some, the Asp was replaced with Glu (Liao et al., 1992, Liao and Remington, 1990) 

(Sussman et al., 1991) (Hakansson et al., 2000) (Bourne et al., 2000). 
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The diversity of structures in which a catalytic triad has been found, together with the diversity of 

relative positions in the primary structure of these residues with respect to each other, suggests that the 

Ser-His-Asp/Glu triad has evolved on several separate occasions in evolution (Rawlings and Barret, 

1994). 

Given the comparatively many instances of convergent evolution resulting in a Ser-His-Asp/Glu 

triad, it seems that such a constellation of residues indeed is specially suited to the cleavage of carbonyl 

compounds. Apart from the Ser-His-Asp/Glu combination, other combinations of residues working in 

concert towards the hydrolysis of an ester or amide bond have been found, see for a review (Dodson and 

Wlodawer, 1998). This introduction will, however, concentrate on Ser-His-Asp triads, although minor 

variations on this theme will be included. 

As indicated in figure 2, the textbook mechanism (Dodson and Wlodawer, 1998) of Ser-His-

Asp/Glu catalytic triads involves nucleophilic attack on the carbonyl carbon by the Ser Oγ. Transfer of 

the Ser hydroxyl proton to the leaving group nucleophilicity is enhanced through acid/base catalysis by 

the His. An acylenzyme is formed, completing the so-called acylation step of the reaction. In the 

deacylation reaction, the His assists the nucleophilic attack on the acylenzyme ester by an acyl acceptor 

(e.g. water or an amine) by transferring its proton to the Ser Oγ. In both steps, the formation of a 

tetrahedral intermediate is expected. The activation energy barrier for the reaction is lowered by 

stabilizing interactions between the transition state and the enzyme, notably between the transition state 

and features of the enzyme forming an "oxyanion hole". 

 

Next page: Figure 2. Mechanism of action by Ser-His-Asp catalytic triads. As an example, the 

cleavage of a peptide bond is shown. Clockwise, starting at the top left corner: The carbonyl atom is 

attacked by the serine, as its proton is abstracted by the histidine. A tetrahedral oxyanion intermediate is 

formed. This collapses, expelling the amine leaving group. An acylenzyme is formed, completing the 

acylation step of the reaction. The amine leaving group is relaced by a water molecule. This water 

molecule is activated through proton abstraction by the histidine, as was the serine in the acylation 

reaction. The water molecule attacks the central carbonyl atom of the acylenzyme ester bond. Again, an 

anionic tetrahedral intermediate is formed. This, too, collapses, resulting in expulsion of a carboxylic acid 

and regeneration of the active site. 
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Details of the active site of serine hydrolases 

i. the position and interactions of the serine 

The core residue of a serine hydrolase active site, the serine, is absolutely crucial for catalytic efficiency. 

Its substitution in trypsin by alanine resulted in a decrease in kcat/Km of as much as 105 (Corey and Craik, 

1992). Because of its role, its Oγ has to be accessible from both the inside and the outside of the protein. 

This requires the absence of bulky obstructing sidechains. Therefore, in its immediate vicinity in the 

sequence, glycine residues are often observed (Rawlings and Barret, 1994), like, for instance, in α/β 

hydrolase family members (Ollis et al., 1992) (Heikinheimo et al., 1999). In such proteins, these residues 

serve to form a tight hairpin turn, the nucleophilic elbow, which directs the serine sidechain into the 

active site cavity. In α/β hydrolases, this results in unfavourable main-chain dihedral angles of the active 

serine (Ollis, et al., 1992) (Liao et al., 1992) (Bourne et al., 2000). Unfavourable Ramachandran plot 

angles are also observed for the catalytic serine in aspartyl dipeptidase (Hakansson et al., 2000).  

Mobility of the serine Oγ has been observed in several structures. In the refined 2.2 Å crystal 

structure of the wheat serine carboxypeptidase II, a high temperature factor is observed for this atom 

(Liao et al., 1992). Furthermore, a partitioning between two conformations, differing in the position of the 

Oγ of the active site serine was seen in Bacillus subtilis lipase (Kawasaki et al., 2002) and a rotation out 

of the active site of the serine Oγ was observed in the product complex of the Rhodococcus sp. cocaine 

esterase (Larsen et al., 2001). In acetylxylan esterase, too, multiple conformations of the reactive serine 

were observed (Ghosh et al., 2001). Thus, the enzyme fold places the crucial serine side chain in an 

accessible position and such that its Oγ is able to adopt different positions. 

In the catalytic mechanism, the serine Oγ attacks the carbonyl carbon atom of the substrate. Such 

behaviour is unexpected for an alkanol oxygen, and various reasons for this unusual reactivity have been 

proposed in terms of influences of specific nearby groups ("charge-relay" from the Asp, general base 

catalysis by the His, substrate destabilization by the oxyanion hole). Such mechanisms will be discussed 

below. A more general proposal to explain Ser reactivity, desolvation, was put forward by Weiner et al. 

(1985). However, QM/MM simulations by Ishida et al.  (2003) suggest that desolvation is not an 

important factor in serine protease catalysis.  
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ii. the histidine and its interaction with the serine 

Equally crucial as the serine, mutation of the histidine results in a lowering of kcat/Km by a factor 

of 105. The histidine position in the sequence is variable, but in three-dimensional space it is almost 

invariably close to the serine with its Nε2, while forming a hydrogen bond to the carboxylate with its 

Nδ1.  For the serine proton to be abstracted by the Nε2, the tautomeric form in the resting enzyme has to 

be the one protonated on Nδ1 and not protonated on Nε2. This is in contrast to the normal situation for 

most histidines, although exceptions occur (Bhattacharya et al., 1997) (Day et al., 2003) (Sudmeier et al., 

2003). 

Derewenda et al. (1994), in comparing a number of serine hydrolases, observed that the Cε1 of the 

histidine is frequently, if not always, positioned such that it seems to form a C-H···O=C< hydrogen bond 

with a backbone carbonyl oxygen. Derewenda et al. (1994) proposed, that this interaction may serve to 

stabilize the imidazolium intermediate occurring in the transition state and in the tetrahedral 

intermediates. QM/MM simulations (Ishida and Kato, 2003) suggest this interaction, as well as similar 

interactions with the backbone carbonyls of nearby residues, to contribute significantly to catalysis. It has 

been proposed that in proteins lacking the Derewenda hydrogen bond, this needs to be compensated for 

by, for instance, better oxyanion stabilization (Lo et al., 2003). 

Ash et al. (2000) et al. were able to provide experimental evidence for this interaction, by 

measuring the chemical shifts of C-H protons in α-lytic protease, uniformly 13C, 15N labeled on the 

single, catalytic histidine of this enzyme, and found a chemical shift of 9.22 ppm at pH 4.5 for the Cε1-

bound proton. This signal is at lower field than would be expected for such a proton, indicating a special 

interaction. Similar chemical shifts are found in subtilisin BPN' (Day et al., 2003). The conclusion that 

the Derewenda interaction causes this chemical shift is supported by QM/MM work by Molina et al. 

(2003). Furthermore, the Derewenda interaction could be reproduced in a QM/MM simulation of the 

tetrahedral intermediate (Topf et al., 2002a). These findings, together with the structural data discussed 

by Derewenda et al., provides evidence for the existence of the Cε1-H···OC hydrogen bonding 

interaction.  

 As is the case with the serine, the histidine is found to be able to move somewhat, despite it being 

bound to the aspartate or glutamate. In the Rhodococcus cocaine esterase product complex, the histidine 

has moved out of the active site through a rotation around χ1 indicating its freedom to move around the 
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Cα-Cβ bond (Larsen et al., 2001). In a phosphonate adduct of α-lytic protease, too, the histidine rotates 

out of the active site by rotation around χ1, a conformational change that is not accompanied by any other 

change in structure (Bone et al., 1991). In porcine pancreatic elastase complexed with a casomorphin 

derivative, a small motion of the His is observed upon going from the acylenzyme to the tetrahedral 

intermediate in the deacylation reaction (Wilmouth et al., 2001). In acetylxylan esterase, two histidine 

conformations are observed, one in which the Nδ1 interacts with the reactive serine, and one in which it 

binds a sulphate ion in the active site (Ghosh et al., 2001). In Torpedo californica acetylcholinesterase, 

the His seems to be able to adopt two conformations, one bonded to the Glu of the catalytic triad, and one 

bonded to the another glutamate (Millard et al., 1999). Day et al. (Day et al., 2003) using NMR, observed 

increased mobility of the His in PMSF-inhibited subtilisin BPN' at low pH with respect to resting 

enzyme, showing that motions of the histidine may be linked to the other parts of the catalytic triad. 

The precise nature of the interaction between the Ser and the His has been the subject of 

considerable debate as briefly reviewed by Bachovchin (2001). In the original mechanistic proposal for 

the action of serine proteases (see below), a hydrogen bond was required between the Ser Oγ and the His 

Nε2. Indeed, fractionation factors indicate a Ser-His H-bond at low pH in bovine trypsinogen A (Markley 

and Westler, 1996) and the 0.98 Å resolution crystal structure of Tritirachum proteinase K (Betzel et al., 

2001) Ser and His are indeed hydrogen bonded together. However, even if in many crystal structures the 

distance between these two atoms is indicative of hydrogen bonding (2.6-3.0 Å in trypsin crystal 

structures, 2.9 Å in inhibited elastase) in many structures the Cβ-Oγ-Nε2 angle is not, and crystal 

structures where the distance is far too large have been determined, too. 

Proton abstraction from the Ser by the His (general base catalysis) would be greatly helped by a 

hydrogen bond between Ser and His (Dodson and Wlodawer, 1998), and a hydrogen bonding network 

connecting Ser, His and Asp could explain increased basicity of His as noted by Polgár (1972). However, 

Polgár points out that it cannot explain the second proton transfer (i.e. to the leaving group) in which it 

acts as an acid, because any stabilization of the protonated His to increase its basicity decreases it acidity. 

However, the direction of proton transfer is different in the two cases as was already noticed by 

Wang (1970), since the Ser Oγ and the leaving group heteroatom are two bonds apart in the tetrahedral 

intermediate. This makes it unlikely that the histidine is positioned well enough for both fast proton 
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transfer from the Ser and fast proton transfer to the leaving group at the same time along normal hydrogen 

bonds.  
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In order to solve this dilemma, Wang proposed the existence of "bent hydrogen bonds" (figure 3). 

Assisted by the molecular orbital of the His, which includes ring π electrons and a lone electron pair, the 

proton was proposed to move along a curved path from the Ser to the leaving group while the His is 

positioned in between the two.  

In contrast to this static solution of the problem, various authors have proposed that the histidine 

moves between the hydrogen donor and acceptor. Sattertwaith and Jencks (1974) already proposed a 

mechanism in which the histidine moves back and forth between the leaving group and the serine, as did 

Dutler et al. (1989). Bachovchin (1986) offered chemical shifts of histidine ring nitrogens in α-lytic 

protease labelled with 15N-histidine as evidence for a Ser-His hydrogen bond and observed the loss of the 

His-Asp hydrogen bond at low pH in α-lytic protease which was covalently labelled on the serine, which 

he interpreted as a functional motion of the histidine. Pointing to other data supporting His mobility, he 

proposed a mechanism in which the histidine could move into position to protonate the leaving group.  

Such "translational" motions of the Nε2 between the Ser Oγ and the leaving group heteroatom are easily 

accomplished by torsional motions around χ1, which seem to be allowed in a number of cases (see 

above). Alternatively, Rebek (1989) points out that the direction in which histidine N-H bonds or nitrogen 

lone pairs point can be drastically changed by "ring flipping", i.e. a 180 º rotation around χ2. He proposed 

ring flipping to be involved in controlling the direction of proton transfer in serine proteases.  

Another ring-flip mechanism was proposed by Ash et al. (2000). They noted that the histidine ring 

atoms can make four interactions in the tetrahedral intermediate during acylation: with the Ser Oγ, the 
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leaving group heteroatom, the catalytic Asp/Glu and a backbone carbonyl (the Derewenda hydrogen 

bond). By rotating the histidine ring about χ2, different atoms are placed in the vicinity of these 

interaction partners (figure 4). Thus, a partitioning of the His occurs between these conformations which 

is different for each point along the reaction coordinate. For instance, after proton abstraction from the 

serine, the two possible conformations are as indicated in figure 4. One of these conformations, which 

differs from the resting enzyme configuration by a 180º rotation around χ2, is ideal for protonation of the 

leaving group, since the Nε2-H is placed close to it, and the interaction between the Cε and the Ser Oγ is 

proposed to inhibit serine expulsion from the tetrahedral intermediate. The authors point out that it is not 

necessary that this conformation is energetically favoured over the other. For catalysis, it only needs to 

occur often enough to improve the otherwise slim chance of productive collapse of the tetrahedral 

intermediate. Interestingly, the Derewenda hydrogen bond plays an important role in this particular 

mechanism. 

 

 

In the 1.8 Å crystal structure of subtilisin BPN' in 50% dimethyl formamide, an almost 180º 

rotation of the histidine is observed, which resulted in the loss of the His-Asp hydrogen bond (Kidd et al., 

1999) and illustrates the possibility of the histidine rotating around χ2. But although such rotations may 

seem possible (tyrosine rings are known to be able to flip at considerable rates inside proteins (Nall and 
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Zuniga, 1990)), in for instance the crystal structure of porcine pancreatic elastase complexed with a 

substrate (Wilmouth et al., 2001), the catalytic His is wedged between a disulphide bond and a substrate 

residue, making flipping unlikely. In other proteins, too, a ring-flipping mechanism can be ruled out on 

similar grounds, see e.g. (Lo et al., 2003).   Moreover, the very interactions proposed by (Ash et al., 

2000) would further accentuate the energy landscape, which makes a ring-flipping mechanism even more 

unlikely.  

 Furthermore, while the ring-flip mechanism is appealing, less drastic motions can suffice to 

enhance directional proton transfer. As witnessed by the crystal structure of α-lytic protease with a 

covalently bound peptide boronic acid, motions of 0.2-0.3 Å of the histidine can enable it to hydrogen 

bond with both the Ser Oγ and a hydroxyl group of the inhibitor in the expected position of the leaving 

group nitrogen (Bone et al., 1987). (Matthews et al., 1977) et al. proposed the histidine in subtilisin could 

move as a "bistable flip-flop", alternatingly interacting with the two oxygen atoms of the aspartate on the 

one side and with the serine and leaving group on the other. In the 0.9 Å resolution structure of 

acetylxylan esterase, two conformations of the Ser-His pair are observed, one in which they interact, and 

one in which the histidine has moved away somewhat and binds a sulphate ion and in which the serine 

has rotated away from the histidine (Ghosh et al., 2001). In this way, relatively small motions could 

favour leaving group protonation over reprotonation of the serine, driving the reaction forward. In a 

combined QM/MM study of a tetrahedral intermediate in the deacylation of elastase (Topf et al., 2002a), 

limited (thermal) histidine mobility was observed and the His Nε2 was found to spend the most time 

interacting with the Ser Oγ, but to move towards the hydroxyl group (i.e. the oxygen donated by the 

hydrolytic water) for short periods of time. Importantly, the interaction distance with the catalytic Asp 

remained short in both cases. Interestingly, as the histidine Nε2 alternatingly interacted with the serine or 

the hydroxyl oxygen, its Cε1 alternatingly interacted with the Ser214 carbonyl oxygen, making the 

normal Derewenda hydrogen bond, and the Thr213 carbonyl oxygen, making a similar interaction. Thus, 

it seems that like in the ring-flip proposal by Ash et al., the Derewenda hydrogen bonding interaction of 

the Cε1 may serve as an anchoring point for two possible, catalytically important conformations of the 

histidine. 

 The serine residue involved in the Derewenda interaction is strongly conserved in the trypsin 

family of serine proteases (see below), and forms a hydrogen bond with the catalytic Asp with its 
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sidechain and is involved in forming a β sheet with the peptide substrate. As already pointed out by 

Dutler (1989), this residue is thus coupled to both the catalytic triad and the substrate, and provides a 

possible link between the two for the transfer of motions. Later, too, the motion of the histidine observed 

in porcine pancreatic elastase upon formation of a tetrahedral intermediate was proposed to be linked to 

the substrate binding site in such a way (Wilmouth et al., 2001). The Derewenda interaction seems to 

provide a second link between motions in the catalytic triad and the substrate binding site (Topf et al., 

2002a) since in the QM/MM simulations of a tetrahedral intermediate discussed above, a marked 

correlation was found between the Derewenda interaction distances and enzyme-substrate interaction 

distances on the one hand, and His Nε2-H···Oγ and Nε2-H···hydroxyl distances on the other. 

 A particularly interesting case is presented by acetylcholinesterase. In this protein, the histidine 

may move back and forth between two carboxylates (Millard et al., 1999), the catalytic Glu327 on the 

one hand, and Glu199, which is on the hairpin turn containing the active serine, on the other hand. The 

latter glutamate has been implicated in the "aging" reaction of nerve gas-inhibited AChE, a reaction 

which interestingly is analogous to leaving group expulsion in serine protease/esterase acylation. Apart 

from the two glutamates, aromatic residues in the AChE active site seem to provide "cages" in which two 

histidine conformations can be stabilized (Barak et al., 2002).  

Stereoelectronic effects play another important role in the transfer of the proton from the Ser Oγ to 

the leaving group. For the decomposition of tetrahedral intermediates in the breakdown of carbonyl 

compounds, it is known that the expulsion of a leaving group is possible only if the conformation of the 

tetrahedral intermediate is such that the heteroatoms on the other two possible leaving groups have their 

lone pairs positioned antiperiplanar with respect to the bond being broken (Deslongchamps et al., 1972) 

(Deslongchamps, 1975). For the catalysis of amide bond cleavage by a serine protease this has the 

following consequence. Since according to the rule, the collapse of a tetrahedral intermediate resulting in 

serine hydroxyl expulsion requires that the lone pair on the leaving group nitrogen is positioned 

antiperiplanarly to the bond to the serine Oγ, the formation of the tetrahedral intermediate will result in a 

configuration on the nitrogen where this is the case. However, this will place the hydrogen on the leaving 

group close to the histidine Nε2, instead of the nitrogen lone pair, precluding its protonation (figure 5). 

Thus, either the protonation of the leaving group takes place via another route, perhaps via the solvent, or 

an inversion takes place at the nitrogen. Such an inversion would mean that the nitrogen lone pair is no 
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longer antiperiplanar to the bond between the substrate and the Ser Oγ, which would stabilize it 

(Bizzozero and Zweifel, 1975) (Dutler and Bizzozero, 1989). Without this inversion, the activation 

energy barrier increases by up to 20 kJ/mol (Bruice, 2001). Since an ester has two lone pairs on the 

leaving group oxygen instead of one lone pair and a hydrogen, this inversion is not necessary in the 

hydrolysis of esters, and this was proposed to be one of the reasons why acylenzyme formation is usually 

more easy with esters than with amides (Weiner et al., 1986). 
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Figure 5. The necessity for an inversion at the nitrogen atom in the cleavage of amide and peptide bonds 

by serine proteases.
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iii. the carboxylate and its environment 

 The aspartate or glutamate residue in the triad is almost invariably strongly hydrogen bonded to 

the Nδ1 of the histidine. Apart from this interaction, the Asp or Glu makes numerous additional 

interactions, which will be described below. 

As stated above, according to the original proposal by Blow et al., the role of the Asp, which was 

believed to be buried, is to polarize the system and make the Ser unussually reactive. In his proposal, this 

was done by resonance as indicated in figure 6, a mechanism in which both a Ser-His and a His-Asp 

hydrogen bond are required. 

 
O H N H N 
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O O   N H N H O 

O 

 

Figure 6. 

 

Interestingly, Blow et al. stated that it was difficult to understand the pH profile of the reaction, 

since although the pKa of the reaction (~7) did correspond to the pKa of a normal histidine, the pKa of the 

charge-relay system was difficult to estimate.  

A later version of this model, in which the pKa's of the histidine and the aspartate were swapped, 

known as the modified charge-relay or double-proton transfer mechanism, was disproven by a variety of 

techniques as was reviewed recently by (Bachovchin, 2001). Indeed, it was found that the histidine has a 

normal pKa of around 7. 

Apart from the initially proposed function of the Asp, several other functions have been proposed 

for the carboxylate member of the triad: stabilization of the positively charged protonated His, stabilizing 

the correct tautomer of the His, and stabilizing the correct conformation of His. Interestingly, Fersht 

(1985), in his textbook, estimated that replacement of the Asp by Asn would decrease the His pKa by 2 

units, leading to a drop in activity by a factor of 10. 

Sprang et al. (1987) and Craik et al.(1987) have tried to test this hypothesis to find out which 

functions the Asp performs through kinetic and crystal structure analysis of the D102N mutant of trypsin. 

They found that this mutant is 104 times less active although the Km is unaffected. However, the crystal 
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structure showed that the NH2 of the Asn sidechain, rather than the CO group, was in contact with the 

histidine, resulting in the inactive His tautomer. This made it impossible to distinguish between the effect 

of the Asp alone and the effects of not having a base in the active site, and the authors concluded that 

apart from possibly stabilizing the His electronically and conformationally, the function of the Asp is to 

stabilize the correct His tautomer.  

Interestingly, the outer-membrane phospholipase A2 from Escherichia coli naturally uses 

asparagine as the third member of the catalytic triad (Snijder et al., 1999). In the Asn156Ala mutant of 

this enzyme, however, the active conformation of the histidine is retained, and no influence on the 

stability of the protein is observed (Snijder et al., 2001). The effect of the mutation on the activity was 

much smaller than expected from Asp-to-Ala mutations in serine proteases (5% residual activity) which 

was attributed to better oxyanion stabilization or direct enhancement of the serine nucleophilicity by a 

calcium ion in the active site, which made the contribution of the Asn less important (Kingma et al., 

2000) (Snijder et al., 2001). The activity at neutral pH was decreased twofold in the Asn-to-Asp mutant 

(Kingma et al., 2000), indicating that in this protein a charged Asp would not contribute to His+ 

stabilization. In the bovine pancreatic phospholipase A2 Asp99Asn mutant, the side chain carbonyl group 

of the Asp is hydrogen bonded to the His Nδ1 and the Nε2 seems available for base catalysis. 

Interestingly, this mutation in porcine phospholipase A2 does not lead to a dramatic loss of activity, 

suggesting again that in phospholipase a charge on the third member of the triad is not all-important 

(Kumar et al., 1994). In a model compound study too, the contribution of the charged Asp to catalysis 

was estimated to be a factor of ten at most (Zimmerman et al., 1991). It has however been suggested that 

the importance of the charge on the Asp may depend on the strength of the scissile bond. When mutating 

the Asp in prolyl oligopeptidase into Asn and Ala, the resulting mutants were less affected in their ability 

to cleave relatively weak bonds than in their ability to cleave strong amide linkages (Szeltner et al., 

2002).  

In conclusion, the available data indicates that an Asp residue as third member of the triad is not 

essential to build a functioning catalyst. Indeed, the combination Ser-His is functional, and may be seen 

as a "catalytic dyad" (Paetzel and Dalbey, 1997). The activity of Streptomyces scabies esterase (Wei et 

al., 1995) which has no Asp or Glu but instead a backbone carbonyl group binding the His, attests to this. 
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Even so, the interactions of the catalytic carboxylate residue warrant a close look. Despite earlier 

beliefs to the contrary, the environment of the Asp in serine proteases is highly polar (McGrath et al., 

1992). It has been proposed that the surroundings of the Asp form an "aspartate hole" with the purpose of 

keeping this residue ionized. Kuhn et al. (1998) point out that in both trypsin and wheat serine 

carboxypeptidase the Asp makes various interactions with hydrogen bond donors, as is the case in 

Tritirachium album proteinase K (Betzel et al., 2001). In trypsin, one such interaction is made with the 

backbone nitrogen of the catalytic His. Also, the carboxylate is not shielded from the solvent as pointed 

out by many authors. Indeed, in subtilisin, the Asp is hydrogen bonded to a solvent water molecule (Kuhn 

et al., 1998) as in Tritirachium album proteinase K (Betzel et al., 2001) and in porcine pancreatic 

elastase, the Asp is closely approached by a "conserved water tunnel" containing highly ordered waters, 

proposed to polarize the triad (Meyer et al., 1988). Exceptionally, in aspartyl dipeptidase, the catalytic 

glutamate hydrogen bonds only to the catalytic histidine and not to any other amino acid (Hakansson et 

al., 2000). 

Meyer et al. (1988) observed that in many serine proteases like trypsins and Streptomyces griseus 

protease A, a conserved hydrogen bond is formed between the Asp and Ser214 (chymotrypsin 

numbering). They proposed that given its conservation, the original catalytic triad should be extended 

with this residue to a catalytic tetrad. This residue also shows up when the PDB is "mined" for conserved 

constellations of residues (Wallace et al., 1996) (Oldfield, 2002).  Importantly, in elastase and trypsin this 

residue forms the Derewenda hydrogen bond with the histidine, and linked to substrate binding as 

described above. In  acetylcholinesterase, too, a serine is hydrogen bonded to the catalytic Asp pointing 

its backbone CO towards the His Cε1. In this protein, however, the distance is too long for a strong 

interaction (Millard et al., 1999). Although some have proposed that Ser214 may provide a link for 

motions between the different constituents of the active site (Dutler and Bizzozero, 1989) (Wilmouth et 

al., 2001), Ishida  et al. (2003) suggest that its role is to maintain the relative orientations of the catalytic 

groups. 

 In a study of the polar environment of the Asp, McGrath et al. (1992) mutated this conserved 

serine into alanine, glutamate and lysine and determined the crystal structures and kinetic parameters for 

these mutants. Unexpectedly, the alanine mutant showed a somewhat higher activity, which the authors 

attributed to higher polarizability in the carboxylate hole due to replacement of the serine hydroxyl with a 
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water molecule. The glutamate and lysine mutants both showed a decrease in activity, but since in these 

mutants the binding site was perturbed, the different contributions of electrostatics and unfavourable 

binding to the effects of the mutation could only be crudely estimated. Still, this estimate showed that 

over half of the effect could be due to an electrostatic destabilization of the transition state, indicating the 

importance of the charge of the catalytic Asp in catalysis. Thus, the polar protein surroundings of the Asp, 

stabilizing its charge, are important for catalysis. In a study of herpesvirus protease, in which the Ser-His-

His triad of this enzyme was mutated to Ser-His-Glu, a decrease in activity was found, showing that 

strong hydrogen bond formation to the His is in itself not enough for rate acceleration. Since in 

herpesvirus protease, the third member of the triad is solvent-exposed rather than buried in a polar 

environment as in serine proteases, the protein surroundings of this interaction seem crucial to catalysis 

(Khayat et al., 2001). 

 The precise nature of the His-Asp interaction has been debated much, as with the Ser-His 

interaction, despite the fact that NMR, X-ray crystallography, neutron crystallography and simulation 

studies show it to be a hydrogen bond. In trypsin structures, the His Nδ1 - Asp Oδ2 distance varies from 

2.6 to 2.8 Å. The distance between the His Nδ1 - Asp Oδ1 ranges from 3.2 to 3.5 Å (Marquart et al., 

1983), which, interestingly, is also just within the range expected for a hydrogen bond. Usually, the syn 

lone pair orbital of the carboxylate is used for this hydrogen bond, which was proposed to able to raise the 

pKa of the His more than an interaction with the anti lone pair (Zimmerman et al., 1991). As with the 

carboxylate, the His-Asp hydrogen bond is not buried in a apolar environment, but rather in a very polar 

surroundings.  

One might expect that, to obtain the largest stabilization of a doubly protonated His, the negative 

charge on the Asp should be localized on the atom hydrogen bonded to the His Nδ1. Strikingly however, 

the electron density of the catalytic Asp in a 0.78 Å resolution structure of Bacillus lentus subtilisin 

(Kuhn et al., 1998) showed more double bond character for the carboxylate oxygen hydrogen bonded to 

the His than for the other, although no significant difference between the C-O bond lengths (1.25 and 1.26 

Å, respectively) could be found. In this structure, the hydrogen bond distance is 2.62 Å.  

A highly peculiar feature of this hydrogen bond between the His and Asp was first observed by 

Robillard and Shulman in 1972, who, using only the continuous-wave NMR equipment available at the 

time, were able to show a proton resonance at extremely low field values of -18 to -15 ppm in 
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chymotrypsin and chymotrypsinogen at acidic pH (Robillard and Shulman, 1972). This resonance was 

shown to stem from the proton in the His-Asp hydrogen bond and was later found in trypsin, trypsinogen, 

α-lytic protease and subtilisin, too, despite the complete absence of sequence homology between 

subtilisin and the trypsin-like proteases (see (Bachovchin, 2001) for a review). 

Some investigations have attempted to visualize the proton between the His and Asp. As if unable 

to decide between single- and double-proton transfer mechanisms itself, crystallographic observations of 

the proton show it to be more in the middle of the His Nδ1 and Asp Oδ2 than would be expected from 

standard bond lengths and angles, at acidic pH, i.e. where the low-field resonance is observed. The atomic 

(0.78 Å) resolution subtilisin structure of Kuhn et al. (1998) showed a 3 σ peak in the Fo-Fc electron 

density possibly corresponding to a hydrogen atom. This putative hydrogen atom was found 1.2 Å from 

the His Nδ1 and 1.5 Å from the Asp Oδ2, and shifted somewhat towards the Oδ1. In an atomic resolution 

(0.95 Å ) electron density map of elastase acylated with a short peptide (Katona et al., 2002), a small but 

well-localized peak in the electron density was observed approximately equidistant from the His and the 

Asp, which could be a hydrogen shared by the His Nδ1 and the two carboxylate oxygens of the Asp.  

 The peculiar nature of the His-Asp interaction in serine proteases led some researchers to propose 

a catalytic role for it. In 1994, (Frey et al., 1994) proposed that the strong hydrogen bond between His and 

Asp was a so-called low-barrier hydrogen bond or LBHB. Such LBHBs are defined as short, extremely 

strong hydrogen bonds, characterized by an equal sharing of the proton by the two hydrogen-bonding 

partners. According to Frey and Cleland (1994), such bonds could contribute up to 80 kJ/mol of transition 

state stabilization. Furthermore, they pointed to the model compound cis-urocanic acid (figure 7), in 

which an LBHB is present which shows an NMR resonance at just over 17 ppm in organic solvents, 

which is comparable to the chemical shifts observed in serine proteases at low pH.  

 

 

 

 

 

Figure 7. Structure of cis-urocanic acid 
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As described by Cleland (1994), a low barrier hydrogen bond may be formed when two hydrogen 

bonding partners with a similar proton affinity (pKa) are brought together closely (<2.5 Å). This would 

then decrease the energy barrier for proton transfer to below the zero-point energy of the proton and thus 

lead to an effectively single-well potential energy curve for proton transfer, hence the name low-barrier 

hydrogen bond. Ab initio calculations on benzoylacetone show the interaction between a proton and the 

hydrogen bonding partners in an LBHB to be not unlike covalent bonding (Schiøtt et al., 1998) as was 

expected by Cleland and Frey. This covalent character, or resonance stabilization effect, was proposed to 

be the origin of the large energy of LBHBs. Cleland proposed this large energy gain in LBHB formation 

to be the "missing energy" in catalysis by enzymes which abstract protons from groups with a high pKa, 

such as the serine in serine proteases, or the substrate in fumarase. 

However, if an LBHB between His and Asp is formed upon histidine protonation, then why does 

the histidine have a "normal" pKa of around 7? In 1997, a refinement of the LBHB hypothesis was 

formulated that remedied this. (Cassidy et al., 1997) et al. observed the pH-dependence of the signal of 

the Robillard-Shulman proton in chymotrypsin complexed with trifluoromethylketones, which form 

covalent adducts with a negatively charged oxygen in the oxyanion hole. They observed a titration of the 

integrated intensity at values of pH 10-12, depending on which amino acid side chains were present in the 

inhibitor. Also, the chemical shift of the Robillard-Shulman resonance was found to correlate with the 

apparent pKa of the His (Lin et al., 1998). 

The LBHB hypothesis was refined as follows. To be able to abstract the Ser proton (pKa~14) and 

transfer it to the leaving group in a peptide substrate (pKa~9), the His needs to have a pKa around 11-12, 

instead of the usual value of ~7. (Cassidy et al., 1997) et al. proposed that substrate binding induces a 

compression of the His Nδ1- Asp Oδ2 interaction, fueled by the binding energy. One way to stabilize this 

close contact would be to form a low-barrier hydrogen bond. This, however, cannot happen in the 

unprotonated state of the histidine, because of the pKa of the Nδ1 atom. However, protonating the His on 

Nε2 renders this proton much more acidic, making it available for LBHB formation. Thus, the basicity of 

the Nε2 is increased, since its protonation allows for a much more stabilized species to be formed. Thus, 

in this mechanism, part of the binding energy is used to raise the pKa to a useful level. The authors 

propose that in the free enzyme, all of the energy gained in LBHB formation is lost in bringing the His 

Nδ1 and Asp Oδ2 together, so that the histidine still has a pKa of around 7. Thus, in this mechanism, the 
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binding energy is transformed into increased basicity of the histidine, because the unfavourable short 

contact between His and Asp induced by substrate binding can be stabilized by an LBHB, which is only 

possible if the His is protonated, leading to a favourable energetic effect of His protonation.  

Furthermore, Cleland et al. (1998) pointed out, that in this way, a base is created which is 

unprotonated at pH 7 in the free enzyme, but gets a pKa of 12 upon substrate binding. Otherwise, a lysine 

residue could have been used, since it has a suitable pKa, but this would have resulted in an enzyme that is 

inactive (because protonated) at pH 7. Interestingly, Ser-Lys catalytic dyads have been found, see e.g. 

(Paetzel and Dalbey, 1997) for a review. 

However, later observations required further repairs to the theory (Neidhardt et al., 2001) (Frey, 

2002). It was found that when aldehydes were bound to serine proteases to give hemiacetals, the His pKa 

was still around 7, as in the free enzyme, whereas the foregoing theory would have predicted an increase 

in basicity caused by LBHB formation induced by ligand binding. To remedy this, the following 

additional repairs to the theory were proposed: First, the enzyme is optimized to stabilize a net charge of -

1 in the active site, and any change to this net charge faces an energy barrier of 25-30 kJ/mol. Second, the 

"compression" bringing His and Asp close together already exists in the free enzyme. Then, in any 

isoelectric process (i.e. not changing the net charge in the active site) LBHB formation increases the 

basicity of the His, e.g. in the addition of a substrate to the Ser. In the non-isoelectric protonation of the 

free enzyme, the energy made available by LBHB formation counteracts the energy barrier, leading to a 

"normal" His pKa of around 7.  

 However, despite the large number of publications concerning low-barrier hydrogen bonds (in 

serine proteases as well as in other proteins (Frey, 2001)) their existence and importance have been highly 

controversial from the moment of the initial proposal of their involvement in enzymatic reactions. 

Notably, in a technical comment in Science, Warshel et al. (1995) compared the energy of a 

symmetrical LBHB, in which a proton is shared between a donor D and acceptor A (D.....H.....A) with 

that of a polarized, asymmetric system (D-H+.......A-). Arguing that an active site must be polar to 

stabilize charged intermediates, they asserted that more stabilization energy is gained from the 

asymmetric system than from an LBHB. Warshel et al. contend that even if the active site were an apolar 

environment designed for a single special H-bond, it would stabilize the transition state less than water 

would. Moreover, similar pKa's of donor and acceptor are not important for strong stabilization by a 

hydrogen bond, as demonstrated by the oxyanion holes in serine proteases. These structures (see below) 
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form hydrogen bonds between donors and acceptors with very dissimilar pKa's, and yet are very strong. 

Rather, Warshel et al. believe simple electrostatic stabilization in a preorganised environment to be at the 

heart of enzyme catalysis. 

In their response to this technical comment, Cleland and Kreevoy (1995) point out that strong 

hydrogen bonds involve more than first-order electrostatics as they perturb spectra, and that the fact that 

they can be modelled as simple electrostatic interactions by including arbitrary parameters does not prove 

that they are. Frey et al. (1995), also responding to Warshel et al., objected to their claim that active sites 

are solvated, and also say that they believe that the Asp and His pKa in the microenvironment of an 

enzyme could be similar, even if they are not so in solution.  

 In another response to the LBHB theory, Ash et al. (1997) report that N-H spin coupling constants 

show that the proton hydrogen bonding the His to the Asp in α-lytic protease is 85% located on the His 

Nδ1 under conditions were an LBHB was proposed to be present, showing that the proton is not shared 

between His and Asp and that thus no LBHB is formed. Similarly, the proton was shown to be located on 

the His in Bacillus lentus subtilisin complexed with a transition state inhibitor. Also, Ash et al. mention 

that the pKa's of the carboxylic acid and imidazole functionalities in cis-urocanic acid (see above) are not 

matched under the conditions were an LBHB was believed to exist between them. Moreover, Ash et al. 

(2000) point out that if an LBHB becomes stronger as the environment becomes more apolar, the fact that 

subtilisin in the presence of DMF displays a histidine which has "flipped" and thus can no longer engage 

in an LBHB argues against an LBHB between His and Asp in serine proteases. Other, simulation, studies 

(Topf et al., 2002a) (Westler et al., 2002) (Zhang et al., 2002) also do not support an LBHB in serine 

protease or esterase catalytic triads, although a shortening of the His-Asp distance was seen in QM/MM 

simulations upon formation of the tetrahedral intermediate, leading to an increase in the hydrogen bond 

energy of 47 kJ/mol (Westler et al., 2002), and though some "hopping" of the proton between His and 

Asp was observed in other simulations (Topf et al., 2002a) the proton was mainly localized on the 

histidine instead of shared with the carboxylate in these studies, which did not include explicit or 

continuum solvent. 

 Thus, wether or not low-barrier hydrogen bonding between His and Asp is catalytically important 

remains a subject of debate. Neidhardt et al. (2001) end their article with a nicely unfalsifiable hypothesis 

by proposing to replace the aspartate by a residue with the same shape and charge but that is unable to 



Chapter 1 

 30

form an LBHB, to investigate the importance of an LBHB. Later that year, Stratton et al. (2001) reported 

that replacing the aspartate in subtilisin BPN' with cysteine reduced kcat/Km by only 8-50 fold. Since there 

could be no LBHB in this mutant, as shown by the absence of a Robillard-Shulman resonance, this 

showed that low-barrier hydrogen bond formation between His and Asp is not an important factor in rate 

enhancement by subtilisin BPN' at least.  

 Still, the remarkably large chemical shift of the Robillard-Shulman resonance requires 

explanation. QM/MM calculations by Molina et al. (2003) have shown that the 18 ppm chemical shift can 

be entirely explained without the need for a low-barrier hydrogen bond, by a small stretching of the N-H 

bond combined with polarization by the protein environment, most importantly the negative charge on the 

Asp. Indeed, a barrier for proton transfer to the Asp of 36 kJ/mol was predicted, inconsistent with a low-

barrier hydrogen bond.  

 Thus, the hydrogen bond interaction between Asp and His does not contributes dramatically to 

catalysis, although for a single hydrogen bond the contribution is considerable. Thus, at best this 

interaction can be termed a short, strong hydrogen bond or SSHB (Mildvan et al., 2002) (Molina et al., 

2003) and is a factor in, but not a prerequisite for, catalytic action by Ser-His-Asp catalytic triads. 

 

iv. the oxyanion hole; acylenzyme and tetrahedral intermediates 

The name "oxyanion hole" was coined by Robertus et al. (1972), who studied complexes of subtilisin. 

Following stereochemical arguments, they pointed out that the oxyanion in a tetrahedral intermediate and 

transition state could be placed in a special position where it would be greatly stabilized by hydrogen 

bonds, and called this position the oxyanion hole. Importantly, they realized this concept was applicable 

to other serine proteases, too.  

 Indeed, serine proteases and esterases invariably contain oxyanion holes. Some consist of two 

backbone amides (Liao, 1992), some of three (Sussman et al., 1991) (Zhu et al., 2003), and some include 

both side chain and main chain contributions (Fulop et al., 1998) (Larsen et al., 2001) (Rigolet et al., 

2002) (Lo et al., 2003). Interestingly, the 0.9 Å resolution crystal structure of Penicillium purpurogenum 

acetylxylan esterase (Ghosh et al., 2001) shows an oxyanion hole consisting of two backbone amides, and 

the Oγ atoms from a serine and a threonine side chain.  
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Depending on the "handedness" of the catalytic triad, one of the contributors is either the 

backbone amide from the catalytic serine itself (as in trypsin, chymotrypsin and elastase) or from the 

residue directly next in the sequence (as in CPDW-II, AchE, PepX and CocE). Next to these contributions 

from individual residues, helix dipoles may also contribute to oxyanion stabilization (Hakansson et al., 

2000). 

The structure seems to be very rigid in general, although in AchE two of the three backbone 

amides forming the oxyanion hole have been said to lie on a flexible loop (Sussman et al., 1991). Indeed, 

in a high resolution crystallographic study comparing an elastase acylenzyme with the tetrahedral 

intermediate in its deacylation reaction, no differences in the comformations of the residues forming the 

oxyanion hole were found (Wilmouth et al., 2001). In Alcaligenes esterase, the loop which harbours one 

of the oxyanion-hole forming backbone amides forms a peculiar, disulphide-bonded ring structure which 

may serve to form the rigid backbone needed for oxyanion stabilization. In this way, the esterase could be 

activated by formation of a rigid oxyanion-hole through disulphide formation upon export from the 

cytosol (Bourne et al., 2000). 

Thus, as pointed out by Warshel et al. (1989) the oxyanion is provided with a "prealigned 

solvent". Stabilization by such a solvent is far superior to "normal" solvation, since the organisation free 

energy used in folding the enzyme is a one-time investment which can be used infinitely. Moreover, no 

free energy is lost in solvent-solvent interactions, as would be the case in a solvent like water (Warshel, 

1998). 

Mutational investigations of the influence of the oxyanion hole have mostly, but not entirely (see 

(Ordentlich et al., 1998)) been limited to those enzymes where a side chain contributes to oxyanion 

stabilization. Bryan et al. (1986) have mutated subtilisin BPN', replacing the oxyanion-forming Asn155 to 

Leu. This resulted in a 200-300 fold reduction in kcat, with negligible effect on Km, showing a role in 

catalysis rather than in binding for this residue. The authors estimated that the single hydrogen bond 

formed between Asn155 and the transition state accounts for 15 kJ/mol of transition state stabilization. 

In another study, prolyl oligopeptidase was mutated. This enzyme uses a tyrosine side chain next 

to a backbone amide for oxyanion stabilization (Fülöp et al., 1998). Since a tyrosine hydroxyl group has a 

much lower pKa than an amide nitrogen, it was expected to be much more efficient at stabilizing a 

negative charge, and a much greater effect of its loss on kcat/Km was expected. Strikingly however, 

replacing the tyrosine with phenylalanine resulted in smaller effects than the Asn-to-Leu mutation in 
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subtilisin had done (Szeltner et al., 2000), which does not indicate especially strong oxyanion 

stabilization by tyrosine. However, when the oxyanion-hole-forming tyrosine in cocaine esterase was 

mutated into phenylalanine, a much stronger effect (>1500 times lower kcat) was observed (Turner et al., 

2002). This was attributed to the tyrosine in cocaine esterase being held in place by a hydrogen bond to a 

tryptophan side chain, in contrast to the situation in prolyl oligopeptidase, enabling it to more efficiently 

stabilize an oxyanion. This underlines the importance of rigid pre-organization of the residues forming the 

oxyanion hole. 

However, it is important to realize how difficult it is to partition contributions of individual 

residues to transition state stabilization from mutagenesis data. Carter and Wells (1990) have investigated 

the effect of combining mutations of the catalytic triad with mutations of N155 in subtilisin BPN'. They 

found that the S221A:N155G mutant was, in fact, a better catalyst than the S221A mutant. They note that 

this can be explained by assuming a different reaction mechanism for the S221A mutant. In this mutant, 

the initial nucleophilic attack (performed by water for lack of the catalytic Ser) would not take place from 

the enzyme-facing side of the carbonyl plane, but from the solvent-exposed side. Then, the oxyanion, too, 

develops in another position, and N155 would sterically hinder attack by water, rather than assist 

acylenzyme formation by stabilizing an oxyanion. 

The results from all these mutagenesis experiments show the catalytic importance of the oxyanion 

hole for transition state stabilization. Carter and Wells (1990), however, point out, that stabilizing 

interactions with the transition state are not limited to the oxyanion hole as indicated by the kinetic effects 

of extending substrates of proteases into binding pockets away from the oxyanion hole and catalytic triad. 

Indeed, it seems that such subsite interactions contribute binding enthalpy to destabilization of the 

substrate (Case and Stein, 2003).  

More techniques have been used to probe the interactions of the oxyanion hole with the substrate. 

Notably, spectroscopic investigations of acylenzymes have given useful information. A red shift in the 

UV spectrum of subtilisin acylenzymes was shown to be decreased in mutants in which the oxyanion-

hole-forming Asn had been mutated (N155G subtilisin), suggesting it to be caused by hydrogen bonding 

in the oxyanion hole, causing an electronic perturbation of the acylenzyme (stabilization of the LUMO or 

destabilization of the HOMO) (Whiting and Peticolas, 1994). These data suggest that the oxyanion hole 

activates the acylenzyme.  
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Whiting et al. (1994) performed Raman spectroscopic studies of trypsin, chymotrypsin, wt 

subtilisin and N155G subtilisin, which were all labeled on the active serine with 

p-(dimethylamino)benzoylimidazolide to give a chromophoric acylenzyme which was stable at low pH. 

They found a strong influence of the protein on the C=O stretch frequency, which was correlated with the 

deacylation rate. On the basis of their spectra, Whiting et al. proposed that interactions with the oxyanion 

cause a tetrahedral distortion of the ester carbonyl in the acylenzyme. 

Some peptides form unusually stable acylenzymes with elastase. Crystallographic investigations 

of such acylenzymes have resulted in high-resolution structures, showing the carbonyl oxygen bound in 

the oxyanion hole. In both a 1.6 Å (Wilmouth et al., 2001) and a 0.95 Å (Katona et al., 2002) resolution 

structure of an elastase acylenzyme, the planarity of the ester bond, however, is not distorted. Thus, while 

spectroscopic measurements suggest electronic and vibrational perturbation of the acylenzyme by the 

oxyanion hole, no structural perturbation is evident from atomic coordinates obtained from crystal 

structures. 

Several X-ray crystal structures exist of complexes between serine hydrolases and inhibitors 

mimicking a tetrahedral species e.g. (Larsen et al., 2001). However, while the tetrahedral nature of the 

transition state can be inferred from the efficacy of inhibitors mimicking such a species, experimental 

evidence of a tetrahedral intermediate was not available until 2001. In that year, Wilmouth et al. (2001) 

published a study on crystals of an elastase acylenzyme, which is very stable under acidic conditions 

because at low pH the catalytic histidine is protonated. They then triggered deacylation by quickly raising 

the pH, and flash-cooled their crystals after different time intervals. Using X-ray crystallography, they 

could thus prepare snapshots along the deacylation reaction coordinate, and observed tetrahedral electron 

density connected to the nucleophilic serine. A tetrahedral adduct could be refined against these data, with 

its oxyanion involved in interactions with the oxyanion hole-forming backbone amide groups as expected. 

Whether or not Wilmouth et al. really observed a tetrahedral intermediate was called into 

question, however, in a review (Hedstrom, 2002) published the next year. Hedstrom points out, that the 

cryoprotectant used in the experiment of Wilmouth et al. contained sulphate, and that sulphate has been 

observed to bind to the active site of a serine hydrolase, as described by (Presnell et al., 1998). However, 

in this latter case, the sulphate ion does not occupy the same position as the tetrahedral electron density 

observed by Wilmouth et al. Instead, its closest oxygen atom is more than 2 Å away from the reactive 
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serine Oγ. Given the high resolution of both studies (1.4 and 1.8 Å) and the connectivity of the density 

observed extending from the reactive serine, it is unlikely that the density described in (Wilmouth et al., 

2001) is a sulphate ion. However, Hedstrom reasons that the presence of the tetrahedral density 1 minute 

after the start of deacylation and the absence of it after 2 minutes cannot be reconciled with the pseudo-

first order decomposition expected of a tetrahedral intermediate. But, if it is already dangerous to 

determine the molecularity of a reaction using three data points with accurate concentrations, it is 

impossible to do so with occupancies determined from macromolecular crystallography, and the 

Hedstrom criticism thus seems far-fetched at least.  

Given its necessarily short lifetime, the structure of the transition state itself is inaccessible to 

crystallographic and NMR studies. Kinetic studies, however, do allow its characterization to some extent. 

Using mutagenesis, Bott et al. (2003) produced a family of subtilisins with varying basicities of the active 

site histidine. This allowed them to investigate the nature of the transition state using kinetic 

measurements. They found that in the acylation of subtilisin by anilides of small peptides, breakdown of 

the tetrahedral intermediate is rate-limiting, and that in the transition state, the departing amine is 

stabilized by hydrogen bonding to the catalytic histidine while the bond to the central nitrogen of the 

leaving group is already 20-40% cleaved. Also, their data suggested that in the transition state there is 

only limited proton transfer from the positively charged His to the partially negative leaving group 

nitrogen, which is unexpected and could be an artefact, but could also be due to large stabilization of a 

hydrogen bond by the desolvated active site. 

These findings contradict the theoretical calculations of Ishida et al. (2003) who predicted rate-

determining formation of the tetrahedral intermediate in trypsin on the basis of QM/MM simulations.  

 Strikingly, in the X-ray structure of the tetrahedral intermediate in the deacylation of elastase, the 

hydroxyl group of the intermediate seems to be weakly hydrogen bonded (distance 3.1 Å) to one of the 

oxyanion-hole-forming amide groups (Wilmouth et al., 2001). It may be, that since a partial negative 

charge may need to develop on this atom in the transition state, this interaction may be part of a 

preferential stabilization of the transition state. 
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v. Hydrolytic water 

In deacylation by hydrolysis, breakdown of the acylenzyme is triggered by attack by a water molecule. 

Attack by this molecule is believed to be base-catalyzed by the histidine of the catalytic triad. Thus, it 

should approach the acylenzyme ester bond from a favourable direction, and be close enough to the His to 

donate a proton to it. In some crystallographic studies, water molecules have been observed which were 

suggested to be this "hydrolytic water molecule" because they seemed to be in the correct position. 

Notably, Singer et al. (1993) have performed a time-resolved crystallographic study on the deacylation of 

p-guanidinobenzoyltrypsin, and pointed out a water molecule they believed to be hydrolytic. However, 

their study was criticised (Perona et al., 1993) because this water molecule occupies the position of part 

of the acyl chain of a peptide substrate and thus cannot be relevant in physiological catalysis. Moreover, 

for reasons of reversibility, it would be expected that the hydrolytic water approaches from the leaving 

group side of the active site, rather than from the acyl group side. However, the water molecule proposed 

by Perona et al. (1993) which they note is in a position were other purported hydrolytic waters have been 

seen in crystal structures, is almost in the plane of the acylenzyme ester bond, and therefore cannot be 

hydrolytic. A more likely candidate was reported by Zhu et al.(2003), who observed a water molecule in 

the native enzyme which is hydrogen bonded to the histidine and approximately occupies the expected 

position of the hydroxyl group in the tetrahedral deacylation intermediate. 

 However, there is no evidence that a hydrolytic water should first bind to the protein in a distinct 

position and then attack the acylenzyme. It is entirely possible that the attack is launched from bulk water, 

which would mean that a hydrolytic water molecule cannot be seen by normal protein crystallography 

(Perona et al., 1993). 

 

 vi. Conclusions 

Looking at serine protease and esterase research, the intricacies of mechanistic enzymology become all 

too clear. Despite research using the most modern of techniques, the exact details of serine protease 

catalysis can still give rise to considerable differences in opinion amongst researchers, as illustrated by 

the ongoing discussions about moving-histidine mechanisms and low-barrier hydrogen bonding. In earlier 

days, understanding of the action of catalytic triads was hampered by the non-additivity of the effects of 

the Ser, His and Asp residues (Carter and Wells, 1988). Added to this, enzyme-substrate interactions 

remote from the triad are clearly an important factor in catalysis, as illustrated by the large effect on the 
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acylation rate constant, but not on the Michaelis constant, of binding a longer substrate to chymotrypsin 

(Case and Stein, 2003). Such interactions have not even been addressed in this introduction since they 

may be expected to be highly enzyme-specific.  

 However, it is now clear that there is a catalytic Ser-His dyad, of which the serine performs 

nucleophilic attack on the substrate. The resulting charge-separated transition state is stabilized for a large 

part by the oxyanion hole, through rigidly prealigned interaction partners. The reaction is further assisted 

by the histidine through acid/base catalysis, in which the histidine has to move between the serine and the 

substrates. The Derewenda interaction may be an important anchoring point for such movements. To 

allow the histidine to act as a base, a third member, usually a carboxylate, stabilizes it as such, completing 

the catalytic triad. Apparently, stabilizing the charge on the carboxylate is moderately advantageous for 

catalysis, as illustrated by the charge-stabilizing architecture of the surroundings of the carboxylate (the 

carboxylate-hole). Moreover, motions of the catalytic triad residues may be linked to the substrate 

binding site through the Derewenda interaction and the polar environment of the carboxylate. 

 An interesting way to investigate the the importance of a charged third member of the triad could 

be to use directed evolution. Suppose that an Asp to Ala (or Glu to Gln) mutant of a protease was made in 

which the His is still available for base catalysis. An example of such a mutant protein is the Asp641Asn 

mutant of prolyl oligopeptidase (Szeltner et al., 2002). Now subject such a mutant protein to multiple 

rounds of directed evolution, selecting for improved protease activity. Given the similarities between the 

codons for Asp and Asn (and Glu and Gln) most improved varients may be revertants to the native 

sequence. However, looking at those variants in which the mutation is conserved may lead to valuable 

insights into the true function and importance of having a charged third member of the triad. 

MM and QM/MM simulations allow for the simulation of atomic motions which have a bearing 

on catalysis. In the past few years, a number of such studies into serine protease catalysis have become 

available. As was demonstrated recently, correlated motions in networks of conserved residues may be 

crucial to enzyme catalysis (Benkovic and Hammes-Schiffer, 2003). For serine proteases, this means that 

any links between the catalytic triad and the substrate binding site like, for instance the interactions 

observed with Ser214 (the Derewenda interaction and a hydrogen bond with the Asp) in trypsin-like 

proteases (Dutler and Bizzozero, 1989) (Wilmouth et al., 2001), may be of paramount importance for rate 

acceleration. Interestingly, such networks of conserved residues can extend over an entire protein 

(Benkovic and Hammes-Schiffer, 2003). With the large number of structures of serine proteases and 
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esterases that is already available, and which will no doubt continue to grow, it would be interesting to 

see if in the future such networks can be identified in serine proteases and esterases, too. 

The serine proteases and esterases have played an important role in shaping our understanding of 

enzyme catalysis, and will continue to do so. The insights from these studies can be used as a starting 

point for the study of newly discovered proteins and newly solved structures. Moreover, research into the 

structures and mechanisms of newly discovered serine hydrolases expands our knowledge and leads to 

new insights. In the next chapters of this thesis, we will describe the crystal structures of members of a 

novel enzyme family, the α-amino acid ester hydrolases (AEHs). Since these enzymes are expected to 

have a Ser-His-Asp catalytic triad (Polderman-Tijmes, J. J. et al., 2002a, Polderman-Tijmes, J. J. et al., 

2002b), their study should contribute to our understanding of serine hydrolases in particular and enzyme 

catalysis in general. 



Chapter 1 

 38

 

 




