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"Il piacere più nobile è la gioia di comprendere." 

Leonardo Da Vinci 

 

“Sometimes science is more art than science.” 

Rick Sanchez 
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Summary 

 

Carbohydrates are ubiquitous molecules on Earth and of major importance. They are involved 

in key biological processes such as cellular recognition, signalling or post-translational 

modification of proteins. This has a direct impact on infectious diseases and other pathologies 

such as cancer. Moreover, carbohydrates have attracted great interest in biotechnology  

because of their use as biofuels or their beneficial effect in the modification of therapeutic 

proteins. Consequently, the so-called Carbohydrate-Active Enzymes (CAZymes), the 

enzymes responsible to form, degrade and modify sugar molecules, have gained attention of 

the scientific community. Glycoside hydrolases (GHs) are enzymes that catalyse the cleavage 

of glycosidic bond in carbohydrates and glycoconjugates. The understanding of their 

mechanism of action is fundamental to design specific inhibitors for these enzymes, as well 

as engineering them for novel catalytic purposes . In this Thesis, we investigated a specific 

type of GHs, those that degrade N-acetylated carbohydrates. Some of them operate via 

substrate-assisted mechanisms, in which the substrate actively participates in catalysis. 

Several questions regarding these mechanisms remained unknown, such as the protonation 

state of the reaction intermediate, a sugar-oxazoline or an oxazolinium ion, and the role of 

active site residues in catalysis. Computer simulations based on the hybrid quantum 

mechanics/molecular mechanics (QM/MM) approach, in combination with enhanced-

sampling methods, are powerful tools to investigate catalytic processes in GHs. The main 

goal of this work is to provide an in-depth comprehension of substrate-assisted reaction 

mechanisms in GHs. Such complex task requires a multi-scale approach, considering both 

the size of the system under investigation and the time scale of the chemical reactions taking 

place in the active site.  

The Thesis is organized as follows: 

Chapter 1 consist of a general introduction about carbohydrates, GHs, and their catalytic 

mechanisms, including substrate-assisted catalysis. Open questions and the objectives to 

tackle them are listed. 

Chapter 2 deals with the methodology used through this work. Specifically, we provide a 

description of QM/MM and metadynamics techniques. 

Chapter 3 reports our investigation of the reaction mechanism of SmChiB, a chitinase from 

family GH18. We unravelled its catalytic mechanism, paying special attention to the reaction 
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intermediate, whose nature remained controversial. The results are compared with a GH56 

hyaluronidase that exhibits similar active site features.    

Chapter 4 reports the conversion of a GH into a phosphorylase by a single point mutation. 

We rationalize this novel modification in a GH84 O-GlcNAcase, evaluating both substrate 

accommodation and reactivity, in the context of substrate-assisted catalysis.   

Chapter 5 reports our study on the possibility of amide tautomerization in GH catalysis. The 

occurrence of asparagine  tautomerization is investigated in GH85 ENGases, enzymes that 

operate via the substrate-assisted mechanism to degrade N-glycans in proteins.  

Chapter 6 reports  a study of the conformational properties of pyranose rings. By means of 

sugar puckering coordinates, we explore the conformational space of carbohydrates involved 

in substrate-assisted catalysis and their related inhibitors.  

Chapter 7 lists the most relevant conclusions of this work. 
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1.1. Carbohydrates 

Carbohydrates1 (also referred as saccharides or sugars) are defined as polyhydroxy aldehydes 

or polyhydroxy ketones with the empirical formula Cm(H2O)n (where m and n might differ) 

ubiquitously distributed on Earth. For instance, cellulose, a polysaccharide mainly found in 

plants which consists of linear chains of glucose units, is the most abundant organic polymer 

with total production of 1011–1012 tons/year.2 Even though, carbohydrates have been 

extensively studied not only because of their ubiquity, but also because they have a pivotal 

role in living organisms. Contribution to cellular signaling, energy storage or being structural 

components of relevant biomolecules such as coenzymes or nucleic acids are clear examples 

of central biological processes in which carbohydrates are deeply involved.3–5  

 

1.1.1. Classification, nomenclature, and structure 

The classification of carbohydrates can follow several criteria. For instance, carbohydrates 

are classified depending on the number of sugar units in which they are composed of. In terms 

of nomenclature, the word “saccharide” follows a numerical prefix: monosaccharide for 

sugars of just one carbohydrate moiety, disaccharide for two, etc. In addition, carbohydrates 

formed of between three and ten sugar units are considered as oligosaccharides, whereas if 

they are composed of more than ten are kwon as polysaccharides (Figure 1.1a). Just 

considering a single monosaccharide, one could use its number of carbon atoms to classify it. 

For example, pentoses, hexoses and heptoses are carbohydrates that contain five, six and 

seven carbon atoms, respectively. 

The configuration of the asymmetric centre is used as another classification criterium. D- and 

L- notation allows to differentiate sugar enantiomers, such as D-glucose and L-glucose 

(Figure 1.1b). Most of natural carbohydrates are D-saccharides. The aldehyde or ketone group 

from a saccharide of five or more carbons reacts with one of its hydroxyl groups in order to 

form a cyclic hemiacetal or hemiketal, respectively. Depending on which hydroxyl reacts, 

different sugar cycles can be generated. This process creates a new stereogenic centre, which 

is referred to as the anomeric carbon (C1). Two possible anomers might form from the 

previous process. In the case of D-glucose (Figure 1.1c), α-D-glucose and β-D-glucose which 

differ in the configuration of its anomeric carbon and exhibit different presence in equilibrium 

(36% and 64%, respectively).6 This tendency is partially dictated by the anomeric effect,7 a 

stereoelectronic effect in which there is a stabilizing interaction (hyperconjugation) between 

the unshared electron pair on the pyranose oxygen and the σ* orbital of the C1-O1 bond. 
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Furthermore, monosaccharides are linked at different positions, which is then considered in 

the nomenclature of glycosidic bonds together with the anomeric configuration (β-1,4 or α-

1,3, for example). The stereochemical variety of hydroxyl groups, in addition to their 

replacement by other substituents such as acetamido or sulphate groups (Figure 1.1a), and the 

conformational space that glycosidic bonds and sugar rings can explore, generate a myriad of 

carbohydrate structures.  
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Figure 1.1. Chemical structures of carbohydrates. (a) Mannose, Maltose Glc(α-1,4)Glc, Lacto-N-tetraose 

Gal(α-1,4)GlcNAc(β-1,3)Gal(β-1,4)Glc and cellulose (Glc(β-1,4)Glc)n, as examples of a monosaccharide, 

disaccharide, oligosaccharide, and polysaccharide, respectively. (b) Fisher projections of L- and D- 

enantiomers of glucose and (c) both β and α anomeric configurations of D-glucose. 
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1.1.2. Puckering conformations of carbohydrates 

Of particular importance for catalysis is the conformation that sugar rings adopt (section 

1.2.3). The rotation of their internal bonds provide significant flexibility and alter the axiality 

of the hydroxyl groups (or other substituents). Six-membered rings ― pyranoses studied in 

this Thesis ― can exhibit up to 38 different canonical conformations, whose nomenclature is 

regulated by the IUPAC.8 Specifically, there are five types of conformations: chair, boat, 

skew-boat, half-chair, and envelope, represented by the capital letters C, B, S, H and E, 

respectively (Figure 1.2). For each conformation, a four atoms ― at least ― reference plane 

from the pyranose ring is considered. The rest of the atoms, the ones lying outside the plane, 

are designated by superscripts and subscripts if they are above or below the reference plane, 

respectively. The conformation of a pyranose ring can be quantitatively and unequivocally 

described by the puckering coordinates established by Cremer and Pople,9 which will be used 

and further discussed along this Thesis. 
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1.2. Glycosidases 

In order to deal with the vast chemical space of sugars, Nature requires an extensive 

enzymatic toolbox known as Carbohydrate Active Enzymes (CAZymes).10 CAZymes 

selectively degrade, form, and modify carbohydrates and glycoconjugates. Depending on 

their function, they are classified in different modules, such as glycoside hydrolases (GHs) or 

glycosyltransferases (GTs), which catalyse the hydrolytic breakdown and formation of 

glycosidic bonds, respectively.  

GHs, or glycosidases, are enzymes that generally catalyse the hydrolysis of glycosidic 

linkages in carbohydrates and glycosides.11 Since saccharides play a crucial role in biology, 

it is clear that the enzymatic machinery in charge of their breakdown is of major importance 

as well. Indeed, sugar molecules have a myriad of biotechnological and industrial 

applications, ranging from biofuels production from biomass,12 food industry13 to 

chemoenzymatic synThesis.14 Furthermore, several GHs have a pivotal role in human health, 

since their deficiency and lack of activity can cause pathological conditions such as 

Gaucher’s,15 Pompe’s,16 Fabry’s17 or Krabbe’s18 diseases. Therefore, the study of these 

enzymes is paramount to understand diseases and design new therapeutic strategies.  

 

1.2.1. Classification 

According to their sequence, GHs and CAZymes in general are systematically classified in 

several families and curated in the CAZy database (www.cazy.org, 168 GH families reported 

in September 2020).19,20 Usually, enzymes that belong to the same family not only exhibit 

sequence similarity, but also act on similar substrates and share function. This is translated 

into similar recognition regions from the enzyme for certain type of substrates, equivalent 

catalytic residues to perform catalysis and thus use of the same reaction mechanism. From a 

functional point of view, GHs can also be classified according the Enzyme Commission, 

depending on the substrate they act on.21 Moreover, if the cleavage takes place at the latest 

terminal sugar moiety from a carbohydrate chain, GHs are further classified as exo-, whereas 

if catalysis is performed at other regions of the chain as endo-. Once the substrate has been 

hydrolysed, if a GH continues degrading the carbohydrate chain is classified as a processive 

enzyme, while if the substrate is liberated after one catalytic cycle as non-processive.  

Taking GH active site topology as a criterium, three types can be distinguished: pocket, cleft 

and tunnel (Figure 1.3).22 This structural feature is closely related with the type of substrates 

degraded by GHs and how they perform catalysis. For instance, pocket active sites are usually 

http://www.cazy.org/
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present in exo-acting enzymes to optimally recognize terminal carbohydrates such as 

monosaccharides or the extremity of polysaccharides with several free chains. In contrast, a 

tunnel architecture is frequently employed by processive endo-acting GHs to release part of 

the cleaved product while remaining attached to the carbohydrate chain in order to execute 

more catalytic cycles, thereby processivity. Cleft active sites allow random placement of 

different carbohydrate moieties in polymeric substrates and is commonly found in endo-

acting GHs. Considering that GHs can break glycosidic bonds found in a wide variety of 

carbohydrate substrates, and that their binding modes may differ from each other, it is 

necessary to establish a consistent and proper nomenclature for the different active site 

regions. Active sites are divided in several subsites, each named as -n and +m (being n and 

m integers) and taking as a reference the exact position where the glycosidic bond is 

hydrolysed (between -1 and +1 subsites). Negative and positive subsites are assigned to the 

non-reducing and reducing terminal sugars, respectively.  

 

 

Figure 1.3. Topology of GH active sites. Carbohydrates are shown as black sticks and GHs as light grey 

surfaces. (a) Tunnel topology of a cellobiohydrolase with a cellononaose fiber complexed inside (PDB 

entry 4C4C).23 (b) Endo-glucanase with a β-glucan tetrasaccharide bound to its -4, -3, -2 and -1 subsites, 

shaping a cleft (PDB entry 1U0A).24 (c) Exo-chitosanase with a chitosan disaccharide buried in its small 

pocket active site (PDB entry 2VZV).25  

 

Finally, GHs are classified on the basis of their reaction mechanism, one of the most important 

criterium, as discussed in the following section. 
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1.2.2. Reaction mechanisms 

The reaction mechanism of GHs is common within families and generally consists in a 

bimolecular nucleophilic substitution (SN2) where two essential acidic residues catalyse 

hydrolysis: the general acid/base (proton donor) and the nucleophile (general base).26 

Depending on the stereochemical outcome ― if the anomeric configuration is retained or 

inverted ― GHs are classified as retaining or inverting enzymes. The canonical reaction 

mechanisms in both cases, the so-called classical Koshland mechanisms,27 are shown in 

Figure 1.3. While retaining GHs operate via a double displacement mechanism involving a 

covalent glycosyl-enzyme intermediate (Figure 1.4a), inverting GHs follow a single 

displacement mechanism (Figure 1.4b). Each reaction step in both mechanisms involves an 

oxocarbenium ion-like transition state (TS, Figure 1c), characterized by development of 

positive anomeric charge, sp2 hybridization, and ring distortion. The positive charge 

developed at the anomeric carbon is partially stabilized by electron donation from the 

pyranose oxygen. Sugar distortion during ― and towards to ― catalysis helps the reaction to 

proceed. This will be further discussed in Section 1.2.3. 

In both retaining and inverting enzymes, the acid/base residue is similarly positioned, 

pointing towards the oxygen atom of the glycosidic bond about to be cleaved (between -1 and 

+1 subsites). Nevertheless, the general base position differs, which is strongly related to how 

the reaction evolves. In inverting enzymes, the catalytic residues are separated by a distance 

of approximately 10 Å. This allows the accommodation of a water molecule between the 

nucleophile residue and the anomeric carbon. The single displacement occurs when the 

acid/base protonates the glycosidic bond promoting the departure of the leaving group, and 

the nucleophile activates a water molecule that attacks the anomeric carbon. The obtained 

product exhibits a net inversion of the anomeric configuration. Contrarily, in retaining 

enzymes the catalytic residues are separated by an average distance of 5.5 Å. In this case, the 

reaction mechanism comprises two steps, deglycosylation and glycosylation. During the first 

reaction step (glycosylation), the general acid protonates the oxygen of the scissile glycosidic 

bond, whereas the nucleophile attacks the anomeric carbon, forming a covalent glycosyl-

enzyme intermediate. In the second step (deglycosylation), the acid/base acts now as a base 

and deprotonates an incoming water molecule that performs the nucleophilic attack on the 

anomeric carbon to form the final product with net anomeric retention. 
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(b) Inverting single displacement. (c) Oxocarbenium ion–like transition state of the first half-reaction. The 

nucleophilic oxygen that attacks the anomeric carbon is part of a distinct chemical group in (a) or (b). 

Dashed lines indicate partially broken/formed bonds. 

 

Enticingly, several GH families use mechanisms far beyond from the classical Koshland 

mechanisms.28 For instance, family GH4 glucosidases catalyze redox and elimination 

reaction steps involving NAD+ and Mn2+ as cofactors, whereas family GH33 sialidases follow 

an elimination and hydration mechanism involving a tyrosine residue as a nucleophile. 

Another striking example is the case of GH109 enzymes, which operate using a similar 

mechanism to GH4 enzymes, but without requiring a metal cofactor. A very recent study of 

one of these GHs showed that exhibits both α- retaining and β-inverting activities.29 This 

remarkable exception escapes from the paradigm of sharing a common stereochemistry for 

substrates and products within the same GH family.  

Likewise, some GHs that degrade 2-N-acetylated carbohydrates use a modification of the 

canonical retaining mechanism. In the first step, the carbonyl group oxygen of the N-acetyl 

sugar at the -1 subsite, rather than an enzymatic residue, acts as a nucleophile forming a 
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bicyclic reaction intermediate, not covalently bound to the enzyme. This is the so-called 

substrate-assisted mechanism, which is the central issue investigated in this Thesis (in-depth 

introduced in Section 1.3). Even though, this feature is not unique to these GHs, since it has 

been recently demonstrated that in GH99 endo-α-mannosidases a hydroxyl group from 

mannose attacks the anomeric carbon to form an epoxide reaction intermediate.30  

 

1.2.3. Catalytic itinerary 

The reaction mechanism Last past half century, Phillips early proposed that conformational 

changes in the pyranose rings might play a role in glycosidase catalysis on the basis of X-ray 

crystallography.31 He solved the very first enzyme X-ray structure in 1965, from Lysozyme,32 

a GH that degrades peptidoglycans. Over time, more insightful X-ray crystallographic 

investigations have been carried out,33 elucidating novel GH structures and, in conjunction 

with computational techniques,34 allowed to map and rationalize the conformational 

itineraries that carbohydrates follow during catalysis and its critical importance.35 

Nowadays it is well-known that sugar ring distortion yields electronic and structural features 

required in the TS of reactions catalysed by GHs. These provide the aforementioned 

oxocarbenium ion-like character: (i) coplanarity of C5, O5, C1, and C2 atoms, (ii) sp2 

hybridization, (iii) positive anomeric charge development and (iv) C1···O5 distance 

shrinkage. Hence, the conformational space for a TS is delimited to eight specific canonical 

conformations: two half-chairs, two boats and four envelopes (Figure 1.5a). Furthermore, in 

the Michaelis complex (MC, i.e., when the substrate is bound in the enzyme active site before 

reacting), the sugar at -1 subsite typically does not shape a relaxed 4C1 chair conformation, 

the most stable in solution. Instead, the carbohydrate distorts to favour the reaction by 

orienting axially the leaving group (aglycon) preventing steric hinderance for the nucleophilic 

attack and placing the glycosidic oxygen close to the acid/base residue. Therefore, the 

substrate is pre-activated for the enzymatic reaction. This was first observed in a X-ray study 

of a retaining β-glucanase.36 Later, Biarnés et al. confirmed the 1S3 conformation by 

computational methods in the MC of another retaining β-glucanase.37 In parallel, they 

elegantly demonstrated that this pre-activation is an intrinsic property of sugar molecules.38–

40 By analysing isolated monosaccharides, they found that albeit the most stable conformation 

generally is a chair, other low energy conformations match the ones observed in MC X-ray 

structures. This indicates that GHs have evolved to accommodate distorted ― and thus pre-

activated ― carbohydrates in order to catalyse their hydrolysis efficiently. 
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Figure 1.5. Puckering coordinates of pyranose rings. (a) TS-like conformers. The reference plane and 

atomic indexes of atoms out of the plane are coloured in green and blue, respectively. (b) Stoddart (left) 

and Mercator (right) representations of the Cremer-Pople sphere (middle). The catalytic itineraries 1S3 → 

[4H3]⧧ → 4C1 and 2SO → [2,5B]⧧ → 5S1 correspond to GH families GH5 and GH43, which are shown in 

purple and orange, respectively. Picture adapted from reference 35. 

 

The understanding of conformational catalytic itineraries is crucial when designing TS-

analogue-specific inhibitors and activity-based probes for GHs, since it allows to gain 

mechanistic insights and target these enzymes.41–43 In the case of retaining GHs, the itinerary 

normally refers to the glycosylation step, which is generally the rate-determining one, 

particularly for sugar-like substrates. Stoddart introduced a diagram that connects all the 

possible pyranose conformations (Figure 1.5b).44 This corresponds to the projection of the 

spherical puckering coordinates established by Cremer-Pople,9 which distinguish 

unequivocally the conformation of any six-membered ring. All the possible conformers are 

located on the external shell of the puckering volume formed by these polar coordinates. The 

Stoddart diagram facilitates the visualization of the conformational pathway in a continuous 

space and, therefore, the interpretation of the GH catalytic itineraries. Even though, the 

conformational itinerary might not be a perfect longitudinal (or latitudinal) pathway across 

the Cremer-Pople sphere. Furthermore, despite it is expected that the catalytic itinerary is 

unique and conserved within a GH family, very recent examples demonstrated that certain 

exo-GHs are able to catalyse hydrolysis via two distinct conformational pathways, even 

starting from an undistorted MC.45 
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1.3. The substrate-assisted mechanism 

1.3.1. Early hints of substrate-assisted catalysis in glycosidases 

Historically, strong debates concerned glycosidase catalysis, especially regarding retaining 

GHs. Probably the most important was whereas they performed catalysis via long-lived 

oxocarbenium ion intermediate or, in contrast, through an enzyme-substrate covalent 

intermediate. The latter scenario was consolidated when Vocadlo et al. trapped this covalent 

intermediate by means of X-ray crystallography in 2001.46 In the same line, the equivalent 

controversy arose in retaining GHs that catalyse carbohydrates that possess an acetamido 

group at position 2. However, there was an additional mystery in this case: no residues were 

obvious candidates that could serve to stabilize neither a putative oxocarbenium ion 

intermediate nor bond to the anomeric carbon. This implied that such enigmatic intermediate 

must be stabilised in another way.  

In the mid-nineties, the X-ray structure of the plant enzyme hevamine from Hevea 

brasiliensis, a GH from family 18 with chitinase activity, was elucidated in complex with the 

inhibitor allosamidin.47 Parallelly, another study demonstrated that allosamidin and Glc-

thiazoline compounds were able to strongly inhibit the family GH20 N-acetyl-β-

hexosaminidase from the plant Canavalia ensiformis.48 Both GH enzymes degrade sugars N-

acetylated at position 2, such as N-acetyl-D-glucosamine (GlcNAc, Figure 1.6). Inspection of 

the chemical structures of both inhibitors (Figure 1.6) suggested that they reassemble the 

putative reaction intermediate if the carbonyl oxygen of the N-acetyl group from the sugar at 

subsite -1 would perform an intramolecular attack to its anomeric carbon. This phenomenon 

is known as anchimeric assistance or neighbouring group participation and it has been 

commonly observed and employed in organic chemistry. For instance, the spontaneous 

hydrolysis of methyl β-D-GlcNAc is 1000-fold enhanced over the hydrolysis of methyl β-D-

glucose;49 and the synthesis of β-D-GlcNAc derivatives evolves through a stable oxazoline 

intermediate.50 Moreover, the reaction intermediate might be stabilized by the carboxylate 

residue that interacts with the nitrogen atom of these inhibitors, which explains its anomalous 

position (i.e. not nearby the anomeric carbon) and clearly differs from the role of the 

nucleophile  in the classical Koshland mechanism. This, together with the nature of 

allosamidin and GlcNAc-thiazoline inhibitors, served as a first evidence to prove the 

substrate-assisted mechanism, which involves anchimeric assistance or neighbouring group 

participation. 
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Figure 1.6. Chemical structures of carbohydrates related with substrate-assisted catalysis. From left to 

right, N-acetyl-D-glucosamine (GlcNAc), glucose oxazoline as the reaction intermediate if the 

intramolecular nucleophilic attack occurs (Glc-oxazoline) and its inhibitors derivatives (glucose thiazoline 

and allosamidin). 

 

1.3.2. Reaction mechanism 

The substrate-assisted mechanism (Figure 1.7) mainly differs from the classical Koshland 

retaining mechanism in the first step. Instead of a carboxylate residue (Asp/Glu), it is the 

substrate itself that acts as the nucleophile. In particular, the carbonyl oxygen of the 2-

acetamido group of the carbohydrate at -1 subsite attacks via anchimeric assistance its 

anomeric carbon. While this occurs, the acid/base residue protonates the glycosidic bond 

facilitating the departure of the aglycon part of the substrate, as in the classical retaining 

mechanism. This leads to the formation of a bicyclic glucose oxazoline/oxazolinium ion (Glc-

ox/Glc-ox+) reaction intermediate (discussed further below). Afterwards, the reaction 

intermediate is hydrolysed during the second step by an incoming water, which is activated 

by the acid/base residue, similarly to the classical Koshland mechanism. The TS of the 

reaction reassembles the one of the classical mechanisms (Figure 1.4c), but in this case the 

attacking oxygen is the one from the carbonyl group of the substrate. 
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Figure 1.7. General substrate-assisted mechanism of β-glycosidases. The transition state reassembles the 

one shown in Figure 1.4c, but OR’ being the carbonyl group of from the 2-acetamido of the substrate. Note 

that the reaction intermediate is depicted as a positively charged oxazolinium ion for the sake of simplicity, 

but this will not always be the case depending on the GH family. 

 

Besides the acid/base residue, another conserved carboxylate residue in the active site of these 

enzymes, generally an Asp, participates in catalysis. That residue is known as the assisting 

residue and interacts with ― and induces a positive charge at ― the nitrogen atom from the 

N-acetyl group of the substrate. In turn, a negative charge is induced at the nearby oxygen 

atom from the carbonyl group, now being able to attack the anomeric carbon. The mentioned 

polarization effect allows to use a carbonyl group as an excellent substitute for a carboxylate, 

even if the latter is intrinsically a better nucleophile. Moreover, the assisting residue continues 

interacting with the nitrogen atom from the substrate at the reaction intermediate, playing a 

stabilizing role. Substitution of this residue decreases significantly the enzyme activity, but 

never as much as the mutations of the acid/base.51–54 

The reaction intermediate (middle species in Figure 1.7) is characterized by the presence of 

an oxazoline ring.  Oxazolines55 consist of a five-membered heterocyclic molecules that have 

a double bound, most commonly located between the nitrogen atom and the carbon atom 

adjacent to the oxygen atom (i.e. 2-oxazoline). If an oxazoline molecule is protonated (at its 

nitrogen atom), it leads to an oxazolinium ion. This develops a positive charge, which is 

delocalized between the nitrogen atom and the adjacent carbon atom, leading to two possible 

resonant structures. However, the positive charge is most likely located at the nitrogen atom 

because this precludes the formation of a carbocation and generates a double bound, thereby 

gaining stability. The protonation state of this species will depend on its specific environment 

and interactions. 
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In the MC, the pKa of the 2-acetamido group of the substrate is estimated as the amide group 

(pKa value of 15), which is then decreased during the cyclization to form the reaction 

intermediate. Indeed, computational calculations of the Glc-ox+ in solution predicted that    

exhibits a pKa of 7.7.56 This value is very similar to the one obtained for the allosamidin 

inhibitor (pKa value of 7.4).57 Since the  carboxylate-bearing assisting residue interacts with 

the nitrogen atom of the GlcNAc interacts with the (acidic, pKa of 3.7) assisting residue, one 

would expect that the substrate would remain protonated. However, depending on the specific 

environment which surely perturbs these pKa values, and considering the changes likely 

occurring during the reaction, either of the two protonation states of the reaction intermediate 

is feasible. Hence, besides promoting the nucleophilic attack in the first step, the assisting 

residue stabilizes the reaction intermediate, either by acting as a general base subtracting the 

proton of the 2-acetamido group and forming a glucose oxazoline intermediate (Glc-ox), or 

by electrostatically stabilising the glucose oxazolinium ion intermediate (Glc-ox+). This issue 

will be carefully addressed along this doctoral Thesis. 

 

1.3.3. Substrate-assisted GH families 

GH families that follow the substrate-assisted mechanism are GH18, GH20, GH56, GH84, 

GH85 and GH123 (listed in Table 1.1). While just some of them belong to GH-K clan (GH18, 

GH20 and GH85), all poses a (β/α)8 catalytic domain. They catalyse the cleavage of 

saccharides that contain an N-acetyl group at position 2 such as GlcNAc, which is present in 

chitin, O- and N-glycans or hyaluronic acid, for example. Thus, chitinases, O-GlcNAcases, 

or hyaluronidases are few examples of these enzymes, which have been studied in this 

doctoral Thesis. Nevertheless, not all enzymes that degrade substrates possessing a 2-

acetamido group use this mechanism. For instance, enzymes from families GH3 and GH22 

utilize a classical retaining mechanism with the participation of nucleophile residue. Other 

enzymes, such as chitinases from family GH19, employ an inverting mechanism. Hence, 

Nature has developed different mechanistic strategies to efficiently catalyse N-acetylated 

carbohydrates.   
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Table 1.1. GH families which follow the substrate-assisted mechanism. * Reaction mechanism not known, 
inferred by analogy with related families.  

Family Activity Acid/Base Assisting Insertion 

GH18 Chitinase, endo-β-N-GlcNAcase Glu Asp Yes 

GH20 Exo-β-N-GlcNAcase, β-N-GalNacase, β-6-SO3-N-
GlcNAcase, exo-lacto-N-biosidase Glu Asp No 

GH25* Lysozyme Glu Asp Yes 

GH56* Hyaluronidase Glu Asp Yes 

GH84 O-GlcNAcase Asp Asp No 

GH85 Endo-β-N-GlcNAcase Glu Asn Yes 

GH123 β-N-GalNAcase  Glu Asp No 

 

A major distinction between GHs that follow this reaction mechanism is the nature and the 

location in the protein sequence of the catalytic dyad (acid/base and assisting residues). Table 

1.1 illustrates that two main groups can be distinguished: whereas there is an insertion 

between the catalytic residues (families GH18, GH25, GH56 and GH85) or not (families 

GH20, GH84 and GH123). That is, if they are separated in the sequence or adjacent, 

respectively. This subtle difference is translated into a distinct conformation in the active site 

of these enzymes. If there is an insertion, the backbone can bend and both catalytic residues 

interact (Figure 1.8a), while when they are adjacent in the sequence they do not (Figure 1.8b). 

This very likely plays a role in catalysis since this interaction may alter the pKa of the catalytic 

dyad and ultimately influence on the intermediate of the reaction. 

A remarkable exception is the case of enzymes from family GH85. In all the other GH 

families that perform substrate-assisted catalysis, the assisting residue is an Asp, while in 

GH85 enzymes an Asn. This striking difference has been further investigated in chapter 5. 

Likewise, family GH123 enzymes are the only ones that degrade GalNAc containing 

substrates at -1 subsite (glycosphingolipids), instead of GlcNAc. Apparently, this would not 

imply a mechanistic distinction in the context of substrate-assisted catalysis.  
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Figure 1.8. Structural alignment of the catalytic dyad within GH families that use substrate-assisted 

catalysis. (a) Enzymes with an insertion between the catalytic residues. This allows the backbone to bend 

and ultimately establish an interaction between these residues (dashed yellow line). The assisting residue 

in GH85 enzymes (cyan) stands out because is the only Asn, in comparison with an Asp in the other 

families. (b) GHs that possess their catalytic dyad consecutive in their sequence. Note the exception of the 

shorter acid/base residue in GH84 enzymes (lime green), which is an Asp instead of a Glu. X-ray structures 

used here for GH18, GH20, GH84, GH85 and GH123 were trapped with the reaction intermediate ― or its 

thiazoline analog (black sticks) ― but GH25 and GH56 structures had other substrates bound in their active 

sites. PDB entries: GH18, 1E6Z;58 GH20, 5A6A;59 GH25, 1JFX;60 GH56, 1FCV;61 GH84, 2CHN;53 GH85, 

2W92;62 and GH123, 5L7V.63 
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1.4. Open questions 

Despite the current knowledge of substrate-assisted glycosidase catalysis, a detailed 

mechanistic description of this atypical reaction mechanism, especially the factors controlling 

the nature of the reaction intermediate, is lacking. In particular, the following questions are 

yet not solved: are there any mechanistic differences between substrate-assisted GHs with an 

insertion in their sequence between the catalytic dyad in comparison with those GHs residues 

being adjacent in the sequence?  Do these differences alter the nature (e.g. structure and 

protonation state) of the reaction intermediate?  

As discussed previously (section 1.2.2), both Glc-ox and Glc-ox+ protonation states are 

mechanistically feasible, and the literature is plenty of examples where both terms are used 

indistinctly, even within the same GH family.  For instance, whereas in GH84 enzymes it was 

assumed that the substrate in the reaction intermediate features a neutral Glc-ox,64 Glc-ox+ is 

reported for GH18 chitinases.65 In other GH families acting by substrate-assisted catalysis, 

the intermediate has been either described as Glc-ox+,56,66,67 Glc-ox,41,68 or both.62,69 Thus, a 

full characterization of the reaction mechanism in GHs that use substrate-assisted catalysis is 

needed. Moreover, since the reaction intermediate in these GH families is not covalently 

bound to the enzyme, as occurs in the classical retaining mechanism, it is difficult to 

understand if the designed inhibitors for these GHs are true mimics of the TS of the reaction. 

Thus, inhibition of substrate-assisted catalysis requires further investigation.  

Here we have tackled the above general questions by studying GHs that use substrate-assisted 

but differ in aspects such as the type of residues forming the catalytic dyad and their position 

in the enzyme sequence. In addition, the isolated enzyme substrate has been investigated to 

infer their intrinsic properties and their possible connection with those of commonly used 

substrate-assisted GH inhibitors. The previous results that support the specific questions we 

plan to address are the following: 

• Previous theoretical investigations of chitinases from family GH18 concluded that the 

reaction intermediate featured a positively charged Glc-ox+. Since these enzymes have an 

Asp-X-Glu catalytic dyad that interacts, and the alternative scenario was not fully 

addressed, we revisited this issue (chapter 3). 

 

• A GH84 hydrolase was converted into a phosphorylase by means of a single point 

mutation. Which are the molecular determinants of such transformation? Moreover, GH84 

O-GlcNAcases have two adjacent Asp as catalytic residues that do not interact, in contrast 
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with GH18 enzymes. Will this modify the nature of the reaction intermediate or the 

mechanism? (chapter 4). 

 

• ENGases from family GH85 are expected to use substrate-assisted catalysis, although they 

feature an Asn assisting residue, in contrast with an Asp as in all the other families. Both 

Glc-ox and Glc-ox+ reaction intermediates are also compatible with the available X-ray 

structures, but one of these possibilities involves Asn tautomerization. Is the active site 

environment able to trigger such unusual Asn tautomerization? (chapter 5). 

 

•  The conformation of the molecules involved in the substrate-assisted mechanism has not 

been characterized yet. Studies of these compounds, together with their derived inhibitors, 

would help to understand both mechanistic insights and the inhibition of these GHs and 

their specificity. Are the intrinsic properties of a certain inhibitor similar to the TS or the 

reaction intermediate? Is there any reason behind inhibitor specificities within these GH 

families?  
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1.5. Objectives 

In this Thesis we have aimed to unveil the catalytic mysteries around the substrate-assisted 

mechanism in GHs. Particularly, we have unravelled the reaction mechanism of four GHs 

encompassing enzymes catalytic dyads with and without insertion in the sequence; and 

investigated a GH85 enzyme as a clear exception in terms of the nature of the assisting residue 

(Asn instead of Asp). Finally, we studied the isolated compounds of the mechanism in 

conjunction with derived inhibitors to understand their specificity. Thus, the following 

specific objectives were pursued: 

 

• Elucidate the two-steps reaction mechanism of GH18 chitinases and determine the nature 

of its reaction intermediate. Investigate its relatedness with a GH56 enzyme, whose 

catalytic dyad is equivalent and its reaction mechanism completely unknown.  

 

• Disclose the conversion of a GH84 O-GlcNAcase into a phosphorylase by a single point 

mutation, while investigating the nature of the reaction intermediate in a substrate-assisted 

GH that has both catalytic residues adjacent in the sequence.  

 
 

• Unveil the reaction mechanism of a GH85 ENGase considering the striking possibility of 

Asn tautomerization along the reaction. 

 

• Evaluate the conformational properties of the isolated compounds involved in the 

substrate-assisted mechanism and their derived inhibitors.  
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2. Methodology: theoretical and computational 

chemistry. 
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2.1. Bridging calculations and experiments 

Understanding enzymes and other biomolecular systems is a daunting task. A 

multidisciplinary effort has been made to properly describe at atomistic level the molecular 

mechanisms in which these proteins participate. In this context, simulations are broadly used 

to interpret, design, and predict experiments and, in turn, models in which calculations are 

based are continuously being refined with experimental data (Figure 2.1).70 While in GHs 

investigations both X-ray crystallography and NMR generate crucial structural information 

of these enzymes, computer simulations can capture complex reaction coordinates, electronic 

reorganizations and protein/sugar flexibility that ultimately provide an in-depth 

understanding of GH mechanisms.34 

 

 

Figure 2.1. Interchange between experimental methods such as kinetics enzymology, X-ray 

crystallography or NMR; and theoretical techniques such as the ones employed in this Thesis. 

 

One of the main goals of molecular simulations is to estimate thermodynamic properties of 

realistic systems. Features of interest not only include macroscopic properties (density, heat 

capacity, etc.), but also microscopic ones such as free energy differences associated with 

different processes under study. Even though one can think that thermodynamics apply at 

macroscopic level and statistical mechanics at microscopic scale, it is important to consider 

that the thermodynamics laws still hold on average regardless the length scale.  For instance, 

in this Thesis we compared our GH simulations with the macroscopic observable kcat, a 

constant that describes the turnover rate of an enzyme.  We employed the transition state 

theory to obtain a free energy barrier from this experimental constant.71 
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In any molecular simulation, a particle-based description of the system under study is built 

and then propagated by either probabilistic or deterministic rules to generate a trajectory 

describing its evolution along the calculation. For each stored configuration of the system 

(snapshot) one can calculate several relevant properties and compute their average over the 

course of the entire simulation. Molecular Dynamics (MD) and Monte Carlo (MC) are the 

two main general techniques to propagate the system. While in MD methods the equations of 

motion are numerically integrated to produce a trajectory of the system, in MC techniques 

probabilistic rules are employed to generate a new configuration form the previous one in 

order to produce a sequence of states. MD simulations can provide structural, dynamic, and 

thermodynamic properties of the system, whereas MC calculations can be used to calculate 

structural and thermodynamic properties but not dynamics, since they lack any concept of 

time. All calculations performed in the work of this Thesis are based on MD methods.  

 

2.2. Molecular dynamics 

MD is a computational method for analyzing the physical movement of atoms and obtain 

relevant properties for a certain system.72 Given an initial structure, usually obtained by X-

ray crystallography or NMR, the system evolves by numerically integrating the Newton’s 

equations of motion where forces between particles and their potential energies are computed 

at different levels of theory. Several algorithms can perform such integration (e.g. Verlet,73 

velocity Verlet or leapfrog)74. The particles of the system can be described by different 

underlying physical theories: in Molecular Mechanics (MM, Section 2.2.1), molecules are 

considered as atoms described by an electric charge and a potential energy function with a 

large number of parameters. Quantum mechanics (QM, Section 2.2.2) allows to describe the 

electrons explicitly and thus the energy of the system is computed by solving the electronic 

structure of molecules. From the initial coordinates, initial velocities are assigned according 

the Maxwell-Boltzmann distribution at a certain temperature, which provides an initial 

velocity in a certain direction for each particle. Afterwards, the force that acts on each particle 

of the system is computed from the potential function for each time step of the simulation in 

order to generate new coordinates and new velocities. The timestep (Δt) is a parameter that 

corresponds to the integration step of the equations of motion and determine the time 

resolution of the MD simulation. Its value is typically chosen to one tenth of the period of the 

fastest molecular motion, which usually is related with stretching of H···O bonds. 
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2.2.1. Molecular Mechanics 

In Molecular Mechanics (MM), the description of molecules is based on the contributions of 

processes such as bond stretching or their torsions, without considering explicitly the 

electronic structure. Each atom is treated as a point particle with a punctual charge and thus 

generally no polarization nor electronic reorganizations are taken into account. This is 

accomplished by using a large set of parameters, obtained either by quantum calculations or 

experimental data, that describe the potential energy of the system under investigation. The 

energy of the system is computed according its ideal energy, which is characterized by the 

parameters employed in the calculation. These parameters, referred to as force field, include 

two types of interactions: bonded and non-bonded: 

               𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑀𝑀𝑀𝑀 =  𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛−𝑏𝑏𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 Equation 1 

 

In turn, these types are divided in bond, angle, and torsion interactions (bonded), and Van der 

Waals and electrostatic as non-bonded interactions. Bond terms describe the interactions 

between atoms covalently bonded as  

           𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = � 𝐾𝐾𝑏𝑏 · (𝑟𝑟 − 𝑟𝑟𝑒𝑒𝑒𝑒)2
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

 Equation 2 

             𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = � 𝐾𝐾𝛳𝛳 · (𝛳𝛳 − 𝛳𝛳𝑒𝑒𝑒𝑒)2
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 Equation 3 

                      𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = �
𝑉𝑉𝑛𝑛
2 · [1 + cos(𝑛𝑛∅ − 𝛾𝛾)]

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

 Equation 4 

 

where 𝑟𝑟 and 𝛳𝛳 are the distance and angle in a certain instant, respectively; 𝑟𝑟𝑒𝑒𝑒𝑒 and 𝛳𝛳𝑒𝑒𝑒𝑒 their 

respective equilibrium value. 𝐾𝐾𝑏𝑏 and 𝐾𝐾𝛳𝛳 are the vibrational constants. Torsions include the 

number of 𝑛𝑛 torsional energy barriers and their height (𝑉𝑉𝑛𝑛), together with the phase angle 𝛾𝛾  

for torsional angles.  

Van der Waals interactions are described through a Lennard-Jones potential where both 

attractive and repulsive interactions are considered (𝑅𝑅𝑖𝑖𝑖𝑖6  and 𝑅𝑅𝑖𝑖𝑖𝑖12, respectively). While 

attractive forces are long-range, repulsive forces act on decreased distances, where  𝑅𝑅𝑖𝑖𝑖𝑖 is the 

separation between atoms 𝑖𝑖 and 𝑗𝑗. 𝐴𝐴𝑖𝑖𝑖𝑖 and 𝐵𝐵𝑖𝑖𝑖𝑖 are the Lennard-Jones potential parameters. 
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               𝐸𝐸𝑉𝑉𝑉𝑉𝑉𝑉 𝑑𝑑𝑑𝑑𝑑𝑑 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = �
𝐴𝐴𝑖𝑖𝑖𝑖
𝑅𝑅𝑖𝑖𝑖𝑖12

−  
𝐵𝐵𝑖𝑖𝑖𝑖
𝑅𝑅𝑖𝑖𝑖𝑖6𝑖𝑖<𝑗𝑗

 Equation 5 

 

𝐸𝐸𝑉𝑉𝑉𝑉𝑉𝑉 𝑑𝑑𝑑𝑑𝑑𝑑 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 is zero when the distance between atoms 𝑖𝑖 and 𝑗𝑗 is infinite. As this distance is 

reduced, the energy exhibits a minimum at the equilibrium distance, favoured by the attractive 

forces contribution. If the distance is reduced even more, the energy increases drastically 

because of repulsion at shorter distances. 

Electrostatics interactions consider the atom charges 𝑞𝑞𝑖𝑖 and 𝑞𝑞𝑗𝑗 for each nuclei, generally 

called partial charges. The energy for this type of interactions is given by the Coulomb law: 

               𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = �
𝑞𝑞𝑖𝑖 ·  𝑞𝑞𝑗𝑗
𝜀𝜀 ·  𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖<𝑗𝑗

 Equation 6 

 

The parameters specified in a force field are specific for each atom type, which considers 

their different chemical state. This allows to differentiate if, for example, a carbon atom is 

located within an aromatic system or it has a tetrahedral sp3 hybridization.  There are several 

protein force fields, such as ff14SB,75 CHARMM76 or OPLS.77 Moreover, there are specific 

force fields for other molecules relevant in this work such as carbohydrates (GLYCAM78 or 

CHARMM79) or several water models (TIP3P, TIP4P, etc)80. The use of force fields allows 

transferability for MD simulations, since the parameters obtained for small molecules such 

as amino acids can be employed in different macromolecules that contain them, such as 

proteins. Furthermore, MM description permits to simulate huge biological systems of 

hundreds of thousands of atoms at microsecond scale. Indeed, the MD calculation at 

nanosecond scale of the entire structure of the influenza virus (∼160 million atoms) has been 

a recent milestone.81 However, force fields show certain limitation, such as that parameters 

for all the molecules involved in a calculation are required, which is not always the case. 

Additionally, the goodness of the parameters employed can alter the accuracy of the results, 

as occurs in the case of phosphate molecules.82 Another important limitation of MM is that 

no bond breaking/forming is allowed, except when reactive force fields are employed. This 

means that the chemistry of the system is constant along the entire simulation, which includes 

the initial protonation state for each chemical group. However, techniques that consider the 

pH dependencies of titratable amino acids in MD calculations have been developed to solve 

this issue, such as constant pH MD.83  
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Here we employed the AMBER software84 to perform MD with MM level description, 

hereafter called classical MD, in order to equilibrate GHs in solvation at 300 K before 

carrying out more complex calculations. 

 

2.2.2. Quantum Mechanics 

Treating particles with quantum mechanics (QM) in simulations allows to accurately describe 

their electronic structure, thereby enabling to capture mechanistic details in chemical 

reactions or other processes that require electronic reorganizations. 

The starting point of QM description is the time-dependent Schrödinger equation, from which 

the time-independent formula can be obtained and used to predict the energy and wave 

function of the stationary state of the system: 

               𝐸𝐸𝐸𝐸 =  𝐻𝐻𝐻𝐻 Equation 7 

 

where 𝐸𝐸𝐸𝐸 is the energy of the wave function 𝛹𝛹, and 𝐻𝐻𝐻𝐻 its Hamiltonian operator. The 

probability of locating a particle is determined by the product of the wave function and its 

complex conjugate. The wave function depends both on the movement of the nuclei and the 

electrons. To reduce the complexity when calculating the energy of the system, Born and 

Oppenheimer proposed to separate the degrees of freedom of nuclei and electrons  

               𝛹𝛹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  𝛹𝛹𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 · 𝛹𝛹𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 Equation 8 

 

2.2.2.1. Density Functional Theory 

Since the computational cost of computing all the degrees of freedom in practical systems 

scales drastically, Density functional theory (DFT) was proposed to overcome such 

bottleneck within chemical accuracy. DFT offers a scheme to calculate the total energy of a 

polyatomic system from its atomic coordinates, exhibiting a fair compromise between 

computational cost and accuracy, compared with other QM methods. According DFT, the 

energy of the fundamental state for an electronic system where electrons interact between 

them and are under an effective potential, is a unique function of the electron density 𝜌𝜌(r). 

This observable can be computed by minimizing the energy functional respect the density 
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               𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷 =  min
𝜌𝜌(r)

(𝐸𝐸[𝜌𝜌(r)]) Equation 9 

 

The procedure for an MD method based on DFT starts by solving the Kohn-Sham equations85 

through an iterative process from the initial monoelectronic orbitals 𝛹𝛹𝑖𝑖(𝑟𝑟), minimizing the 

density functional to obtain the total energy. At this point, the gradient of the nuclear 

coordinates of the system is evaluated considering the mass of each atom and the equations 

of motion. From the new nuclear positions, the process is iteratively repeated, calculating 

again the electronic structure. This method is known as Born-Oppenheimer MD. 

The limiting step for such calculation is the minimization of the functional and solving the 

Kohn-Sham equations. In order to tack this issue, Car and Parrinello developed in 1985 a MD 

method which overcomes this problem (introduced in the next section). It is worth mentioning 

that the results of DFT calculations strongly depend on the choice of the functional employed, 

so usually a benchmark work is required to assure that a given functional is able to properly 

describe the interactions in a particular system. In this Thesis we employed the Perdew-

Burke-Ernzerhof (PBE) generalized gradient-corrected functional,86,87 which has been 

successfully applied in investigations of GHs in our group.88 Furthermore, it has been 

demonstrated that this DFT functional provides accurate results in terms of energetics and 

conformations in carbohydrate systems (within chemical accuracy).89 

 

2.2.2.2. Car-Parrinello Molecular Dynamics  

The Car-Parrinello MD (CPMD)90 is an ab initio technique that combines DFT and MD. The 

main feature of this type of calculation is that the Kohn-Sham orbitals are included in the 

equations of motion as new degrees of freedom so that both nuclei and electrons degrees of 

freedom evolve simultaneously. The advantage of this approach is that minimization of the 

density functional is not required for each MD step and thus the computational cost of the 

entire simulation is significantly reduced. However, the Δt has to be smaller (0.1-0.2 fs) in 

order to maintain adiabaticity and describe properly the motions of the system. 

The electronic degrees of freedom are included as the coefficient expansion of the Kohn-

Sham orbitals in a planewave basis set as 

               𝛹𝛹𝑖𝑖 =  �𝑐𝑐𝑖𝑖𝑖𝑖 · 𝑒𝑒𝑖𝑖 𝐺𝐺𝑗𝑗 𝑟𝑟

𝑗𝑗

 Equation 10 
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where 𝐺𝐺𝑗𝑗 are the reciprocal lattice vectors and 𝑐𝑐𝑖𝑖𝑖𝑖 their corresponding coefficients of the 

planewaves expansion, which vary as the equations of motion are integrated along the 

simulation. The CPMD method is relies on the use of an extended Lagrangian where the 

electronic degrees of freedom are described as classic particles 

          ℒ =  𝐸𝐸𝑁𝑁𝑘𝑘𝑘𝑘𝑘𝑘 + 𝐸𝐸𝑒𝑒𝑒𝑒𝑘𝑘𝑘𝑘𝑘𝑘 −  𝐸𝐸𝐾𝐾𝐾𝐾 + �Λ𝑖𝑖𝑖𝑖(�𝑑𝑑r
𝑖𝑖𝑖𝑖

𝛹𝛹𝑖𝑖
∗(r)𝛹𝛹𝑗𝑗(r) − 𝛿𝛿𝑖𝑖𝑖𝑖) Equation 11 

 

where 𝐸𝐸𝐾𝐾𝐾𝐾 is the potential energy computed from DFT and Λ𝑖𝑖𝑖𝑖 the Lagrange multipliers to 

ensure orthonormality of the orbitals during the calculations. The kinetic energy 𝐸𝐸𝑒𝑒𝑒𝑒𝑘𝑘𝑘𝑘𝑘𝑘 can be 

separated in  

              𝐸𝐸𝑁𝑁𝑘𝑘𝑘𝑘𝑘𝑘 =  �
1
2

𝑁𝑁

 𝑀𝑀𝑁𝑁 𝑅𝑅𝑁𝑁 Equation 12 

 

where 𝑀𝑀𝑁𝑁 and 𝑅𝑅𝑁𝑁 are the mass and position of nuclei, respectively. The fictious electron 

kinetic energy 𝐸𝐸𝑒𝑒𝑒𝑒𝑘𝑘𝑘𝑘𝑘𝑘 associated to the electronic system 𝛹𝛹𝑖𝑖(𝑟𝑟) is  

                 𝐸𝐸𝑒𝑒𝑒𝑒𝑘𝑘𝑘𝑘𝑘𝑘 =  �𝜇𝜇�𝑑𝑑r |𝛹𝛹𝑖𝑖(r)|2 Equation 13 

 

The fictitious mass 𝜇𝜇 is a parameter that controls the time scale for the electronic movement. 

Finally, the total energy of the system will be determined by 

                𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶 =  𝐸𝐸𝑁𝑁𝑘𝑘𝑘𝑘𝑘𝑘 + 𝐸𝐸𝑒𝑒𝑒𝑒𝑘𝑘𝑘𝑘𝑘𝑘 −  𝐸𝐸𝐾𝐾𝐾𝐾 Equation 14 

 

The CPMD procedure (Figure 2.2) consists in first minimizing the density functional and 

afterwards integrating the equations of motion to obtain the nuclei and electronic coordinates 

(Kohn-Sham orbitals in the case of the electronic system), which evolve over the potential 

energy surface of the fundamental state of the system. With that, we avoid computing the 

minimization of the density functional in the next MD step, reducing the computational cost 

of the simulation.  
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𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷 =  min
𝜌𝜌(r)

(𝐸𝐸[𝜌𝜌(r)]) 

 

𝑀𝑀𝑖𝑖 ·  𝑅𝑅𝑖𝑖 =  −
𝜕𝜕𝜕𝜕
𝜕𝜕𝑅𝑅𝑖𝑖

 

𝜇𝜇𝑖𝑖 ·  𝛹𝛹𝑖𝑖 =  −
𝜕𝜕𝜕𝜕
𝜕𝜕𝛹𝛹𝑖𝑖

 

 

New 𝑅𝑅𝑖𝑖 
New 𝛹𝛹𝑖𝑖 

 

Figure 2.2. Scheme of a CPMD calculation.  

Both 𝜇𝜇 and Δt parameters significantly affect the stability of a CPMD calculation. Because 

of that, these have to be tuned and tested in order to maintain system adiabaticity.91 As 

explained above, Δt depends on the higher vibrational frequencies, which in this case are 

those associated to the electronic degrees of freedom. To maintain the system adiabatic, the 

nuclear and the electronic movements cannot interchange energy (i.e. their vibrational 

frequencies should be separated). With that, the system oscillates around the fundamental 

state where the electronic system does not separate from the Born-Oppenheimer surface. In 

CPMD, the highest vibrational frequency depends on 𝜇𝜇: as 𝜇𝜇 increases, the highest vibrational 

frequency decreases. Typically, values between 500 and 1100 atomic units are used for this 

parameter.  

 

2.3. Hybrid methods Quantum Mechanics / Molecular dynamics 

Simulations of enzymatic catalysis requires highly accurate methods to compute chemical 

reactions within complex biological systems. This means that both the electronic structure 

and reorganization of atoms involved in the reaction ― those belonging to catalytic residues 

and substrates ― should be described at QM level. Additionally, the entire system (rest of 

the protein and solvent) is required in the calculation, described at MM level, to provide a 

realistic environment. Thus, there is an obvious bottleneck when investigating enzymes with 

computational techniques: describing at QM level events that occur in huge biological 

systems (around 50.000-120.000 atoms).    
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To overcome such limitations, quantum mechanics/ molecular mechanics (QM/MM) hybrid 

methods were developed,92–94 which combine both QM and MM strengths. Introduced by 

Warshel and Levitt in 1976,92 who along Karplus94 were recognized with the 2013 Nobel 

Prize in Chemistry “for the development of multiscale models for complex chemical 

systems.” In this type of techniques, the system is separated into two different regions (Figure 

2.3). The QM region, where the enzymatic reaction takes places (usually the active site and 

atoms involved in the quantum process) and the MM part, which includes the rest of the 

system (protein and solvent). These parts are described at QM and MM level of theory, 

respectively.   

While it is straightforward that atoms within the same region should be described by each 

respective level of theory, the interactions between QM and MM parts can vary. Depending 

on how these interactions are treated, the energy of the system is described by two type of 

coupling schemes: subtractive and additive. The former computes the QM/MM potential 

energy of the system by adding the energy from the QM part at QM level to the entire system 

energy computed at MM level. Afterwards the energy of the atoms of the QM region 

calculated at MM level is subtracted. This approach exhibits several drawbacks such as that 

a flexible force field description is required for the QM part and that polarization of the 

electron density by the MM part is not considered.  

Additive schemes obtain the QM/MM potential energy from by adding the QM part computed 

at QM level of theory, the MM part at its corresponding force field description and finally 

QM-MM coupling terms. In this Thesis we employed the additive scheme developed by Laio 

et al.,95 where the QM region is treated at DFT level (CPMD) and the MM with either 

Gromos96 or Amber force-fields 

                𝐸𝐸𝑄𝑄𝑄𝑄/𝑀𝑀𝑀𝑀 =  𝐸𝐸𝑄𝑄𝑄𝑄 +  𝐸𝐸𝑀𝑀𝑀𝑀 + 𝐸𝐸𝑄𝑄𝑄𝑄−𝑀𝑀𝑀𝑀 Equation 15 

 

The  𝐸𝐸𝑄𝑄𝑄𝑄−𝑀𝑀𝑀𝑀 term can be divided in bonded and non-bonded terms, as explained above. 

                𝐸𝐸𝑄𝑄𝑄𝑄−𝑀𝑀𝑀𝑀 =  𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑄𝑄𝑄𝑄−𝑀𝑀𝑀𝑀 + 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑄𝑄𝑄𝑄−𝑀𝑀𝑀𝑀  Equation 16 
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2.3.1. Bonded EQM-MM terms 

Special attention must be paid when the frontier between the QM and the MM regions cut a 

covalent bond. The adjacent QM atoms would be unsaturated thereby showing one or more 

unpaired electrons in the quantum subsystem. This is the case when GHs are under 

investigation and the sidechain of the catalytic residues need to be described quantum 

mechanically.  

Several approaches have been developed to saturate these covalent bonds: monovalent 

capping atoms (usually hydrogens), link atoms pseudopotentials or optimized effective core 

potentials. In this Thesis we cut carbon-carbon bonds by using capping hydrogens with scaled 

down pseudopotentials and the required valence charge, so that the distance of this type of 

bonds is correctly described. The rest of bonded 𝐸𝐸𝑄𝑄𝑄𝑄−𝑀𝑀𝑀𝑀 interactions such as bond, angles 

or torsions involving at least two QM atoms are described from the force-field.  

 

2.3.2. Non-bonded EQM-MM terms 

The non-bonded 𝐸𝐸𝑄𝑄𝑄𝑄−𝑀𝑀𝑀𝑀 energy is described by both steric and electrostatic terms, which 

include Van der Waals and electrostatic interactions, respectively. While the steric terms are 

described at MM level of theory by a Lennard-Jones potential the electrostatic interactions 

should take into account both MM charges and the quantum charge density of the QM region.  

There are different electrostatics coupling schemes: mechanical embedding, polarized 

embedding, or electrostatic embedding. While the mechanical embedding scheme does 

consider the MM charges influence on the QM part, the polarized scheme requires polarized 

force fields, which are not always available. In this Thesis we used the electrostatic 

embedding scheme, where the QM part is polarized by the MM atoms. The electrostatic 

embedding scheme exhibits two main problems: the electron spill-out and the computational 

cost. The former consists in the occurrence of an over-polarization the electron density of the 

QM region by the point charges of an MM atom nearby the boundary (attraction or repulsion). 

In order to avoid this artifact, smeared-out charges for the MM atoms are used instead of the 

typical point charges. In CPMD, this is computed by a hierarchical electrostatic embedding 

approach, which also solves the second problem by not computing explicitly all the 

electrostatic interactions of the system. The hierarchical approach splits the electrostatics 

interactions between QM and MM parts in three contributions: short-range, medium-range 

and long-range, which are defined considering the NN, MIX and RESP subregion cut-offs 

(Figure 2.3).  
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Figure 2.3. Schematic representation of the QM/MM description employed in this Thesis (CPMD). QM 

atoms are represented as black sticks. The rest of the system form the MM region. The electrostatic 

embedding scheme splits the MM region in several subregions by using NN, MIX and RESP cut-offs 

(coloured as orange, green and blue, respectively). The electrostatic treatment of the system implies three 

different type of interactions (short-, medium- and long-range). Short-range and medium-range description 

overlap since depending on how much strong the point charge of a certain atom is, this will be described 

by one approach or the other.  

 

The short-range term involves the nearest neighbor atoms (NN region). This is, MM atoms at 

a certain cut-off between the QM region and the following MM subregion (MIX). Among 

them, if the point charge is < -0.1 e or > 0.1 e, the Coulomb interaction is described 

considering smeared charges to avoid the electron spill-out. The quantum charge density is 

mapped to a real space grid in the QM region that is evaluated explicitly with the MM point 

charges by the Coulomb law. Medium-range interactions include MM atom localized between 

the MIX and ESP subregions, and NN atoms that has not so strong point charges (i.e. > -0.1 

e or < 0.1 e). Here, the charge density is represented by the electrostatic potential-based D-

(R)ESP charges centered on the QM atoms, reproducing approximately the nuclear point 

charges in the QM region. Finally, the long-range term approximates the interaction between 

the rest of the MM atoms with the quantum charge density by expanding the latter in terms 

of multipoles up to quadrupolar order. Overall, this approach allows to properly describe the 

electrostatic interactions between the QM and the MM regions without compromising the 

computational cost of the calculation.  
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2.4. Metadynamics 

MD is a powerful technique that has become a standard tool and had a huge impact in several 

branches of science, from physics to material science, from chemistry to biology. 

Nevertheless, MD suffers from certain limitations such as the timescale required to observe 

a certain phenomenon (i.e. visit all the energetically relevant configurations for a certain 

system). There are particular circumstances in which the free energy surface (FES) exhibits 

several local minima separated by energy barriers. To explore the entire FES of the process 

of interest, the system needs to escape from the initial minimum by surpassing those energy 

barriers. Protein folding or chemical reactions ― including enzymatic catalysis ― are 

examples of biochemical processes in which the time scale problem needs to be addressed 

and considered. For example, a small denatured protein requires 10-4 seconds approximately 

to explore its conformational FES and find its folded state. A rough estimation of the 

computational cost for observing a single folding event results in approximately one year of 

dedicated time on a petaflop machine. Clearly, this is not practical and thus a large variety of 

methods have been developed to tackle this issue, the so-called enhanced sampling 

techniques.96 Among them, one can find umbrella sampling, metadynamics or the more recent 

variational enhanced sampling. In this work we employed metadynamics to enhance the 

sampling when studying GHs, as it has been successfully used in the past.88 

Metadynamics is a MD-based technique aimed at enhancing the sampling of the 

configurational space and at estimating the FES.97,98 This method is based on the reduction 

of the phase space dimensionality to a smaller set of collective variables (CVs), which include 

the essential modes that are associated with the transitions in the analyzed process. CVs can 

be defined as functions ― generally nonlinear ― of the atomic coordinates 𝑅𝑅: 𝑠𝑠(𝑅𝑅) =

(𝑠𝑠1(𝑅𝑅), 𝑠𝑠2(𝑅𝑅), … , 𝑠𝑠𝑑𝑑(𝑅𝑅)). Considering the equilibrium distribution of the CVs as 

              𝑃𝑃(𝑠𝑠)�𝑑𝑑𝑑𝑑 𝛿𝛿[𝑠𝑠 − 𝑠𝑠(𝑅𝑅)]𝑃𝑃(𝑅𝑅) Equation 17 

 

where 𝑃𝑃(𝑅𝑅) is the Boltzmann distribution, and its corresponding FES is defined as  

              𝐹𝐹(𝑠𝑠) = −
1
𝛽𝛽 log𝑃𝑃(𝑠𝑠) Equation 18 
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              𝐹𝐹(𝑠𝑠) = −
1
𝛽𝛽 lim
𝑡𝑡→∞

log𝑁𝑁(𝑠𝑠, 𝑡𝑡) Equation 19 

 

where 𝛽𝛽 = (𝑘𝑘𝐵𝐵𝑇𝑇)−1 and 𝑁𝑁(𝑠𝑠, 𝑡𝑡) =  ∫ 𝑑𝑑𝑡𝑡′ 𝛿𝛿 [𝑠𝑠 − 𝑠𝑠�𝑅𝑅(𝑡𝑡′)�]/∫ 𝑑𝑑𝑡𝑡′0
𝑡𝑡

0
𝑡𝑡  is a normalized 

histogram accumulated in an unbiased ensemble. In this case the system would remain stuck 

fluctuating around one particular state. To escape from this local equilibrium state, a bias 

potential 𝑉𝑉(𝑠𝑠(𝑅𝑅)) is considered, which depends on 𝑠𝑠(𝑅𝑅) and thus allows to enhance the 

sampling at the CV space. The dynamics evolution of the system is altered by the addition of 

this external bias potential to discourage the system from revisiting configurations that have 

already been sampled. With this, the CVs are distributed according to 

              𝑃𝑃𝑉𝑉(𝑠𝑠) = �𝑑𝑑𝑑𝑑 𝛿𝛿[𝑠𝑠 − 𝑠𝑠(𝑅𝑅)]𝑃𝑃𝑉𝑉(𝑅𝑅) Equation 20 

 

where 𝑃𝑃𝑉𝑉(𝑠𝑠) is the Boltzmann distribution of the biased simulation. In the case of 

metadynamics, the bias potential is defined as small repulsive Gaussian-like terms. At time 𝑡𝑡  

              𝑉𝑉𝐺𝐺(𝑠𝑠, 𝑡𝑡) = �𝑑𝑑𝑡𝑡′𝜔𝜔 exp(−�
(𝑠𝑠𝑖𝑖(𝑅𝑅) − 𝑠𝑠𝑖𝑖(𝑅𝑅(𝑡𝑡′)))2

2𝜎𝜎𝑖𝑖2

𝑑𝑑

𝑖𝑖=1

)
𝑡𝑡

0

, Equation 21 

 

where 𝜎𝜎𝑖𝑖 is the Gaussian width for the ith CV and 𝜔𝜔 an energy rate composed of the Gaussian 

height W and a deposition stride 𝜏𝜏𝐺𝐺 

              𝜔𝜔 =
𝑊𝑊
𝜏𝜏𝐺𝐺

 Equation 22 

 

Gaussian potentials are added in the regions of the CV space that have already been explored 

in order to effectively enhance the sampling and visit new states of the FES (Figure 2.4). The 

negative of the sum of the added potentials corresponds to the underlying FES on the CVs 

space 

              𝑉𝑉𝐺𝐺(𝑠𝑠, 𝑡𝑡 → ∞) = 𝐹𝐹(𝑠𝑠), Equation 23 
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It is worth mention that in metadynamics no a priori knowledge of the FES is required. 

However, the selection of the CVs for a certain study is usually the most critical aspect of this 

technique. The chosen CVs should fulfill the following requirements: (i) they are explicit 

functions of the atomic positions, (ii) able to distinguish the different metastable states of the 

system and (iii) include all the slow degrees of freedom. Under those conditions, the FES will 

contain all the relevant information about the system, such as the location and relative 

stability of the metastable states, as well as the free energy barriers separating them.98 Once 

the CVs are fluctuating in a diffusive regime, convergence is reached. In the case of enzymatic 

reactions, the re-crossing criteria was applied (i.e. the simulation was stopped when the 

systems re-crossed the TS returning to the reactants), as recommended for chemical 

reactions.99 

 

 

Figure 2.4. Metadynamics calculation example in a one-dimensional model potential. The underlying 

potential (thick black line) is progressively filled with the Gaussians deposited along the trajectory. The 

simulation starts from the global minimum B. Afterwards, the system crosses the first transition state (TS1), 

being able to visit the local minimum A. The system fluctuates in a diffusive regime between A and B till 

the second transition state (TS2) is overcome and all minima are explored. The sum of the underlying 

potential and of the metadynamics bias is shown according to different times (coloured thin lines). 

 

Extensions and variants of the metadynamics algorithm have been further developed, such as 

well-tempered metadynamics,100 bias-exchange metadynamics101 or the use of multiple-

walkers.102 In this Thesis we employed the PLUMED 2 plugin103 patched to CPMD software 

in order to drive both sugar conformational exploration (puckering coordinates as CVs) and 

enzymatic reactions (distances or distance differences as CVs). 
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2.5. Molecular Docking 

Molecular docking is a computational procedure whose main goal is to efficiently predict the 

noncovalent binding of small molecules (ligand) in macromolecules (receptor) and estimate 

its associated energy. As in MM, neither the protonation state of residues nor their atomic 

charges ― thus polarization effects ― change during the binding process. Moreover, the 

receptor is described as rigid, although with the choice of considering few residues as flexible. 

While a selected set of covalent bonds from the ligand can be rotatable, covalent lengths and 

angles are constant. Molecular docking generally depends on two components. A search 

algorithm that drives the conformational search by following the second component, the 

scoring function, which attempts to approximate the standard chemical potentials of the 

system. These functions can be physics-based or include empirical parameters, among other 

possibilities.  

In this work we used molecular docking to accommodate missing carbohydrates (ligand) in 

the initial structure of GHs (receptor) obtained by X-ray crystallography, and thus the binding 

energies were not evaluated as the main criterium to select a binding pose. Instead, the prior 

biochemical knowledge in GH catalysis was followed, since our goal was to construct the 

most reliable GH-carbohydrate complex and the method used here has a standard error of ~ 

3 kcal/mol. Moreover, each complex has been further submitted to MD calculations. To 

perform molecular docking, we employed the graphical interface AutoDockTools104 to 

process both the receptor and the ligand; while calculations were carried out using the 

software Autodock Vina.105 Vina uses the following scoring function  

              𝑐𝑐 = �𝑓𝑓𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡(𝑟𝑟𝑖𝑖𝑖𝑖)
𝑖𝑖<𝑗𝑗

 Equation 24 

where a type ti is assigned to each atom i, and a set of interaction functions fti tj of the 

interatomic distance rij is defined. Thus, c corresponds to the sum of inter- and intramolecular 

contributions. In particular, the sum of steric interactions, identical for all atom pairs, 

hydrophobic interaction between hydrophobic atoms, and, where applicable, hydrogen 

bonding. Hydrogen atoms are not considered explicitly. 

Vina code explores the searching space via an iterated local search global optimizer in order 

to find the global minimum of c. This algorithm includes mutation and a local optimization, 

with each step being accepted or rejected in accordance with the Metropolis criterion. The 

local optimization is performed considering not only the value of the scoring function but 

also its gradient, which provides a sense of direction from a single evaluation.  
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2.6. General Procedure 

The general approach followed in this Thesis consisted in starting the calculations from 

a GH-carbohydrate substrate complex obtained either by X-ray crystallography or by 

Molecular Docking (Autodock Vina program). Then, each system under investigation 

was equilibrated with classical MD (i.e. at MM level of theory) at 300 K in solution by 

using the AMBER software. This was evaluated by following the root mean square 

deviation (RMSD) of the protein backbone, which should remain stable at 1.5-2.5 Å when 

the system is equilibrated. From a snapshot of the end of the classical MD, we initiated 

the QM/MM treatment of the system by using the CPMD program. After minimizing the 

density functional within the CPMD method, we optimized the geometry of the system 

with annealing of the nuclei until reaching a maximal component of the nuclear gradient 

of 5ꞏ10−4 a.u. Several ps of QM/MM MD were undertaken to equilibrate each system at 

300 K. Different fictitious electron mass were tested for each particular system in order 

to ensure adiabaticity. From the equilibrated system (i.e. RMSD of protein backbone 

reaching a plateau), we launched a metadynamics calculation to investigate the process 

of interest, such as enzymatic reactions. We employed PLUMED 2 patched to CPMD 

software. This procedure is described and discussed in a publication from our group.91 
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3. The reaction mechanism of GH18 chitinases: 

elucidating the nature of the reaction intermediate 

  

Abstract: Chitinases are glycosidases that are responsible of hydrolysing chitin and have 

gained great interest because of their industrial and medical applications. GH18 chitinases 

follow a substrate-assisted mechanism in which the 2-acetamido group of the N-

acetylglucosamine (GlcNAc) located at the -1 subsite reacts with the sugar anomeric carbon, 

forming an intermediate which was commonly described as a glucose oxazolinium ion (Glc-

ox+). By means of QM/MM metadynamics simulations on chitinase B from Serratia 

marcescens (SmChiB), we examined the entire reaction mechanism, showing that the reaction 

intermediate unequivocally features a neutral glucose oxazoline (Glc-ox) in a 4C1/4H5 

conformation, with a Glc-ox+ being formed only on the pathway toward the reaction products. 

The protonation events that orchestrate catalysis take place by virtue of the SmChiB active 

site architecture, where the sugar and the catalytic residues (Asp142 and Glu144) form a well-

defined hydrogen bond network. These observations can be extended to other glycosidases 

that follow the substrate-assisted mechanism and exhibit an insertion in the sequence between 

the catalytic residues, as is shown here for a hyaluronidase from family GH56.   

 

Publication: J. Coines, M. Alfonso-Prieto, X. Biarnés, A. Planas and C. Rovira. Oxazoline 

or Oxazolinium Ion? The Protonation State and Conformation of the Reaction Intermediate 

of Chitinase Enzymes Revisited. Chem. Eur. J., 2018, 24, 19258–19265 
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3.1. Introduction  

Chitin is a crystalline homopolymer composed of N-acetyl-D-glucosamine (GlcNAc) units 

(Figure 3.1a). Despite being the second most abundant polysaccharide in Nature after 

cellulose, it does not accumulate in the environment because of the action of chitinases, which 

act in synergy with other enzymes such as chitin deacetylases or lytic polysaccharide 

monooxygenases to fully decompose chitin. Chitinases (EC 3.2.1.14) are glycosidases that 

catalyse the hydrolysis of β-1,4 linkages between GlcNAc units of chitin. Bacteria, fungi, 

insects, plants and animals possess these hydrolytic enzymes, carrying out several functions 

such as the exoskeleton remodelling in crustaceans and insects, or participating in the 

immunological response against chitin-containing pathogens in humans.106 

 

 

Figure 3.1. (a) Chitin chemical structure, composed of GlcNAc bound through β-1,4 linkages.  (b) Natural 

sources of chitin. Norway lobster (Nephrops norvegicus, top) and horned ghost crab (Ocypode 

ceratophthalma, bottom). 

 

Because of the potential applications of chitinases in industry and medicine, research efforts 

have been devoted towards comprehending and employing them. From an industrial point of 

view, they can be used to convert chitin-containing biomass from marine waste into high-

quality products (chitosans and chitooligosaccharides) through processes with low 

environmental impacts.107,108 These bioactive molecules exhibit diverse medical, 

pharmaceutical, cosmetics, and food applications.109–111 In addition, human chitinases ― and 

their structurally related but catalytically inactive, chitolectins ― are involved in bacterial 

infections and inflammatory processes such as asthma and cancer, and thus are potential 

pharmaceutical targets.112,113 Moreover, chitinase inhibitors are also being investigated for 

their use as insecticides, fungicides and antimalarial drugs.114–116  
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Chitinases have been classified in GH18 and GH19 families. Whereas GH19 chitinases are 

inverting enzymes, GH18 chitinases cleave their substrates with retention of the anomeric 

configuration, following a substrate-assisted mechanism (Figure 3.2). Here we focused on 

family GH18 enzymes and, specifically, chitinase B from Serratia marcescens (SmChiB). 

This bacterium produces a battery of enzymes that allow efficient chitin degradation.117 

Among them, SmChiB has exo activity and cleaves the nonreducing ends of chitin chains 

with processivity, due to the tunnel topology of the active site and the interactions provided 

by numerous aromatic residues. Moreover, it can degrade chitooligosaccharides of three, 

four, five and six units of GlcNAc, producing chitobiase.118 SmChiB possesses three domains 

(Figure 3.3): a GH18 catalytic domain (residues 16–425), a linker sequence (residues 426–

451) and a carbohydrate binding module CBM5 (residues 451–499).119 The active site 

comprises six subsites (-3, -2, -1, +1, +2 and +3), and contains the Asp-X-Asp-X-Glu 

catalytic motif, which corresponds to Asp140, Asp142 and Glu144 in SmChiB.  

 

 

Figure 3.2. The two-steps substrate-assisted reaction mechanism of SmChiB considering a (a) Glc-ox+ 

(oxazolinium ion in red) reaction intermediate, as previously assumed; or (b) a neutral Glc-ox (oxazoline 

in blue), as obtained in this work. From left to right: Michaelis complex, reaction intermediate and products. 

 

While Glu144 acts as the acid/base residue during the substrate-assisted catalysis performed 

by SmChiB, Asp142 (assisting residue) interacts with the nitrogen atom of the 2-acetamido 

group of GlcNAc at -1 subsite (Figure 3.2). On one hand, Asp142 promotes the nucleophilic 

attack in the first step of the enzymatic reaction and, on the other, it stabilizes the reaction 
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intermediate, either by acting as a general base subtracting the proton of the acetamido group 

and forming a Glc-ox intermediate, or by electrostatically stabilising the Glc-ox+. Although 

the role of most active site residues has been determined by structural,52,58,120–122 kinetic51,120 

and computational studies51,123, the nature of such reaction intermediate remains still 

controversial.  

Considering that the assisting and the acid/base residues of SmChiB are linked by a hydrogen 

bond, as inferred from the observed distance between oxygen atoms from their carboxylate 

groups in several X-ray structures, it is expected that they share a proton.58 This interaction 

would increase the pKa of the assisting residue with respect to the situation when both residues 

are not linked or they are in solution,124 and thus favour a Glc-ox intermediate instead. 

However, it was surprising to discover that all experimental and theoretical studies to date 

describe the reaction intermediate as Glc-ox+ (Figure 3.2a).58,65,117,125,126 While X-ray 

crystallography cannot discern both intermediates, previous theoretical studies of SmChiB 

excluded a Glc-ox intermediate because of its high energy barrier upon hydrolysis. However, 

the constructed model that would evolve through a Glc-ox intermediate lacks one hydrogen 

atom between Asp142 and Glu144, neglecting the crucial hydrogen bond that these residues 

form.65 

Here the entire reaction mechanism of SmChiB has been investigated, paying special attention 

to the nature of its reaction intermediate and considering the results obtained in previous 

studies. Our results demonstrate that, unlike previously assumed, the reaction intermediate of 

SmChiB contains a neutral Glc-ox, which evolves towards reaction products using an 

effective proton shuttle mechanism through the two catalytic residues (Figure 3.2b). These 

results can probably be extended to other glycosidases that follow a substrate-assisted 

mechanism and exhibit a similar hydrogen bond network. This happens in similar GHs having 

an insertion between the catalytic residues in their sequence, as will be shown here for 

hyaluronidases from family GH56. These results expand the understanding of GH18 

enzymes, which has also served as starting point of novel mechanistic studies of this family, 

such as chitinase A from Serratia marcescens (SmChiA).127 
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3.2. Results and discussion 

3.2.1. Modeling the reaction intermediate of SmChiB 

The calculations were started from the coordinates of the crystal structure of SmChiB trapped 

in the reaction intermediate state (PDB entry 1E6Z).58 This structure contains two 

conformations for the Asp142 residue with an occupancy of 0.50 each. One of these is not 

interacting with the oxazoline/oxazolinium ion, and thus was discarded for modeling the 

reaction intermediate. In the other configuration, Asp142 interacts with the Glc-ox/ox+ and 

thus was considered as reactive. This configuration was also observed in the crystal structure 

of the Michaelis complex (PDB entry 1E6N) and consistent with previous mechanistic 

studies.65,126 The reaction intermediate was reconstructed by replacing the trapped 

monosaccharide Glc-ox ligand with a diacetylchitobiose-oxazoline (GlcNAc-Glc-ox), 

occupying the -1 and -2 subsites of SmChiB (see computational details).   

Two models were generated, considering either a GlcNAc-Glc-ox or a GlcNAc-Glc-ox+ at 

the -1 and -2 subsites (Figure 3.3). The protonation of the assisting residue (Asp142) and the 

catalytic acid/base (Glu144) was set according to the most likely hydrogen-bond interactions 

formed by these residues, consistently with the crystallographic structure. Therefore, both 

models contain a hydrogen between the oxazoline nitrogen and Asp142, and a second proton 

between both catalytic residues, which maintain their orientation required for a productive 

reaction. Indeed, the latter hydrogen was the one neglected in previous theoretical studies, 

where Asp142 was ionized and the oxazoline was excluded as reaction intermediate.65 Each 

system was equilibrated at 300 K by 45 ns of classical MD, till the RMSD of the protein 

backbone reached a plateau. All the protein-ligand interactions remained stable, except the 

hydrogen bond between Tyr214 and the oxygen from the oxazoline ring in the Glc-ox+ 

simulation, which was disrupted after 6 ns. However, this interaction was recovered 

after 39 ns, showing that Tyr214 exhibits two alternative conformations, as was also 

observed in previous studies.65 Interestingly, a water molecule was found to sit above the 

anomeric carbon in both models along the simulation, forming a hydrogen bond with Glu144, 

and thus being well oriented for nucleophilic attack (Figure 3.3).  
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Figure 3.3. Structure of the reaction intermediate of SmChiB obtained from classical MD simulations 

considering either (a) a neutral oxazoline (GlcNAc-Glc-ox) or (b) an oxazolinium ion (GlcNAc-Glc-ox+). 

Hydrogen bonds are shown as dashed yellow lines. Non polar hydrogens are omitted for the sake of clarity. 

 

Afterwards, QM/MM structure optimizations were performed, including in the quantum 

region the disaccharide, the side chains of the catalytic residues and the nucleophilic water. 

The Glc-ox model (Figure 3.3a) was found to be stable, exhibiting a conformation of the 

pyranose ring between 4C1 and 4H5. On the contrary, the Glc-ox+ model (Figure 3.3b) was 

unstable: two proton transfer events took place, one proton from the oxazoline nitrogen 

(towards Asp142) and a second from Asp142 (towards Glu144), evolving to the same 

configuration as the Glc-ox model. This state was further maintained during the subsequent 

QM/MM MD simulations (Figure S3.1). Calculations using alternative DFT functionals 

(Figure S3.2), as well as simulations starting from a restrained oxazolinium ion state (Figure 

S3.3), further confirmed these results.  

To verify the above results, we computed the free energy difference between oxazoline and 

oxazolinium ion states by means of QM/MM metadynamics, starting from the equilibrated 

Glc-ox model (Figure 3.4). The FES shows that Glc-ox+ is not a stable species in the active 

site of SmChiB, being ∼ 5 kcal/mol higher in energy than Glc-ox. Altogether, these results 

show that the reaction intermediate of SmChiB contains a neutral Glc-ox at the -1 subsite, 

rather than a Glc-ox+.  
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Figure 3.4. Reconstructed free energy surface (FES) from the metadynamics simulation using as collective 

variables the combinations of distances involving the oxazoline proton and the proton shared between 

Asp142 and Glu144. Contour lines are separated by 1 kcal/mol.  Only polar hydrogen atoms are shown for 

clarity. Contour lines are at 1 kcal/mol. 

 

After publication of our results,128 a QM(DFT)/MM metadynamics investigation of the 

reaction mechanism of chitinase A from Serratia marcescens (SmChiA)127 appeared in which 

the authors conclude that both Glc-ox and Gl-ox+ reaction intermediates are isoenergetic and 

interconvertible at room temperature. This is surprising because SmChiA and SmChiB have 

a very similar active site: a catalytic DXDXE motif and a Tyr residue that interacts with the 

carbonyl oxygen of the substrate (Tyr390 in SmChiA equivalent to Tyr214 in SmChiB). The 

authors argued that the different protonation state of the reaction intermediate between 

SmChiB and SmChiA may arise from the different pKa of their respective assisting residues 

(Asp142 and Asp313 in SmChiB and SmChiA, respectively). Indeed this was investigated in 

another theoretical study  by others on the complexes of both enzymes with allosamidin, a 

chitinase inhibitor that mimics the reaction intermediate.129 The authors reported that Asp313 

in SmChiB exhibits a pKa of 16.0, whereas Asp142 (the corresponding assisting residue) in 

SmChiA has a much lower pKa (10.3), suggesting that the substrate of the former is more 

likely to maintain its initial proton (Figure 3.2a). These high pKa values for an Asp are likely 

caused by the second Asp in the DXDXE motif, which has a very low pKa in both enzymes 

(< 0.0).  Therefore, although it is clear that the reaction intermediate of SmChiB features a 

neutral oxazoline (Glc-ox), it seems that small changes in the delicate hydrogen bond network 

that connects the substrate and both catalytic residues might modify the pKa of the assisting 

residue and ultimately the final energetic differences of both possible protonation states of 

the substrate.  
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3.2.2. Conformational free energy landscape of the Glc-ox intermediate 

The conformation of the reaction intermediate is an aspect of interest in GH mechanistic 

studies, since it gives idea of the catalytic itinerary of the -1 sugar during catalysis, which is 

a fingerprint of GH family. Thus, we investigated conformation of the pyranose ring of Glc-

ox at -1 subsite of SmChiB by QM/MM metadynamics and using the Cartesian puckering 

coordinates qx and qy as collective variables (CVs).38 

The simulations show that the Glc-ox reaction intermediate remains unprotonated along most 

of the metadynamics trajectory, showing that its protonation state does not depend on its ring 

conformation. The computed FES displays two minima: a global minimum that corresponds 

to a 4C1/4H5 conformation; and a secondary minimum whose conformation is 1S3 and 3.4 

kcal/mol higher in energy than the former (Figure 3.5).  

 

 

Figure 3.5. Conformational free energy surface (FES) of the Glc-ox pyranose ring at the -1 subsite in the 

reaction intermediate of SmChiB. Contour lines are at 1 kcal/mol. The FES has been annotated (yellow 

stars) with the conformations observed in X-ray structures of reaction intermediates (oxazolines or their 

analogues) bound to GHs that follow a substrate-assisted reaction mechanism (Table S3.1).  

 

The most stable conformation, 4C1/4H5, is consistent with the observed conformation in our 

QM/MM MD results and also the calculations from the recent study of SmChiA, computed 

at DFT level of theory as well.127 This is in agreement with the conformations observed in 

the X-ray structures of oxazolines ― or their analogues ― bound to other GHs (yellow stars 
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in Figure 3.5), which lie on the global minimum of the conformational FES. It is worth to 

mention that previous theoretical studies of SmChiB using semiempirical methods reported 

that a 4C1 or B3,O conformation for the (Glc-ox+ in this case) reaction intermediate.65,126 

However, it is well-known that semiempirical methods do not describe  satisfactorily sugar 

conformations, whereas the PBE functional used here provides very good results.89  

The 1S3 secondary minimum in the conformational FES is not expected to be catalytically 

competent because it is less stable than 4C1/4H5 and exhibits an axial C1···H1, which hinders 

the nucleophilic attack of the catalytic water. In contrast, 4C1/4H5 conformation can 

accommodate the water molecule in a suitable orientation for nucleophilic attack. Thus, the 

reactivity of the Glc-ox reaction intermediate in SmChiB was analysed using the 4C1/4H5 

conformation as starting one. 

 

3.2.3. Reaction mechanism of SmChiB: deglycosylation 

To elucidate the catalytic mechanism and further understand the occurrence of a neutral Glc-

ox as a reaction intermediate, the hydrolysis of the GlcNAc-Glc-ox (deglycosylation) has 

been investigated by QM/MM metadynamics. Two CVs were employed to study the reaction. 

CV1 was defined as the distance between the anomeric carbon (C1) and the oxygen of the 

nucleophilic water (CV1=C1···Ow), and thus accounts for the water nucleophilic attack. CV2 

was defined as the distance between the oxazoline nitrogen atom and the hydrogen atom of 

the Asp142 (CV2=Nx···Hx). Therefore, this variable discriminates between Glc-ox and Glc-

ox+. The reconstructed FES displays two minima that correspond to the initial GlcNAc-Glc-

ox intermediate (I), and the products of the reaction (P, 5.6 kcal/mol lower in energy than I), 

in which a (GlcNAc)2 disaccharide is formed (Figure 3.6).  

The reaction initiates with the approach of the catalytic water to C1. Simultaneously, Nx is 

protonated by Asp142, and thus the sugar adopts the Glc-ox+ configuration, as evidenced in 

the change in CV2 (Nx···Hx distance, from 1.61±0.04 Å at I to 1.15±0.03 Å at I’, Table S.3.2). 

The Glc-ox+ configuration (I’) corresponds to a shoulder on the reaction pathway, being about 

2 kcal/mol above the initial Glc-ox state (I). Only when the water molecule is close enough 

to C1 (3.08±0.05 Å), Glc-ox+ can be formed, indicating that the water approach triggers Glc-

ox protonation on the pathway towards the TS. Although there is a small difference in free 

energy between Glc-ox and Glc-ox+, it is important to remark that Glc-ox+ is not a minimum 

along the reaction pathway and thus is not a stable species. This is consistent with the previous 

equilibrium QM/MM MD calculations, where the lifetime of Glc-ox+ was almost null. 
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Figure 3.6. Deglycosylation step of SmChiB. (a) Free energy surface (FES) of the hydrolysis reaction of 

the oxazoline intermediate in SmChiB. Isolines at 1 kcal/mol. (b) Average structures corresponding to 

relevant configurations along the reaction coordinate (I=Glc-ox; I’=Glc-ox+, TS=transition state, 

P=reaction products). The GlcNAc unit at the -2 subsite is shown as transparent for clarity. Bonds being 

formed/broken are indicated with a dashed red line and relevant hydrogen bonds are displayed as dashed 

yellow lines. Only polar hydrogen atoms are shown for the sake of clarity. 

 

The reaction TS is reached when the catalytic water further approaches C1. Similar bond 

distances for C1···Ow and C1···Ox are observed at this point (2.11±0.02 Å and 2.23±0.21 Å, 

respectively), indicating that these bonds are concertedly being formed and broken, 

respectively. The computed free energy barrier for the reaction (11.6 kcal/mol) is in 

agreement with experimental kinetic data (kcat=28 s-1; ΔG‡=15.6 kcal/mol).130 Since 

glycosylation was expected to be the rate-limiting step of the reaction mechanism, the free 
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energy barrier for deglycosylation (first step) should be lower than the experimentally 

measured rate. Finally, the acid/base residue (Glu144) fully deprotonates the water molecule, 

which forms a covalent bond with C1, producing the new (GlcNAc)2 (P). The reaction 

products are further stabilized by the strengthening of the interaction between the oxygen 

from the GlcNAc carbonyl group (Ox) and the hydroxyl group of Tyr214 (from 2.00±0.15 Å 

at I to 1.88±0.07 Å at P). This supports a stabilizing role for this residue, as discussed in 

previous studies.51,65  

The conformations of the Glc-ox pyranose ring at the -1 subsite follows a 4C1/4H5 → [4H5]‡ 

→ 1S5 itinerary during hydrolysis (Figure S3.4). Surprisingly, the 4H5 conformation at the TS 

does not correspond to any of the canonical conformations that fulfill the electronic and 

structural requirements for an oxocarbenium ion,35 even though it is not far from 4E, which 

does. This is probably caused by the structural constraints imposed by the oxazoline five-

membered ring, which limits the torsion around the C1···C2 bond and thus the conformations 

available. As expected in GHs, the TS exhibits a clear oxocarbenium ion-like character: the 

dihedral angle formed by atoms C1, C2, C5 and O5 is close to planarity (13.5±9.6 degrees, 

Table S3.3), the C1···O5 distance shrinks with respect to the reactants state (from 1.38±0.03 

Å to 1.32±0.02 Å) and the anomeric charge increases by 0.16e (Table S3.4).  

Interestingly, a dynamic hydrogen-bond network involving the oxazoline, Asp142 and 

Glu144 is revealed during the enzymatic reaction. This well-defined network assists catalysis 

by means of three consecutive proton-transfer events, which are highly dependent among 

them and are initiated only when the water molecule approaches to C1. Specifically, a proton 

is transferred from Asp142 to the Nx (at I’), from Glu144 to Asp142 (at TS), and finally from 

the catalytic water to Glu144 (at P).  

 

3.2.4. Reaction mechanism of SmChiB: glycosylation 

To further explore the mechanism by which the enzyme employs this hydrogen-bond network 

in catalysis, we also investigated the first reaction step (glycosylation). To this aim, we first 

modelled the enzyme Michaelis complex, where a (GlcNAc)5 is bound to -2, -1, +1, +2 and 

+3 subsites of SmChiB (starting from structure PDB entry 1E6N) with classical MD (60 ns), 

followed by QM/MM metadynamics simulations of the first step of the enzymatic reaction, 

which leads to the reaction intermediate (I). In this case, the two CVs used to drive the 

reaction assessed both the nucleophilic attack of the carbonyl group and the protonation of 

the glycosidic bond (see computational details). Therefore, none of these CV included any 
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proton transfer between the carbonyl group from the -1 GlcNAc, Asp142 and Glu144.  This 

allowed us to evaluate if the proton shuttle observed in the deglycosylation reaction would 

occur here without enhancing its sampling. 

The results show that the reaction intermediate formed upon substrate-assisted glycosidic 

bond cleavage is again a neutral oxazoline in a 4C1/4H5 conformation. The three proton 

transfer events previously observed when modeling the second reaction step were observed 

also here in a reverse manner (Figure 3.7). In particular, first Glu144 protonates the glycosidic 

bond, which at the same time is being disrupted). After crossing the TS, Asp142 transfers its 

proton to Glu144 to act as a base deprotonating the nitrogen from the acetamido group of the 

GlcNAc at -1 subsite. With that, the Glc-ox reaction intermediate is formed (I). 

 

 

Figure 3.7. Glycosylation step of SmChiB. (a) FES reconstructed from the metadynamics simulation of the 

glycosylation reaction. Isolines at 1 kcal/mol. (b) Average structures corresponding to relevant 

configurations along the reaction coordinate (MC= Michaelis complex, TS=transition state, I= Glc-ox). The 

GlcNAc unit at the -2 subsite is shown as transparent for clarity. Likewise, GlcNAc units at the +2 and +3 

subsites are not shown. Hydrogen atoms have been also omitted, except the ones attached to heteroatoms. 

Bonds being broken/formed are indicated with a dashed red line. 
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The free energy barrier obtained for the first reaction step was 13.7 kcal/mol, in agreement 

with the value estimated from the experimental reaction rate (kcat=28 s-1; ΔG‡=15.6 kcal/mol). 

On the contrary, in the recent theoretical investigation of SmChiA127 the obtained energy 

barrier (9.3 kcal/mol) was considerably lower than the corresponding estimated value (kcat=33 

s-1; ΔG‡=15.5 kcal/mol).  

In summary, our results indicate that Glc-ox+ is not stable in SmChiB ― unlike previously 

assumed ― and the reaction intermediate should be described as Glc-ox. We also conclude 

that the conformation of the sugar ring at the reaction intermediate lies between 4C1 and 4H5, 

in agreement with structures observed in experimental studies, but in contrast to the 

previously reported in previous studies using semiempirical methods.126 The complete 

mechanism of catalysis obtained in this work exemplifies how reversible proton transfer 

events can assist an enzymatic reaction by either stabilizing the intermediate (GlcNAc 

deprotonation) or activating it (GlcNAc protonation) for efficient catalysis. Studies in other 

GHs that follow a substrate-assisted mechanism are in progress in our group to assess whether 

the conclusions obtained for SmChiB can be extended to other type of active sites. 

 

3.2.5. Family GH56 hyaluronidases 

One might think that the proton shuttle previously discussed in SmChiB catalysis (and 

observed in SmChiA by others) can be extended to other glycosidases that also follow a 

substrate-assisted mechanism. In order to investigate this, we studied the hyaluronidase from 

bee venom (BvHya) that belongs to family GH56 (EC 3.2.1.35).61 This enzyme hydrolyzes 

hyaluronic acid, a polymer found in several tissues such as human skin, that is composed of 

D-glucuronic acid (GlcA) and GlcNAc linked via alternative β-1,4 and β-1,3 glycosidic 

bonds. Hya has in its active site Asp111 and Glu113 as assisting and acid/base residues, 

respectively (Figure 3.8a), analogous to Asp142 and Glu144 in SmChiB. ByHya also features 

an active site tyrosine, Tyr227 (Figure 3.8c), which interacts with the carbonyl oxygen of the 

-1 GlcNAc substrate in the same manner as Tyr214 in SmChiB. 

We modelled the reaction products of Hya starting from the X-ray structure of a GH56 

enzyme (PDB entry 1FCV),61 solved with a hyaluronic acid tetramer (GlcA-GlcNAc)2 bound 

at -4, -3, -2 and -1 subsites (Figure 3.8a). This was the only structure of a GH56 enzyme with 

a carbohydrate substrate. When analyzing it, we found that the equatorial orientation of the 

O1 atom of the hydroxyl group of the GlcNAc at the -1 subsite was incorrectly assigned. 

Taking into account the reported 1,4B conformation of the -1 ring and that all glycosidic bonds 
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in hyaluronic acid are β, this hydroxyl group should exhibit an axial orientation. Therefore, 

we corrected this in our model.  

 

 

Figure 3.8. Bee venom Hyaluronidase from family GH56. (a) Overview of the X-ray structure (PDB entry 

1FCV) of a hyaluronic acid tetramer bound to Hya (left) and its -1 subsite zoomed (right). The red cross 

indicates the wrongly assessed stereochemistry. (b) Free energy profile reconstructed from the 

metadynamics simulation of the reverse deglycosylation reaction. (c) Average structures corresponding to 

the products and intermediate of the reaction (P=products, I= Glc-ox). The GlcA and GlcNAc units at the 

-2, -3 and -4 subsites are shown as transparent for the sake of clarity. Nonpolar hydrogens have been 

omitted. 
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We equilibrated the hyaluronic acid tetramer complexed to Hya with 75 ns of classical MD, 

considering the correct β configuration of the substrate and both Asp111 and Glu113 

protonated. After QM/MM MD equilibration (2.5 ps), we analyzed the reverse second 

reaction step by using metadynamics and the distance between the anomeric carbon (C1) and 

the oxygen of its hydroxyl group (O1) as CV (CV1=C1···O1), equivalent to C1···Ow distance 

in the second reaction step in SmChiB. Therefore, starting from the reaction products 

(GlcNAc), we obtained the reaction intermediate in its neutral form (Glx-ox) featuring a 
4C1/4H5 conformation, as in SmChiB (Figure 3.8b).  

Even though the reaction was driven by only one CV that does not account for any of the 

possible proton transfer events, all occurred analogously to the reverse deglycosylation 

reaction in SmChiB (Figure 3.8c). Moreover, this calculation reinforces the idea of that the 

approach of the catalytic water ― or here the disruption of the C1···O1 bond ― triggers the 

proton shuttle between the water molecule, Glu113, Asp111 and the oxazoline ring. The 

maximum energy value along the free energy profile is located at CV1=2.58 Å. However, 

there is another saddle point 1.3 kcal/mol lower in energy at CV1=2.07 Å, resembling the TS 

in the two-dimensional FES in SmChiB (C1···Ow = 2.11 Å, Figure 3.6). The TS is not 

unambiguously identified because of the use of just one CV. The free energy barrier may vary 

between 12-14 kcal/mol, which is in the same scale as the second reaction in SmChiB. We 

used only one CV in this calculation because the main objective was to reconstruct and 

characterize the reaction intermediate.  

In conclusion, we show that the proton shuttle machinery present in SmChiB that enables the 

occurrence of a neutral oxazoline (Glc-ox) as a reaction intermediate is transferable to other 

glycosidases that have a Asp-X-Glu catalytic machinery, not only within GH18 family but 

also GH56.  
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3.3. Conclusions 

 

• The reaction intermediate in SmChiB features a neutral Glc-ox, in contradiction with what 

was previously reported in the literature (a positively charged Glc-ox+). 

 

• The rate-limiting step of the overall reaction catalysed by SmChiB is the glycosylation 

step. Both glycosylation and deglycosylation reactions are influenced by a well-defined 

hydrogen bond network that connects the nucleophilic water with the oxazoline nitrogen 

through the two catalytic residues (Asp142 and Glu144), allowing the occurrence of a Glc-

ox+ only on the pathway of the glycosylation/deglycosylation reactions.   

 

• The catalytic features observed in SmChiB, a member of family 18, are transferable to 

other GH families which also have an Asp-X-Glu catalytic motif. Indeed, we obtained a 

neutral Glc-ox reaction intermediate in BvHya, a member of family 56.  
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3.4. Computational details 

System preparation 

To model the reaction mechanism of in SmChiB, the crystal structure of the reaction 

intermediate and the Michaelis complex were used as initial structures (PDB entries 1E6Z 

and 1E6N, respectively).58 In the case of the reaction intermediate, the X-ray structure of 

SmChiB contains a putatively trapped Glc-oxazoline/oxazolinium molecule at the -1 subsite. 

However, the electron density of the carbohydrate is very poor and the sugar at -2 subsite is 

missing. Thus, we introduced in the -1 and -2 subsites the disaccharide GlcNAc-Glc-ox 

obtained from another crystal structure (PDB entry 4HMD)125, by means of molecular 

docking using Autodock Vina.105 The resulting binding pose overlapped the Glc-ox moiety 

of the disaccharide ligand with the Glc-ox molecule trapped by crystallography. The assisting 

residue Asp142 exhibits two conformations with 0.5 occupancy each in the reaction 

intermediate, but was modelled considering only the catalytically competent one, in which is 

interacting with both the substrate and the acid/base residue Glu144. This conformation is 

consistent with all the theoretical and experimental information available. The initial structure 

of SmChiB in the Michaelis complex was taken from the crystal structure of a (GlcNAc)5 

bound at -3, -2, -1, +1 and +2 subsites. The initial structure of Hya was taken from the (GlcA-

GlcNAc)2 trapped in its -4, -3, -2 and -1 subsites, in the products of the reaction state (PDB 

entry 1FCV)61. The equatorial configuration of O1 atom in the GlcNAc at -1 subsite was 

reverted to axial, in order to model a β-1,3 linked GlcNAc in 1,4B conformation.  

In SmChiB, all acidic residues were considered deprotonated, except Asp142 and Glu144. In 

the Michaelis complex, both residues were protonated (Figure 3.2). In the case of the reaction 

intermediate, two scenarios were considered: either the substrate featuring a Glc-ox+ and 

Asp142 protonated at the O atom closest to Glu144; or both Asp142 and Glu144 protonated 

and the substrate described as a Glc-ox (Figure 3.3.). In both cases, a proton is shared between 

the catalytic residues, as inferred from the crystallographic studies in which these residues 

are oriented and located to interact. Histidine protonation was performed according their 

chemical environment. Three sodium cations were added to neutralize the total charge of the 

SmChiB system. In Hya, both assisting and acid/base residues (Asp111 and Glu113) were 

protonated to maintain the expected hydrogen bond network for the mechanism and according 

to the crystal structure. All the other acidic residues were considered deprotonated. Histidine 

residues were protonated according their chemical environment. Six chlorine ions were added 

to neutralize the total charge of Hya system. All crystallographic water molecules were kept, 

and extra ones were added to form a 15 Å water box around the protein surface in each system. 
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This led to a total number of 86579, 92422 and 64821 atoms for the reaction intermediates in 

SmChiB, its Michalis complex and Hya, respectively.  

 

Classical molecular dynamics 

AMBER 11 software131 was used to run classical MD calculations. Protein residues were 

described employing the ff99SB force field.132 The TIP3P force field80 was used to model 

water molecules. While GlcNAc and GlcA carbohydrates were described with 

GLYCAM06,78 the reaction intermediate in SmChiB required a parametrization of the Glc-

ox and Glc-ox+ linked by a β-1,4 bond. This was performed using antechamber module,133 

considering GLYCAM06 and GAFF134 parameters. RESP atomic charges were obtained 

from first principle calculations using Gaussian09135 at HF/6-31G* level of theory. All MD 

simulations were run under periodic boundary conditions employing the following protocol. 

First, all ions and water molecules were relaxed by 20,000 cycles of energy minimization, 

while the protein and substrate were fixed. Afterwards, the entire system was relaxed with 

20,000 minimization cycles more. Subsequently, the system was gradually heated in the NVT 

ensemble to 100 K, 200 K and 300 K in intervals of 50 ps, except the last step that took 100 

ps. Restraints were imposed to the protein and ligand during the first heating step, allowing 

only water and ions to diffuse. Afterwards, the density was converged up to water density at 

300 K with 100 ps in the NPT ensemble. At this point, the time step was incremented from 1 

fs to 2 fs via the SHAKE algorithm.136 Production runs were performed in the NPT ensemble 

until the RMSD of the protein backbone reached a plateau and all the protein-ligand 

interactions were stable. In SmChiB, 60 ns and 45 ns were run for the Michaelis complex and 

the reaction intermediate (Glc-ox and Glc-ox+ scenarios), respectively. In the case of Hya, 

the boat conformation of the GlcNAc at the -1 subsite was maintained imposing a soft restrain 

of 50 kcal/mol/rad2 to the C1-O5-C5-C4 dihedral angle in the interval of -25 and 25 degrees. 

75 ns of classical MD production were run for the Hya system. Analysis of the obtained 

trajectories was carried out employing standard tools of AMBER and VMD.137 

 

QM/MM MD calculations  

After classical MD, quantum mechanics/molecular mechanics (QM/MM) molecular 

dynamics (MD) calculations were run for each system. We used the method developed by 

Laio et al.,95 which couples classical MD with Car–Parrinello MD.90 The QM region for the 

reaction intermediate in SmChiB included the disaccharide GlcNAc-Glc-ox/ox+, the catalytic 
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water and the side chains of the catalytic residues Asp142 and Glu144 (74 atoms, 17.05 × 

22.59 × 21.61 Å3). In the case of the Michaelis complex of SmChiB, Asp142 and Glu144 and 

carbohydrate moieties at -2 and +1 subsites were capped, and thus the QM region included 

the side chain of Asp142 and Glu144, the GlcNAc at -1 subsite, and half of each adjacent 

monosaccharide (61 atoms, 17.44 × 17.64 × 16.99 Å3). The calculation of Hya included the 

side chain of Asp111 and Glu113, the GlcNAc at -1 subsite and half of the -2 subsite sugar 

(54 atoms, 16.89 × 15.95 × 19.80 Å3). All side chains were capped by saturating the Cα of 

each protein residue with capping hydrogens. Sugar residues were capped in a similar manner 

but saturating the parallel C1···C2 and C4···C5 bonds of each sugar ring. The NN, MIX and 

ESP radii were set at 9.52 Å, 14.82 Å and 26.46 Å, respectively, in the reaction intermediate 

in SmChiB, at 7.94 Å, 10.58 Å and 15.87, respectively, in the Michaelis complex in SmChiB, 

and at 5.29 Å, 10.58 Å and 15.87 Å, respectively, in Hya. The electronic structure was 

described within the DFT, using the PBE,138 which has provided a reliable description of 

carbohydrate systems.88,89 Kohn–Sham orbitals were expanded in a plane wave basis set with 

a kinetic energy cut-off of 70 Ry. Norm-conserving ab initio pseudopotentials were 

employed, generated within the Troullier–Martins Scheme.139 In all QM/MM calculations, a 

time step of 0.12 fs was used. A fictitious electron mass of 850 a.u., 800 a.u. and 900 a.u. 

were used for the reaction intermediates in SmChiB, the Michalis complex in SmChiB and 

Hya, respectively. 

The following protocol for the QM/MM MD simulations was followed. First, the structure 

was optimized by MD with annealing of nuclear velocities, until the maximal component of 

the nuclear gradient was lower than 5×104 a.u. Afterwards, the system was equilibrated with 

several ps of QM/MM MD at 300K employing the Nosé–Hoover thermostat140,141. In 

particular, 15.0 ps, 3.5 ps and 2.5 ps were run for the reaction intermediate in SmChiB, the 

Michalis complex in SmChiB and Hya, respectively. A snapshot of these simulation was used 

as starting point for the QM/MM metadynamics calculations for each system. In the case of 

the reaction intermediate in SmChiB, QM/MM MD simulations using three different 

exchange-correlation functionals (PBE,138 HCTH142 and BLYP86,87) were tested starting from 

the Glc-ox+ model. The evolution of relevant active site distances for each simulation is 

shown in Figure S2. In all cases, the system was found to evolve towards the oxazoline 

configuration. 
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QM/MM metadynamics simulations 

All metadynamics simulations were calculated using the PLUMED 2 plugin.103 The CVs 

chosen to explore the conformational FES of the Glc-ox pyranose ring within the SmChiB 

active site were the Cartesian puckering coordinates qx and qy. The height and width of the 

Gaussian terms was set at 0.3 kcal/mol and 0.1 Å, respectively, for the two CVs. The 

deposition time was set at 200 MD steps. The conformational FES was reconstructed after 

depositing 1100 Gaussian functions and the energetic difference between the observed 

minima remained stable. Hydrolysis of the GlcNAc-Glc-ox by SmChiB was driven using the 

following CVs. The first CV was defined as the distance between the oxygen of the 

nucleophilic water and the oxazoline anomeric carbon (CV1=C1···Ow), and thus accounts for 

the nucleophilic attack of the water molecule. The second CV was defined as the distance 

between the oxazoline nitrogen atom and the hydrogen atom of the Asp142 assisting residue 

(CV2=Nx···Hx). The height of the Gaussian terms was set at 1 kcal/mol. The width of the 

Gaussian potentials was set at 0.15 Å for both distances, according to their oscillations 

observed in free dynamics. The deposition time was set at 300 MD steps. Tables S2-S4 show 

the main distances, charges, and dihedral angles at each characteristic state of the FES. The 

first reaction step of SmChiB reaction mechanism was modelled using two CVs. The first CV 

(CV1) was defined as the difference between C1···Ox and C1···O1 distances. Thus, CV1 

accounts for the intramolecular nucleophilic attack of the carbonyl oxygen (Ox) and the 

cleavage of the glycosidic bond. The second CV (CV2) was defined as the distance difference 

between HGlu144···O1 and OGlu144···HGlu144. Therefore, this CV accounts for the proton transfer 

between Glu144 and the glycosidic oxygen (O1). The height of the Gaussian terms was set 

at 1 kcal/mol and their width at 0.1 Å for both distance differences. The deposition time was 

set at 300 MD steps. The FES was reconstructed after depositing 580 Gaussian terms. 

Obtention of the reaction intermediate in Hya was performed using the distance between C1 

and the glycosidic oxygen (O1) as CV (CV1). The height of the Gaussian terms was set at 1 

kcal/mol and its width at 0.1 Å. The deposition time was set at 300 MD steps. The FES was 

reconstructed after depositing 450 Gaussian terms. In all metadynamics calculations of 

enzymatic reactions the Gaussian term height was reduced to 0.5 kcal/mol just before crossing 

the TS to obtain a smoother and more converged FES. The simulations were stopped once a 

TS recrossing events was observed.  
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3.5. Supplementary material 

 
Figure S3.1. Distances involved in the SmChiB active site hydrogen bond network during the QM/MM 

MD simulation in the reaction intermediate. The substrate remains deprotonated 93.8% of the time. 

 

 
Figure S3.2. Main distances defining the proton transfer events occurring during QM/MM MD simulations 

with different DFT functionals in the reaction intermediate of SmChiB. 
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Figure S3.3. Evolution of the distances involved in the active site hydrogen bond network during the 

restrained QM/MM MD simulation (a restraint on the Nx···Hx distance was applied during the first ps). 

 

 
Figure S3.4. Puckering coordinates of the Glc-ox at the -1 subsite for relevant states along the second reaction 

step in SmChiB. 
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Table S3.1. X-ray structures available for GH18, GH20, GH84 and GH85 enzymes in complex with Glc-

oxazoline and its derivatives. 

GH 
family 

PDB 
entry Year Resolution 

(Å) Ligand Enzyme 

GH18 1E6Z 2001 1.99 Glc-oxazoline Chitinase 

GH18 4HMD 2012 2.26 Glc-oxazoline Chitinase 

GH20 4C7G 2013 1.80 Glc-oxazoline β-N-acetylhexosaminidase 

GH84 2WZH 2009 2.20 Glc-oxazoline O-GlcNAcase 

GH84 2WZI 2009 1.90 Glc-5F-oxazoline O-GlcNAcase 

GH18 2WK2 2009 2.05 Glc-thiazoline Chitinase 

GH18 2WM0 2009 1.90 Glc-thiazoline Chitinase 

GH20 1HP5 2001 2.10 Glc-thiazoline β-N-acetylhexosaminidase 

GH20 1NP0 2003 2.50 Glc-thiazoline β-N-acetylhexosaminidase 

GH20 2EPN 2008 1.61 Glc-thiazoline β-N-acetylhexosaminidase 

GH20 3OZO 2011 2.00 Glc-thiazoline β-N-acetylhexosaminidase 

GH20 3SUS 2011 1.80 Glc-thiazoline β-N-acetylhexosaminidase 

GH20 4JAW 2013 1.80 Glc-thiazoline Lacto-N-biosidase 

GH20 5A6A 2015 2.69 Glc-thiazoline β-N-acetylhexosaminidase 

GH20 5OAR 2017 2.30 Glc-thiazoline β-N-acetylhexosaminidase 

GH84 2CHN 2006 1.95 Glc-thiazoline O-GlcNAcase 

GH85 3FHQ 2009 2.45 Glc-thiazoline 
Endo-β-N- 

-acetylglucosaminidase 

GH85 2W92 2009 1.65 Glc-thiazoline 
Endo-β-N- 

-acetylglucosaminidase 

 

Table S3.2. Relevant distances (mean and standard deviation) of each representative structure along the 

reaction pathway.  

Distance (Å) I I' TS P 

C1···Ow 3.79 ± 0.04 3.08 ± 0.05 2.11 ± 0.02 1.47 ± 0.02 

C1···O5 1.38 ± 0.03 1.36 ± 0.02 1.32 ± 0.02 1.40 ± 0.04 

C1···Ox 1.51 ± 0.04 1.55 ± 0.05 2.23 ± 0.21 3.03 ± 0.15 

Nx···Hx 1.61 ± 0.04 1.15 ± 0.03 1.06 ± 0.01 1.04 ± 0.01 

Hx··· Oδ2 Asp142 1.07 ± 0.04 1.38 ± 0.07 1.63 ± 0.13 1.94 ± 0.08 

Oδ1 Asp142···Hε2 Glu144 1.67 ± 0.13 1.49 ± 0.13 1.18 ± 0.12 1.01 ± 0.03 
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Hε2 Glu144···Oε2 Glu144 1.03 ± 0.03 1.06 ± 0.04 1.35 ± 0.12 1.86 ± 0.12 

Oε1 Glu144···Hw 1.80 ± 0.10 2.19 ± 0.52 1.74 ± 0.15 1.01 ± 0.04 

Hw···Ow 0.99 ± 0.03 1.00 ± 0.03 1.05 ± 0.02 1.88 ± 0.13 

Hη Tyr214···Ox 2.00 ± 0.15 1.97 ± 0.11 1.92 ± 0.14 1.88 ± 0.07 

 

Table S3.3. Dihedral angles defining the conformation of the 5-membered ring for each relevant state along 

the reaction pathway. 

Dihedral angle I I' TS P 

C2-C1-O5-C5 -34.5 ± 10.6 -31.6 ± 8.5 -13.5 ± 9.6 8.4 ± 12.9 

C3-C2-C1-O5 25.7 ± 6.6 16.7 ± 6.4 -5.3 ± 11.6 -32.3 ± 8.8 

 

Table S3.4. ESP charges (e) of each representative structure along the reaction pathway. See Figure S2 for 

atom labeling. δan corresponds to the sum of the charges of C1 and its neighboring atoms O5, C2, Ox and 

H). 

Atom I I' TS P 

C2 -0.01 ± 0.10 0.05 ± 0.14 0.09 ± 0.09 0.19 ± 0.07 

Nx -0.42 ± 0.08 -0.45 ± 0.12 -0.57 ± 0.08 -0.59 ± 0.04 

Cx 0.42 ± 0.04 0.46 ± 0.10 0.59 ± 0.07 0.61 ± 0.06 

Ox -0.52 ± 0.04 -0.55 ± 0.04 -0.66 ± 0.03 -0.65 ± 0.02 

C1 0.63 ± 0.11 0.75 ± 0.14 0.71 ± 0.14 0.63 ± 0.05 

H1 0.01 ± 0.02 0.02 ± 0.03 0.03 ± 0.02 0.00 ± 0.01 

O5 -0.53 ± 0.06 -0.48 ± 0.07 -0.43 ± 0.08 -0.52 ± 0.03 

Hx 0.33 ± 0.04 0.40 ± 0.04 0.38 ± 0.02 0.32 ± 0.01 

Oδ2 Asp142 -0.55 ± 0.04 -0.67 ± 0.05 -0.64 ± 0.04 -0.58 ± 0.02 

Oδ1 Asp142 -0.59 ± 0.05 -0.67 ± 0.03 -0.60 ± 0.05 -0.49 ± 0.06 

Hε2 Glu144 0.33 ± 0.03 0.38 ± 0.03 0.40 ± 0.05 0.34 ± 0.02 

Oε2 Glu144 -0.49 ± 0.05 -0.59 ± 0.05 -0.62 ± 0.07 -0.52 ± 0.03 

Oε1 Glu144 -0.63 ± 0.06 -0.64 ± 0.04 -0.66 ± 0.05 -0.47 ± 0.02 

Hw 0.42 ± 0.06 0.37 ± 0.07 0.45 ± 0.06 0.37 ± 0.02 

Ow -0.95 ± 0.11 -0.92 ± 0.12 -0.96 ± 0.09 -0.81 ± 0.05 

δan -0.41 ± 0.10 -0.21 ± 0.11 -0.25 ± 0.09 -0.36 ± 0.05 
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4. Conversion of a GH84 glycosidase into a 

phosphorylase.  

 

Abstract: O-GlcNAcases belong to family GH84 and catalyse the cleavage of the GlcNAc 

attached to Ser/Thr residues on proteins (O-GlcNAc) through a substrate-assisted mechanism. 

This post-translational modification is crucial in biological processes such as protein 

phosphorylation or cellular signalling. Besides their role in biology, O-GlcNAcases ― as 

other GHs ― are being engineered into novel and efficient chemoenzymatic tools. In this 

chapter, a O-GlcNAcase is converted into a glycoside phosphorylase by site-directed 

mutagenesis, and we rationalize this novel conversion by molecular dynamics on the O-

GlcNAcase from Thermobaculum terrenum (TtOGA). We show that the Asp to Asn mutation 

of the catalytic acid/base residue modifies the active site electrostatic potential, enhancing the 

phosphate ion population in the engineered variant (TtOGA-Asp120Asn). Afterwards, we 

explore the hydrolysis/phosphorylation mechanisms of these enzymes by means of QM/MM 

metadynamics calculations, revealing that both native and mutant enzymes feature a Glc-ox+ 

as a reaction intermediate, differing from the Glc-ox observed in GH18 chitinases (chapter 

3). This remarkable difference is due to the arrangement of the catalytic residues in the protein 

sequence and their environment. Elucidating the O-GlcNAcase catalytic mechanisms can 

assist the design of new inhibitors for disease-related GH enzymes that participate in protein 

post-translational. 

 

Publication: D. Teze‡, J. Coines‡, L. Raich, V. Kalichuk, C. Solleux, C. Tellier, C. Andre-

Miral, B. Svensson and C. Rovira. A Single Point Mutation Converts GH84 O-GlcNAc 

Hydrolases into Phosphorylases: Experimental and Theoretical Evidence., J. Am. Chem. Soc., 

2020, 142, 2120–2124 (‡ equal contribution). 
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4.1. Introduction 

O-GlcNAcylation is a post-translational modification that consists in attaching a GlcNAc at 

Ser/Thr residues on a myriad of nuclear, cytosolic, and mitochondrial proteins. This 

modification is found across species and controls a wide range of cellular processes, such as 

transcription, nutrient sensing and signalling.143 The dysregulation of O-GlcNAcylation is 

related to diabetes, cancer, and neurodegeneration.144–146 In addition, there is a tight crosstalk 

between O-GlcNAcylation and phosphorylation, another major post-translational 

modification crucial in biology as well.147 Contrary to phosphorylation, which  requires over 

600 kinases and phosphatases in humans, only two enzymes catalyse O-GlcNAc cycling. 

While O-GlcNAc transferase (OGT) transfers a single O-GlcNAc moiety from UDP-GlcNAc 

to a Ser/Ter residue in proteins, O-GlcNAcase (OGA) catalyses the removal of the attached 

O-GlcNAc. (Figure 4.1). As a consequence, the enzymes involved in such modification have 

been extensively investigated.148 OGA enzymes are glycosidases that belong to family GH84 

and catalyse the hydrolysis of O-GlcNAc operating via a substrate-assisted reaction 

mechanism (Figure 4.2).  

 

 

Figure 4.1. Dynamical interchange of O-GlcNAcylation catalysed by O-GlcNAc transferase and O-

GlcNAcase. The structure of the human carboxypeptidase N (PDB entry 2NSM) is used as illustrative 

example. 

 

Our collaborators Dr. David Teze and Prof. Birte Svensson (Technical University of 

Denmark, Denmark) were recently evaluating mutant variants of OGA enzymes in order to 

explore novel enzymatic activities and stumbled upon an oddity. Instead of obtaining an 

inactive enzyme by mutating the acid/base residue from Asp to Asn, as seen in other 

glycosidases, the mutant cleaved p-nitrophenyl-N-acetyl-β-D-glucosaminide (pNP-GlcNAc) 

in phosphate buffer. While the native GH84 enzyme produced exclusively GlcNAc, the Asn 

mutant released β-GlcNAc-1-phosphate (GlcNAc-P). Catalysis took place with retention of 
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the anomeric configuration. Importantly, when Glc-ox (reaction intermediate) was employed 

as a substrate, the reaction rate was the same as using pNP-GlcNAc. This indicates that the 

second step of the observed retaining mechanism is rate-limiting.  

 

 

Figure 4.2. The two-steps substrate-assisted reaction mechanism of TtOGA considering a (a) Glc-ox 

(glucose oxazoline) reaction intermediate; or a (b) Glc-ox+ (glucose oxazolinium ion). (c) Hydrolysis (blue) 

and phosphorylation (red) reactions catalysed TtOGA-Asp120Asn mutant. From left to right: Michaelis 

complex, reaction intermediate and products. 
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Depending on the experimental conditions and the specific OGA enzyme, hydrolysis was 

abolished at different degrees. For instance, 1 μg/mL of the OGA from Streptococcus 

pyogenes (SpOGA-Asp245Asn) with 7.5 mM pNP-GlcNAc in 0.5 M phosphate buffer at pH 

7.8 produced GlcNAc-P exclusively, whereas GlcNAc was not detected. Instead, only 30% 

of phosphorolysis was observed using the OGA from Thermobaculum terrenum (TtOGA-

Asp120Asn) as a catalyst in 20 mM phosphate concentration at pH 7.8. Despite the 

transformation of hydrolytic GHs into synthetic enzymes is well established, this is the very 

first example of a genuine GH converted into a glycoside phosphorylase (GP).  

GPs catalyse the transfer of an inorganic phosphate to a glycoside acceptor. From mechanistic 

and structural points of view, most GPs are similar to hydrolytic GHs.149 However, rather 

than being classified in separated families, they are found within several GHs (GH3, 13, 65, 

94, 112, 130, 149) and GTs families (GT4 and 35).150,151 The retaining β-GPs reported to date 

belong to family GH3, acting on either β-GlcNAc or β-Glc, via a glycosyl-enzyme 

intermediate.152,153 Interestingly, GHs and GPs from GH3 exhibit similar active sites but for 

their acid/base residue (Glu in GHs, His in some GPs),152–154 suggesting that this position may 

determine enzyme specificity. Nevertheless, neither phosphorolytic nor hydrolytic activities 

were observed by SpOGA-Asp245His mutant in 0.1 M phosphate buffer pH 7.8 (kcat= < 10−3 

s−1 for pNP-GlcNAc cleavage), highlighting possible differences between the classical 

retaining mechanism of GH3 and the substrate-assisted mechanism followed by GH84. 

Hence, further analyses at molecular level were required to comprehend the conversion of 

GH84 glycosidases into GPs (Figure 4.2c).  

To understand such novel transformation, we turned out attention to TtOGA, for which a 

crystal structure was available155 and shares 33% sequence identity with SpOGA. The TtOGA 

structure (Figure 4.3) comprises a catalytic domain that shapes a (β/α)8 TIM barrel (residues 

1-280) and a C-terminal helical bundle domain (residues 281-474), resembling those found 

in other bacterial OGA homologues.156 TtOGA is active on both synthetic substrates (pNP-

GlcNAc  and 4-methylumbelliferyl GlcNAc) and O-linked GlcNAc.155 The adjacent catalytic 

dyad Asp119 and Asp120 in TtOGA corresponds to the assisting and the acid/base residues, 

respectively, which perform catalysis via a substrate-assisted mechanism. The nature of the 

reaction intermediate in family GH84 has not yet been characterized, although a neutral Glc-

ox has been frequently depicted, thus assumed,  in the literature (Figure 4.2a).64,157,158 

Notably, there is no insertion between the catalytic residues (Asp-Asp) in GH84 enzymes, 

contrary to SmChiB and BvHya (Asp-X-Glu in both GH18 and GH56 families), analyzed in 

Chapter 3. However, the occurrence of a Glc-ox reaction intermediate in SmChiB and BvHya 
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was found to be due to the existence of a proton shuttle that links the catalytic dyad, thus one 

might expect a different situation in family GH84 (Figure 4.2b), since both catalytic aspartate 

residues do not interact. This will be one of the aspects particularly analyzed in this chapter, 

in which we investigate the conversion from a GH to a GP in TtOGA.  

 

 

Figure 4.3. TtOGA structural overview (PDB entry 5DIY)155. The catalytic domain resembles a (β/α)8 TIM 

barrel, while the C-terminal shapes a helix bundle domain.  A Glc-ox+ ligand is present (shown as black 

sticks) inside the pocket active site of TtOGA.  
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4.2. Results and discussion 

4.2.1. Phosphate ions near the active site of TtOGA and TtOGA-Asp120Asn? 

As a first step in our investigation, we investigated the stability of phosphate ions in the 

vicinity of the active site of TtOGA and TtOGA-Asp120Asn, a requirement to undergo the 

phosphorylation reaction. Several MD simulations were designed to determine the identity of 

the phosphate ion (mono or dianion, i.e., H2PO4
− or HPO4

2-) that can perform a nucleophilic 

attack on the active site sugar, as well as the most likely protonation state of the reaction 

intermediate (Glc-ox or Glc-ox+). 

The initial structure for all calculations was taken from the crystallographic complex of the 

glycopeptide hTab1-O-GlcNAc bound to TtOGA-Asp120Asn mutant (PDB entry 5DIY).155  

While the GlcNAc residue located at the -1 subsite served as a scaffold to build the Glc-

ox/Glc-ox+ moiety, the rest of the peptide was removed. The simulations were started from 

the reaction intermediate for two main reasons: (1) because we would like to elucidate its 

protonation state (Glc-ox or Glc-ox+) in the context of substrate-assisted catalysis and (2) 

because deglycosylation is the rate-limiting step of the observed phosphorylation reaction. 

The initial protonation state of the assisting residue and the substrate in the reaction 

intermediate cannot be directly inferred from structural data, as occurred in our previous study 

of GH18 SmChiB.128 In addition, both HPO4
2− and H2PO4

− phosphate ion species are present 

in solution at pH 7.8 (pKa2 ≈ 7.21). Therefore, all possible combinations were set up 

depending on the protonation state of the substrate in the reaction intermediate (Glc-ox or 

Glc-ox+), the phosphate ion form (HPO4
2− or H2PO4

−) and the enzyme variant (wild type or 

Asp120Asn). Figure 4.4 illustrates all models considered.  

A first set of unrestrained MD simulations were performed starting with a phosphate ion 

located at the active site (see computational details), in order to elucidate which anion species 

is preferred ― and how it behaves ― in both TtOGA and TtOGA-Asp120Asn. The resulting 

eight models were submitted to short classical MD calculations of 10 ns each, which was 

enough to see significant differences. 
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Figure 4.4. Schematic representation of the models for the TtOGA enzyme considered here, depending on 

the nature of the acid/base residue (native or Asp120Asn variant), the protonation state of the substrate 

(Glc-ox or Glc-ox+) and the phosphate form (HPO4
2– or H2PO4

−).  

 

The results obtained show that all Glc-ox models can be excluded because none of them 

resulted in a reactive conformation (Figure S4.1). In particular, the protonated Asp119 side 

chain oriented towards the carboxyl group of Asp120 in TtOGA (or the carbonyl group of 

Asn120 in TtOGA-Asp120Asn), instead of interacting with the Nx atom of the substrate 

through a hydrogen bond. This did not happen in the Glc-ox+ models, which were the ones 

further considered. However, phosphate ions diffused away from the active site in all cases. 

To elucidate which phosphate form most likely reacts with Glc-ox+ in native and mutant 

TtOGA enzymes, either HPO4
2− or H2PO4

− anions were maintained near the anomeric carbon 

(C1) employing a restraint between C1 and the phosphate oxygen (Op) during the first 10 ns 

of a new set of MD simulations. Subsequently, the constant force was modified with values 

ranging from 0.0 to 3.0 kcal/mol in 5 independent replicas of 1 ns each, considering that 

phosphate departure can already take place at this timescale (Figure 4.5).  
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Figure 4.5. Evolution of the distance between the anomeric carbon (C1) and the phosphate oxygen (Op) 

during the 1 ns restrained MD simulations of TtOGA and TtOGA-Asp120Asn models with Glc-ox+. 

Different values for the constant force of the restraint applied in this distance were evaluated. For the sake 

of clarity, results are averaged over five independent MD replicas that were performed for each applied 

restraint. 

 

Phosphate ions were not stable near the active site in all cases after releasing the restraints 

(read line in Figure 4.5, i.e. no constant force applied), although the dianion remains not too 

far from the active site in the case of the mutant enzyme. Migration of the phosphates occurs 

rapidly in the case of native TtOGA, suggesting that they are electrostatically repelled by the 

acid/base residue Asp120, since both are negatively charged. In the same vein, greater force 

constant values are required to maintain the more charged HPO4
2−, compared to H2PO4

−. In 

the case of TtOGA-Asp120Asn, the behaviour of both anions is similar, emphasizing that the 

electrostatic repulsion observed in wild-type TtOGA is now faded by the mutation to Asn. 

However, even in the case of the Asn mutant, phosphate anions do not remain close than ≈ 6 

Å from the anomeric carbon if a restraint is no applied. This migration of phosphate ions into 

the solvent is probably due to the well-known tendency of force fields to oversolvate 

phosphate ions.159 This is also obvious from our simulations, as clusters of phosphate ions 

were observed in the solution. Indeed, Jiří Vymětal et al. have pointed out that further 

development of phosphate parameters is still required for accurate atomistic simulations.82 

As a consequence, and in view of the results from Figure 4.5, it is reasonable to assume that 

phosphate ions would remain in the active site in a parameter-free dynamics. Thus, H2PO4
−, 

for which electrostatic repulsion with Asp120 is lower than HPO4
2−, can be considered to 
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model phosphorylation by TtOGA. In the case of the TtOGA-Asp120Asn mutant, the 

electrostatic repulsion with Asp120 vanishes and the more charged and nucleophilic HPO4
2− 

can be accommodated in the active site employing just a weak restraint to counterbalance the 

limitations of the phosphate force field. All restraints were released during the following 

QM/MM simulations, in which the phosphate ion is described at QM level.  

A second set of classical MD simulations were performed to quantify the phosphate 

distribution around TtOGA and TtOGA-Asp120Asn. This is another way to check whether 

phosphate ions are able to visit the active site and whether the mono or dianion is preferred. 

Experimental evaluation of phosphate concentrations in TtOGA-Asp120Asn showed that a 

maximal phosphorylation enhancement was obtained with 20 mM phosphate concentration 

at pH 7.8. To model such conditions, 9 HPO4
2− and 2 H2PO4

− ions were randomly placed in 

a simulation cell of 910 nm3 for both TtOGA and TtOGA-Asp120Asn systems. Note that no 

phosphate ion was initially placed close to Glc-ox+, as it was done in all previous simulations.  

After equilibration of each system, a production run of 50 ns was performed. The relative 

phosphate density was obtained by computing the radial distribution function of both HPO4
2− 

and H2PO4
− with respect to the Cγ of the residue at position 120 (Asp in the wild-type enzyme 

and Asn in the mutant enzyme, Figure 4.6).  

 

 

Figure 4.6. Phosphate distribution in GH84 enzymes. (a) Computed electrostatic potential of TtOGA (left) 

and TtOGA-Asp120Asn (right) at the active site, where the Glc-ox+ substrate is depicted as black sticks. 

(b) radial distribution function g(r) of the distance between the Cγ of the Asp120/Asn120 residue and the 

closest oxygen of each phosphate ion (r in Å). 
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In addition, the electrostatic potential was calculated for both enzymes (Figure 4.6). The 

results show that phosphate anions do not reach the active site of TtOGA, due to electrostatic 

repulsion from the Asp120 carboxylate, as reflected in the negative electrostatic potential at 

the active site pocket. However, the more positive active site of TtOGA-Asp120Asn displays 

a higher phosphate density at ≈ 4-7 Å from the residue at position 120 compared with the 

wild-type enzyme, with the density being the highest for HPO4
2−. These results are consistent 

with the tendencies observed in our previous simulations using a restraint for the C1···Op 

distance. 

In summary, our classical MD simulations indicate that the best model to analyse 

phosphorylation should contain a HPO4
2− anion in the active site of TtOGA-Asp120Asn. In 

contrast, no phosphate anions, regardless of their charge, are able to come close to the active 

site of the native enzyme and therefore its hydrolytic activity should be considered (Figure 

4.6). Yet, we explored the hypothetical situation in which the wild-type TtOGA uses the less 

charged, thus less repelled, H2PO4
− monoanion to perform phosphorylation.  

 

4.2.2. Reactivity of TtOGA and TtOGA-Asp120Asn mutant  

The mechanisms of hydrolysis/phosphorylation in TtOGA and TtOGA-Asp120Asn were 

modelled by QM/MM metadynamics (Figure 4.7, left and S4.3-S4.4). The QM region for all 

systems included the Glc-ox+ substrate, the side chain of Asp119 and Asp120 and the 

molecule that performs the nucleophilic attack on C1 (either water or H2PO4
−). It is worth 

mentioning that during both geometry optimization and QM/MM MD, the proton from Glc-

ox+ was not transferred to Asp119, suggesting that the protonated form of the substrate is the 

most stable, as predicted by the classical MD simulations. Further free energy calculations 

verified this assumption and allowed us to quantify the energetic difference between Glc-ox 

and Glc-ox+ (next section). The reactivity of the Glc-ox+ intermediate was evaluated using 

two CVs (Figure S4.2). CV1 takes into account the nucleophilic attack on C1 from either 

water or H2PO4
− (Ow or Op atoms, respectively), whereas CV2 assesses the proton transfer 

from the protonated nucleophile (water or H2PO4
−) to the acid/base catalytic residue Asp120. 

In Figure 4.7a, the free energy was projected into CV1 to obtain the free energy profile, while 

the two-dimensional FESs are illustrated in Figure S4.3. Hydrolysis was calculated starting 

from a structure in which a water molecule is properly oriented for nucleophilic attack, which 

was often observed in the classical MD simulations since the pocket active site is exposed to 

bulk water. The hydrolysis reaction is found to be exergonic by 3.8 kcal/mol, with a free 
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energy barrier of 13.2 kcal/mol, in good agreement with kinetic data (kcat=106 s-1; ΔG‡=14.7 

kcal/mol).  

 

 

Figure 4.7. Hydrolysis/phosphorylation of Glc-ox+ by TtOGA (left) and TtOGA-Asp120Asn (right) 

enzymes. (a) Free energy profile reconstructed from the metadynamics simulation. (b) Average structures 

of the main states along the reaction coordinate for TtOGA hydrolysis and TtOGA-Asp120Asn 

phosphorolysis (I=Glc-ox+, TS=transition state, P=reaction products). H and P subscripts correspond to 

hydrolysis and phosphorylation, respectively. Hydrogen atoms are omitted for clarity, except those attached 

to heteroatoms. Bonds being formed/broken are indicated with red dashed lines.  
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The reaction coordinate evolves as follows. From the reaction intermediate (IH), the process 

starts with the approach of the catalytic water to C1 of Glc-ox+ (C1···Ow = 3.39±0.05 Å, 

Table S1), until the TS (TSH) is reached (C1···Ow = 2.10±0.05 Å). At this point, the C1···Ox 

bond (1.60±0.07 Å at IH) is already broken (2.40±0.23 Å at TSH), revealing that the reaction 

mechanism is dissociative. At TSH, the proton from water is not yet transferred to Asp120 

(Ow···Hw = 1.07±0.02 Å) and the interaction between the oxazolinium ion oxygen (Ox) and 

Asn223 is strengthened (Ox···Hδ2Asn223 distance from 2.78±0.28 Å at IH to 2.11±0.11 Å at 

TSH), suggesting a stabilizing role for this residue (Figure S4.5). The C1···O5 distance is 

slightly shortened from 1.35±0.03 Å at IH to 1.32±0.03 Å at TSH, in accordance with an 

oxocarbenium ion-like TS.  

Finally, the reaction products (PH, GlcNAc) are obtained when the oxygen from the catalytic 

water collapses with C1 (C1···Ow and C1···Ox distances of 1.46±0.02 Å and 3.05±0.26 Å, 

respectively, at PH) and its hydrogen is already transferred to Asp120 (Hw···Oδ2Asp120 = 

1.03±0.02 Å at PH). The conformational itinerary that the pyranose ring of Glc-ox+ follows 

during hydrolysis is 4H5/4E → [4H5]ǂ → 4H5 (Figure S4.6a). 

To model phosphorylation reaction by TtOGA and, given the absence of phosphate ions close 

to Glc-ox+, we manually placed a H2PO4
− anion in the active site and maintained it with a soft 

restraint, before performing QM/MM metadynamics simulations. However, phosphorylation 

results in a dissociative mechanism (C1···Ox = 2.59±0.08 Å at TSP, Table S4.2) with a high 

energy barrier (26.3 kcal/mol, Figures 4.7 and S.4.3-S4.4) and the reaction turns out to be 

endergonic by 16.3 kcal/mol; thus the reaction appears to be unfavourable both kinetically 

and thermodynamically. This indicates that would a phosphate ion visit the active site, which 

does not happen according to our classical MD calculations, it would not react. This is 

consistent with the lack of phosphorolytic activity for the native TtOGA. The obtained 

phosphorylation mechanism by TtOGA shares some features with the native hydrolytic 

mechanism, such as shrinkage of the C1···O5 bond at the TS (from 1.34±0.03 Å at IP to 

1.29±0.03 Å at TSP), approach of the nucleophilic oxygen to C1 (Op in this case) and 

stabilization of the carbonyl group from Glc-ox+ by Asn223 (shorter distance of 

Ox···Hδ2Asn223 interaction at TSP and PP, compared to IP). Nevertheless, it differs in several 

aspects with its native activity. For instance, the proton from H2PO4
− that interacts with 

Asp120 (Hp, equivalent to Hw in hydrolysis) is transferred to this residue before reaching the 

TS. The conformational pathway of the pyranose ring of Glc-ox+ followed during 

phosphorolysis is 4C1/4E → [4E]ǂ → 1,4B/4E (Figure S4.6b), highlighting small conformational 
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differences during catalysis in comparison with the obtained hydrolytic conformational 

pathway.  

The same approach was employed to understand phosphorolysis catalysed by TtOGA-

Asp120Asn (Figure 4.7, right). In this case, the considered phosphate form was HPO4
2−, 

according to our classical MD calculations. Only one CV was used to drive the reaction 

(CV1=C1···Op), since HPO4
2− does not need deprotonation (Figure S4.2).  The obtained free 

energy profile reveals that, in contrast to the simulations for the wild-type TtOGA, 

phosphorylation is exergonic by 2.7 kcal/mol, with a low reaction free energy barrier (14.8 

kcal/mol) that is in good agreement with kinetic data (kcat=4.4 s−1; ΔG⧧=16.3 kcal/mol). 

Hence, both experiments and simulations evidence that TtOGA-Asp120Asn is an efficient β-

GlcNAc phosphorylase, with an activity comparable to the hydrolytic one from TtOGA. The 

enzymatic reaction starts at the reaction intermediate (IP) with the approach of the 

nucleophilic oxygen from HPO4
2− until the TS (TSP) is reached (C1···Op distance from 

3.40±0.08 Å at IP to 2.17±0.01 Å at TSP, Table S4.3). Once the phosphate finishes the 

nucleophilic attack on the C1 of Glc-ox+ (C1···Op = 1.47±0.03 Å at PP), the reaction products 

(PP, GlcNAc-P) are obtained. Common mechanistic features with TtOGA catalysis are the 

dissociative character of the reaction (C1···OX = 2.55±0.12 Å at TSP), the shrinkage of the 

C1···O5 bond at the TS (from 1.34±0.03 Å at IP to 1.29±0.02 Å at TSP), and the strengthening 

of the Ox···Hδ2Asn223 interaction along the reaction coordinate. The conformational itinerary 

followed by the pyranose ring of Glc-ox+ is similar as the one obtained for TtOGA 

phosphorylation, 4C1/4E → [4E]ǂ → 1,4B/4E (Figure S4.6c), indicating that hydrolysis and 

phosphorylation show small differences in their conformational pathways, independently on 

the TtOGA enzyme variant. 

Analysis of the atomic rearrangements during phosphorylation reveals distinct changes in 

active site interactions upon the Asp120Asn substitution (Figures S4.5). In TtOGA, the 

carboxylate of the acid/base catalyst (Asp120) interacts with the hydroxyls of both Tyr14 and 

Tyr168. However, the corresponding residue in the mutated enzyme (Asn120) does not 

interact with Tyr14 but with Tyr168 and the nucleophilic oxygen atom (Op) of the HPO4
2−, 

which in turn interacts with Tyr14 (Figure 4.7, right). Thus, the Asn mutation ultimately 

provides two hydrogen bond donors (Asn120 and Tyr14), properly oriented for catalysis. 

These small structural changes, together with the electrostatic potential modification of the 

active site upon the mutation, keep the incoming phosphate ion above the substrate anomeric 

carbon in a reactive configuration and further stabilize the GlcNAc-P products, hence 

enabling phosphorylation. 
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4.2.3. The nature of the reaction intermediate in TtOGA GH84 enzyme 

A debated issue in enzymes that follow the substrate-assisted mechanism is the nature of the 

reaction intermediate, whether it is protonated (Glc-ox+) or deprotonated (Glc-ox). Our 

classical MD simulations of TtOGA were consistent with a Glc-ox+ species. In addition, we 

analysed this aspect by QM/MM simulations, starting from a structure in which a Glc-ox+ is 

equilibrated in TtOGA active site and a water molecule is placed for hydrolysis, mimicking 

the reactive hydrolysis configuration of the enzyme. In the light of previous classical MD 

calculations, the Glc-ox+ and Asp119 deprotonated (assisting residue) configuration was 

considered.  

All our QM/MM simulations for native or mutated TtOGA (Figure 4.7 and S4.4) show that 

the Glc-ox+ intermediate is stable (i.e. the proton remains with the sugar substrate). To 

quantify the relative free energy difference between both protonation states, we performed a 

QM/MM metadynamics calculation using as CV the distance between the hydrogen form the 

oxazolinium ring (Hx) and the carboxylic oxygen from Asp119 (Figure S4.2).  

 

 

Figure 4.8. Analysis of the protonation state of the reaction intermediate in TtOGA. (a) Free energy profile 

reconstructed from metadynamics. (b) Initial structure for geometry optimization: the proton is bound to 

Asp119, the oxazoline is neutral (red dot in the free energy profile). (c) The optimized structure, in which 

the proton has transferred to the Nx atom of the substrate (green dot). 
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The resulting free energy profile (Figure 4.8) displays a minimum that corresponds to the 

protonated intermediate (Glc-ox+) in combination with deprotonated Asp119 (CV1 = 1.6 Å). 

The alternative state (Glc-ox) is located at CV1=1.1 Å, lying on a shoulder 4.2 kcal/mol higher 

in energy than the global minimum, thus it is less preferred. In addition, Glc-ox+ was obtained 

even after a simple geometry optimization starting from Glc-ox/Asp-OH. Thus, Glc-ox+ is 

the most stable species in the reaction intermediate of TtOGA active site, consistent with our 

previous equilibrium QM/MM simulations and classical MD simulations. 

These results obtained for TtOGA (this chapter), SmChiB and BvHya (previous chapter), 

suggest that there are at least two distinct substrate-assisted mechanisms among GHs: one in 

which the assisting residue acts as an acid/base, protonating and deprotonating the NAc 

group, leading to a Glc-ox intermediate (families GH18128 and GH56) and another one where 

the assisting residue plays a stabilizing role, forming an ionic bond with the Glc-ox+ (GH84). 

The basis of this observation lies in the pKa of the assisting residue, which depends on its 

spatial organization and environment. For GH families in which there is an insertion between 

the catalytic residues (Asp-X-Glu), the protein backbone bends allowing a hydrogen bond 

interaction between both catalytic residues that increases the pKa of the assisting residue. This 

generates a deprotonated Glc-ox reaction intermediate, as observed in SmChiB and BvHya 

from families GH18 and GH56, respectively (chapter 3). In contrast, GH families in which 

the catalytic residues are adjacent in the sequence ― as occurs with TtOGA from family 

GH84 (Asp119-Asp120) ― these residues cannot interact, thus the  instrumental hydrogen 

bond network that facilitates deprotonation of the intermediate in GH18 SmChiB is not 

formed. Moreover, the assisting Asp119 in GH84 is involved in an ionic interaction with 

Lys43, which lowers its pKa and precludes Asp119 from deprotonating the Glc-ox+ species. 

The presence of a Lys residue similarly positioned in the active site is also observed in other 

X-ray structures from GH84 enzymes such as hOGA or OgOGA (PDB entries 5VV0 and 

2XSB, respectively). Hence, the architecture of the active site in GHs that perform catalysis 

via a substrate-assisted mechanism modulates the pKa of the assisting residue, which 

ultimately determines the nature of the reaction intermediate (Figure 4.9).  
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Figure 4.9. Comparison between (a) SmChiB from family GH18 and (b) TtOGA from family GH84 active 

site architectures after optimization at QM/MM level.  
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4.3. Conclusions 

 

• The single point mutation of the acid/base residue from Asp to Asn in OGA enzymes 

(TtOGA and SpOGA) converts these hydrolytic enzymes (GHs) in synthetic 

phosphorylases (GPs) that can be used to produce valuable phosphorylated glycosides.160   

 

• Multiscale calculations were able to rationalize this novel case of enzyme engineering, 

showing that the aforementioned mutation modifies both the electrostatic potential of the 

OGA active site and its architecture, allowing phosphate ions to approach and react. This 

expands the understanding of what distinguishes GHs from GPs, providing a basis for the 

generation of novel enzymatic functions via mutagenesis.  

 

• The nature of the reaction intermediate in GH84 enzymes was revealed by means of 

QM/MM metadynamics, showing that the protonated state of the substrate (Glc-ox+) is the 

most stable. Thus, two possible substrate-assisted mechanisms take place in glycosidases, 

which can be explained by the impact of the environment of the assisting residue. 
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4.4. Computational details 

Systems preparation 

The initial structure was taken from the X-ray structure of the TtOGA-Asp120Asn variant in 

complex with the glycopeptide hTab1-O-GlcNAc (PDB entry 5DIY).155 The Asp120Asn 

mutation was reverted in silico to regenerate the native TtOGA enzyme.  We removed the 

peptide, except the GlcNAc residue, which served as a scaffold to build the glucose 

oxazoline/oxazolinium moiety (Glc-ox/Glc-ox+). The GlcNAc to Glc-ox/Glc-ox+ conversion 

was driven by minimizing the energy in the equilibration step (classical MD calculations). In 

the simulations with a phosphate ion in the active site, its initial position was generated by 

substituting the O and C atoms of the bound side chain Ser residue of the hTab1-O-GlcNAc 

glycopeptide by the O and P phosphate atoms, respectively. 

The protonation state of all residues was assigned considering the experimental pH of 7.8. 

The protonation of His residues was further assessed according their chemical environment. 

Specifically, His residues 20, 48, 112, 127, 200, 206, 242, 248, 250 were considered neutral 

with their proton located at Nδ; while His236 were protonated at Nε. Crystallographic water 

molecules were retained. To compute the distribution of phosphate ions around the active 

site, we tested different models in which an appropriate number of Na+ and phosphate ions 

were added to the system to achieve a concentration of 20 mM phosphate and reach neutrality. 

Additional water molecules were added to solvate the protein and generate a simulation box 

of 86.4 × 97.6 × 132.7 Å3. The composition of each system is specified in Table S4.4. 

 

Classical MD calculations 

The AMBER14 software161 was used to run all classical MD calculations. The Amber 

ff14SB75 and TIP3P80 force fields were employed to describe the protein and water molecules, 

respectively. Phosphate ions (HPO4
2− and H2PO4

−) were described with parameters adapted 

from phosphorylated serine parameters.162 Glc-ox and Glc-ox+ were parametrized by using 

the antechamber module,133 in conjunction with GAFF134 parameters and the RESP atomic 

charges obtained from first principles calculations at the HF/6-31G* level of theory 

employing Gaussian09.135 

All systems were equilibrated in periodic boundary conditions, using the following protocol. 

First, the energy was minimized with 20,000 minimization cycles, relaxing Na+ ions and 

water molecules. Subsequently, the entire system was relaxed with 20,000 minimization 
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cycles. Afterwards, the system was heated gradually to 100, 200, 250 and 300 K in the NVT 

ensemble at intervals of 50 ps. Spatial restraints were applied to the protein and ligands during 

the first heating interval, while all restraints were released after reaching 100K. Subsequently, 

the density was converged up to water density at 300 K during 100 ps in the NPT ensemble. 

A short equilibration run of 150 ps was performed to equilibrate the RMSD in the NVT 

ensemble with a time step of 1 fs. By employing the SHAKE algorithm,136 the time step was 

subsequently increased to 2 fs. The simulations were further continued for 10 ns or 50 ns, 

depending on the calculation (reactivity studies or phosphate density analyses, respectively). 

Analysis of the trajectories was carried out using standard tools of AMBER and VMD.137 

 

QM/MM MD calculations 

The method developed by Laio et al.95 was employed to perform all QM/MM MD 

simulations. Three different systems were set up: wild-type TtOGA with either H2PO4
− or 

water molecule located above the Glc-ox+ substrate (in order to study phosphorylation and 

hydrolysis reactions, respectively); and TtOGA-Asp120Asn in complex with the HPO4
2− ion 

in a reactive configuration. Snapshots from the classical MD simulations were taken as 

starting configurations. The QM region for all systems included the Glc-ox+ substrate, the 

side chain of Asp119 and Asp120/Asn120 (saturating the Cα atom of the Cα···Cβ bond) and 

the molecule that performs the nucleophilic attack on the anomeric carbon (either water, 

HPO4
2− or H2PO4

−). The MM region included the rest of the protein and the solvent. The 

parameters for each system are shown in Table S4.5. Density Functional Theory (DFT) was 

used to describe the electronic structure, employing the Perdew, Burke, and Ernzerhoff 

generalized gradient-corrected approximation (PBE).138 A plane wave basis set was 

employed to expand the Kohn-Sham orbitals, with a kinetic energy cut-off of 70 Ry. Norm-

conserving ab initio pseudopotentials were used, generated within the Troullier-Martins 

Scheme.139 The following protocol was followed in our QM/MM MD calculations. The 

structure was optimized with annealing of the nuclei until reaching a maximal component of 

the nuclear gradient of 5ꞏ10−4 a.u. Afterwards, 3 ps of MD were performed to re-equilibrate 

the system at 300 K using the Nosé–Hoover thermostat.140,141 A snapshot of these simulations 

was used as a starting point for further metadynamics calculations. 

Metadynamics simulation of enzymatic reactions by TtOGA and TtOGA-Asp120Asn 

All metadynamics calculations were performed employing the PLUMED plugin.103 All 

reactions were activated using atomic distances as CVs, which are schematically represented 
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in Figure S4.2. In the case of the reactions catalysed by native TtOGA, two distances were 

used as CVs. The first CV (CV1) accounts for the nucleophilic attack of the oxygen atom of 

either water or H2PO4
− (hydrolysis and phosphorylation, respectively) on the anomeric carbon 

of Glc-ox+ (C1). The second CV (CV2) accounts for the proton transfer from water or H2PO4
− 

to the carboxylic oxygen of the acid/base residue (Asp120). In the case of the phosphorylation 

reaction catalysed by TtOGA-Asp120Asn, only CV1 was used, since no proton transfer event 

is necessary (moreover, Asn120 cannot accept a proton from the phosphate). The parameters 

used in the metadynamics simulations are collected in Table S4.6. Relevant distances and 

charges of the species along the enzymatic reactions are listed in Tables S4.1-S4.3. The 

conformations of pyranose ring of the substrate for the different reactions studied in this 

chapter are shown in the Mercator representation in Figure S4.6, considering average 

structures of the relevant states along each enzymatic reaction.  

 

Analysis of substrate protonation state 

Starting from the equilibrated structure of TtOGA in complex with Glc-ox+, we computed the 

free energy change with respect to transferring the proton from the nitrogen of the Glc-ox+ to 

the assisting residue Asp119. We used metadynamics with one CV that accounts for the 

aforementioned proton transfer (Figure S4.2). The parameters used in the metadynamics 

simulations are specified in Table S4.6. The resulting free energy profile (Figure 4.8) shows 

that the pair Asp119-COOH/Glc-ox is 4.2 kcal/mol higher in energy than Asp119-COO-/Glc-

ox+ (Figure 4.8). Therefore the proton prefers to stay in the substrate rather than being 

transferred to Asp119. In the same vein, the substrate remained protonated >99.7% of the 

time in all the simulations performed (three enzymatic reactions). All these results disqualify 

the possibility that a neutral oxazoline as the intermediate of the enzymatic reaction, hence 

supporting the proposed oxazolinium ion intermediate (Figure 4.2b). 
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4.5. Supplementary material 

 

 

Figure S4.1. Resulting structures for TtOGA and TtOGA-Asp120Asn active sites obtained by classical MD 

considering a Glc-ox protonation state. The interaction between Asp119 and the nitrogen from Glc-ox is 

lost. 

 

 

 

 

Figure S4.2. CVs used in this work to study: (a) hydrolysis, (b) phosphorylation by wild-type TtOGA, (c) 

phosphorylation by TtOGA-Asp120Asn, and (d) the protonation state of the bicyclic reaction intermediate 

in wild-type TtOGA. 
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Figure S4.3. FES reconstructed from the metadynamics simulations of (a) hydrolysis and (b) 

phosphorylation reactions of Glx-ox+ by TtOGA. Isolines are at 1 kcal/mol. The two employed CVs account 

for the deprotonation of either water or phosphate by Asp120, and the nucleophilic attack of either the water 

or phosphate oxygens on C1, respectively. 
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Figure S4.4. Average structures of the main states along the reaction coordinate for TtOGA phosphorolysis 

(I=Glc-ox+, TS=transition state, P=reaction products). P subscript corresponds to phosphorylation. 

Hydrogen atoms are omitted for clarity, except those attached to heteroatoms. Bonds being formed/broken 

are indicated with red dashed lines. The FES of this metadynamics calculation is found in Figure S.4.3. 
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Figure S4.5. Active site architecture of (a) TtOGA wild-type and (b) TtOGA-Asp120Asn enzymes. The 

main interactions between the enzyme and the Glc-ox+ substrate are shown. Side chains of Tyr168, Thr193 

and Trp221 provide a hydrophobic cavity for the methyl group of the substrate. The OH3 of Glc-ox+ 

interacts with Lys43 and the backbone carbonyl of Gly12, while OH4 and OH6 interacts by hydrogen 

bonding with both oxygens of the carboxylate group of Asp228. The assisting residue Asp119 establishes 

ionic interactions with the nitrogen of the oxazolinium ion ring and the side chain of Lys43. The main 

difference between TtOGA and TtOGA-Asp120Asn lies in the environment of the acid/base residue 

(Asp120 and Asn120, respectively). In TtOGA, Asp120 is oriented for catalysis and stabilized by the 

phenolic hydroxyls of both the Tyr14 and Tyr168 residues, while in TtOGA-Asp120Asn, Asn120 interacts 

only with Tyr168. The NH group of the amide Asn120 can form a hydrogen bond with the incoming 

HPO4
2−. 
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Figure S4.6. Mercator representation of the puckering coordinates calculated for the averaged structures of 

the main states along the enzymatic reactions: (a) hydrolysis, (b) phosphorylation by wild-type TtOGA, and 

(c) phosphorylation by TtOGA-Asp120Asn. I = Glc-ox+ intermediate, TS = transition state, P = products. 

H and P subscripts correspond to hydrolysis and phosphorylation, respectively. 
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Table S4.1. Relevant distances (mean and standard deviation) of each representative structure along the 

reaction pathway of hydrolysis of Glc-ox+ by TtOGA.  

Distance (Å) IH TSH PH 

C1···Ow 3.39 ± 0.05 2.10 ± 0.05 1.46 ± 0.02 

C1···Ox 1.60 ± 0.07 2.40 ± 0.23 3.05 ± 0.26 

C1···O5 1.35 ± 0.03 1.32 ± 0.03 1.43 ± 0.05 

Ow···Hw 1.01 ± 0.03 1.07 ± 0.02 1.60 ± 0.06 

Hw···Oδ2Asp120 1.75 ± 0.06 1.53 ± 0.03 1.03 ± 0.02 

Hx···Oδ2Asp119 1.58 ± 0.10 1.90 ± 0.28 1.80 ± 0.03 

Hx···Nx 1.08 ± 0.05 1.03 ± 0.06 1.06 ± 0.03 

Ox···Hδ2Asn223 2.78 ± 0.28 2.11 ± 0.11 2.30 ± 0.20 

HηTyr14···Oδ2Asp120 1.84 ± 0.12 1.84 ± 0.08 1.93 ± 0.10 

HηTyr168···Oδ1Asp120 1.88 ± 0.16 1.84 ± 0.12 1.91 ± 0.12 

 

 

Table S4.2. Relevant distances (mean and standard deviation) of each representative structure along the 

reaction pathway of phosphorylation of Glc-ox+ by TtOGA.  

Distance (Å) IP TSP PP 

C1···Op 3.15 ± 0.02 2.10 ± 0.04 1.51 ± 0.02 

C1···Ox 1.63 ± 0.07 2.59 ± 0.08 2.85 ± 0.07 

C1···O5 1.34 ± 0.03 1.29 ± 0.03 1.40 ± 0.03 

Op···Hp 1.05 ± 0.04 1.53 ± 0.12 1.96 ± 0.09 

Hp···Oδ2Asp120 1.56 ± 0.04 1.05 ± 0.01 1.03 ± 0.02 

Hx···Oδ2Asp119 1.60 ± 0.14 1.94 ± 0.13 1.79 ± 0.18 

Hx···Nx 1.09 ± 0.03 1.05 ± 0.04 1.03 ± 0.02 

Ox···Hδ2Asn223 2.34 ± 0.22 1.91 ± 0.07 1.87 ± 0.10 

HηTyr14···Oδ2Asp120 2.61 ± 0.35 2.64 ± 0.12 2.75 ± 0.13 

HηTyr168···Oδ1Asp120 2.98 ± 0.69 3.08 ± 0.47 3.22 ± 0.12 
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Table S4.3. Relevant distances (mean and standard deviation) of each representative structure along the 

reaction pathway of phosphorylation of Glc-ox+ by TtOGA-Asp120Asn.  

Distance (Å) IP TSP PP 

C1···Op 3.40 ± 0.08 2.17 ± 0.01 1.47 ± 0.03 

C1···Ox 1.66 ± 0.09 2.55 ± 0.12 3.07 ± 0.13 

C1···O5 1.34 ± 0.03 1.29 ± 0.02 1.40 ± 0.04 

Op···HηTyr14 1.94 ± 0.11 2.03 ± 0.21 2.12 ± 0.16 

Op···Hδ2Asn120 1.95 ± 0.33 2.95 ± 0.19 3.11 ± 0.23 

Hx···Oδ2Asp119 1.68 ± 0.15 2.19 ± 0.13 2.38 ± 0.27 

Hx···Nx 1.07 ± 0.04 1.04 ± 0.03 1.03 ± 0.03 

Ox···Hδ2Asn223 2.59 ± 0.38 2.11 ± 0.14 2.01 ± 0.14 

HηTyr168···Oδ2Asn120 1.92 ± 0.15 1.81 ± 0.09 1.89 ± 0.11 

Op2···Hδ2Asn120 3.63 ± 0.27 2.30 ± 0.71 2.37 ± 0.49 

 

 

Table S4.4. Computational set up for all systems analyzed in this chapter. 

Simulation Enzyme Reaction 
intermediate 

HPO42-/ 
H2PO4- Na+ nº 

atoms 
Production 

run (ns) 

Equilibration 
of the reaction 
intermediate 
complex with 
classical MD 

TtOGA Glc-ox 1/0 24 93553 20 

TtOGA Glc-ox 0/1 23 93559 20 

TtOGA Glc-ox+ 1/0 24 93553 20 

TtOGA Glc-ox+ 0/1 23 93559 50 

TtOGA-Asp120Asn Glc-ox 1/0 23 93557 20 

TtOGA-Asp120Asn Glc-ox 0/1 22 93560 20 

TtOGA-Asp120Asn Glc-ox+ 1/0 23 93557 50 

TtOGA-Asp120Asn Glc-ox+ 0/1 22 93560 20 

Phosphate 
density  

TtOGA Glc-ox+ 9/2 35 93555 50 

TtOGA-Asp120Asn Glc-ox+ 9/2 34 93559 50 
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Table S4.5. QM/MM MD parameters for the three systems studied in this chapter. 

System 
Total nº 
atoms 

QM nº 
atoms QM box (Å) 

NN/ MIX/ESP 
radii (Å) 

Timestep 
(fs) 

Electronic 
mass (a.u.) 

TtOGA + H2O 93561 45 
14.26×14.17×

18.45 9.00/13.23/15.88 0.12 600 

TtOGA + 
H2PO4- 93561 49 

15.45×15.56×
18.33 7.94/10.58/15.88 0.12 600 

TtOGA-
Asp120Asn + 

HPO42- 
93559 50 

13.26×17.08×
18.22 6.35/10.58/15.88 0.12 600 

 

Table S4.6. Metadynamics parameters for hydrolysis/phosphorylation by TtOGA and phosphorylation by 

TtOGA-Asp120Asn mutant. 

System Collective variable 
(CVs) 

Gaussian height 
(kcal/mol) 

Gaussian 
width (Å) 

Deposition time 
(MD steps) 

TtOGA + H2O CV1 = Ow···C1; CV2 = 
Hw···OAsp120 

0.6 0.10; 0.10 300 

TtOGA + H2PO4
- CV1 = Op···C1; CV2 = 

Hp···OAsp120 
1.0 0.10; 0.10 400 

TtOGA-Asp120Asp 
+ HPO4

2- CV1 = Op···C1 0.6 0.10 400 
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5. Asparagine tautomerization in glycosidase catalysis? 

 

Abstract: Endo-β-N-acetylglucosaminidases (ENGases) are family GH18 or GH85 

glycosidases that cleave the chiotobiose core of N-glycans. This post-translational 

modification affects critical protein properties such as stability, conformation, or circulatory 

time. Whereas GH18 enzymes have been extensively characterized, little is known about 

GH85 ENGases from a mechanistic point of view. All the available X-ray structures came 

out last decade, showing important discrepancies such as the conformation of the catalytic 

dyad. These enzymes are known to operate via substrate-assisted catalysis. However, the 

assisting residue in GH85 enzymes is an Asn instead of an Asp, in contrast with other N-

acetyl-glycosidases that follow substrate-assisted catalysis. Thus, not only the nature of the 

reaction intermediate (Glc-ox or Glc-ox+) remains unknown for ENGases, but also the 

behaviour of the catalytic Asn. Despite it is rarely considered in proteins, tautomerization of 

the assisting Asn has been invoked. Here we accurately built the Michaelis complex of 

SpGH85 with the N-glycan core in order to study the first step of the reaction mechanism by 

means of QM/MM metadynamics. Our results show that both Glc-ox and Glc-ox+ are stable 

in the active site and that amide/imidic acid Asn335-mediated mechanisms may coexist.   
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5.1. Introduction 

N-glycosylation is crucial in many relevant biological processes such as protein folding, cell-

cell interaction or the immune response.163 N-glycans can be classified in three groups 

depending on their structure: high mannose, hybrid and complex. Despite their structural 

differences, all of them share the same (Man)3(GlcNAc)2 core attached to an Asn residue 

(Figure 5.1). The hydrolysis of the β-1,4 linkage between both GlcNAc units of the core of 

these oligosaccharides (red arrow in Figure 5.1) is catalysed by endo-β-N-

acetylglucosaminidases or ENGases (EC 3.2.1.96).164 Once the glycosidic bond is cleaved, 

the innermost GlcNAc remains linked to the side chain of the Asn residue of the protein 

(GlcNAc-Asn); while the rest of the oligosaccharide is released. ENGases are classified 

within GH18 and GH85 families, both belonging to the GH-K clan and exhibiting similar 

(β/α)8-TIM barrel folds. GH85 enzymes are widely distributed in animals,165 plants,166 

fungi167 and bacteria.168–170   

 

 

Figure 5.1. Schematic representation of ENGase enzymatic cleavage of the β-1,4 linkage between GlcNAc 

units in the N-glycan core (Man)3(GlcNAc)2 (red arrow). The structure of the human sialyltransferase is 

shown as example (PDB entry 5BO6). 

 

A remarkable feature of ENGases is their ability to catalyse transglycosylation reactions, 

coexisting with their expected hydrolytic activity. For this reason, these enzymes have gained 

great interest to serve as potential chemoenzymatic tools.14,171 Despite Nature has already 

provided synthetic enzymes to form glycosidic linkages, GTs, their use in industry is limited. 

The reason behind it lies in the fact that GTs frequently are membrane-associated enzymes 
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that require nucleotide-phosphate substrates and, consequently, they can be challenging to 

express and expensive to employ on a large scale. Instead, GHs can be used for this purpose, 

either by using wild-type enzymes together with activated donors172 or by  introducing 

specific mutations in the active site to generate glycosynthase variants.54 Examples of GH85 

ENGases that have been engineered into efficient glycosynthases include those named Endo-

A,173–175 Endo-D176 and Endo-M.54,177,178 

Understanding ENGases is critical in the fight against pathogenic organisms such as 

Streptococcus pneumoniae, a Gram-positive bacterium that causes major human infections. 

This pathogen employs a battery of GHs to degrade glycans from host proteins, such as 

glycosylated antibodies, in order to acquire sugar nutrients and deactivate the immunological 

response.179,180 Thus, the glycan degrading enzymes from Streptococcus pneumoniae, such 

GH85 ENGase, 62,181 are considered virulence factors and targets for drug discovery.182  

Because of their potential use as competent chemoenzymatic tools and their relevance in 

human health, a mechanistic description of ENGases from family GH85 is of utmost 

importance. In 2009, X-ray crystal structures of these enzymes shed light on the 

understanding of their active site architecture and mechanism of action.62,175,183 GH85 

ENGases perform catalysis via a substrate-assisted mechanism with retention of the anomeric 

configuration (Figure 5.2), where a Glu is the acid/base residue. A remarkable exception 

compared with mechanistically related enzymes, such as GH18 chitinases and GH84 O-

GlcNAcases analysed in previous chapters, is the chemical nature of the assisting residue, an 

Asn, instead of an Asp. This Asn residue is conserved both in sequence and structures within 

enzymes that follow the substrate-assisted mechanism.  Thus, alternatively to an acidic 

residue, in this case presumably a non-charged polar residue assists catalysis by interacting 

with the N-acetamido group of the GlcNAc substrate. The two residues (the assisting Asn and 

the acid/base Glu) are linked by another residue, forming a conserved Asn-X-Glu motif, 

which interacts via a well-defined hydrogen bond network with the substrate. As discussed 

in previous chapters (see Introduction) this feature is observed within families of GHs that 

use substrate-assisted catalysis and have an insertion in the sequence between their catalytic 

residues (chapter 3).128  

The molecular details of the reaction mechanism of GH85 ENGases remain unknown, but 

two pathways have been proposed (Paths A and B in Figure 5.2) that differ in two main 

aspects. First, they differ on the protonation of the substrate in the reaction intermediate, 

whether its oxazoline ring is protonated or not (Glc-ox+ or Glc-ox, respectively), an aspect 

that has been also investigated in other GHs that use a substrate-assisted mechanism.128,184 
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Secondly, the proposed mechanisms differ on the initial orientation of the amide group of the 

Asn assisting residue.  

 

Figure 5.2. The two-steps substrate-assisted reaction mechanism of Endo-D (GH85 enzyme from 

Streptococcus pneumoniae) considering Path A: (a) a neutral Asn and a Glc-ox+ reaction intermediate; or 

Path B: (b) an imidic acid tautomer of Asn and a Glc-ox intermediate. R corresponds to GlcNAc-Asn. From 

left to right: Michaelis complex, reaction intermediate and products. 

 

The available structures of Endo-A and Endo-D enzymes correspond to mimics of the 

reaction intermediate, in the form of the enzyme in complex with a Glc-thiazoline inhibitor 

complexes.refs These structures show that the side chain of the Asn assisting residue interacts 

with both the carboxyl group of the acid/base residue and the Nx of the Glc-thiazoline 

inhibitor, if present. However, depending on the X-ray structure, the carboxyl group of the 

Glu acid/base residue interacts with either the nitrogen of the Asn sidechain (PDB entries 

3FHQ and 3GDB) or its oxygen (PDB entries 3FHA, 2W91 and 2W92). Thus, any of the two 

mechanism of Figure 5.2 can be excluded on the basis of structural information. In fact, even 

within structures of the same enzyme (Endo-A free and complexed with Glc-thiazoline) show 

that both rotamers are possible,183 which suggests that X-ray crystallography is unable to 

discern the rotameric state of the Asn.  

It should be noted that reaction path shown in Figure 5.2b (Path B) would require 

tautomerization of the Asn assisting residue along the enzymatic reaction. In particular, the 

reaction involves an imidic acid tautomer in the Michaelis complex and the products of the 

reaction, actively participating in proton relays during catalysis. In proteins, Asn/Gln 
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tautomerization from the amide to its imidic acid tautomer is rarely considered under 

biological conditions since amides are more stable in water than their imidic acid 

counterparts. However, in a hydrophobic and negatively charged environment, polarization 

and resonance might trigger the formation of the imidic acid tautomer, which may be more 

reactive and thus convenient for catalysis. Indeed, tautomerization of Asn/Gln has already 

been proposed for diverse enzymatic reactions, mainly on the basis of QM/MM calculations 

but also structural analyses.185–191 A noteworthy example is the recent investigation of 

PcCel45A,192 a GH that hydrolyses cellulose through several proton transfers involving an 

Asn in its imidic acid form, as revealed by combining neutron diffraction and high-resolution 

X-ray crystallography, which allows hydrogen atoms visualization. In summary, the reaction 

mechanism of GH85 ENGases still hinders catalytic questions that remain to be answered.  

Here we analysed Endo-D (1646 residues), an ENGase from Streptococcus pneumoniae, as a 

representative GH85 enzyme system, for which the X-ray structure with the highest 

resolution among ENGases (1.40–1.65 Å) and a bound substrate is available (PDB entry 

2W92).62 ENGases exhibit different selectivity depending on the composition of the N-glycan 

substrate. In particular, Endo-D hydrolyses oligosaccharides that are elongated from the α-

1,6 linkage of the last mannosyl group attached to (GlcNAc)2 core, but not from its α-1,3 

bond (Figure 5.1), suggesting that Endo-D acts in synergy with other GHs that first cleave 

branching carbohydrates in other to fully degrade more complex N-glycans.193,194 The more 

recent biochemical and structural investigations on Endo-D were performed on the truncated 

recombinant form of Endo-D (residues 159–807), hereafter referred to as SpGH85.62 The 

truncated enzyme is active towards 3-fluoro-4-nitrophenyl-GlcNAc (3F4NP-GlcNAc) and is 

inhibited by GlcNAc-thiazoline, consistent with the substrate-assisted mechanism. The 

SpGH85 three-dimensional structure is composed of three domains: N-terminal (β/α)8 TIM 

barrel (catalytic domain) where the active site pocket is found, followed by two β-sandwich 

domains (Figure 5.3a). The protein surface surrounding the active site has several grooves 

that might accommodate the glycan branches. 
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Figure 5.3. X-ray structure of SpGH85 trapped with the inhibitor Glc-thiazoline at the -1 subsite (PDB 

entry 2W92). (a) Enzyme three-dimensional structure. (b) Zoom of the active site showing both the inhibitor 

Glc-thiazoline (black) and the catalytic residues (cyan, Asn335 and Glu337 as assisting and acid/base 

residues, respectively). 

 

From the above structural data of SpGH8562 it has been proposed that the substrate-assisted 

mechanism involves tautomerization of the assisting residue (Asn335) along the reaction and 

thus the formation of a neutral Glc-ox reaction intermediate (Path B; Figure 5.2b). However, 

experiments could not discard the alternative mechanism which considers a Glc-ox+ 

intermediate and the normal amide form of Asn335 (Path A; Figure 5.2a). Path B was 

proposed based on the following observations: (i) the electron density of Asn335 is more 

compatible with the orientation involving an imidic acid tautomer than the amide one; (ii) 

Path A can be excluded because the amide form would not be able to properly stabilize the 

positively charged Glc-ox+ reaction intermediate with a salt bridge. Instead, a cyclic series of 

proton transfers between the GlcNAc substrate, Asn335 and Glu337 (acid/base residue) 

occurring in a concerted manner ― together with the consequent changes in pKa of the groups 

involved ―would be favoured (Figure 5.2b), similarly to SmChiB from family GH18.128   

Here we investigated the reaction mechanism of SpGH85 by means of QM/MM 

metadynamics. Starting from the reaction intermediate mimic obtained experimentally, we 

reconstructed the Michaelis complex, considering the minimal substrate model (i.e., 

(Man)3(GlcNAc)2 N-glycan core). Afterwards, we examined the first reaction step 

(glycosylation) catalysed by SpGH85, considering the two possible mechanisms (Paths A and 

B). 
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5.2. Results and discussion 

5.2.1. In-silico generation of the reaction intermediate in SpGH85 

Since no structure of the Michaelis complex (MC) of GH85 enzymes was available, we used 

a multi-step approach to produce a reliable MC structure. In a first step, we reconstructed the 

intermediate of the substrate-assisted reaction. The calculations were started from the X-ray 

structure of the inhibitor Glc-thiazoline bound to SpGH85 (truncated form of Endo-D) at the 

-1 subsite, a mimic of the reaction intermediate. In this structure, the (Man)3 trisaccharide of 

the N-glycan core (-2 and -3 subsites; Figure 5.3) was missing, as well as the innermost 

GlcNAc (+1 subsite, i.e., the one that would be attached to an Asn protein residue). The 

structure of the (Man)3 was taken from the X-ray crystal of (Man)3-Glc-thiazoline 

tetrasaccharide bound to Endo-A (PDB entry 3FHQ, Figure S5.1).183 The GlcNAc unit at +1 

subsite was introduced in the active site of SpGH85 by means of molecular docking (see 

computational details). Finally, the sulfur atom from the Glc-thiazoline at -1 subsite was 

substituted by an oxygen, converting it to Glc-ox/ox+ (the protonation state of the oxazoline 

will be analysed later on). In this way, we reconstructed the complete substrate (N-glycan 

core) just after the first step of the enzymatic reaction (Figure 5.2). Concerning active site 

residues, two cases were considered, as depicted in Figure 5.4. In the first case, a positively 

charged Glc-ox+ intermediate interacts with rotamer 1 of Asn335 (Figure 5.4a). In the second 

case, Asn335 shows the other rotameric form (rotamer 2), which interacts with the neutral 

Glc-ox substrate (Figure 5.4b). 

 

 

Figure 5.4. Initial structure of SpGH85 in the reaction intermediate considering the two possible Asn 

rotameric states discussed in the text: (a) rotamer 1 / Glc-ox+ or (b) rotamer 2 / Glc-ox. Only polar hydrogens 

are shown for clarity. The (Man)3 fragment located at -2 and -3 subsites is shown as transparent. Yellow 

dashed lines indicate hydrogen bond interactions. See Figure 5.2 for details of both paths. 
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Two classical MD simulations of 30 ns of SpGH85 were performed considering both Asn 

rotameric states (Figure 5.4). During the calculations, a restraint was employed to maintain 

the innermost GlcNAc residue at +1 subsite, mimicking the real and far more complex 

scenario in which this residue is linked to another protein through an Asn, thus displaying 

additional interactions that keeps it in place. Specifically, a restraint was used to ensure that 

the 4-OH of the GlcNAc at the +1 subsite interacts with the carboxylate oxygen from Glu337 

and also remains at nucleophilic attack distance from the C1 of Glc-ox/ox+, allowing the rest 

of the GlcNAc to accommodate and explore the available conformational space. The two 

rotameric states of Asn shown in Figure 5.4 were found to be stable under MD simulations. 

Noteworthy, a Trp residue (Trp292), was found to be properly oriented to provide stacking 

interactions to the GlcNAc at +1 subsite. In particular, the axial C···H bonds from the 

pyranose ring and the methyl group of the N-acetamido group establish CH/π contacts with 

the Trp292 side chain (Figure 5.5, left). Surprisingly, this Trp residue is neither structurally 

conserved among the available X-ray structures of GH85 enzymes (SpGH85 and Endo-A, 

Figure S5.2) nor in their sequences,195 suggesting that there are different mechanisms to 

orientate and accommodate the incoming GlcNAc at subsite +1. Indeed, it has been 

demonstrated that despite Trp216 in Endo-A does not correspond in the sequence/structure 

to Trp292 in SpGH85, it is essential for transglycosylation in Endo-A.196 

 

5.2.2. Asn335 in the reaction intermediate: amide or imidic acid? 

To discern among the two Asn335 rotameric states (Figure 5.4), as well as investigating the 

possible occurrence of an imidic acid tautomer in the reaction intermediate, QM/MM 

calculations were performed. The simulations were initiated from snapshots of the previous 

MD simulations, considering both Asn335 rotameric states. The QM region included the side 

chain of both Asn335 and Glu337, part of the Man-Glc-ox/ox+ disaccharide (negative 

subsites) and the GlcNAc (subsite +1). After geometry optimization and 6 ps of QM/MM 

MD, both systems are stable (i.e. all active site interactions maintained and no proton 

transfers). This differs from the investigations of SmChiB and TtOGA (chapters 3 and 4, 

respectively) in which only one of the two possible reaction intermediates, Glc-ox or Glc-

ox+, was found to be stable. Furthermore, we additionally considered the occurrence of an 

imidic acid tautomer of Asn335 (Figure S5.3) by manually transferring the protons along the 

hydrogen bond network (i.e., between Nx oxazoline atom, Asn335 and Glu337, Figure S5.4). 

After QM/MM geometry optimization of both imidic acid Asn355 reaction intermediates, all 

protons involved in the aforementioned hydrogen bond network transfer to their original 
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heteroatom and the amide form of Asn335 is recovered. This demonstrates that, 

independently from the rotameric state, Asn335 only exists in its neutral amide tautomeric 

form in the reaction intermediate (Figure S5.4).   

 

5.2.3. Generation of the Michaelis complex in SpGH85 

We employed QM/MM metadynamics to model the transglycosylation reaction in SpGH85, 

which leads to the (Man)3(GlcNAc)2 N-glycan core. We included in the QM region the same 

atoms as in the previous section (5.2.2). The corresponding structure should be equivalent to 

the MC of the glycosylation reaction (Figure 5.2). Because our objective is to obtain a bona 

fide MC structure rather than investigating the transglycosylation reaction pathway in detail, 

a “rough” QM/MM metadynamics simulation was performed in which the reaction was 

driven by employing only one collective variable (CV). This CV was taken as the C1Glc-

ox/ox+···O4GlcNAc distance, which measures the formation of the glycosidic bond. In the 

following, O4GlcNAc atom will be referred as the glycosidic oxygen (Og). The QM/MM 

metadynamics simulation successfully lead to the formation of a stable enzyme in complex 

with the (Man)3(GlcNAc)2 N-glycan core (Figure 5.5).  

The structure of the (Man)3(GlcNAc)2 N-glycan core in the resulting MC is very similar to 

the one observed in the very recent X-ray structure of Endo-BT (PDB entry 6TCV), Figure 

S5.6a),197 a GH18 ENGase enzyme from Bacteroides thetaiotaomicron. This structure 

contains a larger N-glycan with the same (Man)3(GlcNAc)2 core in the active site, which is 

linked to an Asn and elongated from the terminal Man residues (i.e., R-(Man)9(GlcNAc)2-

Asn). At the time when our simulations were performed, this structure was not yet available. 

Despite the fact that the GlcNAc located at subsite -1 exhibits a 1S5 distortion in the structure 

by Trastoy et al.,197  similar to the obtained in our QM/MM metadynamics simulation (Figure 

S5.7), the orientation of the GlcNAc at the +1 subsite slightly differs from the one we 

modelled for SpGH85 (Figure S5.6b). This might be due to structural differences in their 

active sites.  In fact, structural alignment shows that the larger R-(Man)9(GlcNAc)2-Asn 

acceptor would lead to a steric clash with the positive subsites of SpGH85. In addition, the 

two catalytic residues were mutated in order to capture the Michaelis complex of Endo-BT 

(Asp312Ala and Glu314Leu, respectively), which could have altered the architecture of the 

Endo-BT active site. Indeed, the nitrogen atom of the carbonyl group of the GlcNAc at -1 

subsite is not oriented towards the catalytic residues (Figure S5.6a). In a prior investigation, 

the same team tried this double mutation in Endo-S, another GH18 ENGase, but obtained the 
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reaction products containing the N-glycan core with only one GlcNAc residue (i.e., the 

innermost GlcNAc bound to an Asn was not present, Figure S5.6c), which was undistorted.198 

 

 

Figure 5.5. Modeling of the Michaelis complex of SpGH85 from the reaction intermediate by using one-

dimensional QM/MM metadynamics. The employed CV is shown as a red dashed line. The two possible 

combinations of the rotameric state of Asn335 and the protonation of the oxazoline were considered. (a) 

rotamer 1 / Glc-ox+; (b) rotamer 2 / Glc-ox. In the second case, the reaction results in the imidic acid form 

of Asn335. For the sake of clarity only hydrogens attached to heteroatoms are displayed. The (Man)3 moiety 

located at -2 and -3 subsites is not represented for clarity. Hydrogen bond interactions are shown as yellow 

dashed lines. 

 

Regarding GH85 enzymes, molecular docking calculations were also employed by others to 

place the (Man)3(GlcNAc)2-Asn moiety into an homology model of Endo-Om.195 In the 

reported model, the -1 GlcNAc of the oligosaccharide was not distorted. Altogether highlights 

the difficulties to experimentally trap Michaelis complexes in ENGase systems (both GH18 

and GH85 families) and the limitations of classical methods, such as molecular docking, to 

properly describe the binding mode of distorted carbohydrates.  
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5.2.4. The glycosylation reaction catalysed by SpGH85 

From the equilibrated Michaelis complex of SpGH85 we examined the first reaction step 

(glycosylation) considering both reaction paths previously proposed (Path A and Path B, 

Figure 5.2). The enzymatic reactions were driven by means of the metadynamics approach, 

using two CVs that take into account the main covalent bonds being broken or formed during 

the reaction. CV1 was defined as the difference between the C1···Ox and C1···Og distances. 

This CV accounts for the intramolecular nucleophilic attack of the carbonyl oxygen (Ox) and 

the disruption of the glycosidic bond. CV2 was defined as the difference between the 

Hε2Glu337···Og and Oε2Glu337···Hε2Glu337 distances. This CV accounts for the proton transfer 

between Glu337 and the glycosidic oxygen (Og). These variables are equivalent to the ones 

used to investigate the first step of the reaction catalysed by SmChiB (chapter 3). The FESs 

reconstructed from the metadynamics simulation for each path are shown in Figure 5.6a and 

5.6b. The position of the stationary points on both FESs in terms of the CV space is similar 

in both cases, which show a single concerted step (only one TS). The reaction mechanism 

can be analysed by taking snapshots along the minimum free energy pathway connecting 

reactants and product complexes (MC and I in Figure 5.6). Surprisingly, the two FESs feature 

an exergonic reaction path with a low free energy barrier. Path A, which involves Asn335 in 

its amide form, involves a free energy barrier of just 7.0 kcal/mol, whereas Path B, which 

starts with Asn335 in its amidic acid form, involves a free energy barrier of just 9.7 kcal/mol. 

Before analysing the energetic results, let us describe the atomic details of both reaction paths. 

Path A: The reaction starts from the Michaelis complex (MCA) where the hydrogen bond 

network between Gluc337, Asn335 and GlcNAc at -1 subsite is observed, the acid/base 

Glu337 carboxylic acid group points towards Og and the carbonyl oxygen from the GlcNAc 

at -1 subsite is properly positioned to perform the intramolecular nucleophilic attack (Figure 

5.7a). To reach the TSA, the NAc oxygen atom (Ox) approaches the anomeric carbon (the 

C1···Ox distance changes from 3.06±0.09 Å at MCA to 2.73±0.01 Å at TS, Table S5.1) and 

the glycosidic bond breaks (C1···Og distance from 1.53±0.05 Å at MC to 2.23±0.11 Å at TS), 

while, simultaneously, the acid/base residue starts to transfer its proton to Og (Hε2···Og 

distance from 1.61±0.11 Å at MC to). Indeed, at the TSA of the reaction the proton is located 

between Glu337 and Og (the Hε2Glu337···Og and Hε2Glu337···Oε2Glu337 distances amount to 

1.20±0.05 Å and 1.26±0.05 Å, respectively). At the TS, the glycosidic bond is already broken 

and the Ox has not collapsed with C1 yet, thus the reaction can be described as dissociative, 

as found in previous studies of GH mechanisms.199 The oxocarbenium-like character of the -

1 sugar at the TS of the reaction is evidenced by the decrease of the internal C1···O5 distance, 
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which changes from 1.39±0.05 Å at MCA to 1.30±0.05 Å at the TSA. The pyranose ring is 

almost planar around the O5-O-C1-C2 atoms (Table S5.3) and the anomeric charge increases 

by 0.98 e (Table S5.5) at the TSA, indicating strong oxocarbenium-ion character. Finally, the 

reaction intermediate (I), 14.7 kcal/mol lower in energy than MCA, forms when the bicyclic 

sugar is formed (C1···Ox distance of 1.60±0.06 Å) and the proton from Glu337 completely 

transfers to Og (Hε2Glu337···Og = 1.06±0.06 Å at IA). 

 

 

Figure 5.6. Energetics for the first reaction step of SpGH85. (a) FES reconstructed from the metadynamics 

calculation of path A (amide Asn335 and Glc-ox+) and (b) for path B (acid imidic Asn335 and Glc-ox 

intermediate). Isolines at 1 kcal/mol. (c) Free energy profile scheme comparing both paths examined in this 

study and taking into account the initial energetic difference between amide/imidic acid tautomeric states.200 

(MC= Michaelis complex, TS=transition state, I= Glc-ox/ox+). A and B subscripts indicate its 

corresponding reaction path.  
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Figure 5.7. Average structures extracted from the main states along the reaction coordinate of the first 

reaction step by SpGH85, considering paths A (red) and B (blue). (MC= Michaelis complex, TS=transition 

state, I=Glc-ox/ox+). Hydrogen atoms have been omitted for clarity, except those attached to heteroatoms. 

Bonds being formed/broken are indicated with red dashed lines. The (Man)3 moiety at the negative subsites 

has been omitted for the sake of clarity. 
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Path B: Contrary to the previous path, in this case several proton transfers between the 

catalytic residues and the ligand are necessary to obtain the Glc-ox intermediate with Asn335 

in its amide form (Figure 5.7b). This proton shuttle reassembles what we previously found 

for SmChiB (Figure 3.6, chapter 3). The assisting residue Asn335 in Path B is initially in its 

imidic acid form; thus it adopts the alternative rotameric conformation (rotamer 2) in contrast 

to the active site configuration of Path A. The reaction starts with the Ox approach to C1 and 

the protonation of Og by Glu337, as occurred in Path A. This is evidenced by the change from 

MCB to TSB in both C1···Ox and Hε2Glu337···Og distances (from 3.08±0.08 Å to 2.67±0.17 Å 

and 1.81±0.05 Å to 1.15±0.02 Å, respectively, Table S5.2). The proton from Glu337 is 

completely transferred at TSB, and the glycosidic bond broken (C1···Og distance of 1.99±0.18 

Å at TSB). The free energy barrier for Path B is 9.7 kcal/mol, just 2.7 kcal/mol higher than 

Path A (Figure 5.6). The shrinkage of the C1···O5 distance from 1.38±0.03 Å at MCB to 

1.34±0.04 Å at TSB, in conjunction with pyranose ring planarity (Table S5.4) and positive 

anomeric charge development (0.83 e, Table S5.6), manifest the oxocarbenium ion-like 

behaviour of the TSB. Once the TSB is crossed, Asn335 tautomerizes from its imidic acid to 

the amide one via two proton transfers (Figure 5.7b and Table S5.2): one proton transfers 

from the Asn335 oxygen (Oδ1Asn335) to the Glu337 carboxylic oxygen (Oε1Glu337); and the one 

transfers from the N-acetamido group of the reactive GlcNAc to the nitrogen atom from 

Asn335 (Nδ2Asn335). With that, Asn335 recovers its amide form and the reaction intermediate 

Glc-ox I is formed, being 28.1 kcal/mol lower in energy than MCB (Figure 5.6). Hence, the 

proton shuttle observed in Path B resembles the one obtained for GH18 SmChiB.128  

Noteworthily, we assumed that the MCB was 11.9 kcal/mol higher in energy than MCA, since 

there is an intrinsic energetic difference between both Asn tautomeric states. This value was 

computed by quantum chemical calculations of an Asn considering that the tautomerization 

process was mediated by a water molecule,200 which may be the case in the solvent exposed 

active site of SpGH85. However, from our simulations and the structural data available we 

cannot determine the mechanism in which SpGH85 would generate such Michaelis complex 

(MCB). First, in apo and holo X-ray structures of GH85 enzymes both Asn rotamers may 

exist, but the specific tautomeric form cannot be inferred. Secondly, Asn335 tautomerization 

to imidic acid required in path B could be influenced by the binding of the substrate (i.e. it 

can occur during or after the binding process). Moreover, the imidic acid tautomer of Asn335 

may be coupled with the transition from rotamer 1 to rotamer 2, which in turn depends on 

ligand binding as well.  Hence, the generation of MCB in SpGH85 needs further investigation. 

Here, we will assume that both MCA and MCB can take place and focus on how they evolve 

during the first reaction step.  



109 
 

Considering that both paths have a similar and low free energy barrier (7.0 and 9.7 kcal/mol 

for Paths A and B, respectively), one would think that none of them is favoured, and thus 

they may coexist. Direct comparison of the calculated reaction with experimental data (kcat) 

is not possible since the reaction volume and the enzyme concentration used in the kinetics 

assays of 3F4NP-GlcNAc (comparable with the first reaction step) have not been reported.62 

The obtained low energy barriers for the glycosylation reaction suggest that the first reaction 

step might not be rate limiting. Instead, the experimental kcat for the hydrolysis of (Man)2-

Glc-ox substrate (the reaction intermediate) by SpGH85 is  3.7 s−1,170 corresponding to a free 

energy barrier of 16.8 kcal/mol. This value is similar to the value for Glc-ox hydrolysis by 

TtOGA, 14.7 kcal/mol, investigated in Chapter 4.184 In the case of TtOGA, the second reaction 

step (deglycosylation) turns out to be rate-limiting. In view of the theoretical values obtained 

here and the experimental reaction rates, we can expect that the second reaction step 

(hydrolysis of the reaction intermediate) is also rate-limiting in SpGH85. The calculation of 

the second step in Paths A and B in SpGH85 would further confirm this hypothesis, and these 

calculations are under way in our laboratory. Another explanation for the relatively low free 

energy barriers obtained for the first reaction step of SpGH85 might be that other processes 

than the chemical reaction limit catalysis. These processes include the binding of the reactant 

substrate or the release of the reaction products. Further experiments and simulations 

considering larger substrates (e.g. the +2 Asn residue and the entire linked protein, which 

were not present in our present model) are necessary to identify the rate-limiting step in 

SpGH85.    

From our present calculations, and together with the available structural and kinetic data, we 

cannot discard any of the two pathways. Despite path A exhibits a ~ 3 kcal/mol lower free 

energy barrier than path B, the corresponding Glc-ox+/ neutral Asn335-rotamer 1 reaction 

intermediate would exhibit a charge separation configuration. In path A, a positively charged 

Glc-ox+ would preferably be stabilized by a negatively charged residue through salt bridge, 

as occurs in family GH84 TtOGA studied in Chapter 4 (Glc-ox+ with Asp119),184 instead of 

a neutral Asn. Indeed, the total charge of Asn335 side chain is 0.14 e more negative at IA 

compared to the MCA, indicating that it requires polarization in order to stabilize the charged 

substrate. In particular, the Oδ1Asn335 partial charge changes from -0.53 ± 0.04 e at MCA to -

0.61 ± 0.06 at IA (Table S5.5). In path B, despite that the free energy barrier is 2.7 higher than 

path A, there is no charge separation. Even though several proton transfers take place, the 

charge of the Asn335 side chain practically does not change during the reaction (0.04 e more 

positive at IB than MCB). The feasibility of these proton transfers depends on the pKa shift of 

the active site residues along the reaction. In solution, the pKa for N-deprotonation of an amide 
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is 18, while it drastically decreases to 7.5 when the amide oxygen is protonated.201 Thus, the 

occurrence of the rare Asn tautomer might be caused by its strong interaction with the 

acid/base Glu337 and its own pKa changes during catalysis, which stabilizes the protonation 

of the Asn335 oxygen. Another reason that might argue in favour of path B is that the reaction 

intermediate is slightly lower in energy than the one in path A (-16.2 kcal/mol vs. -14.7 

kcal/mol, respectively). This would be consistent with the high tendency of SpGH85 to 

catalyse transglycosylation. Indeed, it has been shown that the stabilization of reaction 

intermediates in glycosidase catalysis correlates with their ability to perform 

transglycosylation reactions.202,203  

In conclusion, the available data indicates that both paths A and B are feasible and may 

coexist. However, the structural similarities of GHs that operate via a substrate-assisted 

mechanism and have an insertion between the catalytic residues (SmChiB, Chapter 3) suggest 

that the SpGH85 reaction mechanism could resemble the one observed in SmChiB. This 

would include its associated proton shuttle machinery and thus a neutral Glc-ox intermediate 

and tautomerization of Asn335. If confirmed, this would be the first evidence in which an 

imidic acid Asn residue participates in glycosidase catalysis. Our results provide new 

mechanistic information of GH85 enzymes and will boost further investigations to fully 

comprehend their entire reaction mechanism. 
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5.3. Conclusions 

 

• Both Glc-ox and Glc-ox+ states of the oxazoline intermediate are stable in the SpGH85 

active site, but the assisting Asn335 exists only in its amide tautomeric form. 

 

• Asn335 can tautomerize to its acid imidic form inside the active site of SpGH85. 

 

• Our simulations cannot exclude neither Path A or Path B and further investigations are 

required to elucidate the entire SpGH85 reaction mechanism. Still, sequence and structural 

similarities with other GHs that follow the substrate-assisted mechanism suggest that Path 

B could be the most likely scenario for SpGH85 catalysis and probably GH85 ENGases 

in general. A proton shuttle machinery, similar to the one observed in GH18 chitinases, is 

expected.  
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5.4. Computational details 

Systems preparation 

The initial structure for our calculations was taken from the X-ray structure of the SpGH85 

in complex with the inhibitor Glc-thiazoline at -1 subsite (PDB entry 2W92)62. The active 

site residue Tyr373 exhibits two conformations in this structure, but one shows a steric clash 

with the methyl group of the inhibitor and thus only the alternative conformation was 

modelled. Glc-ox/ox+ intermediates were obtained after substituting the S atom from Glc-

thiazoline by O. The (Man)3 trisaccharide of the N-glycan core (-2 and -3 subsites) was 

introduced in SpGH85 by aligning the Glc-thiazoline moieties from aforementioned structure 

and the X-ray structure of (Man)3-Glc-thiazoline bound to Endo-A183 (PDB entry 3FHQ, 

Figure S5.1). The innermost GlcNAc that should be located at +1 subsite was placed using 

molecular docking with Autodock  Vina.105 The selected binding pose for the next 

calculations fulfilled the following criteria: the O4 was at nucleophilic attack distance from 

the C1 of the Glc-ox/ox+, the hydroxyl at position 4 of the GlcNAc was at hydrogen bond 

distance from the carboxylate group of the acid/base residue Glu337, and the N-acetamido 

group was facing the alternative side compared to the -1 sugar, as generally observed in N-

glycans. Figure 5.4 shows the resulting system considering both paths studied here (Figure 

5.2). 

All acidic residues were modelled deprotonated, except Glu337 in the case of the reaction 

intermediate considering Path A. Two different scenarios were considered: either the 

substrate featuring a neutral Glc-ox or a protonated Glc-ox+. Each reaction path involved a 

different rotameric form of Asn335 (assisting residue) in order to maintain the hydrogen bond 

network that links the catalytic residues and the ligand, as expected from the mechanistic 

evidence and structural data. His protonation was assessed according their chemical 

environment. Specifically, His residues 214, 384, and 921 were considered neutral with their 

proton located at Nδ; while His residues 366, 487, 625, 684 and 704 were protonated at Nε. 

His239 and His278 were double protonated. Nine sodium cations were added to neutralize 

the total charge of the system. Crystallographic water molecules were retained, and extra ones 

were added to form a 15 Å water box around the protein surface. This led to a total number 

of 108686 atoms and a simulation box of 114.6 × 105.9 × 104.4 Å3. 
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Classical MD 

All classical MD simulations were performed employing the AMBER 11.131 The ff99SB 

force field132 was used to describe protein residues. Water molecules were modelled 

employing the TIP3P force field.80 While GlcNAc and Man saccharides were described with 

GLYCAM06,78 the reaction intermediate Glc-ox/ox+ was parametrized using antechamber 

module,133 considering GLYCAM06 and GAFF134 parameters. RESP atomic charges were 

obtained from first principle calculations using Gaussian09135 at HF/6-31G* level of theory.  

MD calculations were run under periodic boundary conditions employing the following 

protocol. First, while the protein and substrate were fixed, all ions and water molecules were 

relaxed by 20,000 cycles of energy minimization. Afterwards, the entire system was relaxed 

with 20,000 additional minimization cycles. The whole system was gradually heated in the 

NVT ensemble to 100 K, 200 K and 300 K in intervals of 50 ps, except the last step (100 ps). 

The protein and ligand were restrained during the first heating step and thus only water and 

ions were able to diffuse. Subsequently, the density was converged up to water density at 300 

K with 100 ps in the NPT ensemble. In all previous steps the time step was set up at 1 fs, but 

for the following production runs was incremented up to 2 fs via the SHAKE algorithm.136 

Production runs of 30 ns for each system were performed in the NPT ensemble until the 

RMSD of the protein backbone reached a plateau. The GlcNAc at the +1 subsite was 

maintained imposing two soft restrains of 50 kcal/mol/rad2 to the O4GlcNAc···C1Glc-ox and 

H4OGlcNAc···Oε2Glu337 distances at nucleophilic attack and hydrogen bond distances, 

respectively. Analysis of the obtained trajectories was carried out employing standard tools 

of AMBER and VMD.137 

 

QM/MM MD 

After classical MD equilibration, QM/MM MD calculations were performed using the 

method developed by Laio et al.95 The QM region (Figure S5.8) included the side chain of 

both Asn335 and Glu337, part of the Man at -2 subsite, Glc-ox/ox+ at -1 subsite and GlcNAc 

(subsite +1), leading to a total number of 88 atoms and cell of 17.61 × 18.27 × 21.56 Å3. The 

Man residue was capped in three different C···C bonds.  Asn335 and Glu337 side chains were 

capped by saturating the Cα of each protein residue with capping hydrogens. The NN, MIX 

and ESP radii were set at 6.35 Å, 13.23 Å and 16.94 Å, respectively. DFT level of theory 

with PBE functional138 was used to describe the electronic structure. Kohn–Sham orbitals 

were expanded in a plane wave basis set with a kinetic energy cut-off of 70 Ry. Norm-
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conserving ab initio pseudopotentials were employed, generated within the Troullier–Martins 

Scheme.139 In all QM/MM calculations, a time step of 0.12 fs was used and a fictitious 

electron mass of 800 a.u.. The following protocol for the QM/MM MD simulations was 

followed. Firstly, the structure was optimized by MD with annealing of nuclear velocities, 

until the maximal component of the nuclear gradient was lower than 5×104 a.u. Subsequently, 

each system was equilibrated by running 6 ps of QM/MM MD at 300K employing the Nosé–

Hoover thermostat140,141. A snapshot of these simulation was used as starting point for the 

QM/MM metadynamics calculations for each system.  

 

QM/MM metadynamics simulations 

All metadynamics calculations were run using the PLUMED 2 plugin.103 All reactions were 

activated using atomic distances ― or distance difference ― as CVs. In the case of the 

preparation of the Michaelis complex of SpGH85 considering both Path A and B, the C1Glc-

ox/ox+···O4GlcNAc distance was used as CV in order to form the glycosidic bond.  The height 

and width of the Gaussian terms was set at 1.0 kcal/mol and 0.15 Å, respectively. The 

deposition time was set at 300 MD steps. The obtained Michaelis complexes were further 

equilibrated with 15 ps of QM/MM MD. From these equilibrated structures, the first reaction 

step was evaluated employing two distance differences as CVs. CV1 was defined as the 

distance difference between C1···Ox and C1···Og distances and accounts for the 

intramolecular nucleophilic attack of Ox and the disruption of the glycosidic bond. CV2 was 

defined as the distance difference between Hε2Glu337···Og and Oε2Glu337···Hε2Glu337 distances 

and accounts for the proton transfer between Glu337 and Og. The width of the Gaussian terms 

was set at 0.15 and 0.10 Å for CV1 and CV2, respectively. The height of the Gaussian terms 

was set at 1.0 kcal/mol but was reduced to 0.5 kcal/mol before crossing the TS. The deposition 

time was set at 300 MD steps. Both simulations were stopped once the reaction products were 

explored and a recrossing event occurred (i.e., returning to the Michaelis complex state). All 

analyses such as distances, charges, puckering conformations were performed on the relevant 

states of the enzymatic reactions, selected via capturing frames on the region from each FES. 
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5.5. Supplementary material 

 

 

Figure S5.1. Construction of the (Man)3-Glc-ox/ox+ moiety in SpGH85. Structural alignment between the 

X-ray structure of Glc-thiazoline (carbon atoms coloured in black) bound to SpGH85 (cyan, PDB entry 

2W92) and the substrate (Man)3-Glc-thiazoline (grey carbon atoms) trapped in Endo-A (PDB entry 3FHQ). 

In particular, the alignment was conducted on the Glc-thiazoline residue since this part is common in both 

mono- and tetrasaccharide inhibitors. 

 



116 
 

 

Figure S5.2. Active site comparison between Endo-D and Endo-A (cyan and salmon, respectively). (a) 

Structural alignment between the X-ray structures of SpGH85 (Endo-D) and Endo-A (PDB entries 2W92 

and 3FHQ, respectively). (b) Phe, Leu and Tyr residues at the -1 subsite (shown as sticks) provide an 

aromatic cavity to accommodate the methyl group of the Glc-ox/ox+ residue.  Noteworthy, the amino acids 

at +1 subsite (sticks with bold labels) differ between both enzymes. 
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Figure S5.3. Additional scheme of the two reaction paths from SpGH85 studied in this work but including 

the occurrence of an acid imidic tautomeric form of Asn335 (purple) in the intermediate of the reaction. 

These structures have been submitted to geometry optimization (Figure S5.4) and are found unstable. Glc-

ox and Glc-ox+ are shown in red and blue colours, respectively. 
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Figure S5.4. QM/MM geometry optimizations considering Asn335 as an imidic acid in the reaction 

intermediate of both analysed paths. (a) Initial imidic acid tautomer in path A and (b) its corresponding 

optimized structure where the amide form of Asn335 is recovered. (c) Initial imidic acid tautomeric form 

of Asn335 in path B and (d) its corresponding optimized structure. A red cross and a green stick represent 

an unstable and stable state, respectively. The recovery of the amide form of Asn335 in the reaction 

intermediate involves two proton transfers: one between Glu337 and Asn335 and another between the 

oxazoline ring and Asn335. 
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Figure S5.6. Comparison of our SpGH85 results with structural studies of GH18 ENGases. (a) X-ray 

structure of Endo-BT double mutant in complex with (Man)9(GlcNAc)Asn (Michaelis complex). (b) The 

N- glycan core from Endo-BT structure (a, grey sticks) compared with the corresponding ensemble obtained 

by QM/MM MD in SpGH85 (thin black sticks). (c) X-ray structure of Endo-S double mutant with a 

complex glycan where the innermost GlcNAc and the Asn are missing.  
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Figure S5.7. Puckering coordinates of the GlcNAc at the -1 subsite for the relevant states computed along 

(a) Path A and (b) Path B in SpGH85 (dots); and for X-ray structures of additional ENGase systems (blue 

stars). PDB entries 6TCV, 6EN3 and 2W92 for Endo-BT, Endo-S and SpGH85, respectively. 
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Figure S5.8. Active site atoms described at QM level in QM/MM calculations of SpGH85 (thicker sticks). 

Capping hydrogens are shown as light orange spheres.  

 

Table S5.1. Relevant distances (mean and standard deviation) of each representative structure along Path 
A. See atom labels in Figure 5.7a.  

Distance (Å) MC TS I 

C1···Ox 3.06 ± 0.09 2.73 ± 0.01 1.60 ± 0.06 

C1···Og 1.53 ± 0.05 2.23 ± 0.11 3.76 ± 0.07 

C1···O5 1.39 ± 0.04 1.30 ± 0.05 1.36 ± 0.03 

Hε2Glu337···Og 1.61 ± 0.11 1.20 ± 0.05 1.06 ± 0.03 

Oε2Glu337···Hε2Glu337 1.04 ± 0.03 1.26 ± 0.05 1.56 ± 0.04 

Oε1Glu337···Hδ2Asn335 2.11 ± 0.16 1.81 ± 0.13 1.83 ± 0.21 

Oδ1Asn335···Hx 1.95 ± 0.16 2.00 ± 0.19 1.71 ± 0.13 

 

Table S5.2. Relevant distances (mean and standard deviation) of each representative structure along Path 
B. See atom labels in Figure 5.7b.  

Distance (Å) IP TSP PP 

C1···Ox 3.08 ± 0.08 2.67 ± 0.17 1.47 ± 0.04 

C1···Og 1.55 ± 0.03 1.99 ± 0.18 3.74 ± 0.05 

C1···O5 1.38 ± 0.03 1.34 ± 0.04 1.39 ± 0.03 

Hε2Glu337···Og 1.81 ± 0.05 1.15 ± 0.02 1.00 ± 0.03 

Oε2Glu337···Hε2Glu337 1.02 ± 0.02 1.31 ± 0.04 1.73 ± 0.05 

Oε1Glu337···Hδ1Asn335 1.82 ± 0.17 1.54 ± 010 1.05 ± 0.04 

Hδ1Asn335···Oδ1Asn335 1.02 ± 0.04 1.03 ± 0.03 1.53 ± 0.11 

Nδ2Asn335···Hδ2Asn335 2.25 ± 0.13 2.03 ± 0.15 1.03 ± 0.02 

Hδ2Asn335···Hx 1.04 ± 0.03 1.04 ± 0.02 2.03 ± 0.20 
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Table S5.3. Dihedral angles defining the conformation of the pyranose ring of GlcNAc at -1 subsite for 
each relevant state along Path A. 

Dihedral angle MC TS I 

C2-C1-O5-C5 2.7 ± 9.1 -18.8 ± 12.3 -41.1 ± 6.6 

C3-C2-C1-O5 -27.4 ± 5.9 -5.9 ± 11.6 33.2 ± 5.2 

 

Table S5.4. Dihedral angles defining the conformation of the pyranose ring of GlcNAc at -1 subsite for 
each relevant state along Path B. 

Dihedral angle MC TS I 

C2-C1-O5-C5 19.8 ± 12.9 11.2 ± 3.8 -36.3 ± 9.5 

C3-C2-C1-O5 -30.4 ± 6.9 -27.5 ± 2.9 31.8 ± 7.5 

 

Table S5.5. ESP charges (e) of each representative structure along Path A. See Figure 5.7a for atom 
labeling. δan corresponds to the sum of the charges of C1 and its neighboring linked atoms O5, C2, H1 
and/or Ox/Og). 

Atom MC TS I 

C1 0.36 ± 0.19 0.15 ± 0.10 0.53 ± 0.10 

C2 0.46 ± 0.13 0.46 ± 0.02 -0.06 ± 0.09 

Cx 0.65 ± 0.06 0.51 ± 0.06 0.29 ± 0.06 

Ox -0.60 ± 0.04 -0.52 ± 0.01 -0.30 ± 0.04 

Nx -0.68 ± 0.06 -0.55 ± 0.06 -0.21 ± 0.07 

Hx 0.30 ± 0.02 0.27 ± 0.04 0.30 ± 0.02 

O5 -0.53 ± 0.13 -0.12 ± 0.12 -0.59 ± 0.06 

H1 0.04 ± 0.03 0.12 ± 0.02 0.06 ± 0.03 

Og -0.62 ± 0.10 -0.72 ± 0.05 -0.77 ± 0.07 

Oδ1Asn335 -0.53 ± 0.04 -0.51 ± 0.03 -0.61 ± 0.06 

Nδ2Asn335 -0.52 ± 0.07 -0.55 ± 0.05 -0.55 ± 0.07 

Hδ2Asn335 0.31 ± 0.04 0.34 ± 0.01 0.34 ± 0.04 

Oε1Glu337 -0.68 ± 0.03 -0.76 ± 0.02 -0.77 ± 0.07 

Oε2Glu337 -0.73 ± 0.07 -0.78 ± 0.04 -0.84 ± 0.05 

Hε2Glu337 0.30 ± 0.02 0.27 ± 0.04 0.30 ± 0.02 

δan -0.28 ± 0.12 0.61 ± 0.07 -0.37 ± 0.06 

  

Table S5.6. ESP charges (e) of each representative structure along Path B. See Figure 5.7b for atom labeling. δan 

corresponds to the sum of the charges of C1 and its neighboring linked atoms O5, C2, H1 and/or Ox/Og). 

Atom MC TS I 

C1 0.25 ± 0.09 0.20 ± 0.15 0.59 ± 0.13 

C2 0.35 ± 0.08 0.45 ± 0.10 0.09 ± 0.14 

Cx 0.48 ± 0.06 0.47 ± 0.03 0.30 ± 0.06 
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Ox -0.55 ± 0.04 -0.58 ± 0.01 -0.35 ± 0.05 

Nx -0.48 ± 0.09 -0.48 ± 0.04 -0.51 ± 0.07 

Hx 0.24 ± 0.02 0.26 ± 0.03 0.37 ± 0.04 

O5 -0.47 ± 0.08 -0.30 ± 0.13 -0.71 ± 0.08 

H1 0.06 ± 0.03 0.12 ± 0.02 0.02 ± 0.03 

Og -0.49 ± 0.07 -0.66 ± 0.11 -0.66 ± 0.08 

Oδ1Asn335 -0.59 ± 0.05 -0.71 ± 0.07 -0.62 ± 0.05 

Hδ1Asn335 0.43 ± 0.03 0.54 ± 0.08 0.37 ± 0.05 

Nδ2Asn335 -0.72 ± 0.05 -0.72 ± 0.03 -0.77 ± 0.08 

Hδ2Asn335 0.23 ± 0.02 0.24 ± 0.02 0.31 ± 0.04 

Oε1Glu337 -0.56 ± 0.06 -0.81 ± 0.04 -0.54 ± 0.06 

Oε2Glu337 -0.57 ± 0.05 -0.67 ± 0.03 -0.56 ± 0.05 

Hε2Glu337 0.39 ± 0.04 0.51 ± 0.06 0.40 ± 0.05 

δan -0.30 ± 0.07 0.47 ± 0.10 -0.36 ± 0.09 
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6. Conformational analysis of pyranose rings in 

substrate-assisted catalysis. 

 

Abstract: The puckering coordinates developed by Cremer and Pople allow to describe 

unequivocally and quantitatively the conformation for a six-membered ring. Ring 

conformation is a crucial aspect in the reaction mechanism of GHs, being key when designing 

GH inhibitors. It has been proven that, by analyzing the intrinsic conformations for a given 

sugar ring, one is able to predict and rationalize its conformational behavior in the context of 

GH catalysis. Following this approach, we here inspected the species involved in substrate-

assisted catalysis by means of metadynamics simulations, using the puckering coordinates as 

collective variables. Furthermore, we investigated the conformational landscape of sugar-

based inhibitors that are specific for GH families that follow a substrate-assisted reaction 

mechanism. 
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6.1. Introduction 

The computational analysis of carbohydrate conformations has served to deeply comprehend 

catalysis by GHs.35,88 As introduced in section 1.2.3, the evaluation of isolated 

monosaccharides by means of ab initio MD calculations allows to understand their intrinsic 

features such as the relative stability of the different ring conformations and their respective 

electronic and structural properties. The very first example was β-D-glucose computed in 

2007 by Biarnés et al (Figure 6.1, left).38 The authors found that despite the most stable 

conformation for an isolated Glc is the 4C1 chair, as expected for a Glc in solution, its 

conformational FES exhibits several local minima,  the most stable ones along 1S5-1,4B-1S3-

B3,O-2SO line on the Stoddart diagram. Interestingly, the conformation of the sugar at the -1 

subsite β-D-glucosidase MCs obtained experimentally fall into those local minima.  

 

 

Figure 6.1. Conformational FES projected on the Stoddart diagram for β-D-glucose, β-D-Mannose and α-

L-fucose. Contour lines are at 0.5 kcal/mol. Star symbols indicate the observed conformations for 

Michaelis complexes of β-D-glucosidases, β-D-mannosidases and α-L-fucosidases. Figure adapted from 

reference.88 

 

It was latter demonstrated that GHs initiate the enzymatic reaction from a distorted sugar 

conformation in the MC, as evidenced for a 1,3-1,4-β-glucanase (catalytic itinerary: 1,4B/1S3 

→ 4E/4H3 → 4C1).204 This was a clear indication that GHs take advantage of the intrinsic 

electronic and structural properties of each carbohydrate via accommodating distorted 

conformations to efficiently perform hydrolysis. Some of these intrinsic characteristics are 

the elongation/shortening of the C1···Og/C1···O5 bonds, C1···Og orientation, and charge 

development at the anomeric carbon. These relevant sugar properties were collected and 

integrated into a pre-activation index when Man was under investigation (Figure 6.1, 

middle).39 The pre-activation index allows to identify the best conformation for GH catalysis. 
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This approach has been successfully applied to other isolated sugars such as β-D-xylose40 or 

α-L-fucose205 (Figure 6.1, right). Besides providing an in-depth understanding of the GH 

catalysed hydrolysis of their natural substrates, the conformational analysis of carbohydrate-

based inhibitors allowed to comprehend GH inhibition and their specificities as well. 

Examples of such investigations include the inhibitors glucoimidazol,206 mannoimidazole,207 

isofagomine207,208 kifunensine209 or carba-cyclophellitol.210 These inhibitors bind tightly the 

active site of GHs because they reassemble the substrate at the TS in terms of ring 

conformation and/or sp2 character at the anomeric carbon. 

In order to obtain the conformational free energy landscape  of an isolated sugar, the 

metadynamics scheme is applied together with CPMD, using the Cremer and Pople puckering 

coordinates as CVs. These CVs allow to accurately describe the conformation of a six-

membered ring and have been subsequently employed by others.211–213 The Cremer-Pople 

polar coordinates consist in a radius Q and two-phase angles ϴ and ϕ (Figure 6.2). The Q 

coordinate is the sum of the perpendicular distance of each ring atom (j) to the ring average 

plane (𝑄𝑄 = ∑ z 𝑗𝑗6
𝑗𝑗 ). ϴ and ϕ coordinates are obtained by solving the following system of 

equations. 

                           𝑄𝑄 sin𝛳𝛳 cos𝜙𝜙 = �1
3 �𝑧𝑧𝑗𝑗 cos[

2𝜋𝜋
6 2(𝑗𝑗 − 1)]

6

𝑗𝑗=1

                             𝑄𝑄 sin𝛳𝛳 sin𝜙𝜙 = −�
1
3 �𝑧𝑧𝑗𝑗  sin[

2𝜋𝜋
6 2(𝑗𝑗 − 1)]

6

𝑗𝑗=1

𝑄𝑄 cos𝛳𝛳 = �
1
6 �(−1)𝑗𝑗−1𝑧𝑧𝑗𝑗

6

𝑗𝑗=1

 

 
Equation 25 

 
 
 

Equation 26 
 
 
 

Equation 27 
 

All 38 canonical conformations for a six-member ring are located on the external shell of the 

puckering volume (Figure 1.5b), which is not spherical but ellipsoidal, with a slow increase 

of the puckering amplitude Q from the poles to the equator.40 The Stoddart diagram is 

represented by the cartesian coordinates (qx and qy) and can be calculated in terms of the polar 

coordinates as 

 
                       𝑞𝑞𝑥𝑥 = 𝑄𝑄 · sin𝛳𝛳 ·  cos𝜙𝜙 
                      𝑞𝑞𝑦𝑦 = 𝑄𝑄 · sin𝛳𝛳 ·  sin𝜙𝜙 

        𝑞𝑞𝑧𝑧 = 𝑄𝑄 · cos𝛳𝛳
 

 
Equation 28 

 

Equation 29 
 

Equation 30 
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This two-dimensional projection of qz (i.e. The Stoddart diagram, Figure 1.5b) facilitates the 

visualization of the computed free energy surface in a continuous space and, therefore, the 

interpretation of the GH catalytic itineraries.  

 

Figure 6.2. Cremer-Pople puckering coordinates. Figure adapted from reference.35  

 

In the context of substrate-assisted catalysis, we investigated both the isolated species 

involved in the reaction mechanism and their derived inhibitors (Figure 6.3). While the 

conformational space of GlcNAc has been already analysed by others,213,214 the 

conformational energy landscape of the reaction intermediate Glc-ox/ox+ and the GlcNAc 

oxocarbenium ion transition state are yet unexplored. Furthermore, a remarkable difference 

of the substrate-assisted catalysis in comparison with the classical retaining Koshland 

mechanism of hydrolysis is that the substrate does not covalently bound to the enzyme in the 

reaction intermediate. This complicates the understanding of substrate-assisted GH 

inhibition, since it is not straightforward whether a certain inhibitor reassembles the substrate 

bound in the MC, the TS or reaction intermediate.215 Traditionally, when researchers design 

TS-like inhibitors for GHs they try to incorporate the following features: sp2-hybridized 

centre installed at the C1 to mimic the TS geometry, a nitrogen atom at the C1/O5 position to 

mimic the partial positive charge developed at C1 and, if possible, conformational constrains 

that force the pyranose ring to adopt a TS-like conformation. Additionally, slight mechanistic 

differences between the GH families that use substrate-assisted catalysis should be 

considered, as it has been shown in this Thesis (families GH18/GH56, GH84 and GH85 in 

chapters 3, 4 and 5, respectively). 
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Figure 6.3. Carbohydrate compounds related with the substrate-assisted mechanism evaluated in this work. 

Top: species corresponding to the reaction intermediate and the transition state (Glc-ox/ox+ and GlcNAc 

oxocarbenium ion, respectively). Bottom: inhibitors of the families that follow the substrate assisted-

mechanism, from left to right: 1,2-dideoxy-2′-methyl-α-D-glucopyranoso-[2,1-d]-Δ2′-thiazoline (Glc-

thiazoline),48 2-acetamido-1,2-dideoxynojirimycin (DNJ-NAc)216 and O-(2-acetamido-2-deoxy-D-

glucopyranosylidene)amino-N-phenyl carbamate (PUGNAc).217  

 

Here we analysed the conformation and properties of the isolated carbohydrates that 

correspond to the reaction intermediate and the TS involved in the enzymatic reactions 

catalysed by GHs that follow the substrate assisted-mechanism (Glc-ox/ox+ and GlcNac 

oxocarbenium ion, respectively, Figure 6.3 top). Moreover, we selected three carbohydrate-

based compounds that inhibit these enzymes and display different degrees of selectivity. The 

conformational map of an isolated compound and related inhibitors allows us to rationalize 

their similarities, thus predict their inhibition ability, in the context of the substrate-assisted 

mechanism.  
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6.2. Results and discussion 

6.2.1. Conformational analysis of the species involved in the enzymatic reaction 

Ab initio MD simulations of isolated Glc-ox and Glc-ox+ compounds were performed with 

CPMD method at DFT level of theory. From the equilibrated molecule at 300 K, the 

metadynamics approach was used to explore the conformational space of the pyranose ring 

by using the Cremer and Pople puckering coordinates as CVs (see computational details).  

The obtained FESs for Glc-ox and its protonated form Glc-ox+ are shown in Figures 6.4 and 

6.5, respectively. They show clear similarities such as the position and number of free energy 

minima (two in the equator of the Cremer and Pople sphere and the global minimum around 

the half-chair /envelope region).  

 

 

Figure 6.4. Metadynamics calculation of the conformational landscape of Glc-ox. Top, structure, 

conformation, energy, ϴ and ϕ for each minimum in the conformational FES (Mercator representation, 

bottom). Contour lines are at 1 kcal/mol.  
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The conformational FES of Glc-ox has a global minimum cantered at the OS2 conformation, 

and two local minima that correspond to 4C1/4H5 and 1S3 conformations, 0.25 and 1.41 

kcal/mol higher in energy than the global minimum, respectively. The 4C1/4H5 conformation 

is also the one that was observed in the SmChiB active site (chapter 3), showing that the 

enzyme stabilizes this specific conformation and constricts the rest of the conformational 

space (the global minimum of the isolated Glc-ox is not present in the conformational FES 

inside the enzyme, Figure 3.5). In the case of Glc-ox+ (Figure 6.5), the global minimum of 

the conformational FES lies at 3,OB conformation, in close proximity to the global minimum 

obtained for the unprotonated molecule (OS2 conformation). Similarly to Glc-ox, two 

secondary minima are located at 4C1/4H5 and B3,O/1S3 regions, being 0.43 and 3.20 kcal/mol 

higher in energy than the global minimum. 

 

 

Figure 6.5. Metadynamics calculation of the conformational landscape of Glc-ox+. Top, structure, 

conformation, energy, ϴ and ϕ for each minimum in the conformational FES (Mercator representation, 

bottom). Contour lines are at 1 kcal/mol. 



132 
 

The above results indicate that, despite Glc-ox and Glc-ox+ do not significantly differ in terms 

of pyranose conformation, they exhibit various structural differences important for catalysis. 

For instance, when comparing 4C1/4H5 conformers of Glc-ox and Glc-ox+ (conformation 

observed inside GHs), the C1···Ox distance, which corresponds to the bond that is going to 

break in the second reaction step, is greater in the protonated form (1.66 ± 0.09 Å and 1.50 ± 

0.04 Å, for Glc-ox+ and Glc-ox, respectively). Additionally, the C1···O5 distance is shorter 

in Glc-ox+ than Glc-ox: 1.33 ± 0.03 Å and 1.39 ± 0.03 Å, respectively. This suggests that 

Glc-ox+ is a species closer to the TS of the reaction in comparison with its unprotonated form, 

Glc-ox, thereby the latter being more stable. However, we described in this Thesis that 

depending on the GH family, the enzyme stabilizes either Glc-ox or its protonated form Glc-

ox+, showing that ultimately the protein environment dictates the nature of the intermediate. 

The reason why GHs that operate via substrate-assisted catalysis have found different 

solutions to degrade GlcNAc substrates is still a mystery.  

To further understand the features of the TS in substrate-assisted catalysis, we investigated 

the conformation of the isolated GlcNAc oxocarbenium ion. Considering that the acetamido 

group would definitely collapse on the positively charged sp2 anomeric carbon, the C1···Ox 

distance was restrained at 2.35 Å along the entire simulation. The value for this restrain was 

chosen considering the C1···Ox distance observed at the TS in the enzymatic reactions studied 

in this work. The obtained conformational FES displays two minima (Figure 6.6).  

The global minimum corresponds to the 4E, one of the canonical TS-like conformations. A 

secondary minimum located at the 3S1 / 
3H4 region is 4.11 kcal/mol higher than the global 

minimum. This conformation is stabilized by a hydrogen bond between the hydroxyl at 

position 3 and the lone pair of the oxygen of the CH2OH group. In the enzymatic reaction 

catalyzed by GHs studied in this work (chapters 3-5), the conformation is a 4H5, indicating 

that the enzyme environment slightly shifts the conformational preferences of this species (4E 

and 4H5 are adjacent conformations in the Cremer-Pople space). GlcNAc oxocarbenium ion 

has an anomeric center with a strong sp2 character: a positive charge, a short C1···O5 distance 

of 1.28 ± 0.02 Å, almost coplanarity of the pyranose ring (C3-C2-C1-O5 and C2-C1-O5-C5 

dihedral angles of 18.9 ± 3.6º and -17.4 ± 4.0º, respectively). Coplanarity is not completely 

reached probably because of the presence of the N-acetyl group that might affect the position 

of the positively charged anomeric carbon.  
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Figure 6.6. Metadynamics calculation of the conformational landscape of GlcNAc oxocarbenium ion. Top, 

structure, conformation, energy, ϴ and ϕ for each minimum in the conformational FES (Mercator 

representation, bottom). Contour lines are at 1 kcal/mol. 
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6.2.2. Conformational analysis of inhibitor compounds 

We investigated the conformational features of three carbohydrate-based compounds that 

inhibit GHs that operate via substrate-assisted catalysis: Glc-thiazoline, DNJ-NAc and 

PUGNAc (Figure 6.3, bottom). The main objective is to compare these results with the 

conformational preferences obtained for Glc-ox/ox+ and GlcNAc oxocarbenium ion as 

representation of the reaction intermediate and TS, respectively. 

First, we analysed Glc-thiazoline (Figure 6.3, bottom left, a potent inhibitor of enzymes that 

perform substrate-assisted catalysis, achieving nM inhibition in GHs from families GH18, 

GH20, GH8448,157,218 and µM in GH85 enzymes.62 It has been extensively used to identify 

and prove substrate-assisted catalysis in several GHs. The main difference of this molecule 

in comparison with the reaction intermediate (Glc-ox/ox+) is the presence of a sulfur atom at 

the position of the oxygen of the oxazolinic ring. The conformational FES is shown in Figure 

6.7, exhibiting the both the same location and energetic tendencies as Glc-ox (Figure 6.4).  

The global minimum corresponds also to OS2 conformation, while the secondary minima are 
4C1/4H5 and 1S3 conformations, 0.81 and 1.71 kcal/mol higher in energy than the global 

minimum, respectively (almost equienergetic). Despite that the 4C1/4H5 conformation is 

located at the second most stable minimum in the FES of the isolated compound, Glc-

thiazoline in GHs X-ray structures shapes this conformation (coloured symbols in Figure 6.7). 

Considering that Glc-ox and Glc-ox+ feature a 4C1/4H5 conformation as well in our QM/MM 

simulations, we can argue that Glc-thiazoline mimics the conformation of the reaction 

intermediate in GHs that follow the substrate-assisted mechanism. Furthermore, the GH-

substrate interactions both in the X-ray structures (Glc-thiazoline) and the computed Glc-

ox/ox+ are conserved. However, it has been experimentally proven by linear free energy 

relationships of log(KM/kcat) versus log(KI) that Glc-thiazoline is a TS-like inhibitor for a 

GH84 O-GlcNAcase, not a ground state analogue.215 This suggests that not only the 

conformation of a certain carbohydrate-based inhibitor needs to be under consideration, but 

also other features. For instance, the C1···Sx distance of the 4C1/4H5 conformer ranges a values 

of 1.89 ± 0.06 Å, reassembling the dissociative nature of the TS in GHs studied here (i.e. 

longer C1···Ox distance than the reaction intermediate). Nevertheless, the sp3 hybridization 

of the anomeric carbon and the C1···O5 distance (1.40 ± 0.04 Å) are equivalent to the reaction 

intermediate.  
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Figure 6.7. Metadynamics calculation of the conformational landscape of Glc-thiazoline. Top, structure, 

conformation, energy, ϴ and ϕ for each minimum in the conformational FES (Mercator representation, 

bottom). Contour lines are at 1 kcal/mol. 

 

The PUGNAc inhibitor (Figure 6.3, bottom right) displays a sp2 hybridized anomeric carbon, 

since it has a double bond involving the N-phenyl carbamate group. This inhibitor is a 

nanomolar inhibitor of GH3, GH18, GH20 and GH84 enzymes.53,59,219,220 The resulting 

conformational FES is shown in Figure 6.8, displaying two free energy minima that are both 

stabilized by an intramolecular hydrogen bond between Ox and the hydroxyl at position 3. 

The global minimum corresponds to 4C1/ 4E conformation and the second local minimum to 
5S1 conformation, being 3.19 kcal/mol higher than the global minimum. Remarkably, the 

conformation of PUGNAc in the active site of GHs obtained by X-ray crystallography is 

closer to 4E than 4C1, which suggests that each binding site shifts the conformation preference 

of PUGNAc. This effect is most probably caused by the interactions established between the 
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N-phenyl carbamate group from PUGNAc and the positive subsites of the inhibited GH. 

Consequently, the orientation of the aglycon part of the inhibitor affects the conformation of 

the pyranose ring. In terms of pyranose conformation, PUGNAc reassembles more the 

conformational tendencies observed in GlcNAc oxocarbenium ion (Figure 6.6) than Glc-

ox/ox+ (Figures 6.4 and 6.5). Nevertheless, as occurred with Glc-thiazoline, free energy 

relationships experiments indicates that PUGNAc behaves as a poor TS mimic.215 Regarding 

structural features, the 4E/4C1 conformation of PUGNAc shows a C1···O5 distance of 1.35 ± 

0.03 Å, closer to Glc-ox+ (1.33 ± 0.03 Å) than GlcNAc oxocarbenium ion (1.28 ± 0.02 Å). 

Moreover, C3-C2-C1-O5 and C2-C1-O5-C5 dihedral angles are far from planarity (34.4 ± 

4.4º and -32.5 ± 4.6º, respectively).  

 

 

Figure 6.8. Metadynamics calculation of the conformational landscape of PUGNAc. Top, structure, 

conformation, energy, ϴ and ϕ for each minimum in the conformational FES (Mercator representation, 

bottom). Contour lines are at 1 kcal/mol. 
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Therefore, despite the sp2 hybridization of C1 in PUGNAc, this compound should be 

classified as ground state analogue inhibitor (i.e., an inhibitor that mimics the substrate at the 

MC) that establish serendipitous interactions between the aglycon part of the inhibitor with 

hydrophobic residues from GHs. Indeed, N-acetylglucosamino-1,5-lactone oxime 

(LOGNAc), that lacks the phenyl carbamate group of PUGNAc, binds 30-fold less tightly 

than PUGNAc to a GH84 O-GlcNAcase,221 highlighting the importance of these interactions. 

Finally, we studied DNJ-NAc (Figure 6.3, bottom centre), an imino sugar GH inhibitor that 

has a positively charged nitrogen at the position of the pyranose oxygen and a 2-acetamido 

group, thus it mimics the charge of the reaction TS. DNJ-NAc is a nanomolar inhibitor of 

enzymes from families GH3, GH20, while GH84 is inhibited at µM level.222,223  

 

 

Figure 6.9. Metadynamics calculation of the conformational landscape of DNJ-NAc. Top, structure, 

conformation, energy, ϴ and ϕ for each minimum in the conformational FES (Mercator representation, 

bottom). Contour lines are at 1 kcal/mol. 
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The obtained conformational FES for DNJ-NAc displays three different minima (Figure 6.9). 

The global minimum corresponds to 1S3 conformation and the other to both chairs 

conformations (4C1 and 1C4), which are 5.31 and 2.92 kcal/mol higher in energy, respectively. 

Both conformations that exhibit the anomeric carbon above the plain (1S3 and 1C4) are 

stabilized by the intramolecular hydrogen bond between the Ox from the acetamido group and 

the positively charged nitrogen. However, DNJ-NAc in almost all X-ray crystal structures 

where it is complexed shapes a 4C1 conformation, despite being the less stable conformer. 

Since GH3 N-acetyl-β-D-glucosaminidases operate via the classical retaining mechanism, it 

is expected that they show different interactions as in enzymes that perform substrate-assisted 

catalysis. This is the reason why the N-acetyl group of DNJ-NAc shows a different rotameric 

form in GH3 active sites (PDB codes 5G5K and 5LY7),222 compared with GH20 enzymes. 

In GH3 enzymes, the nitrogen atom from N-acetyl group points towards below the plain (as 

the 4C1 chair structure shown in Figure 6.9), interacting with the nucleophile residue. In 

contrast, the conformation of the acetamido group in GH20 structures (PDB codes 5BXR and 

3SUV) is equivalent to the typically observed in GHs that use the substrate-assisted 

mechanism, where the nitrogen interacts with the assisting residue and OX atom is closer to 

the anomeric carbon. Overall, the conformational properties of DNJ-NAc do not reassemble 

those of neither Glc-ox/ox+ nor the GlcNAc oxocarbenium ion species. This suggests that 

DNJ-NAc is not a good shape inhibitor for GHs that perform substrate-assisted catalysis.   

In conclusion, we characterized the conformational landscape of the species involved in 

substrate-assisted catalysis, showing that not only conformation but also anomeric charge and 

intramolecular bond distances are important when assessing the TS mimicry of a GH 

inhibitor.  
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6.3. Conclusions 

 

• We computed the conformational landscape of the species involved in the substrate-

assisted mechanism (Glc-ox/ox+ and GlcNAc oxocarbenium ion), which are in good 

agreement with the conformations observed in X-ray structures of GHs and our QM/MM 

simulations in previous chapters. The protonation of the Glc-ox reaction intermediate does 

not significantly modify the conformational map of the sugar. 

 

• The pyranose ring conformation of Glc-thiazoline, PUGNAc and DNJ-NAc carbohydrate-

based inhibitors was investigated. Our simulations reveal that their specificity for GHs that 

operate via substrate-assisted mechanism can be assessed by analysing their 

conformational properties, in particular how their FES resembles to that of the Glc-ox/ox+ 

and GlcNAc oxocarbenium ions. However, for PUGNAc and Glc-thiazoline, this is not 

enough to predict whether the inhibitor is a TS-mimic or ground state binder, thereby 

further investigations are required.  
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6.4. Computational details 

 

Systems preparation 

The initial structures for Glc-ox, Glc-ox+, Glc-thiazoline and GlcNAc oxocarbenium ion 

molecules were built by using as scaffold the Glc-ox molecule found inside the SmChiB X-

ray structure (PDB entry 1E6Z). The initial coordinates for PUGNAc and DNJ-NAc were 

taken from the following X-ray structures: PDB entries 2CBJ and 3SUV, respectively. 

Further modifications of each compound such as adding hydrogens or atom 

replacement/elimination were carried out by means of Molefacture tool implemented in VMD 

software.137 Ab initio MD simulations of all isolated molecules were performed within the 

Car-Parrinello (CP) approach.90 The electronic structure was described within DFT, using the 

PBE generalized gradient-corrected approximation.138 Kohn-Sham orbitals were expanded in 

a plane wave basis set with a kinetic energy cut-off of 70 Ry. Norm-conserving ab initio 

pseudopotentials were employed, generated within the Troullier-Martins scheme.139 Each 

system was enclosed in an orthorhombic isolated box. The dimensions for Glc-ox, Glc-ox+ 

and Glc-thiazoline boxes were 14.5 × 14.5 × 14.5 Å3, while for GlcNAc oxocarbenium ion, 

DNJ-NAc and PUGNAc were  16.0 × 16.0 × 16.0 Å3, 15.0 × 15.0 × 15.0 Å3 and 22.0 × 22.0 

× 22.0 Å3, respectively. The fictitious electron mass for each system was tested. A fictitious 

electron mass of 600 a.u. was used for Glc-ox, Glc-ox+, Glc-thiazoline and GlcNAc 

oxocarbenium ion. For DNJ-NAc and PUGNAc systems, the fictitious electron mass was set 

at 700 a.u. A time step of 0.12 fs was used. The following protocol for the QM MD 

simulations was used. First, the molecular structure was minimized until the maximal 

component of the nuclear is lower than 1·10-5 a.u. Afterwards, each molecule was equilibrated 

during 10 ps at 300 K employing the Nosé-Hoover thermostat.140,141  

 

 

 

 

 

 

 



141 
 

Metadynamics of sugar puckering 

The conformational FES of the molecules under investigation was explored by means of 

metadynamics97 taking as CVs the Cremer-Pople puckering coordinates.9 In particular, qx, qy 

and qz divided by the Q amplitude (CV1, CV2 and CV3). The metadynamics algorithm was 

provided by Plumed 2 plugin.103 

The initial height of the gaussian-like potential for all systems was set to 0.6 kcal/mol and 

added every 250 MD time steps. Once the whole free energy space was explored, the height 

of the Gaussian terms was reduced to 0.2 kcal/mol and the deposition time duplicated to 500 

MD time steps to facilitate convergence of the FES. The width of the Gaussian terms was set 

according to their oscillations in the free dynamics, which corresponded to 0.05, 0.05, 0.02 

rad for CV1, CV2 and CV3, respectively. The simulations were stopped when energy 

differences among the energy wells remain constant. This corresponded to 8350 deposited 

Gaussians in the case of Glc-ox, Glc-ox+ and Glc-thiazoline compounds; while 5800 for the 

GlcNAc oxocarbenium ion. For DNJ and PUGNAc inhibitors, 8500 and  2500 Gaussians 

were deposited, respectively.  

The FES was projected against the ϴ and ϕ puckering coordinates in order to obtain the 

Mercator representation using the reweighting method described by Branduardi et. al.224 

Structures from each metadynamics simulation were selected for structural analysis 

considering a 0.10 rad interval at the ϴ and ϕ space, centred at each free energy minimum.   
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7. Conclusions 

 

The substrate-assisted mechanism followed by several retaining GHs has been investigated 

by means of computational techniques based on MD techniques and combined with 

metadynamics as an enhanced sampling method. We selected enzymes among several GH 

families in order to catch their subtitle differences in terms of catalytic machinery and 

mechanism, thereby obtaining a big picture of this specific reaction mechanism. We inspected 

enzymes that possesses a catalytic dyad with an insertion in their sequence (Cat-X-Cat) in 

Chapters 3 and 5; and a GH with their catalytic residues adjacent in the sequence (Cat-Cat) 

in Chapter 4. We have found that this feature impacts directly on their catalytic mechanism. 

Finally, we aimed to map the conformational preferences of isolated carbohydrates involved 

in substrate-assisted catalysis, and their related inhibitors, to comprehend their nature 

(Chapter 6). The investigation of GH reaction mechanisms provides an in-depth 

understanding of the catalytic factors that play a role in catalysis, which ultimately might 

guide further drug design and enzyme engineering. 

The conclusions obtained in this doctoral Thesis are the following: 

• The reaction mechanism of SmChiB, a GH18 chitinase that operates via substrate-

assisted, has been fully elucidated. The reaction intermediate, whose nature was still 

controversial, features a neutral Glc-ox with a 4C1/4H5 conformation. The 

deprotonation of the initial GlcNAc is performed by the catalytic dyad Asp142-X-

Glu144, that define a well-defined hydrogen bond network with the substrate as well. 

  

• The observed features in SmChiB are very likely transferable to other GHs that exhibit 

a similar active site: Asp-X-Glu catalytic residues and a Tyr residue to stabilize the 

N-acetyl oxygen (Ox). We prove this in the GH56 hyaluronidase (BvHya), which also 

produces a neutral Glc-ox reaction intermediate by means a hydrogen-bond network.  

 

• The single point mutation of the acid/base residue from Asp to Asn in GH84 O-

GlcNAcases converts hydrolytic enzymes (GHs) in synthetic phosphorylases (GPs). 

We computed the phosphate ion distribution and the reaction mechanism of 

hydrolysis and phosphorylation, finding that this mutation alters both the electrostatic 

potential and architecture of their active sites, allowing the phosphate ions to visit and 

react in a more positively charged environment.  
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• The reaction intermediate in TtOGA (GH84 O-GlcNAcase) is protonated (Glc-ox+), 

since the catalytic dyad is adjacent in the sequence (Asp119-Asp120) and thus cannot 

establish a hydrogen bond network that ultimately deprotonates the substrate. Lys43 

interacts with the assisting residue Asp119 by an ionic interaction that lowers its pKa, 

thereby not allowing the Glc-ox+ deprotonation. 

 

• SpGH85, a  GH85 ENGase, possesses an Asn assisting residue, instead of the more 

commonly observed Asp (Asn335-X-Glu337). This enzyme is able to stabilize a both 

Glc-ox and Glc-ox+ reaction intermediates as long as the Asn is in its amide 

tautomeric form.  

 
• We demonstrated that the enzymatic environment of SpGH85 allows Asn335 to 

tautomerize in the obtained Michaelis complex with a N-glycan core substrate. This 

feature is very unusual in GH catalysis, only being reported in one experimental 

study. Further investigation is required to determine which reaction pathways actually 

occurs in this enzymes, since the computed first reaction step for both paths are almost 

isoenergetic. Thus, both Glc-ox and Glc-ox+ reaction intermediates may take place, 

involving or not imidic acid tautomerization of Asn335, respectively.  

 

• The conformational analysis of the isolated species involved in the substrate-assisted 

mechanism (Glc-ox/ox+ and GlcNAc oxocarbenium ion) allows to identify and map 

the conformational preferences of these molecules. Glc-ox and Glc-ox+ do not differ 

in terms of sugar conformation. By computing the conformational free energy 

landscape of the carbohydrate-based inhibitors Glc-thiazoline, PUGNAc and DNJ-

NAc we comprehended their ability to inhibit GHs that operate via substrate assisted 

catalysis.  

 

• Two substrate-assisted mechanisms have been unravelled by means of QM/MM 

metadynamics calculations. While one involves several proton transfer events and a 

neutral Glc-ox intermediate, in the other there are no proton transfers between the 

catalytic dyad and the substrate, producing a Glc-ox+ intermediate. The active site 

environment of the assisting residue and the spacial disposition of the catalytic dyad 

most probably determine which mechanism is employed by a certain GH. 
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