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Prologue

Si puo? Si puo? Signore! Signori!
Scusatemi, se da sol me presento:

looooo sooooono iiiil Prroologo...

Enzymes have attracted the attention of chemists and biologists since long ago due to their
molecular complexity and tremendous efficiency. They are highly specific catalysts that make
chemical reactions possible at mild conditions with an astonishing rate enhancement. For this rea-
son there have been many efforts to understand how these macromolecules work, trying to find out
crucial factors that influence their activity. Whereas it is difficult to settle on how enzymes work in
general, with hot debates over many years, significant progress has been made in elucidating spe-
cific catalytic mechanisms by means of experimental and computational approaches. The
combination of structural data at atomic resolution, enzymology assays and cutting-edge QM/MM
techniques has been necessary to identify subtle details that explain their great catalytic perfor-
mance. Nonetheless, this interdisciplinary field is very young —the first crystallographic structure of
an enzyme was solved in 1965 and the first QM/MM simulation was performed in 1976— and many
intriguing questions remain unsolved.

Carbohydrate-active enzymes are particularly interesting because they deal with the huge diver-
sity of structures that carbohydrates can adopt. Just a single change in the orientation of one
exocyclic group in a carbohydrate substrate can make it completely inactive for enzyme catalysis,
and therefore it is very important to understand how carbohydrate-active enzymes adapt to these —
apparently irrelevant— molecular changes. Moreover, carbohydrates may have many functional
groups and are extremely flexible molecules, which adds a degree of complexity in their study and
comprehension. Several factors are known or presumed to enhance the reaction rate of carbohy-
drate-active enzymes, such as certain sugar conformations, enzyme-substrate interactions or the
flexibility of the enzyme fold, but many of them remain poorly understood due to the lack of atom-
istic insights.

This thesis is aimed to unveil some of the essential enzymatic interactions and conformations
that influence catalysis in carbohydrate-active enzymes, trying to provide computational proofs for
general concepts that are usually assumed, as well as insights for the specific enzymes that have
been studied. The manuscript is divided in seven chapters, including a general introduction, a theo-

retical framework, four chapters of results and a final chapter of general conclusions.
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Chapter 1- General Introduction
We introduce the basic chemistry of carbohydrates, carbohydrate-active enzymes (glycoside hydro-
lases and transferases) and their essential features that contribute to catalysis. We highlight a set of

open questions in the field and we list the objectives of the thesis.

Chapter 2- Theoretical Framework

We provide a detailed description of all methods that have been used along this work, paying spe-
cial attention to the advantages and disadvantages of each one, along with a broad vision about the

state of the art in computational chemistry.

Chapter 3- How Do Sugar Conformations Enhance Catalysis?
We perform an extensive conformational study of [-xylose in different environments and we esti-

mate the reaction free energy contribution of sugar conformations to catalysis in a [3-xylanase.

Chapter 4- The Contribution of 2-OH Interactions in the Reaction Rate of a Retaining f-glu-
cosidase

We evaluate the influence of a crucial interaction (2-OH---Nucleophile) in the reaction mechanism

and the free energy barrier of a retaining -glucosidase.

Chapter 5- The Role of Water Binding Residues in the Active Site of an Inverting -man-
nanase

We analyze the interactions of enzymatic residues that bind a catalytic water in the active site of an

inverting B-mannanase and we disentangle its enzymatic reaction mechanism.

Chapter 6- Enzymatic Flexibility: Insights Into the Initial Steps of Glycogenesis

We decipher the reaction mechanism and the structural flexibility of a retaining a-glucosyl trans-
ferse, particularly its ability to adapt for different substrates and the conformational transitions that

facilitate the release of the reaction product.

Chapter 7- General Conclusions

We summarize the main findings of the thesis and we provide a global concluding message.
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List of Abbreviations

All along this thesis we have used several abbreviations that are commonly employed in the field of

theoretical Chemistry and molecular Biochemistry, here we list the most frequent ones:

Abbreviation Full word
 A/B Acid/Base residue
« (Cl1 Anomeric carbon
* CAZyme Carbohydrate-active enzyme
« CPMD Car-Parrinello molecular dynamics
* CVs Collective variables
* DFT Density functional theory
e ESP Electrostatic potential derived atomic charges
* FEL Free energy landscape
* GEI Glycosyl-enzyme intermediate
* GH Glycoside hydrolase
* Glc Glucose
* GS Glycosynthase
 GT Glycosyl transferase
« IP lon-pair
« MC Michaelis complex
e MD Molecular dynamics
MM Molecular mechanics
* MTD Metadynamics
* Nuc Nucleophile residue
*  O5/Opy Pyranic oxygen
*  Ogy Glycosidic oxygen
* Onue Oxygen of the nucleophile residue
* PBE Perdew-Burke-Ernzerhof exchange and correlation functional

e PW Plane wave basis set
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QM
QM/MM
RMSD
TG

TS

UDP

US

WT

Quantum mechanics

Quantum mechanics / molecular mechanics
Root-mean square deviation
Transglycosylase

Transition state

Uridine diphosphate

Umbrella sampling

Wild-type
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Chapter 1

General Introduction

1.1 A Sugar World

Why is there so much interest in the study of carbohydrates? This is a question that one may
wonder when noticing that years of research are devoted to the study of these molecules. It is quite
common to think about carbohydrates as a merely source of energy (e.g. white sugar) or as struc-
tural components of plants (e.g. cellulose), but recent advances in the field of glycobiology show
that this simplistic view is far from reality. Nowadays it is well known that carbohydrates are not
only one of the most important energy sources for living organisms nor the “architectural” units of
most of their components, but they also play crucial roles in several cutting-edge applications.

In the field of biotechnology, for instance, carbohydrates are either used as sensors in industrial
bioreactors, structural scaffolds in tissue engineering or heavy-metal ion-binders for the treatment
of wastewater.'” Carbohydrates are also at the forefront in biomedicine, where they are involved in
drug delivery strategies, in the composition of wound dressing materials, vaccines and new thera-
peutics for treating many types of diseases.*® This surprising range of applications leads to the natu-
ral question why carbohydrates? The answer is clear: because of their molecular complexity. Car-
bohydrates are formed by simple and abundant atoms —principally H, C and O— and yet they have a

huge structural diversity that arises from several aspects of their arrangement (see Figure 1.1):

A) Carbohydrates are majoritarily assembled in cycles, forming rings that can have different

sizes, with the most common being 5 and 6 membered rings (furanoses and pyranoses).

B) Carbohydrates are decorated with a variety of substituents or functional groups, including

-OH, -NAc or -OSO; moieties among others.
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C) These substituents are attached to chiral centers and can be found in different configurations

(R and S), giving rise to multiple stereoisomers, such as a-glucose, 3-glucose or f-mannose.

D) Carbohydrates can be linked together through several types of glycosidic bonds (e.g. 1-1, 1-

4 or 1-6), forming oligosaccharides and polysaccharides.

Aldehyde form

1

H—I
Aldehyde

Cyclic forms

1

furanose

1 1

pyranose heptose

a-galactose

Figure 1.1- The structural diversity of carbohydrates arises from: (A) the ring size of its cyclic
forms, (B) the functional groups attached to the cycle, (C) the spatial orientation of these groups,
and (D) the glycosydic links between the monosaccharide units. The numbers next to the atoms re-
fer to the carbon positions, and the arrows do not indicate chemical equilibrium.
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The amount of possible structures that can be generated taking into account the above four as-
pects is enormous. To give an example, while the nucleotides that compose DNA can join forming
4.096 different hexanucleotides, the most frequent mammalian monosaccharides can join forming
192.780.943.360 hexasaccharides!” Moreover, it is well known that carbohydrate rings possess a
vast conformational space, which increases even more their complexity. They can adopt different
shapes —up to 38 in the case of pyranoses— by the internal rotation of the bonds that compose their
cyclic structure, leading to different orientations of the exocyclic groups and conferring them differ-

ent properties (see Figure 1.2).°

‘ ‘C, chair 'C, chair 'S skew B, , boat ‘

equatorial

equatorial

equatorial equatorial

Figure 1.2- Four different ring conformations for a -mannose monosaccharide. Notice that the
conformational change does not only imply a rearrangement of the atoms that compose the cycle
(top), but also —and most importantly— the ones of the exocylcic groups that are attached to it (bot-
tom). According to the IUPAC,’ pyranoses can be classified into chair (C), half-chair (H), boat (B),
skew-boat (S), and envelope (E) conformations, each one displaying four atoms in a plane and two
out-of-plane (except E conformers, which have only one out-of-plane atom). The out-of-plane
atoms are indicated by superscript and subscript indexes.

All these structural particularities are the basis of an entire world of sugars, explaining their huge
diversity and versatility for being used in many real-life applications. This aspect, at the same time,
opens several interesting questions: how biological systems manage the incredible amount of exist-

ing sugars? Which are the most likely conformations adopted by a saccharide in different environ-

ments? How carbohydrates can be degraded and formed with precision?
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1.2 The Biological Toolbox: Glycoside Hydrolases and Transferases

Enzymes are the most powerful catalysts in nature. They are able to enhance the rate of chemical
reactions by several to many orders of magnitude. For instance, a glycosidic bond between two
sugar monomers has an estimated half-life of about 5 million years,'® whereas inside an enzyme the
same bond cleaves in just a few milliseconds! Moreover, enzymes are very selective —both regio
and stereochemically— and can work at mild conditions, being the perfect catalysts for cellular sys-
tems. In this regard, enzymes are essential for the processing and remodeling of carbohydrates in
living organisms, carrying out manifold tasks in an efficient and precise manner. These enzymes are
known as carbohydrate-active enzymes (CAZymes) and can be divided, majoritarily, in two big

modules: glycoside hydrolases and glycosyl transferases.

1.2.1 Glycoside hydrolases

Glycoside hydrolases (GHs) or glycosidases are the enzymes in charge of the degradation of car-
bohydrates.'" They are classified by their sequence, by the region where they cleave the carbohy-
drate and by their mechanism.'> The sequence-based classification leads to the concept of GH fam-
ily (enzymes that are related by sequence and, hence, by fold) and GH clan (group of families with
high structural similarity).

Enzymes from the same family usually act on a similar substrate and share the same catalytic
mechanism. The cleaving region differentiates endo- and exo- acting enzymes, with the former be-
ing able to cleave non-terminal sugars and the latest terminal sugars of a carbohydrate chain. Within
the mechanistic classification we can find retaining or inverting enzymes depending if the outcome
of the reaction retains or inverts the configuration at the anomeric center (see Figure 1.3). This clas-
sification is perhaps the most important one as it gives information about the reaction details. De-

),"** most of them follow a

spite the large number of GH families known (up to 153 by April 2018
common reaction mechanism involving either one or two classical Sy2 displacement reactions, as-
sisted by two essential residues: a general acid (or acid/base residue) and a general base (or nucle-
ophile residue).” The former is usually a glutamic or aspartic acid, whereas the latest is a glutamate
or aspartate conjugate base. Remarkable exceptions are sialidases, in which the nucleophile is an ac-

16,17

tivated tyrosine, or chitinases, in which the nucleophile is the 2-N-acetyl substituent of the -1

saccharide.'®
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Family 7 Family 15 Family 16

tunnel pocket cleft

-1 sugar +1 sugar

Inverting
—

-1 sugar +1 sugar

B-1,3 bond L

Retaining 4]

Figure 1.3- Classification of GHs. Three GH families with different sequences and different types
of active sites: tunnel, pocket and cleft (PDBs 1GAI, 1GBG and 1EGN; top panel). Inverting and
retaining substrates and products of endo and exo GHs (middle and bottom panels). Notice that a
water molecule, not represented here, is needed to hydrolyze the substrates. The sugar at the -1 sub-
site (or -1 sugar) is the one that reacts with the nucleophilic water either with inversion or retention
of the anomeric configuration.
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Inverting GHs

General base

Retaining GHs

Acid/base

residue ; _>_
0\
0 5
0

Step 1

.

CA%AY2 V.

Scheme 1.1- Classical mechanisms of GHs: inverting and retaining mechanisms (top and bottom).
The “R” moiety denotes a sugar molecule or chain. Notice that between step 1 and step 2 in the re-
taining mechanism a water molecule replaces the leaving group. Binding and unbinding molecules
in the equilibrium have been omitted for clarity, as well as sugar exocylic groups.
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Experimental and theoretical evidence support that inverting enzymes follow a single Sx2-type
displacement with the nucleophilic attack of a water molecule.'**° In this case, the general acid acti-
vates the cleavage of the glycosidic bond and the general base facilitates the deprotonation of the
nucleophilic water (see Scheme 1.1, top). The classical retaining mechanism, instead, consists on a
two-step double Sy2-type displacement with the formation of a stable covalent intermediate
(Scheme 1.1, bottom). In a first step, the acid/base residue acts as a general acid to activate the gly-
cosidic bond at the same time as the nucleophilic residue attacks the anomeric carbon, forming a
glycosyl-enzyme intermediate (GEI). In a second step, the GEI breaks by the nucleophilic attack of
a water molecule, which is activated by the acid/base residue, now acting as a general base. The re-
sulting product retains the configuration at the anomeric center —two inversions lead to net reten-
tion— and the whole mechanism restores the protonation states of the enzymatic residues.

It is important to highlight that in all the transition states (TS’s), either for inverting or retaining
mechanisms, the sugar that is transferred acquires a substantial oxocarbenium ion character.?' The
charge developed at the anomeric carbon can be stabilized by the internal delocalization of the
pyranic oxygen lone pairs, which is maximal for certain sugar conformations that display the C2,

C1, 05, and C5 atoms coplanar (for more details see section 1.4 below).

1.2.2 Glycosyl transferases

Glycosyl transferases (GTs) are the antithesis of GHs, as they are in charge of the synthesis of
carbohydrates. These enzymes use activated substrates to synthesize new glycosidic bonds given
that the glycosydic linkage is thermodynamically unfavorable (by c.a. 3 kcal-mol™ for cellobiose™).
Most GTs can transfer glycosyl units from a donor substrate —the activated substrate— to an accep-
tor substrate —the one that receives the sugar— with inversion or retention of configuration at the
anomeric center (see Figure 1.4).

Two structural folds, GT-A and GT-B, have been so far identified for GTs that use activated sug-
ars composed by nucleotide phosphates.” The departure of the leaving group in GT-A fold enzymes
is typically promoted by a divalent cation (e.g. Mg* or Mn**), while in GT-B folds the role of the
cation is substituted by positively charged residues. Experimental and theoretical evidence support
that the inverting mechanism follows a Sx2-type displacement with the assistance of a general base

residue that facilitates the deprotonation of the acceptor (see Scheme 1.2, top).*
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GT-A fold GT-B fold

Donor substrate

Retaining

Figure 1.4- Fold-types A and B of glycosyl transferases families 2 and 5 (PDBs 1QGQ and 3FRO;
top). Reaction between a donor and an acceptor substrates leading to inverting and retaining prod-
ucts (bottom).

The retaining mechanism is not as clear as the inverting one. There are at least two possibilities:
(1) the classical mechanism with a double Sx2 displacement —just like in GHs— and (i1) the internal
nucleophilic substitution (Sni; Scheme 1.2, bottom). In the Syi mechanism, the leaving group of the
reaction acts as a base that abstracts the proton of the acceptor while it is approaching by the same
face from which the leaving group has departed. Strictly speaking, we should refer it as an Syi-like
mechanism, as the pure Sxi mechanism is intramolecular (there is only one molecule), while in this
case we refer to an intermolecular reaction (two molecules are involved, the donor and the acceptor
sugars). The Sni-like mechanism is most likely to occur when there is no suitable nucleophilic
residue near the catalytic center, such as glutamine or asparagine, thus making a double displace-
ment improbable. Our group was pioneering in deciphering the catalytic Syi-like mechanism for re-

taining GTs,” which was later also associated to other family enzymes.*
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Inverting GTs
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Scheme 1.2- Classical mechanisms of GTs: (top) inverting mechanism and (bottom) the two possi-
ble retaining mechanisms: (A) double displacement and (B) Sxi-like. The “R” moiety denotes a
sugar molecule or chain. Notice that we have omitted the TS’s in the double displacement mecha-
nism of retaining GTs. In the Syi-/ike mechanism we have represented a non-nucleophilic glutamine
that is presumed to stabilize the TS through electrostatic interactions.
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1.3 Do not Stop Moving: Enzymatic Dynamics and Function

Enzymes have been classically viewed as rigid macromolecules that catalyze the reaction of spe-
cific substrates. The early key-and-lock model of Emil Fischer,” in which a single substrate —the
key— binds to a rigid enzyme —the lock—, was the paradigm of this static point of view. While this
model was able to explain the high specificity of enzymes, it failed to describe many other factors
that arose over years of research, such as regulation, cooperativity or promiscuity.”* This
prompted Koshland to postulate the induced fit model,” which basically states that a substrate can
induce appreciable changes in the structure of an enzyme upon binding, and that these changes are
required for the catalytic activity (see Figure 1.5). The consideration of enzymatic flexibility al-
lowed to rationalize the aforementioned factors and opened a novel dynamic vision of molecular
recognition, nowadays proved by plenty of evidences.’”* Another accepted model states that the
dynamical changes of enzymes do not occur after ligand binding (i.e. induced fit), but rather when
the enzyme is still free of ligand.” This alternative view, called conformational selection, postulates
that there is an ensemble of pre-existing enzyme conformations available for the ligand, which
binds selectively to the most favored ones (Figure 1.5).

The difference between the two most accepted models lay on whether the conformational
changes of the enzyme occur after or before substrate binding, but there is no doubt that such
molecular changes take place before the chemical event. Although conformational flexibility can be
seen as a drawback for catalytic efficiency (at the end only a small number of conformations can be
optimally active), it confers versatility to the enzyme for acquiring new functions and structures that
could be essential for adaptation in front of selection pressures.™

Among the huge amount of possible conformations that an enzyme can adopt (up to 10 for a
100-aminoacid sequence), just a few that are similar to the “native” conformation are available at a
given temperature.”® Transitions between these conformations display a timescale that range from
picoseconds to seconds depending if they involve local residue motions or entire domain rearrange-
ments.*® For this reason, several techniques are needed to capture the large amount of dynamical
transitions, including NMR spectroscopy, X-ray diffraction and molecular simulations. As we will
see all along this thesis, CAZymes are not an exception in terms of dynamism, both for local and

global motions.
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Key-and-lock

Substrate binding Chemical reaction
Free-enzyme .\. Michaelis complex Product complex
AN . O
—
t 1
Product release
Induced fit
Substrate binding Conformational change Chemical reaction
Free-enzyme .\. Inactive complex Michaelis complex Product complex
Nt o # - 0
P
t |
Product release
Conformational selection
Conformational change Substrate binding Chemical reaction
Inactive conformer Active conformer Michaelis complex Product complex
— N ﬁ — e
t |
Product release

Figure 1.5- Different models of substrate-enzyme recognition: the key-and-lock (top), the induced
fit (middle) and the conformational selection (bottom). Notice the subtle changes of the enzymatic
cavity after the “conformational change” steps in the last two models, something that does not hap-
pen in the first given that the enzyme is considered as a rigid body. The key-and-lock model is a
particular case of conformational selection in which there is a single conformation for the free-en-
zyme (the active one). For clarity, the substrate in the binding step has only been drawn once in the
arrows that indicate equilibrium.
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1.4 On the Importance of Sugar Conformations

Although sugar conformations may seem subtle details that lack importance, they are useful both
for applications and scientific knowledge. The fact that different conformations lead the exocyclic
groups in different orientations makes some of them fit better in the active site of a given CAZyme,
which has a direct impact in the design of inhibitors.’” Moreover, as mentioned before, only few
conformations are able to —optimally— stabilize the oxocarbenium ion TS through the internal delo-
calization of the pyranic oxygen lone pairs, which represents a “restriction” that is informative of
catalytic mechanisms. In particular, favored mechanisms are expected to connect the conformations
of two stable states (e.g. the Michaelis complex and the glycosyl-enzyme intermediate) passing
through one of the optimal TS conformations. The evolution of these conformations during catalysis
is known as the catalytic itinerary of a given CAZyme (see Figure 1.6), and can taken as a reference

for the goodness of a predicted mechanism.®****
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Figure 1.6- Favored transition state conformations for a pyranose ring and example of a catalytic

itinerary (denoted as 'S5 — [B,5]* — °S;) proposed for a family 26 B-mannanase.” Notice that the C2-
C1-05-C5 atoms of the ring are planar to favor the internal delocalization of electrons.
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Disclosing catalytic itineraries is therefore a topic of relevance in glycobiology, and several ex-

perimental and computational efforts are being devoted to fully resolve them.

1.4.1 Drawing catalytic itineraries on the world map of sugars

Ring conformations can be quantitatively classified by the use of a set of puckering coordinates
that enclose their whole mathematical space (see Chapter 2 for details).* For a six-membered ring,
these coordinates define a sphere in which one can map all the 38 existent conformations. This
“world globe” of sugar conformations can be projected into two dimensional maps —Stoddart and
Mercator representations; see Figure 1.7— that are very useful and popular for the discussion of cat-
alytic itineraries.

Experimental techniques such as X-ray crystallography aim to trap the Michaelis complex and
the product complex of a reaction, from which one can infer the possible catalytic itineraries by fol-

lowing pathways through the most likely TS’s, while computational simulations aim to obtain this

information by computing the lowest free energy pathway on these maps.
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Figure 1.7- Stoddart and Mercator representations of the puckering sphere for a six-membered ring.
The optimal TS conformations are highlighted in red. Two catalytic itineraries are drawn on the dif -
ferent representations, one that is equatorial (*So — [*’B]*—°S;, in green, followed by B-xylosidases)
and another that is northern (*C, - [*H;]* - 'Ss, in blue, followed by a-glucosidases).
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1.4.2 Experimental traps for elusive complexes

One of the main challenges from experimental techniques lays on the fact that Michaelis com-
plexes usually react in a timescale that is much below the time resolution of the experiment, and
product complexes normally dissociate or their substrates relax towards conformations that are not
informative.*”” This is the case of X-ray crystallography, for instance, in which measures are col-
lected in a time window of several seconds, whereas CAZyme reactions occur at the millisecond
time scale. Therefore, if one pursues to trap one of these states, the reaction should be somehow
slowed down. There are several strategies for trapping elusive complexes, which involve modifica-
tions in the experimental conditions,* the enzyme** and/or the substrate” (see Scheme 1.3). These
include:

* Shift the pH at ranges where the enzyme is inactive.
* Khnockout the catalytic residues through site directed mutagenesis.
* Use sugar-based inhibitors, such as fluorinated or thioderivative substrates.

All these strategies lead to long-lived complexes that can be experimentally observed, but at the
cost of perturbing the natural conditions at which the enzyme is competent. This leads to the ques-
tion on whether the modifications that inactivate the enzyme could affect the conformation of the
substrate, and for this reason it is mandatory to double-check the results in order to discard artifacts

and verify that the modified system is a good mimic of the natural one.

Competent GH pH shift Point mutation Substrate inhibitor

Scheme 1.3- Experimental strategies for trapping elusive complexes, illustrated for a retaining GH.
From left to right: (i) natural enzyme and natural substrate at optimal conditions; (i1) natural enzyme
and natural substrate at a high pH, leading the general acid deprotonated; (iii) modified enzyme and
natural substrate, with the nucleophilic residue mutated to alanine; (1v) natural enzyme and 2-fluoro
modified substrate, which destabilizes the transition state through inductive effects.
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1.4.3 Theoretical insights from computer simulations

In the last years, the astonishing growth of computational facilities has made theoretical simula-
tions be at the vanguard of enzymatic research. Furthermore, the development of smart techniques
such as the quantum mechanics/molecular mechanics approach (QM/MM), pioneered by Arieh
Warshel and Michael Levitt,* has allowed to treat large enzymes with an all-atom viewpoint. The
first application of QM/MM methods was precisely done on a GH enzyme, the egg white lysozyme,
and sugar conformations were already discussed as an important issue.*

Predicting sugar conformations and catalytic itineraries from a theoretical perspective, however,
is not a trivial task. The main challenge of computer simulations is to verify if the model is reliable
enough to make accurate predictions. The goodness of a model involves the type of method used to
describe the molecular interactions, the similarity of the modeled system with respect to the experi-
mental system and the time that is devoted to explore the huge number of mechanistic pathways be-
tween two states of interest (see Chapter 2 for more details). All these features need to be approxi-
mated to some extent in order to have a reasonable balance between accuracy and computational
cost, leading to the “Achilles heel” of computer simulations. While crude approximations can result

in wrong —or not even wrong'**'—

theoretical predictions, proper approximations can drive —and
even correct®®~ experimental proposals. It is for this reason that both computer simulations and ex-
periments are necessary and complementary tools for deciphering catalytic itineraries and enzy-
matic mechanisms. In the case of CAZymes, and GHs in particular, great advances have been
achieved through the computation of reaction mechanisms and free energy landscapes (FELs).*™"!
Recently, it has been shown that one of the most clever strategies in terms of accuracy and com-
putational cost is to compute the conformational FEL of isolated sugars.”>> These predictions are
based on the topology of the landscape —i.e. the number of minima and their energies— and the
stereoelectronical particularities of each conformation, such as the glycosidic bond distance, its axi-
ality and the charge at the anomeric carbon. Conformations that fall in low-energy regions and that
display stereoelectronical features resembling the ones of TS-like oxocarbenium ions are considered
as preactivated for catalysis. Remarkably, these preactivated conformations correlate with the ones
found in X-ray structures of GH Michaelis complexes, reaction intermediates and TS-analogue

complexes (see Figure 1.8),%°*%

representing a valuable mechanistic tool. The FEL of an isolated
sugar, therefore, can be considered as a fingerprint that give information about the conformations

available inside GHs.



16 Chapter 1
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Figure 1.8- Conformational free energy landscapes (FELs) of [-glucose, f-mannose and a-fucose
projected into a northern Stoddart representation.”® Star symbols indicate the observed conforma-
tions of different Michaelis complexes structures.

1.5 Essential Features of a Fruitful Biocatalyst

The utopia of any researcher in enzymatic catalysis is to be able to create, in a rational manner,
new enzymes from scratch.’>® This goal, however, is far from being a reality for two reasons: (i)
first we should be able to determine which are the crucial factors of enzymatic catalysis and relate
them with specific molecular distributions and motions, and (i1) we should be able create a precise
fold of the new enzyme fulfilling those molecular conditions. Whereas it can be straightforward to
determine the macroscopic factors that influence the catalysis of a particular enzyme (e.g. depen-
dence on temperature, pH or the presence or absence of certain residues), finding an atomistic ex-
planation for those observations is usually the critical point. The huge complexity of enzymatic sys-
tems makes their understanding arduous, and even more, in the case of CAZymes, if we add the in-
herent complexity of their substrates. Even though these intrinsic difficulties, significant progress
has been made in the elucidation of the intrinsic details that make enzymes powerful catalysts, high-

lighting that conformational, electrostatic and entropic effects —among others— could be responsible
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of their rate enhancements.”® To illustrate the essential features of a fruitful CAZyme, based on

experimental and theoretical evidences discovered so far, we will focus on GHs, which are able to

enhance the cleavage of glycosidic bonds as much as ~10" fold.* They achieve these astonishing

rate enhancements, as well as their selectivity and specificity, by the use of:

General acid/base catalysis: one of the major sources of catalytic power in GHs comes
from the aforementioned assistance of general acid and general base residues. Subtle modifi-
cations in one of these residues leads to dramatic drops in the catalytic activity of GHs, ren-
dering very inefficient or even inactive enzymes.**® These residues participate directly in
the chemical reaction and modify the catalytic mechanism with respect to the one that is ex-
pected in solution. For instance, the double displacement mechanism of retaining GHs is un-
likely to occur in the absence of such catalytic residues, and thus the hydrolysis of carbohy-
drates in solution proceeds through alternative and less efficient mechanisms (e.g. specific

acid/base catalysis to form an acyclic hemiacetal prior to hydrolysis®).

Conserved hydrogen bonds: another major source of catalytic power in GHs are highly
conserved enzyme-substrate hydrogen bonds, and particularly the ones involved with the
OH groups of the -1 sugar. These interactions are able to change the stereoelectronic proper-
ties of both the substrate and the enzymatic residues,®”*® leading to more reactive complexes.
Rigorous experimental studies have been conducted to estimate the contribution of particu-
lar OH groups in the catalysis of [-glucosides by GHs, showing that they range from ~2 to
11 kcal-mol” depending on the position of the OH in the pyranic ring,” with the 2-OH inter-

actions being the most important.

Optimal electrostatic environment: long-range electrostatic interactions are also essential
for GHs. They are involved in the modulation of the pK, of the catalytic residues,””* the
stabilization of highly charged polysaccharides such as heparan sulfate” or the change in the
stereoelectronic properties of the substrate (like hydrogen bonds do, but without the neces-
sity to be near in the space).””> Among the last, there are GHs whose activity crucially de-
pend on the presence of metal ion cofactors, such as Ca** or Zn**, which are involved in the
polarization of the substrate and in the stabilization of the nascent charges that develop at

the transition state.’”®”’
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*  Well-defined binding subsites: the proper orientation of substrates in the active site of GHs
is determined by well-defined binding subsites. Changes in the molecular interactions that
comprise these subsites —not only of polar and electrostatic nature, but also of hydrophobic—
have effects both in the selectivity and the activity of GHs.”" For instance, mutations in the
-2 and -4 subsites of a GH12 have revealed the importance of m-stacking interactions in the
activity of the enzyme, highlighting that even distant regions from the active site can play a
role in catalysis.* Similarly, modifications in both positive and negative subsites have been
proposed to change the enzymatic activity from hydrolysis to synthesis,*' leading to a type
of GHs that are called transglycosylases (T'Gs). The importance of binding in GHs is also re-
flected in the fact that, nature, has destined efforts in the generation of entire domains called

carbohydrate-binding modules that are crucial substrate recognition and catalysis."

* Enzyme and substrate flexibility: as pointed above, flexibility of both the enzyme and the
substrate is fundamental for the catalytic activity of CAZymes. In particular, GHs from fam-
ilies 5 and 12 bear flexible loops that undergo conformational transitions approaching to the
bound substrates, which increases favorable enzyme-substrate interactions and improves the
catalytic efficiency of the enzymes.*** Substrate flexibility is also very important for GHs.
The different properties of sugar conformations have been exploited by these enzymes, as
evidenced in numerous X-ray structures with substrates distorted in unusual conforma-
tions.” These conformations are presumed to enhance catalysis by their specific stereoelec-
tronical effects, leading to pre-activated conformations that are on the pathway towards the
TS. This hypothesis is indirectly supported by experiments on sugar-based inhibitors locked

37,85,86

in different conformations, suggesting that certain conformations are better adapted for

catalysis.

In summary, there are many features that are important for GHs and CAZymes in general, with
several residues involved in such functions (e.g. catalytic, TS-stabilizing, binding or structural

residues), highlighting that in an enzyme every atom counts.
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1.6 Open Questions: The Veil of Mystery is Still Hiding Answers

In spite of the enormous advances in the understanding of how CAZymes work during the last
twenty years,**"*’ there are still several questions in the field that remain without answers. For in-
stance, there is an increasing amount of crystallographic structures that lack a general acid or base

residue nearby the catalytic center,*"*®

opening the question on how the enzymes can be efficient
without them. Do conformational changes place a proper residue before the reaction? Or do these
enzymes employ different reaction mechanisms away from the classical ones? In the line of the last
question, recent studies suggest that GH catalytic mechanisms can be more exotic than previously
thought, with evidences pointing towards the formation of epoxide® or 1,2-unsaturated” intermedi-
ates during the reaction.

Other open questions are how some GHs, called transglycosylases (TGs), are able to synthesize
carbohydrates in a “hostile” 55 M waterworld,* or how mannosidases, which degrade mannose sub-
strates that have the 2-OH substituent in an axial position, deal with the destabilizing effects associ-
ated with those 2-configuration.”’* In addition, and as briefly explained in section 1.4, there is al-
ways the doubt whether some sugar distortions observed by X-ray experiments from modified sys-
tems are reliable enough, and while this issue can be properly addressed for families that are well
characterized, there are serious concerns about the specific itineraries of newly discovered families.

The realm of GTs is also full of open questions, particularly those ones that operate through a re-
taining mechanism and display suspicious active site residues that could act as nucle-
ophiles.”** There is also a long debate on the existence of short-lived oxocarbenium intermediates
in the Syi-like mechanisms, with studies supporting both possibilities.”**> Furthermore, mechanistic
details about the conformational flexibility of GTs also remain to be characterized at the atomistic
level, being nowadays poorly understood. Here we have addressed some of these questions by fo-
cusing in four specific CAZymes (3 GHs and 1 GT) that are interesting from both theoretical and

practical points of view:

* B-xylanases, analyzed in Chapter 3, are GHs responsible for the hydrolysis of glycosidic
bonds in B-xylans, a group of hemicelluloses of high biotechnological interest that are found
in plant cell walls. The precise conformations followed by the substrate during catalysis,
however, have not been unambiguously resolved, with three different catalytic itineraries

being proposed from structural analyses, two of them for a single family (GH11). Can a sin-
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gle family can harness different catalytic itineraries? How do different f-xylanases adopt

different itineraries?

ScGas2, addressed in Chapter 4, is a GH72 retaining [3-glucosidase that is able to synthesize
carbohydrates through transglycosylation. The conversion of GHs into TGs, i.e. from en-
zymes that hydrolyze carbohydrates to enzymes that synthesize them, represents a promising
solution for the large-scale synthesis of complex carbohydrates for biotechnological pur-
poses, but the lack of knowledge about the molecular mechanisms of TGs hampers their un-
derstanding and rational design. Recent studies in family GH1 show that mutations affecting
the 2-OH interactions lead to high transglycosylation yields.”® Which is the role of those in-
teractions in ScGas2? What are the subtle mechanistic details that make the difference be-

tween hydrolysis and transglycosylation?

SsGH134, investigated in Chapter 5, is a newly discovered inverting $-mannanase of family
134 GHs with an unexpected fold and an unusual conformational itinerary
('C4— [PH4)* —3S)) predicted from crystallographic evidence. Whereas it is clear that the
mechanism of the reaction is the classical single Sx2 displacement, both by kinetic and crys-
tallographic data, the catalytic itinerary is incongruous: the -1 sugar of the product complex
displays a 'C, conformation, instead of the *S; that has been proposed. Does the product re-
lax from *S; to 'C, after the reaction? Or does the mutation made to trap the Michaelis com-

plex has perturbed the observation?

Glycogenin (GYG), studied in Chapter 6, is a GT of family 8 that is involved in the first
steps of glycogen formation, a fundamental molecule for human life. GYG is able to cat-
alyze sequentially the synthesis of a polysaccharide chain that is anchored to the enzyme,
enlarging it up to more than 10 glucose units. This opens the question on how a single en-
zyme can adapt its active site to accept different lengths of acceptor substrates without loos-
ing activity. Moreover, it is unknown whether the reaction mechanism of GYG consist on a
double displacement or an Syi-like mechanism, with experimental proposals in favor of both

possibilities.
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Objectives

In this thesis we have used computational techniques with the object of unveiling protein-sub-
strate interactions and conformations that influence catalysis in carbohydrate-active enzymes. To
that end, we have uncovered the molecular reaction mechanism of the four different CAZymes

highlighted in the previous section, pursuing the following specific objectives:

* Disclose the catalytic itineraries of [-xylanases and quantify the contribution of sugar con-
formations in catalysis for a prototypical retaining [-xylanase. These objectives are ad-

dressed in Chapter 3.

* Evaluate the contribution of non-covalent 2-OH interactions in the reaction catalyzed by Sc-
Gas?2 retaining p-glucosidase, deciphering the mechanism of transglycosylation and the in-

teractions that could affect it. These objectives are pursued in Chapter 4.

* Unravel the reaction mechanism of the newly discovered SsGH134 inverting -mannanase,
including the catalytic itinerary and the contribution of water binding residues in the orienta-

tion and stabilization of the catalytic water. These objectives are pursued in Chapter 5.

* Determine the ability of glycogenin (GYG) to adapt to different lengths of acceptor sub-
strates and uncover the enzymatic reaction mechanism. In particular, find out whether a
short-lived oxocarbenium intermediate is compatible with the reaction. These objectives are

addressed in Chapter 6.
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Chapter 2
Theoretical Framework

CONSPECTUS: one of the most important aspects of a scientific work is the methodology. It de-

termines the quality of the evidences that arise from experimentation and, therefore, it conditions
the validity of the interpretations. For this reason it is very important to emphasize all the theoretical
details of the methods, their fundamentals and their advantages and disadvantages. This is particu-
larly relevant in the field of theoretical chemistry, were one can find an enormous quantity of meth-
ods with exotic acronyms (e.g. QM/MM-B3LYP/6-311++G**, QM-CCSD(T)/STO-3G or MM-
FF99SB) that can be fuzzy for non-experts. Can one reach the same conclusions using two different
methods? Is the same a potential energy profile than a free energy profile? What is better, implicit
or explicit solvent simulations? In this chapter we depict the methods that we have used along the
thesis, paying special attention not only to little details but also giving a broad vision to make it un-

derstandable in general.
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2.1 The Relationship Between Simulations and Experiments

The aim of any computational simulation is to obtain, with a minimum computational cost, a
good estimation of a physical observable that could be ideally measured by experiments. Among
the observables one can find, for instance, the density of a system, the absorbance of solute or the
thermodynamic parameters of a chemical reaction. It is important to remark the point of minimum
computational cost, as in simulations one can make many approximations according to the degree
of accuracy that is desired, and it should not be applied unnecessary expensive methods if one can
obtain the same results, in less time, with a cheaper one. The other important point is that, ideally,
the computational prediction should be compared with experiments, to validate the approximations
and give insights into other observables not captured by the experimental techniques (assuming that
the validation stands for those other observables). Given this, it is relevant to distinguish between
what is usually measured in experiments and what is measured in computer simulations.

In the field of enzymatic research, most experimental measures are microscopic averages of a
macroscopic state,” made over a large number of molecules —or ensemble of molecules— and also
over time. This is the case, for instance, of X-ray crystallography, which gives a static vision —time
average— of the atomic positions of several enzymes that are enclosed in a crystal.”” At a given time,
the enzymes of the crystal will be in slightly different conformations according to a particular distri-
bution, but the diffraction of X-rays will integrate all those conformations into a single diffraction
pattern, leading to an average structure. This average structure, then, will be also averaged over the
time in which the X-ray experiment collects the diffraction data.

In computer simulations, on the contrary, the system is commonly composed by a single “mole-
cule” (e.g. one enzyme, not an ensemble), and thus a single measure on a given structure is not
enough to obtain meaningful results. Rather, it is necessary to explore the conformational space of
the molecule in order to make averages and compare with experiments. This means that, instead of
making a single measure that integrate N-states, it is necessary to make N-measures (one for each
state) and then combine them to obtain the average result. How to combine these single measures

and how many one needs to obtain a good estimation of the experimental result is the critical issue.

a) A macroscopic state, or macrostate, is a physical state that is thermodynamically defined by certain macroscopic
variables, such as the total number of particles (N), the volume (V) or the temperature of the system (T).
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2.2 Statistical Mechanics: the Bridge Between Macro and Micro

An entire branch of physics, called statistical mechanics, is devoted to the connection between
macroscopic and microscopic properties. It is based on a series of postulates that define their mathe-
matical construction, one of which states the fact that a macroscopic observable is equal to the en-

semble average of the M microstates that are compatible with it:*®

M
Amacm:Z pi Ai,micro (1)
i=1

where the A,..., s the macroscopic value, p; is the probability weight of microstate i and A, o 1S
the microscopic value of microstate i.” Therefore, there are two challenges for obtaining a good esti-
mation of a macroscopic observable: (i) find out the “p;” probability weights that connect both
worlds, and (ii) compute accurate A, .., values for each microstate. The first point depends entirely
on statistical mechanics, and can be approached with different statistical ensembles that are equiva-
lent between them, but that depending on the type of simulation ones are more convenient than oth-
ers, as we will see in the following sections. The second depends on the expression used to deter-

mine the interactions between particles, and will be addressed in section 2.4.

2.2.1 One, two, three, four... the microcanonical ensemble

The easiest way to introduce statistical mechanics is starting with the microcanonical ensemble.
In this ensemble, a macrostate is defined by a constant number of particles (N), a constant volume
(V) and a constant energy (E), meaning that the system is isolated. According to these conditions, it
is postulated that each of the M microstates is equally probable (i.e. p;= I1/M), which is equal to say

that transitions between microstates are purely random, and equation 1 becomes:

1 M
A =—)> A 2
macro— ; i, micro ( )

Hence, in the microcanonical ensemble it is enough to count the total number of states, M, in or-
der to compute any macroscopic observable. This is easily seen in the typical example of N parti-
cles enclosed in an isolated box that has two compartments, say A and B (see Figure 2.1). This iso-
lated system is, at a macroscopic level, defined by the volume of the box (V), the number of parti-
cles (N) and the energy of the system (E), but at a microscopic level there are several microstates

that match with the macroscopic state. For instance, in the case of N=4, there are two microstates

b) This is only applies for mechanical properties, thermodynamic properties are indirectly derived from the classical
equations of thermodynamics.
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having all particles in one of the two compartments (M4,= 1 for all in A, and My, = 1 for all in B),
eight degenerate microstates having three particles in one compartment and one in the other (M3, =
4 and M, ; = 4), and six degenerate microstates having two particles in each compartment (M, = 6).

Therefore, the total number of states is M = 16.
M, = 4 M, =6 M =
B A B A B
o ! O O
O OR O
ot © —o 0

A

®

4,0 0.4

A

®©
@@
®

10 O

Figure 2.1- Five different microstates (Myo, M3;, M, , M 3 and My,4) of a macrostate that is de-
fined by four particles enclosed in an isolated box. Notice that, following a binomial distribution,
M, and M, ; have four degenerate states each (the four particles alone in B and A, respectively) and
M, has six degenerate states (all the possible pairs of particles alone in B, i.e. 1-2, 1-3, 1-4, 2-3, 2-4
and 3-4). The degeneracy of states is represented by arrows.

With the values derived above, then, what should one obtain when making a macroscopic mea-
sure of the density of particles in compartment A? According to equation 2, the result of such
macroscopic measure will be the weighted average of all those possibilities:

1

pmmnzg[(jw“"f4>+(}VI3,1 ‘3)+(M2,2'2)+(M1,3' 1)+(M0’4~O)]=2 3)

Indeed, the most likely result is to find two particles in each compartment, following a maximum
disorder principle.® This leads to one of the most famous laws in statistical mechanics, the Boltz-
mann equation, which relates the total number of microscopic states with a macroscopic thermody-
namic quantity, the entropy:

S(N,V,E)=k,InQ(N,V,E) 4)
where kj is the Boltzmann constant and Q(N,V,E) is known as the partition function, which is
basically the M defined above, i.e. the total number of states, but rewritten in a formal manner that

specifies the compatibility of these microstates with the macroscopic restrictions on N, V and E.

¢) It is important to note that a single measure could lead to any value, and most likely it will be different than M, , so
ensemble averages are crucial in order to compare with macroscopic experiments.
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This equation states that the entropy increases with the increase of the number of available states,
relating it with the ordinary view of “order and disorder”, and is the fundamental equation from

which one can derive any other thermodynamic property.

2.2.2 Turn on the heater: the canonical ensemble

While the microcanonical ensemble is useful for introducing statistical mechanics, other statisti-
cal ensembles that substitute the restriction on E by intensive variables —such as P or T— are more
convenient for practical applications.” This is the case of the canonical ensemble, which restricts N,
V and T, meaning that the isolated system is transformed into a system connected to a heat bath
(also referred as a thermostat). Within this ensemble, the microstates can have different energies

and therefore are not equally probable, but rather they follow a Boltzmann distribution:

= (5)

where [ is equal to 1/kg'T, E;; is the energy of a microstate i with j degenerate states, and
Z(N,V,T) is the canonical partition function. This equation highlights that states with a high en-
ergy will have a very low probability weight, and states with low energies will dominate the ensem-
ble average of equation (1). In other words, in the canonical ensemble, the microscopic values of
the most stable states account for the majority of the macroscopic observations. It also allows one to
compare the likelihood of a state with respect to another, given as the difference of energies in the
exponential function. For instance, imagine a system with two states, A and B, separated by an en-
ergy difference AE,.p =1 kcal-mol” (see Figure 2.2). According to this energy difference, is it
straightforward to determine the population of each state by taking into account the ratio between

the two probabilities —using equation (4)— and the number of N; degenerate states:

N,(8)
eiﬁEB”
Ps _ =1
PR ©
A efﬁEA’j

which leads to a population of 86% for A and 14% for B considering that both states have the same
number of N; degenerate states. Nonetheless, the picture can change completely if the two states
have a different number of degenerate states. For instance, in the case that B has 10 times more de-

generate states than A, even with the energy difference disfavoring it, the resulting populations are
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35% for A and 65% for B (see Figure 2.2). Therefore, sampling is crucial for exploring all those
states, and the mere calculation of “single structures”, even if they are the stabler minima, is not al-

ways enough for obtaining meaningful results.*

Same number of degenerate states Different number of degenerate states
Y NB AN (B
( )= | .(B) - 10

N (A) N(A)
= =
2 20
2 2
&y ! &y

1 kcal-mol”’ 1 kcal-mol’!
States States

Figure 2.2- Schematic representation of two different states, A and B, that have an energy differ-
ence of 1 kcal-mol” in the canonical ensemble. At the left is represented a situation in which both
states have the same number of N; degenerate states, leading to a population of 86% for A and 14%
B (at 300 K, i.e. B = 0.6 kcal-mol™), and at the right a situation in which basin B has 10 times more
degenerate states than A, compensating the energy difference and leading to a population of 35%
for A and 65% for B. Notice that state A in the right profile is narrower and state B is wider.

All the differences in populations can be translated into free energy terms with the master equa-
tion of the canonical ensemble:

F(N,V,T)=—kzTInZ(N,V,T) (7)
which relates the canonical partition function Z(N,V,T) with the Helmoltz free energy
F(N,V,T). Dividing the Z partition function in local Z; partitions belonging to two states allows
their comparison in terms of free energy. For instance, taking the above example, with state B hav-
ing 10 times more degenerate states than A, it results that while the energy difference AE4_5 is 1
kcal-mol™, the free energy difference AF, g is -0.4 kcal-mol™. This means that the A - B transition
is a favorable thermodynamic process, despite the fact that it is energetically unfavorable in terms
of potential energy, highlighting the importance of entropy.

Free energy changes between different states along a chemical reaction is one of the main topics
in computational simulations, and the principal challenge in computing them resides in the explo-

ration of all the states of the system to construct the local partition functions.

d) Notice that for larger energy differences, e.g. AE, .5 = 5 kcal-mol™, a considerable amount of degenerate states is
necessary to compensate the effect of energy in the populations, and thus the “single structure” approach would be a
reasonable approximation in such cases.
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2.2.3 Cutting the partition function into pieces

One of the most common approaches in computational chemistry to evaluate partition functions
is the Rigid-Rotor Harmonic-Oscillator approximation (RRHO).” This approximation basically
“cuts” the partition function of one basin into translational, rotational, vibrational and electronic
motions that are considered decoupled among them (i.e. they do not exchange energy), and so the
partition function can be represented as a product of independent contributions:
vib L elec (8)

These independent contributions are evaluated by solving ideal models such as a particle in a box

Z:Ztranszrotz
(translational), a rigid rotor (rotational) and an harmonic oscillator (vibrational), according to the

following expressions:

3/2

2mm
trans:V th (9)
3/2
Z_ =8n’ 2—:2 (1,1,1,)"" (10)
3N—-6 1
Zw= 11— (11)
- 1_e_kBT

with m being the mass of the molecule, V the volume of the “box”, I; the principal moments of
inertia and v; the harmonic vibrational frequencies. Electronic degrees of freedom are usually
neglected by considering a ground state approximation (Z... = 1). This approach allows to estimate
the contribution of states in a single basin (e.g. a minima or a transition state) according to
approximate solutions based on ideal models, with the advantage that it is very fast to evaluate such
analytical formulas, but with two main disadvantages: (i) the ideal models are not always good
enough for describing real systems, e.g. the harmonic approximation does not perform well for
anharmonic or wide basins; and (ii) it does not consider the contributions of different
conformational states.

Even assuming that the first disadvantage is not a problematic issue, that is usually not true for
enzymatic systems, the second one is usually critical for any system (see Figure 2.3). In order to
address it, one should explore the conformational space of the system, compute the RRHO
approximation for each conformational basin, and then combine all the results together. While this
approach can be somehow straightforward for very simple systems, such as small organic molecules
where the exploration can be done “manually” (e.g. the different conformational states of n-butane
with respect to its C-C-C-C dihedral angle), for complex systems such as enzymes, with a large
number of degrees of freedom, it is a difficult task that requires sophisticated techniques to directly
explore the space of interest.
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Figure 2.3- Schematic representation of the harmonic approximation in a state B for two different
situations: (left) simple basin that is nearly harmonic, leading to a reasonable approximation for a
given kT, and (right) basin with two low-lying minima, b, and b,, for which the harmonic approxi-
mation leads to a severe underestimation of the available states if state b, is not explored and con-
sidered in the RRHO. The orange line indicates the energy “available” at a given temperature.

2.2.4 Direct exploration of the chemical space

An alternative approach to the RRHO approximation is to explore directly the chemical space,
i.e. instead of estimating the available states of a basin from a single structure and model solutions,
the available states are calculated one by one. At this point it is more convenient to leave the quan-
tum state discretization that has been used up to now, and express the Boltzmann distribution as a

continuous function of the phase-space X=(7,p) (i.e. classical approximation):
e PE(X)

)= [dz e ™0
which emphasizes that the partition function, found in the denominator, represents a hypervolume of

(12)

>

pl(

phase and space that has to be explored.'” This requires the use of sampling techniques to visit all
the energetically available states, which is of course much more expensive than the RRHO approxi-
mation in terms of computational time, but has also the advantage that it does not assume any ideal
behavior (e.g. the shape of the basins is not assumed to be harmonic and the different terms are not
assumed to be decoupled).

Among the sampling techniques we find Monte Carlo (MC) and Molecular Dynamics (MD) ap-
proaches. The first one is based on the generation of new atomic configurations according to ran-

dom values that follow a particular distribution —e.g. Boltzmann— and that are restricted by an en-

e) The only assumption that is taken is that the particles must be governed by classical statistical mechanics, which
means that quantum effects are not included (e.g. zero-point energy contributions), but that can be added a posteriori
with specific corrections.
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ergy threshold. It is, therefore, an ensemble averaging approach. The second, instead, is based on
the use of thermal energy to explore the chemical space along time, obtaining the new atomic con-
figurations by solving a set of equations of motion. In this case, MD can be seen as a time averaging
approach. This leads to the ergodic hypothesis, which states that a macroscopic observable can be

obtained by the time average of all microscopic values of the property:

t

M m
Amacmzz pi Ai,micm:lim l‘l’l dt Ai,micro(t> (13)
i=1

£, > tm 1o

In other words, the ergodic hypothesis states that by running a long enough simulation (#,, — «), it
is possible to recover the ensemble average with a time average. This inherently assumes that within
the time of the simulation, the system is able to explore all the regions of the space (i.e. the system
is “ergodic”), which is a matter of debate depending on the system and also on the simulation condi-
tions.'™'! An alternative option to time averaging is to run a number of short-time MD simulations
and collect them in ensembles of trajectories, defining a kind of time and ensemble average that is

more appropriate to explore the chemical space.'”

2.3 Moving the World: Molecular Dynamics

As introduced above, Molecular dynamics (MD) is a powerful technique that allows to explore
the phase-space of a system and obtain relevant statistical information. Given a set of initial atomic
coordinates, all one needs is a mathematical expression to describe the energy of the system and
then integrate a set of equations of motion for obtaining the trajectory of each particle along time.
The first point depends on how particle interactions are handled, and will be addressed in Section
2.4. The last point depends on how particles are treated, leading to different types of classical and
quantum MD approaches depending if they are considered as point particles or as waves of proba-
bility. Here we first outline the classical propagation of particles, and subsequently we derive the

equations of ab initio MD from the beginning.

2.3.1 Classical propagation of particles
Point particles can be properly described by classical mechanics, which allow to define their tra-

jectory 7 (t) using their position, momentum and acceleration:

F(tl)ZF(t0)+} dt % and f)(tl)zl_i(to)+mf dealt) (14)
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These equations of motion, in practice, have to be solved approximately using numerical algo-

103

rithms —e.g. Verlet'”, velocity Verlet or leapfrog”— leading to expressions like:

Ft+At)=27(t)=F(t—At)+d(t)At’ (15)
where At is the time step parameter that is used to integrate the equations of motion, and is key for

the goodness of the numerical approximation. As a rule of thumb, to ensure that the system is adia-
batic the time step is chosen as one tenth of the fastest molecular motion, which is usually dictated
by the O-H bond stretching. The acceleration can be updated according to the second Newton law,

which can be derived as a force that arises from the potential energy of the system:

2
m-2F (6)= =B (7) (16)

Therefore, using equations (15) and (16) one only needs two ingredients in order to propagate
classical particles: (i) define a set of initial conditions, and (ii) find a mathematical expression for
the energy of the system. While these equations can be applied satisfactorily to describe the evolu-
tion of nuclei treated as point particles —which is an excellent approximation for most systems of in-
terest—, they fail to describe the evolution of light particles such as electrons, for which more gen-

eral theories have to be considered.

2.3.2 From the beginning: quantum propagation of particles

If one aims to study systems characterized by significant electronic reorganizations, such as is
the case of any chemical reaction, electrons have to be considered explicitly in the simulations. This
can be approached in several manners, and different types of MD techniques arise depending on
how do they describe the motion of electrons and nuclei. These techniques are based on Quantum
Mechanics (QM), for which the time dependent Schrodinger equation has to be solved in order to

follow the evolution of the system:'**

A

in oy (7], (R)y:t)=Hy (7], [R)yi0) a7)

where “i” is the imaginary number, 7 is the Planck constant, ¢ is the time dependent wave func-

€C__9

tion describing “n” electrons and “N” nuclei, and H is the Hamiltonian of the system. The wave
function is a mathematical entity from which one can derive —among other properties— the probabil-
ity of finding a particle at time “#” in a particular region of the space, so it can be seen as a function
of where particles are. Notice that here both electrons and nuclei are explicitly treated inside the
wave function, i.e. nuclei are not anymore point particles. The Hamiltonian is an operator of the

wave function that outputs the energy of the system. Depending on the property of interest it can be
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simple or complex. If relativistic effects are not important, as it is the case of most chemical sys-

tems, the Hamiltonian can be written as follows:

n

Ly Yy S, z% (18)
— = =T

where the first and second terms correspond, respectively, to the kinetic energy of nuclei and elec-

trons, the third and fourth terms to the nuclei-electron and nuclei-nuclei electrostatic potential, and

the fifth term to the electron-electron repulsion.

At this point we aim to simplify equation (17) by dividing the nuclear and electronic wave func-
tion into two independent components: one depending uniquely on nuclei (nuclear wave function)
and another depending uniquely on electrons (electronic wave function). This can be achieved un-
der the Born-Oppenheimer approximation, which assumes that electrons and nuclei wave functions
can be decoupled.” Within this approximation, the wave function is factorized in electronic and nu-

clear terms together with a phase-factor, leading to:

(7] [Rlyst)~w (7,50 x (Rl expl 4 [, 00 Eo(e) (19)

This approximation, therefore, makes both electronic and nuclear wave functions independent
one from the other, which facilitates the resolution of the Schrodinger equation. At this point, if we

introduce the equations (19) and (18) in (17), splitting the nuclear and electronic degrees of freedom

and integrating with x~ and ¢, we obtain the following equations:

||M:
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These pair of coupled equations are the heart of the time-dependent self-consistent field (TD-
SCF) method developed by Paul Dirac,'” and they allow to describe the time evolution of both
electron and nuclei wave functions according to a mean-field description of quantum dynam-
ics.'"™ The application of these equations, however, is limited to systems with few degrees of free-

dom, and further simplifications on both of them are necessary for treating larger systems.

f) It also assumes the adiabatic approximation between different electronic states, both in diagonal and non-diagonal
terms, which is only acceptable in regions of the chemical space where there is enough energy gap between the states.
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2.3.3 Ehrenfest and Born-Oppenheimer molecular dynamics

One of the obvious simplifications of the TDSCF method is to treat nuclei as point particles. This
approximation gives rise to what are known as ab initio molecular dynamics techniques (AIMD). In
these techniques, therefore, the nuclear wave functions of equations (20) and (21) are substituted by
Dirac delta functions —i.e. points—, allowing to treat them according to their classical position and
momentum. This simplification was first addressed by Paul Ehrenfest,'® who obtained the follow-

ing equations that define the Ehrenfest molecular dynamics (EMD) technique:
. - 1y - S (7 .
lh%w({r}n;t):_iz Vizw({ri}n;t)+VN—e({r}n’{R}N)'w({r}n;t) (22)
i=1

2 . ) R
MI%RI(”:—VIJ‘G?W ({r}n;t)Helecw({r}n;t) (23)

Notice that equation (23) is essentially the same as the second Newton law —equation (16)— with
the difference that in this case the potential energy is defined ab initio from the electronic wave
function. The EMD method starts its dynamic cycle converging the electronic wave function to ob-
tain its initial form, and then it propagates it unitarily —i.e. preserving its norm and the orthonormal-
ity of its orbitals— together with the classical nuclei that move under the effective field of elec-
trons.'™

This approach has the computational advantage that it does not require to converge the wave
function at each step of the simulation (it evolves dynamically), which can be an arduous task de-
pending on the system. At the same time, however, it has the disadvantage that it requires a very
short time step —of the order of 1 a.u; 0.0241888 fs— in order to describe adiabatically the electronic
motions.® An alternative approach to the EMD method is the Born-Oppenheimer molecular dynam-
ics (BOMD) method, which does not consider the dynamic evolution of electrons given in equation
(22), but rather it employs the stationary Schrodinger equation to obtain the electronic information,

converging the wave function after each nuclear movement under Lagrangian constraints:

O:_{f 57l,U*({F}n;t)ﬁeleclﬂ({f;}n;t)}+i Aij(<¢i|¢j>_6ij) (24)

-

Mlaa_;RI(t):_VIMinw{f aF‘/J*({F}n;t)ﬁeleclﬂ({ﬂn;t>} (25)

where ¢, denote the orbitals used to construct the wave function and A; are the Lagrange multi-

pliers. The disadvantage of BOMD is that it needs to converge continuously the wave function, but

g) The EMD method has also the advantage that it can include non-adiabatic transitions between different electronic
states, although here we only consider ground-state wave functions.
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has the advantage that the time step of the simulation can be taken much larger than in EMD (c.a.
100 times). This is possible given that, as the dynamics of electrons is not explicitly considered, the

fastest movement is dictated by the nuclear O-H bond stretching.

2.3.4 Stay cold: Car-Parrinello molecular dynamics

The Car-Parrinello molecular dynamics (CPMD)'” is a method that aims to combine the advan-
tages of the two AIMD methods outlined above, i.e. to use a dynamic propagation of electrons
(EMD) and at the same time use a large enough time step (BOMD). This is achieved by the use of a
fictitious mass that is assigned to the electronic degrees of freedom, which can be tuned to make
electrons “heavier” and, therefore, make possible to use a larger time step. With this approach, elec-
trons acquire a classical kinetic energy and their dynamics, together with the one of nuclei, can be
propagated using the following equations of motion:

y O “9i(t) _
elec at2 a

<t/f|Helec|w> ZA ({o]0,)—8,) (26)
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Notice that the difference between equation (27) and the equivalent equation in BOMD —equa-
tion (25)- lays on the fact that in the last one it is necessary to minimize the wave function, which is
certainly a disadvantage compared to CPMD. This can be written altogether in a Lagrangian form

as:

—uelecZ< L0, (F,0)- <w0|Heleclwo>+ZAu¢ (28)

The CPMD method relies on the assumption that there is minimal energy transfer between elec-
trons and nuclei. In other words, electrons must remain “cold”, they should not heat up with time,
otherwise it means that their dynamics is not adiabatic. The degree of adiabaticity depends on the

minimum and maximum electronic frequencies:

min E q 1

welec x ( Mflei ) (29)
max ( Ecut )1/2 30
elec & Melec ( )

with E,,, being the energy gap between the HOMO and LUMO orbitals and E,,, the cutoff energy for

a plane wave basis set expansion (see Section 2.4.3 below). The maximum frequency, in turn, can
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be related with the maximum time step of the simulation, which is proportional to the inverse of the

fastest frequency:

1/2
Welec

E

A" 31)

cut

Therefore, the CPMD method can be seen as a type of “classical” approximation to EMD in
which electronic degrees of freedom are weighted by a fictitious mass, allowing to lengthen the
time step of the simulation according to a desired degree of adiabaticity. It can also be seen as a
type of BOMD in which electrons fluctuate around the ground-state surface according to their tem-

perature, which at the same time is related with the fictitious mass (notice that in the limit of p_,.

-0, equation (26) reduces to equation (24), the expression of BOMD). The advantage of the
CPMD method is that, for systems with a large E,,,, the time step can be chosen 5-10 times larger
than in EMD when 500-1000 a.u fictitious masses are assigned to electrons.'™ The disadvantage is

that it can not be applied to systems with a small E,,, , such as it is the case of metallic systems.

2.4 On the Definition of Energy Functions

In the previous section we have seen different variants of MD to evolve particles in time, which
can be used to explore the phase-space of a system. These techniques require the definition of an
energy function for obtaining the forces that are used to compute particle accelerations and propa-
gate the equations of motion. Different degrees of approximations exist for such energy functions,
and we will address here three general schemes.

In the simplest scheme, called Molecular Mechanics (MM), nuclei are treated as point particles
and electrons are not explicitly considered in the simulation, but rather they are taken into account
as a force field of predefined potentials that are used to determine the interactions between the nu-
clei. In more sophisticated schemes, based on Quantum Mechanics (QM), both nuclei and electrons
are explicitly considered in the simulations, and thus there is no need to predefine any parameter
from the beginning.

Finally, combination of both QM and MM schemes are also possible, leading to hybrid QM/MM
methods. In this section we will review the three principal schemes, and for the QM schemes we
will limit the discussion on the method used along this thesis, Density Functional Theory (DFT), al-
beit there is a myriad of other methods that can be used to calculate the energy of a polyelectronic

system.
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2.4.1 Cat’s allergy: molecular mechanics

In molecular mechanics (MM) schemes nuclei are treated as point particles and electrons are not
explicitly considered in the simulation. Electrons, however, are the fundamental particles that deter-
mine the structural features of a chemical compound (e.g. bond distances, angles and dihedrals), and
thus they are crucial for understanding any type of chemical process. Therefore, they have to be
somehow included in the description of the system. This is achieved by the use of simple force
fields that include two types of interactions: (i) bond, angle and torsion bonded interactions, with
the two first described by spring constants and the last by periodic functions; and (ii) van der Waals
(VAW) and electrostatic non-bonded interactions, described respectively by Lennard-Jones (L-J)
and Coulomb potentials. A typical force field has the following simplified expression for describing

the potential energy of a system:'®

atoms

Eo= = k,(d— d,, F+ D ko(6—0,,)° Z "[1+cos(no—y)|+ Y, |—L

bonds angles torsions i<j

By, a4
d d} ed;

ij )

(32)

were the first three terms account for the bonded interactions and the last term for the non-bonded
ones. The most important aspect of a force field, apart from the mathematical expression, are the
parameters that define it: the force constants and equilibrium values for bonds and angles (k,, d.,,
ko and 6,,, respectively), the number of “n” torsional energy barriers and their height (V,), the pa-
rameters A; and B; of the L-J potential and the ¢; charges of all atoms.'” These parameters are de-
fined for different atom types, which are “labels” on atoms necessary to take into account the differ-
ent electronic properties of a given atom in different chemical states (e.g. a carbon can be sp, sp’ or
sp’, and so the parameters for a C-C bond, for instance, should not be the same than the ones of a
C=C bond, albeit both are bonds between two carbon atoms).

Typical force fields for enzymatic systems are FF99SB''’, CHARMM?27'"" or OPLS,"* and for
water molecules the most used force field is TIP3P'". The main advantage of MM simulations is
that the force evaluation of equation (32) can be done analytically, and so it is very fast to compute
them even for systems with a large number of atoms, reaching time scales of hundreds of microsec-
onds by brute force MD."*"'® Some of the main disadvantages of MM are: (i) the accuracy of the
results strongly depends on the force field parameters, which can be good or not depending on how
they have been generated and for which purpose;'"’ (ii) it is not possible to carry out simulations
when parameters are not available for a given molecule; (iii) it does not allow to describe chemical
reactions nor charge transfer reorganizations, given that electrons are not explicitly considered in

the simulation. Therefore, if one is interested in exploring the conformational motions of large sys-
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tems for which reliable parameters are available and that do not involve electronic effects, MM is

the most appropriate method.

2.4.2 Cloud of electrons: density functional theory

In case of having to describe electrons, as also explained in the MD section above, QM based
techniques are necessary. Given a set of fixed nuclear coordinates, the energy of a polyatomic sys-
tem can be obtained by solving the stationary Schrodinger equation, which require the definition of

a Hamiltonian and a wave function:

Hl/’,(rlirZ ) Ellj( Fislye _’) (33)
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with y(F,,7,...F,) depending on the spatial coordinates of the electrons that compose the sys-
tem (neglecting spin). The solution to this equation can be approached by what are known as wave
function methods, such as the ones derived from Hartree-Fock (HF) and post Hartree-Fock theo-
ries,” based on different simplifications of either the Hamiltonian and/or the wave function. These
methods are purely derived from first principles and can be very accurate depending on their ability
to include electron correlation, such as in the case of Mgller-Plesset perturbational methods (e.g.
MP2 and MP4) or coupled cluster methods (e.g. CCSD and CCSD(T)). The disadvantage of these
methods is that they scale from N to N"° depending on their degree of accuracy,” with N being the
number of basis functions used to expand the wave function. This has been a bottleneck in quantum
chemistry for many years.

)''#1"% is a method that is aimed to overcome such bottleneck with

Density functional theory (DFT

a compromise on the accuracy of the results. Walter Kohn, one of his fathers, said in his Nobel lec-

ture that DFT “has been most useful for systems of very many electrons where wave function meth-

ods encounter and are stopped by the exponential wall”,'" highlighting its notorious importance.

Following the Hohenberg and Kohn theorems,''® any property of a stationary state can be described

—in an exact form— by means of an observable that contains less information than the wave function:

the electronic density. Indeed, the electron density does not depend on 3 spatial coordinates as the
wave function, but rather only on three:

p(F)=N [ dF,...[dF, ¢ (7,7t (FL Ty P (34)

with N being a normalization factor. In the framework of DFT, the energy of a polyatomic system is

a functional of the density (i.e. a function that, for a given density, returns an energetic value):

E[p(F)=Ts[p(F)1+Vy_[p(F)]+V,. [p(F)]+Ex[p(7)] (35)
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where the first term accounts for the kinetic energy of a fictitious system of non-interacting elec-
trons,” the second to the nuclear-electron attraction, the third to the classical’ electron-electron repul-
sion, and the last term accounts for corrections on (i) the assumption of the non-interacting nature
in T, and (ii) the exchange, the correlation and the self-interaction energy of electrons that arise
from the classical electrostatic potential V... The total energy of the system can be obtained by find-

ing the orbitals that minimize it according to the Kohn-Sham secular equation'"’:

q)i(;:):‘(:iq)i(;:) (36)

1 .
=5 Viv(F)

where the orbitals are defined as a linear combination of known y j( 7 ) functions that can represent

the electron density:

n

d)i(F):ZCUXj(F) (37)

j=1

p(F)=2. (0:(F)le;(7)) (38)
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The v,.(F) exchange and correlation potential is the most important aspect of any DFT method,
as it accounts for all the corrections exposed above. Nonetheless, the exact expression of its func-
tional form is unknown, and has to be constructed assuming different degrees of approximations.
The most simple one is called local density approximation (LDA), which only takes into account
the local density to handle with the corrections, i.e. it assumes that exchange and correlation effects
are local and only depend on the electron density at each point.”® The expression for the exchange

functional is:

EiDA[pW)]:——(—)mf p(F) d7 (40)

and the expression for the correlation part was derived from Monte Carlo simulations.'*' While this
type of approximation can lead to reasonable good geometries, it does not have a good energetic
performance.'”® A step up in accuracy is to consider gradient corrections, which take into account
the density at each point and how it varies around it, leading to the generalized gradient approxi-

mations (GGA). In this case, the exchange functional has the following form:

h) A necessary step to derive the Kohn-Sham equations is to assume a fictitious system of non-interacting electrons
under the field of an external potential.
1) Classical here refers to the Coulomb potential, which does not include electron exchange nor correlation.
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ES™[p(F),x]=[ p(F)"*F(x)dF (41)
where x=|Vp(7)|/ p(?)‘”3 and F(x) is a function that is chosen to obey a gradient expansion of the
density."™ The Pedrew-Erzenhof-Bruke “PBE” functional'** used along this thesis is a type of GGA
exchange and correlation functional that adopts the following expression:
B p(7)1=— [ p(7) [ 212] e 5 a7 (42)

4 1+us/x
where u and K are parameters derived ab intio (other functionals, such as Becke,'* use empirical
coefficients). These type of functionals lead to better geometries and charge densities with respect
to LDA, as well as they improve thermochemical predictions and they are able to deal with systems
involving hydrogen bonds.”® Nonetheless, it is well known that GGA functionals do not perform
well in the description of VAW forces and also that they underestimate HOMO-LUMO energy gaps,

with the inherent effects in reactivity (e.g. Sx2 reactions'**

). More accurate approximations include
the kinetic energy density (meta-GGA) or certain amount of exact Hartree-Fock exchange (hybrid
functionals).

The main advantage of DFT is that it allows to overcome the computational bottleneck associ-
ated to wave function methods, as it formally scales cubically with respect to the number of basis
functions (N,,), an order of magnitude lower than HF (NV7,,;) and two with respect to MP2 (N,
«s)-° This makes possible to treat ab initio systems with large number of atoms and electrons. The
drawback of DFT is that its results strongly depend on the proper choice of the exchange and corre-
lation functional, and so it is necessary to test whether a given functional allows or not to describe
properly the interactions of a particular system. In this regard, the PBE functional used in this thesis
has been previously tested in our group, with successful results in the study of conformations and

reactions in carbohydrate-active enzymes.”*'>'#

2.4.3 Plane waves and atomic basis sets

As explained in the previous section, the electronic density of a system can be expressed in terms
of orbitals that are linear combinations of known functions. This allows to solve numerically the
Kohn-Sham equations. These functions can be of different types, with the most common ones

centered on nuclei, such as the simple three Gaussian Slater-type basis set (STO-3G):'*

- P2\ _ 7(11(*71‘2)2 7(12(’711")2 7(13(’714?)2
bsro_sc(T—R)=c fi e e fre™ ey fe™ (43)
where R indicates the position of the nucleus and the a and f; are factors of the Gaussian functions

parametrized to fit a Slater function.
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An alternative option to atomic-centered basis sets is to expand the orbitals through a defined

space using plane waves (PW):'™
gW(F)z—exp[ié?] (44)
where Q represents the volume of the cell that limits the space, and G is a vector in the reciprocal

space that is defined as:

- 2 2 o 2m o
P XAyt (45)
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The use of PW as a linear combination, therefore, takes the form:
d,(7 k)= 2 ¢, (G k) expli(G+k)7] (46)
G

where k are vectors in the Brioullin zone. The size of the basis set in these linear combinations

depends on an energy cutoff E.,, and the size of the cell:

1 g 47)
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The advantage of PW in front of the ones centered on nuclei are: (i) given that they are expanded
through the whole space, they are perfectly unbiased, and thus there is no basis set superposition
error; (ii) the Pulay forces vanish even for finite basis; (iii) they allow to describe the density of the
system with a linear dependence with respect to the size of the system, and not a quadratic
dependence; (iv) the improvement of the basis set is straightforward, it is only necessary to
increment E.,; (v) the derivatives in the real space are simple multiplications in the reciprocal
space, allowing to optimize certain calculations together with the use of fast Fourier transforms
(FFTs) to connect both spaces.

The main disadvantages are: (1) molecules have to be confined in the cell, and simulations
become inestable if they approach the cell boundaries. This, in practice, can be addressed easily by
using large enough cells, but at the cost of increasing the number of PW in the simulation, which
means to increase the computational cost of the simulation; (ii) the use of hybrid functionals is
terribly inefficient, as the evaluation of the Hartree-Fock exchange potential has to be performed in
the Fourier space, while forces are computed in the real space. This makes necessary to perform
several FFTs that hamper the efficiency of hybrid functionals, being >30 times more expensive than
the GGA ones;'™ (iii) the use of pseudopotentials is necessary for the description of core electrons,
as their explicit consideration would require to use a so large basis set that the calculations would

become inefficient. The last point, however, is not a problematic issue as core electrons usually do
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not play significative roles in chemistry, and moreover these pseudopotentials can include

relativistic and other types of corrections.

2.4.4 Not Quantum, not Classical: hybrid QM/MM methods

Up to now we have seen that molecular mechanics (MM) schemes allow to describe a large
number of atoms —hundreds of thousands— but rely on simple energy potentials and do not explicitly
consider electrons, and thus they do not allow to describe electronic reorganizations. In contrast, we
have seen that quantum based methods (QM) such as DFT are able to describe the energy of a
system ab initio, but they can not handle more than —typically— few hundreds of atoms. These
limitations highlight the problem of studying enzymatic reactions, which are very large systems
(unfeasible with QM) in which the electronic structure has to be taken into account (impossible with
MM).

Fortunately, nowadays it is possible to take the advantage of the strenghts of both QM and MM
methods with the so-called hybrid QM/MM methods, originally developed by Warshel and
Levitt.*"*” These methods allow to describe one part of the system at a QM level —defined in the
region where the chemical reaction takes place— and the rest of the system is treated at a MM level
(see Figure 2.4). The atoms belonging to the first region are usually referred as QM atoms, and the
ones of the second as MM atoms. Different degrees of QM/MM approximations exist, apart of the
inherent approximations of QM and MM methods by themselves, according to the way in which the
two subsystems interact between them.

In additive schemes, for instance, the energy of the system is the sum of exclusively QM (E2")
and MM (E™") particles plus the coupling between the two (E2YM):

=5 R, 4 R

o FEXTTMIR LR (48)

The last term of this equation is the heart of the QM/MM approach. It takes into account the non-
bonded VDW and electrostatic interactions between the two subsystems, but also bonded
interactions in case that there are covalent bonds in between QM and MM atoms (e.g. enzymatic
residues have to be split into QM and MM parts). The fact of “cutting” bonds raises the question of
how to saturate the electronic requirements of the QM region, given than the electrons of the MM
atom involved in the bond are not explicitly considered. This is usually addressed with two main
strategies: (1) add monovalent “link” atoms such as hydrogens, also known as capping hydrogens;

or (ii) use specific monovalent pseudopotentials."
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Figure 2.4- Schematic representation of the an additive QM/MM partition: (left) evaluation of the
QM energy, which can be done either in vacuum or under the field of the MM charges; (middle)
evaluation of the MM energy using common force fields; (right) evaluation of the QM-MM interac-
tions, which in this representation does not only include non-bonded interactions, but also bonded
interactions due to the presence of a bond that is in the interface between the QM and the MM re-
gion. QM atoms are represented in violet and MM atoms in yellow.

The addition of capping hydrogens has the disadvantage that includes an additional atom in the
system, and its degrees of freedom and its interactions with the rest of the system should be
minimized as much as possible. On the other hand, the use of monovalent pseudopotentials has the
disadvantage that it requires specific pseudopotentials for each DFT functional and for each type of
atom. In any case, both strategies perform well if the cut bonds are non-polar, such as carbon-
carbon single bonds. It is also possible to cut other type of bonds, such as carbon-oxygen or carbon-
nitrogen, but special care has to be taken in these cases to prevent strange behaviours (e.g. cutting a
Ogm-Cum bond with a capping hydrogen will lead a hydroxyl moiety in the QM region, which can
establish fictitious hydrogen bonds with the environment). Given all the problems that can arise
from those technical details, it is convenient to select a large enough QM region to avoid any
spurious influence of the interface in the reaction center.'**

Non-bonded QM-MM interactions of equation (48) are the most important ones, as their number
is much larger than the one of bonded interactions. The most simple approach to deal with non-
bonded QM-MM interactions is called mechanical embedding, which does not include the influence
of the MM enviornment in the QM energy evaluation —i.e. the QM region is like in the gas phase—
and treats all the non-bonded interactions at an MM level. This is a crude approximation given that
MM polarization effects on the electron density are not considered, albeit they may be crucial for
many reactions, but has the advantage that it is very fast to evaluate all the interactions. A more
sophisticated approach, called electrostatic embedding, includes polarization effects in the QM

region, which is achieved by introducing an additional term of MM charges in the QM Hamiltonian.
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This makes necessary to couple the QM and MM softwares as they have to communicate between
them. Moreover, the electrostatic interactions in the E?™ term can be evaluated using directly the

electronic density:

EQM-MM_MAimm J‘d—» P(F) 49
elec - a; r - ( )
=1 |7 R1|

The evaluation of this term, however, can be prohibitively expensive for large systems, as it
requires to compute “N-G” electrostatic pairs, with N being the total number of MM atoms
(typically ~10°) and G the number of grid points to represent the electron density in the real space
(typically ~10°).""* Nonetheless, there are smart schemes to handle this problem. In particular, the
CPMD program allows to define three regions of interaction depending on the proximity of the MM
atoms to the QM region.”**"** For atoms that are near to the region (NN atoms), equation (49) is
explicitly solved, and for atoms that are above a distance threshold (ESP atoms), the electron
density is used to generate D-RESP charges and these fitted charges are employed in the
electrostatic calculations.) This is a good approximation given that the distances involved in the

definition of such regions can be selected to be arbitrarily accurate.

2.5 Making Rare Events not that Rare: Enhanced Sampling Methods

We have already outlined the basic techniques to carry out MD simulations with different
schemes (EMD, BOMD and CPMD) and different levels of theory (MM, QM and QM/MM), so
now it is time to explore the phase-space of the system and, for instance, unveil a hypothetical
A — B chemical reaction and its associated free energy change. This means that, in the canonical en-

semble, we have to evaluate:

p(Xy)
AF ,,5=—kgTIn——= (50)
e TR T p(Ry)
where p(x,) and p(x,) are the weighted probabilities associated to basins A and B:
p(X3) f}esd} e M
(%) [ dxe ™ ey
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The direct evaluation of this ratio using the energy values from the explored states is, however,
not straightforward for two reasons: (i) these energies are large numbers that involve a huge amount

of interactions, and thus for a finite sampling they lead to large statistical uncertainties;” and (ii)

J) There is an additional region in between the NN and the ESP, called MIX region, that takes into account the explicit
form of the electron density for the calculation of electrostatic interactions with MM atoms above a threshold charge.
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even assuming that uncertainty could be handled, the exponential average is dominated by low en-
ergy regions, which makes difficult its convergence.'*

An alternative approach is to evaluate the ratio by counting the number of times that a MD simu-
lation has spent in A and B, i.e. evaluate directly the probability, and not construct it from the ener-
gies. This requires the observation of many transitions from one basin to the other, so that the prob-
ability converges up to a given value. However, such transitions involve the crossing of high-energy
regions (transition states) that are hampered by the exponential of the energy difference, making
them unlikely to occur. For instance, a typical chemical reaction involves energy barriers of the or-
der of 20 kcal-mol™, and the relative probability of being at the transition state is ~10" at 300 K,
meaning that one should need one thousand million of millions of MD steps to just explore once the
transition state!

This last point is known as the “rare event” challenge and makes necessary the use of enhanced
sampling techniques, which allow to explore the phase-space of a system in an efficient manner.
There are many of such techniques available (e.g. thermodynamic integration'”, string method"®,
replica exchange'”’ or transition path sampling'*®), but here we will briefly introduce the two that we

have used along this thesis work: metadynamics'*® and umbrella sampling'*-'*!,

2.5.1 The space of collective variables

Most sampling techniques, including metadynamics and umbrella sampling, rely on a dimension-
ality reduction of the space, i.e. on the choice of a small set of collective variables (CVs) that de-
scribe a particular transition of interest. These CVs are functions of the coordinates of the system,
i.e. &(7), such as simple distances, angles or dihedrals, but they can also be more complex func-
tions, such as the root-mean square deviation (RMSD) of a protein backbone, the radius of gyration,
the number of hydrogen bonds or even the potential energy itself.'** The expression of the probabil-

ity function with respect to a CV adopts the following expression:

oS el-B(E(F))1ole(F)-¢lo7
eI J exp[-B(E(F))]o7 (52)

where at the numerator the integral is made for all possible values except ¢ . The choice of CVs is

crucial for obtaining meaningful results, and they must fulfill —ideally— the following requirements:

* Be complete enough to distinguish between different states of interest along a particular

transition, such as reactants, products, transition states and possible intermediates. If CVs do
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not allow to do so, states may be mixed and it will not be possible to separate their free en-

ergy values (in the worst case they will not be even sampled).

* Be small enough in number to gain human insight. The inclusion of too many CVs makes
their analysis complex and counterintuitive for deducing conclusions. Depending on the
number of CVs, simple free energy profiles (1 dimensional), manageable free energy land-
scapes (2 dimensional) or complex free energy volumes and hypervolumes (3 and more di-
mensions) can be obtained, leading to increasing intricate analyses.'* Moreover, the compu-
tational cost of certain methods, such as metadynamics or umbrella sampling, depends on

the number of CVs, and so it is desirable to minimize that cost.

* Be selected so that they include the slow motions of the system, i.e. motions that have large
free energy barriers along the transition and that will not be properly sampled within the
time scale of common simulations. The lack of such slow motions in the CVs can lead to
problems in the convergence of free energies and in the detection of the most likely pathway

for the transition.

In this thesis we have used different types of CVs, including plain distances, differences of dis-
tances and dihedral angles. These metrics are usually enough for the proper description of enzy-
matic reactions, where the slow motions are related with the bonds that break and form during the
reaction. Additionally, to study the conformational landscape of sugar rings we have used a set of

144

puckering coordinates'™ that are not as trivial as simple metrics, but that follow the same philoso-

phy than any other types of CVs. These coordinates are briefly outlined below.

2.5.2 The hills method: metadynamics

One way to overcome free energy barriers is to make the system be “uncomfortable” in the reac-
tant basins. Metadynamics'’ (MTD) is an enhanced sampling technique that allows to do so, adding
repulsive energy functions in the space defined by a limited number of &(7) CVs. This pushes the
system away from a particular basin and drives it to explore other regions of the space (see Figure
2.5). The repulsive functions are periodically deposited along the simulation, leading to a time-de-

pendent bias potential that balances the effective potential of the system:

V(7). )=V (§(F)+V(§(F), t) (53)
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Normally, Gaussian functions are used as repulsive potentials, and the time dependent potential
can be written as the sum of all the N deposited Gaussians with a 7 frequency in the d

dimensional space:

Val€(F). = wli teng| -3 EATET )

(54)

where Ej(F) is the jth CV, and w and &¢ are, respectively, the height and the width of the
Gaussians. This external potential reduces the free energy barrier with every potential added, until
the barrier becomes so small that it can be surmounted by thermal fluctuations (Figure 2.5).

Moreover, at infinite time the bias potential converges towards:

limV (S(R), t)=—F(S(R))+C (55)

where F(S(R)) is the free energy along the CV and C is an additive constant. Therefore, MTD
does not only allow to uncover reaction mechanisms, but also their underlying free energy changes.
This relation can be surprising at first glance, as it states that an equilibrium property —the free
energy— can be estimated by means of a non-equilibrium simulation in which the total potential
changes every time that a new Gaussian function is deposited. However, it can be viewed as a
dynamic way of constructing the static free energy potential (the one that makes the probablity
function to be equal to unity everywhere, i.e. all the states having the same probability of being
explored). In fact, it is easy to see that in the limit of a Gaussian height tending to zero (w—0) or a
deposition time tending to infinite ( T, — o) plain MD is recovered. This means that if we choose a
long-enough deposition time, the system can reach equilibrium between the addition of new
Gaussian terms, and if we choose a very small Gaussian height, the system will be minimally

perturbed after each addition. The error of a MTD estimate, therefore, is associated with these two

wkyT 56
oC
g ocy Dr, (56)

where D is a difussion coeficient associated with the time that the system needs, once the free

parameters, and has been proben to be:

energy surface has been filled, to explore the CV space.

The advantages of MTD are several: (i) it allows to explore rare events, providing accurate free
energy estimates as long as the CV space is complete and the orthogonal degrees of freedom —
assumed to be fast motions— are properly sampled; (ii) it does not require any a priori assumption

about the most likely reaction patwhay on the free energy landscape. This is a crucial point as other



Theoretical Framework 49

methods, such as the umbrella sampling discussed below, rely on the definition of initial pathways,
which can bias the results if such pathways are arbitrarily selected. (iii) it can be parallelizable, and

99145

many “walkers”™ can explore different regions of the CV space at the same time. This leads to a

linear scaling algorithm that is very efficient in terms of computational efforts; (iv) it can be used to

obtain direct reaction rates.'*®
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Figure 2.5- Schematic representation of the rare event challenge and the solution provided by meta-
dynamics: (top left) a plain MD simulation is stuck in basin A and within kT it will take a long
time to explore B and C; (top right) A metadynamics V; bias potential deposited over time fills the
A basin and allows to observe a transition from A to B; (bottom left) basin B has been already filled
and the system can diffuse freely in between A and B, but there is still a notable barrier to cross to
C; (bottom right) after a period of time, the Vi bias potential allows to observe the transition to
basin C, and the accumulated bias potential —with opposite sign— is an estimate of the underlying
free energy barrier. The time dependence of Vi has been represented with a blue color gradient
scale.
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Among the disadvantages of MTD we can find: (i) its computational cost scales with the number
of CVs. This makes necessary to use the minimum number of variables that lead to meaningful
results, which is difficult to find out; (ii) converging free energy estimates is complex in practice,
particularly in the field of enzymatic reactions. It is indispensable to tune carefully the parameters
that govern metadynamics, and also to test how they affect to the final outcome; (ii1) transition state
regions are poorly explored if short-time simulations are used; (iv) the lack of a slow motion CV
leads to strong hysteresis problems in the free energies. This last point, however, is at the same an

advantage, as it allows to identify slow motions that may be important to include in the CV space.

2.5.3 Using umbrellas on sunny days: umbrella sampling
A widely used method to explore rare events is umbrella sampling (US)."**!*! This method
receives its name for using umbrella shaped potentials —harmonic functions— along a predefined CV
space, with the aim of increasing the sampling at the region where the potential is centered (see
Figure 2.6). The addition of such potentials makes energies to be biased:
E°(F)=E"(F)+w,(§) (57)
and so also the bias affects the probability distributions:
J exp[=B(E“(7)+w,(&))]o[€ (F)-¢EloF
| exp[=B(E"(7)+w,(&)))oF

These biased probabilities can be properly evaluated given that they are defined in a

P(¢)= (58)

(X35
1

local region

of the CV space, and then can be used to estimate the unbiased probability according to:

P{(&)=P7(&)exp[ pw;(&)]1{exp[—pw,(&)) (59)

which, ultimately, can be used to obtain free energy estimates following:
F(&)=—In( Pi(E)) (60)
Fi<€)=—%ln<Pf’(é))—m(é)—%ln(<exp[—/3w,~(é)]>> (61)

Therefore, one can sample a region of the space and obtain unbiased probabilities, but these
regions have to overlap in order to obtain good statistical data (i.e. in the limit of w;— 0, plain MD is
recovered). This makes necessary to use several “windows” to collect data along the CV space,

whose probability functions can be combined afterwards to obtain the global free energy profile.
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Figure 2.6- Schematic representation of the rare event challenge and the solution provided by um-
brella sampling: (left) a plain MD simulation is stuck in basin A and within kT it will take a long
time to explore B and C; (right) four independent umbrella potentials —or windows— are settled in
different regions of the space that one aims at exploring. After the local convergence of the biased
probability in each window, the unbiased probability can be recovered and combined to obtain the
whole free energy profile.

There are different ways to address the combination of windows, although the weighted
histogram analysis method (WHAM)'*"'*® is one of the most used ones due to its good performance.

This method finds the global probability distribution by means of a linear —weighted— combination

of the local probabilities:

windows

PY(&)= D, p,P!(&) (62)
i=1

where the weights of each window are chosen to minimze the variance on the global probability and

having them normalized:

2 u
90 (P)_y, (63)
op;
windows
>, p=l (64)
i=1
This is achieved by defining the probability weights as:
a;
pi: windows (65)
a;
j=1
a;=n;exp[—B(w;(§)-Z;)] (66)

with Z,=% In({exp[—Bw,(&))) and n, being the total number of steps sampled in window i.'*’

| =
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The Z; is a constant related with the unbiased probability distribution by:

exp[—BZ,]= P*(&)exp[—Bw,(&)]d¢ (67)
and given that both Z; and P* appear in equations (62)* and (67), it is necessary to iterate these
equations to obtain the final result. This approach requires a good overlap of distributions between
consecutive windows, otherwise the construction of the global energy profile can result erroneous.

The main advantages of US are: (i) it is an equilibrium technique, so the error associated to the
free energy estimates does not depend on external parameters such as the Gaussian heigh or the
deposition time in MTD; (ii) the simulations of each window can be run in parallel without any
communication between them; (iii) its computational cost is only related with the amount of
sampling done in each window, and it does not strictly scale with the number of CVs considered in
the simulation; (iv) all the points along the CV are properly sampled, including transition state
regions.

The main disadvantages are: (i) it is necessary to define the initial pathway, otherwise one needs
to explore a grid in the CV space, which can be very expensive depending on the number of grid
points; (ii) it is usually limited to 2 CVs for post-processing reasons, although higher dimensional
schemes have been developed to deal with more variables; (iii) it is not straightforward to determine
possible pitfalls in the free energy estimates, as a bad choice of CVs can lead either to higher or

lower energies than the ones expected.

2.5.4 Cremer and Pople puckering coordinates
Any of the possible conformations of an N-atom ring can be unequivocally assigned using the
Cremer and Pople puckering coordinates.'** These coordinates are defined by the displacements (z;)

of each ring atom from a mean plane that is centered at z = 0 and fixed by two conditions:

szcos[Zn(j—l)/N]=O (68)
Zz sin[2m(j—1)/N]=0 (69)

The orientation of the mean plane can be determined by the following vectors:

R'=) R;sin[2x(j—1)/N]=0 (70)

R"'=) Rcos[27(j—1)/N]=0 (71)

k) Notice that Z; enters in equation (62) via equations (65) and (66).
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where R ; are the nuclear positions. The atomic displacements from the mean plane are given by

the dot product:
z=RT (72)

1

with 7 being the unit vector perpendicularto R' and R

- R'XR"
=5 73
b |[R"™XR"’| (73)

This unit vector is taken as the molecular z-axis. At this point, Cremer and Pople defined the fol-

lowing generalized ring-puckering coordinates:

q,,Co8 P, = Z Z;COs

(- 1)} (74)

g,sing,=— Z z;sin

T(j- 1)} (75)

that apply for an odd number of N > 3 atoms, where ¢, and ¢, are a set of puckering ampli-
tudes and phase angles with m =2, 3, ... (N — 1)/ 2. If the number of atoms is even, the coordinates

in equations (73) and (74) apply up to m = (N /2) — 1 and there is an additional coordinate:

N

1 i
qu2=| 7 2 (=12 (76)
j=1

In the case of pyranoses, therefore, N = 6 and there are three puckering coordinates:

q,Ccos ¢, = \/ Zz cos| ZX(j—1) (77)
qzsinq)zz—\gz z;sin Z?R(j—l)} (78)

6
q=\EZ (=12 (79)
These coordinates are usually replaced by a “Q, 6, ¢” polar set according to:
=Qsin0 (80)
=QcosH 81)

with the Q coordinate being the total puckering amplitude:
6
Q=7 (82)
j=1

Since these are essentially polar coordinates, any ring conformation falls within the puckering
sphere-like volume (Figure 2.7). While Q may differ among different conformations, 6 and ¢ are

sufficient to differentiate between all the conformers. On the poles (6 = 0° and 6 = 180°) are located
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the two chair conformers (‘C; and 'C,, respectively); on the equatorial region (6 = 90°) the 6 boat
and 6 skew-boat structures are sequentially placed in steps of ¢ = 30°.

Two representations have been historically used to map the Cremer and Pople 3D sphere into
simpler two dimensional plots (Figure 2.7). The Stoddart diagram corresponds to the projection of
the polar coordinates onto the equatorial plane, and can be denoted by the Cartesian coordinates g,
and ¢g,. On the other hand, the so-called plate carrée or Mercator representation is an equidistant
cylindrical projection that results in a rectangular map with respect to 8 and ¢. Which representation

to use is essentially a matter of choice and interconversion between them are doable with Jacobian

transformations.
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Figure 2.7- Stoddart and Mercator representations of the puckering sphere for a six-membered ring.
The optimal TS conformations are highlighted in red. The “Q, 6, ¢ and the “q,, g¢,” coordinates are
represented in the puckering sphere. Notice that two Stoddart maps are possible (northern and
southern representations), but in this case we only represent one of them (the northern).

2.6 The Three Pillars of Computational Predictions

In this section we summarize the important points that have to be taken into account for obtain-
ing meaningful computational predictions. As exposed in the above sections, matching macroscopic
experimental observables with computational tools is a difficult task, as it requires to average the
microscopic values obtained in the simulations. This means that the accuracy of a computational
prediction depends on (i) the statistical significance of the average, and (ii) the accuracy of the mi-

croscopic observables. The first point, in the particular case of MD simulations, depends entirely on
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the time devoted to explore the phase-space. The second point depends on the expression used to
describe the energy of the system, which at the same time depends on the size of the system itself
(understanding by “size” the number of atoms that are described, i.e. if the system is completely
considered in the simulation or if it is reduced to a minimal model that includes just the few mole-
cules involved in the chemical problem). Therefore, a computational prediction is sustained by three

“pillars” —energy, time and size— that have to be robust enough to maintain it (see Figure 2.8).

Figure 2.8- This optical view exemplifies the three pillars that sustain computational predictions,
related with the energy, time and size challenges. If one looks at the bottom it seems that there are
three cylindrical columns, while if one looks at the top, it seems that there are only two rectangular
columns. The time challenge has been placed in the center —the column that can be seen or not— as it
is usually the challenge that is commonly neglected.

Most computational predictions, however, neglect one of the three pillars in favor of computing
efficiency, adopting different types of approximations that compromise the predictions. For in-
stance, a very accurate description of the energy is only possible for systems with a reduced size
and for short —or even non— times (e.g. cluster models of enzyme active sites at a B3LYP/MP2 level
of theory"”), and long time simulations are only possible hampering the energy accuracy and or the
size of the system (e.g. force field based approaches that do not consider explicitly the solvent''). A
good balance between the three pillars is necessary for obtaining proper results, and this requires ei-

ther to make use of brute force approaches (i.e. take advantage of the astonishing growth of techno-
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logical facilities, such as supercomputers, cloud computing or GPU graphics cards), or use smart
approaches that permit to approximate the result within a compromise in accuracy. Among these
last techniques we can find the hybrid QM/MM methods, that allow to alleviate the energy-size
challenge, and enhanced sampling techniques such as metadynamics or umbrella sampling, that al-
low to alleviate the time challenge.

It is worth noting, however, that there are many types of QM/MM approaches depending on their
treatment at the QM region (e.g. HF, post-HF, DFT or semiempirical methods) and at the QM-MM
interface (e.g. mechanical and electrostatic embedding), and so the mere label of “QM/MM” in a
simulation is not a guarantee for the goodness of the results. Moreover, QM/MM methods can be
static or dynamic (i.e. include or not MD), and inside the dynamical ones one can further include
the use of enhanced sampling techniques (e.g. QM/MM metadynamics). Similarly, enhanced sam-
pling techniques can be applied with different descriptions of the energy, and it is not the same to
make a MM metadynamics than a QM metadynamics or a QM/MM metadynamics.

In this thesis we have made use of several techniques to take into account the three pillars: we
have used QM/MM schemes to consider the whole enzymatic environment, circumventing the size
challenge; we have used DFT with a GGA functional for the QM part, allowing to achieve a good
compromise in the energy challenge; and finally we have used MD simulations together with en-
hanced sampling techniques, alleviating the time challenge. In summary, we have used a
QM(DFT)/MM metadynamics approach for the study of enzymatic reactions, which are cutting

edge simulations for the current standards.
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Chapter 3

How Do Sugar Conformations Enhance
Catalysis?

Parts of this chapter have been published:
J. Iglesias-Fernandez, L. Raich, A. Ardevol, C. Rovira. “The complete conformational free energy
landscape of [-xylose reveals a two-fold catalytic itinerary for B-xylanases” Chemical Science, 6,

1167-1177 (2015).

ABSTRACT: sugar distortions are presumed to enhance GH catalysis by their crucial stereoelec-

tronic advantages, but up to date there is not kinetic evidence, either experimental or computational,
to proof this statement. In the present chapter we address this important issue by performing a com-
plete conformational study of [-xylose inside a [-xylanase. Our results reveal that two
conformations are available on-enzyme, a non-distorted and a distorted one, with the latest being
~42 kcal-mol™ more reactive than the former. This enormous difference is principally attributed to
the inability of the non-distorted conformation for reaching one of the favored conformations for an
oxocarbenium ion transition state. Interestingly, although the non-distorted conformation exhibits
low reactivity, it is the most stable conformation in the enzymatic cavity (by ~2 kcal-mol™), high-
lighting that GHs do not necessarily bind the substrate in its most reactive conformation. Finally,
these results have allowed us to disentangle all the possible catalytic itineraries for B-xylanases,
solving an intriguing controversy that arose from an experimental prediction made on the basis of

an unreliable enzymatic mutant.
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3.1 Introduction

3.1.1 Being distorted: evidences and presumptions

In the field of glycobiology it is generally accepted that GH catalysis is enhanced by certain
sugar conformations. This conviction is principally sustained by strong —but indirect— experimental
evidences: there are plenty of crystallographic structures showing Michaelis complexes with -1 sug-
ars distorted in unusual conformations, e.g. boats or skew-boats, instead of the relaxed chairs that
are mostly found in aqueous solution (see Figure 3.1).**'**' These distortions, by simple visual
analysis, place the scissile glycosidic bond in an axial position, which in principle could facilitate
the prototypical Sx2 attack of a nucleophile and favor catalysis.

Although these evidences are certainly compelling, one has to consider that the crystal structures
are usually not obtained for the natural systems, but rather for enzymatic mutants and/or substrate
mimics that knock-out the enzymatic activity (otherwise the reaction would take place during the
timescale of X-ray experiments and it would not be possible to trap the Michaelis complex). This
fact brings up the question of whether the observed distortions are also present in the natural sys-
tems or if they are just an artifact resulting from the structural modifications made to prevent the re-
action. Fortunately, the lack of precise experimental techniques to address this intriguing issue has

not been an obstacle thanks to the power of computer simulations.

Water 06 GH10 \ v \ GH120

Figure 3.1- Conformation of a B-xylose sugar in different environments: in water solution, display-
ing a *C, chair conformation (left); in the active site of a GH10 B-xylosidase, displaying a distorted
'S; skew-boat conformation (middle, PDB 2D20); in the active site of a GH120 B-xylosidase, dis-
playing a distorted *So skew-boat conformation (right, PDB 3VSU). The dotted blue line indicates
the four atoms that are nearly in a plane. Substrate hydrogen atoms have been omitted for clarity.
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Ab initio QM/MM methods have been extensively employed to study the conformational prefer-
ences of sugars in the active site of GHs. The pioneering work of Biarnés et al. was the first to give
insights about the structural and electronic advantages of sugar distortions on-enzyme."* By com-
paring the sugar in a distorted conformation with respect to a non-distorted one, it was found that
the former displayed a slightly longer glycosidic bond distance, a slightly shorter C1-O5 intra-ring
distance and an increase of the charge at the anomeric carbon, approaching to the stereoelectronic
features of an oxocarbenium ion-like transition state (see Scheme 3.1). All these subtle differences
conduced to the concept of “preactivated” conformations for catalysis, which would require less en-

ergy than non-preactivated conformations to reach the transition state.
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Scheme 3.1- Sugar distortions are presumed to enhance GH catalysis by at least two factors: (top)
they place the leaving group of the reaction in an optimal orientation for an Sy2 displacement, di-
minishing steric clashes, and (bottom) they induce polarization of the scissile bond by the alignment
of the m-nb and the o frontier orbitals of the pyranic oxygen and the glycosydic bond, reducing its
dissociation energy. The gray shadow surface indicates the four atoms that are nearly in a plane.
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Since the introduction of the preactivated concept, many computational works have confirmed
the existence of substrate distortion in GH Michaelis complexes, reinforcing the crystallographic
evidence from modified systems.””"*>"* It is important to highlight, however, that not all the crystal
structures are good mimics of the natural systems, but rather some of them, according to MD simu-
lations, affect the conformation of the substrate.'® Altogether, both by experimental and computa-
tional evidences, nowadays there is no doubt that sugar distortions occur inside the active site of
GHs, but their role in enhancing catalysis remains as a presumption given that, although everything
points towards that direction, there are no kinetic experiments demonstrating that one conformation
is catalytically faster than another.

The problem is that it is not possible to restrict active sugars in a particular conformation, let is
say, one can not have the -1 sugar of a polysaccharide in a chair and a skew-boat conformations,
separate in two pots, and test their respective catalytic activities upon hydrolysis. Computational
models, again, can give valuable insights about it. With computer simulations we can differentiate
between different —short lived— conformational states and we can study their reaction pathways sep-
arately. Consequently, in this chapter we had the aim to quantify the contribution of different sub-

strate conformations to the reaction rate of GHs.

3.1.2 The catalytic itineraries of B-xylosidases are not unambiguously resolved

We have centered our study in -xylosidases, enzymes that are particularly interesting for their
wide range of industrial applications, such as in biofuel, bread, pulp and feedstock industries.'®'"
'8¢ They are responsible for the hydrolysis of glycosidic bonds in B-xylans, polymers that are present
in plant-cell walls (see Figure 3.2 a). Albeit the general mechanism of these enzymes is well known,
their catalytic itineraries —i.e. how the -1 sugar changes conformation during catalysis— are not
completely resolved. These itineraries, according to what is exposed above, should start from a pre-
activated conformation and cross one of the energetically favored TS for an oxocarbenium ion (see
Figure 3.2 b).

On the basis of X-ray experiments, one can trap a crystallographic structure of the Michaelis
complex and, ideally, one of the products, with which throw a straight line connecting both confor-
mations to define the catalytic itinerary. If a favored TS-like conformation is crossed with this ap-
proach, the catalytic itinerary earn points to be believed. In the case of B-xylosidases, three different
catalytic itineraries have been predicted from crystallographic evidence: (i) 'S; - [*H;]* - *C; (ii)

S, = [**BTF = S, and (iii) °E - [°S,]* = B,s (see Figure 3.2 c).'®> While the two first itineraries
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propose plausible conformations both for the Michaelis complex ('S; and *So) and the transition
state (‘Hs and *°B), the third one starts from a non-distorted conformer (*C,) and crosses through a
non-favored transition state (°S,). Moreover, to add to the confusion, the two last catalytic itinerar-
ies have been assigned to a single family (GH11), while enzymes of a given family usually follow
just one pathway. This discrepancy is controversial and opens an intriguing question: is this an ex-

ception to the rule or a wrong experimental prediction?
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Figure 3.2- (a) Molecular structure of a 1,4-f-xylose polysaccharide. Notice that -xylose differs
from [-glucose in the substituent at position 5, with xylose bearing a hydrogen atom and glucose a
hydroxymethyl group. (b) Energetically favored TS conformations of the north-pole. (c) Stoddart

representation (north-pole) with the three proposed catalytic itineraries for B-xylosidases: 'S; —
[*Hs]* — *C, (orange), °S, - [**B]* - °S, (green) and °E - [°S,]* - B, (blue).
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To shade light into the main topic of this chapter —if sugar conformations enhance catalysis— and
also into this last question, we have undertaken a three-fold strategy of increased technical com-
plexity: (i) we have computed the free energy landscape of an isolated B-xylose, which gives infor-
mation about all possible itineraries that $-xylosidases can take, showing that only two of the three
proposed pathways fit with the low-energy regions of the landscape; (i) we have obtained the same
landscape but inside the active site of the controversial GH11 B-xylosidase, revealing how the en-
zyme restricts the access to certain regions of the landscape and favors only two conformations (*C,
and *So) that match with one catalytic itinerary; (iii) finally, from this last result, we have studied
the reaction mechanism starting from each of the two conformations to quantify their contribution
to the reaction free energy barrier and verify the predicted catalytic itinerary, showing that only the
?So conformation is kinetically competent and that the catalytic itinerary of the GH11 B-xylosidase

should be S, — [>°B]* - °S,.

3.2 Results and Discussion

3.2.1 The fingerprint of B-xylose discards one catalytic itinerary

The free energy landscape (FEL) of an isolated -xylose, shown in Figure 3.3, has been obtained
by DFT-based metadynamics using the theta and phi puckering coordinates as collective variables
(see section 3.4 Computational Details). It contains four local minima, two of them at the poles, cor-
responding to the *C, and 'C, chair conformers (in blue, at theta 0° and 180°, respectively), as well
as a two local minima in the equator (theta 90°): a wide minimum centered at *So/Bs (in green, phi
150°~180°) and a small minimum centered at *S,/*°B (in yellow, phi 0°-30°). It is clear that the *C,
chair is the global minimum, the inverted 'C, chair is 4 kcal-mol™ higher in energy, closely followed
by the mixed 2So/Bso conformation, which is 5 kcal‘mol” above ‘C,. The remaining minima
(*°B/FS,, 'Ss, °S)) are much higher in energy (7 kcal-mol’; see Figure 3.3).

A noticeable feature of the FEL is the presence of a wide valley on the equator, covering confor -
mations 'S;-B;o—>So—>"B-S,, which is connected with the *C; global minimum by a low energy re-
gion at theta 75°, containing “H; and E; conformations. These results support both 'S; - [*H;]* —
“C, and °S, - [**B]* - S, as possible itineraries for hydrolysis reactions catalyzed by B-xylosi-
dases. The °E — [°S,]* » B,s itinerary, however, is unusual because it starts from a non-preacti-
vated conformation and crosses through a high-energy region of the landscape. This pathway was

recently proposed for Trichoderma ressei GH11 xylanase (7rGH11) in the basis of an atomic-reso-
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lution (1.15 A) X-ray structure, showing a Michaelis complex with the -1 sugar in a “C,/°E confor-
mation.'® In the light of this and previous studies on isolated sugars made in our group,’>**'?’ this is
unprecedented and it might indicate that trends derived from the computed FEL break down in this
case. However, the fact that the proposed °S, conformation as TS does not fulfill the stereochemical
requirements of a TS-like conformation suggests that the experimental prediction might not be cor-
rect. Moreover, the complex was obtained with a structural modification of the enzyme, which

could affect the conformation of the substrate as we have observed in other GHs.
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Figure 3.3- Computed free energy landscape of -xylose with respect to ring distortion. Both Mer-
cator and Stoddart-like (x = 0-cos(p) and y = 0-sin(¢)) representations of the same landscape are
provided. Each contour line of the diagrams correspond to 1 kcal-mol™. The conformations found in
experimental structures of retaining -xylosidases are represented in the Mercator map by red stars
(Michaelis complex structures) and blue stars (covalent intermediate structures).'® The conforma-
tion of the TS-like inhibitor xylobio-imidazole in complex of family 10 xylanase Cex from Cellu-
lomonas fimi has also been indicated (green star).'® For the sake of clarity, only one star is dis-
played for several structures with nearly identical conformations. Notice in the Stoddart representa-
tion that from the proposed itineraries only the 'S; —» [“H;]* —*C, and %S, - [**B]* —°S, cover low
energy regions, but not the °E — [°S,]F - B, one.
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3.2.2 Simulations on-enzyme suggest the existence of two conformations

To verify that the FEL of the isolated B-xylose reflects the behavior of the [-xyloside on-en-
zyme, we have performed classical and ab initio QM/MM molecular dynamics simulations on the
TrGH11 structure reported by Wan et al.,’® which corresponds to the complex of the Glul77GIn
enzyme mutant with xylohexaose (Glul77 is the catalytic acid/base residue, see Figure 3.4). As we
suspected that the unusual “C,/°E conformation may be due to the mutation of the acid/base residue,
we have assessed its effect on the substrate conformation by performing simulations on both the
mutant and the WT enzyme (in the last case, we manually reverted the Glul77GIn mutation; see de-

tails in section 3.4). Afterwards we have calculated the free energy landscape of (-xyloside in the

Glul77GlIn
iC J°F

I3

active site of the WT enzyme.

Equatorial

Glu86

+2

Figure 3.4- Michaelis complex of 7rGH11 B-xylanase in complex with a xylohexaose substrate
(PDB 4HKS). The B-xyloside is known to exhibit a *C,/°E conformation in the Glu177Gln acid/base
mutant (top right), but the conformation in the wild-type system (bottom right), modeled in this
work, is still unknown. Glu86 is the catalytic nucleophile residue.

The results of the classical simulations for the enzyme mutant complex show that it fairly repro-
duced the experimental conformation of the -1 xylose: the sugar ring adopts an intermediate *C,/°E
conformation (see Figure 3.5). However, once the mutation was reverted, the conformation of the -1
xylose ring started oscillating between “C,/°E and So, which is precisely the conformation that has

been proposed for GH11 and it is supported by our computed FEL for 3-xylose (Figure 3.5).
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Figure 3.5- Stoddart graphs representing the distribution of conformations for (top) the complex of
the B-hexasaccharide with the Glul77GIn mutant of 7rGHI11 B-xylanase and (bottom) the same
complex but with the wild-type enzyme. Notice that the Glul177GIn mutant makes Asn44 change its
hydrogen bond network, which results in new interactions with the glycosidic bond that restrict its
movement.

This surprising result can be attributed to the hydrogen bond pattern of each system. While in the
WT enzyme a neighboring Asn44 interacts with the acid/base residue acting as a hydrogen bond
donor, the opposite is found in the mutant enzyme (i.e. Asn44 acts as a hydrogen bond acceptor). At
the same time, Asn44 acts as a hydrogen bond donor with the glycosidic bond, restricting its move-
ment. In other words, the Asn44 and GIn177 combination acts as a kind of “molecular nippers” that

grab the glycosidic bond, keeping the -1 sugar in the *C,/°E conformation by reducing the equato-
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rial-axial C-O motion required to evolve from *“C,/°E to 2Se. Therefore, these results demonstrate
that the enzyme mutation affects the sugar conformation and that the “C,/°E conformation observed
in this complex, a priori, cannot be taken as informative for the conformational itinerary.

As a control calculation, we have considered an opposite case in which the complex obtained
with a modified enzyme conforms with our computed FEL. We have selected a family 10 retaining

169

xylanase from Streptomyces olivaceoviridis (SoGH10, PDB code 2D24),™ which was crystallized
with a natural substrate and a double mutation (Asnl127Ser and Glul28His, with Glul28 being the
acid/base residue). In this structure, the -1 xylose displays a 'S; conformation that agrees with the
'S; — [*Hs]* - “C, itinerary, covering a low-energy region of the FEL. However, can we trust this
conformation taking into account that —as we have just seen— mutations can affect it?

To check for this concern, we have followed the same strategy as in the previous case, carrying
out simulations for both the mutant and WT systems. Strikingly, in this case, the results show that
there are two stable substrate conformations in the active site ('Ss/Bso and “C,/*E) and these are in-
dependent of the mutations, i.e. both the modified and the wild type enzyme behave similarly with
respect to the conformation of the xyloside at the -1 subsite (see Figure 3.6). Therefore, in this case
the complex of the modified enzyme with its natural substrate is a good mimic of the WT enzyme
complex (the “true” Michaelis complex), being in the pathway towards the transition state. In con-
trast, the complex of modified 7rGH11 xylanase with its natural substrate is not a good mimic of
the WT Michaelis complex, and the *C,/°E conformation observed in this complex should not be
taken as informative for the conformational itinerary .

At this point, we know that two conformations (*C;/°E and *So) of the -1 xylose can accommo-
date in the GH11 enzyme active site, but we do not know if the result has been influenced by the
force-field employed in the MD simulations —they usually overestimate the stability of *C, confor-
mations, so perhaps the “C,/°E conformation should not be present in the WT enzyme- and, in case
that both conformations exist, we do not know which one is more stable. To exclude artifacts com-
ing from force-field limitations, we have re-evaluated these results by ab initio QM/MM molecular
dynamics simulations. The QM region included a total of 66/67 QM atoms (for the WT/mutated
forms of the enzyme), including the xylose rings at the -1 and +1 subsites, half rings of the saccha-

rides at the -2 and +2 subsites and the acid/base residue.
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Figure 3.6- Stoddart graphs representing the distribution of conformations for (left) the complex of
the B-pentasaccharide with the Asn127Ser and Glul28His double mutant of SoGH10 enzyme and
(right) the same complex but with the wild-type enzyme. The Asn127 residue is not shown for clar-

1ty.
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Analysis of the QM/MM MD trajectories show that both conformations are stable during the
equilibration (>2 ps), reinforcing the results obtained by the classical simulations. Subsequently, we
have determined the stability of each conformation by computing the conformational free energy
landscape on-enzyme, using QM/MM metadynamics and g, and g, “Stoddart” coordinates as collec-
tive variables. The FEL shows two available minima that agree with the classical pattern (see Figure
3.7). Both *C,/°E and *S, conformations have similar energies, with *S, being slightly higher with

respect to ‘C,/°E (by ~2 kcal-mol™).
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Figure 3.7- Computed QM/MM free energy landscape of B-xylose (Stoddart representation) in the
active site of TrGH11 B-xylanase (WT). Energy values are given in kcal-mol™ and each contour line
of the diagram corresponds to 1 kcal-mol™.

The fact that a practically undistorted conformation (“C,/°E) is the most stable in the active site
of a GH is unprecedented. It is usually assumed that the most populated conformation should be
preactivated for catalysis, which is not the case for *C,/°E. First, it displays an equatorial orientation
of the glycosidic bond (see Figure 3.7). This is reflected in the Oyy,-C1-Ogyy angle, which is notably
more “closed” —with respect to the optimal 180°- for the “C,/°E conformation than for the 2S¢y one
(by 20.1°, see Table 3.1), meaning that the former is less in-line for a proper Sy2 displacement. Sec-
ond, the *S, conformation shows the typical shortening of the intra-pyranic C1-O35 distance (by 0.05
A) and lengthening of the glycosidic bond (by 0.07 A), which makes the substrate to be “on the
pathway” to the oxocarbenium ion-like transition state. Finally, the S, conformation exhibits a sig-
nificant charge transfer from the pyranic oxygen to the “anomeric center” (0.16 e), reflecting the

polarization of the glycosidic bond induced by hyperconjugation.
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Table 3.1- Structural and electronic properties of the two possible conformations of B-xylose in the
active site of 7rGH11 [-xylanase (WT). Atomic ESP charges are provided.

Properties A(So-*C\/°E)
Onue-C1-Ogyy angle (°) 135.8+7.4 1559+ 6.6 20.1
C1-05 distance (A) 1.44 + 0.04 139 + 0.03 -0.05
C1-Ogy distance (A) 1.45 +0.03 1.52 + 0.04 0.07
05 charge (e) 20.52 +0.02 20.36 + 0.04 0.16

Altogether, these stereoelectronic properties suggest that the S, conformation would be more re-
active than the *C,/°E one, but this contrasts with the more stable conformation inside the enzyme,
which is *C,/°E. Does it mean that the *C,/°E conformation is catalytically faster than the 2So? Do
the ~2 kcal-mol” of binding stability in *C,/°E compensate for the preactivation advantages of *Sy?

The answer to these questions is enclosed in the reaction mechanism of the enzyme.

3.2.3 Fast and distorted: evidence for a canonical ’S, - [**B]* - S, itinerary

We have computed the glycosylation reaction mechanism starting from both “C,/°E and *S,, con-
formations, using QM/MM metadynamics and two collective variables (CV1 and CV2) that include
all bonds that are formed and cleaved during the chemical event. CV1 involves the nucleophilic at-
tack of Glu86 and the glycosidic bond breakage, and CV2 the proton transfer between the acid/base
residue (Glu 177) and the leaving group (see further details in section 3.4). The corresponding reac-
tion mechanisms and FELs are shown in Figures 3.8 and 3.9.

The two reaction mechanisms consist in a one-step concerted Sy2 displacement, with the transi-
tion state characterized by having the glycosidic bond already broken, the glycosyl-enzyme bond
not yet formed and the proton of the acid/base transferred to the leaving group (see Figures 3.8 and
3.9). The most important aspect to emphasize is that the two reaction pathways lead to the same
glycosyl-enzyme intermediate (GEI), displaying a **B conformation. This result has two conse-
quences: (i) it completely excludes the unusual °E - [°S,]*— B, 5 catalytic itinerary proposed on the
basis of the X-ray structure of the mutant enzyme; and (ii) it connects the two independent simula-
tions as they both explore the same region of the space, so we can relate their free energy land-
scapes by a thermodynamic cycle (see Figure 3.9).

Another relevant aspect to point out is that the two pathways select very different transition state
conformations, with the reaction starting from S, reaching a So/*°B transition state (TS in Figure

3.8) and the *C,/°E reaching a *H; transition state (TS").



How Do Sugar Conformations Enhance Catalysis? 73

MCJ ! Glul77 TS
> zSO “ zSO/z,sB
+1 g
! \ Axial >
Glug6 T

‘CE | |8

TS’

:

G

Equatorial ] ?
4

Figure 3.8- Close view of the catalytic center —subsites -1 and +1- along the two reaction mecha-
nisms in 7rGH11: (top) starting from the S, conformation and (bottom) from the *C,/°E conforma-
tion. Sugar conformations are highlighted in blue. Red dashed lines indicate bonds that are being
formed or broken. Most hydrogen atoms have been omitted for clarity.
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Figure 3.9- Reaction free energy landscapes for the two reaction mechanisms in 7rGHI11: (left)
starting from the Sy conformation and (right) from the *C,/°E conformation. Contour lines
correspond to 1 kcal-mol™ and 2 kcal-mol™ respectively (note the difference in energetic scales at
the side bar). Reaction free energy barriers are provided in Table 3.2. Exploration of the GEI in the
reaction starting from *C,/°E was considered not necessary because the reaction starting from 2So
already explored it.
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The conformational difference between the two TS is crucial, as the *H; conformation is non-pla-
nar around the anomeric center (C2-C1-O5-C5 atoms) and it can not optimally stabilize the oxocar-
benium ion. This is evidenced by the comparison of the charge at the anomeric carbon between the
two transition states, being notably more positive for the *H; TS (see Table 3.2). Moreover, this
conformation is not stable even at the Michaelis complex (by ~10 kcal-mol™ according to the FEL
in Figure 3.7), and it is expected that it would be less stable at the TS. Therefore, two reasons are
behind the high energy observed for the reaction pathway that starts from the *C,/°E conformation:
(i) the steric hindrance at the Michaelis complex, in which the glycosidic bond is in an equatorial
position and difficults the nucleophilic attack; and (ii) the *H; TS conformation that it has to take
along the catalytic pathway, which is unfavored both by its shape and by the inability to stabilize
properly the oxocarbenium ion. These two reasons make the “C,/°E conformation be 42 kcal-mol™

less reactive than the preactivated *So one (see Table 3.2).

Table 3.2- Computed free energy barriers (kcal-mol™), transition state conformations and their val-
ues for the C2-C1-0O5-C5 dihedral angle (measure of the planarity around the anomeric carbon) and
the ESP charges of the anomeric carbon.

Properties A(So-*C/°E)
AG'yc- e 56.6" 14.6 -42.0
AG g1 -mc 55.2° 15.2 -40.0
TS conformation ’H;, ’So/*°B -
C2-C1-05-C5 angle (°) -31.2+4.1 3.9+3.7 35.2
Anomeric charge (e) 0.48 £ 0.05 0.29 £ 0.05 -0.18

a) An additional simulation with 3 collective variables, splitting the nucleophilic attack in two different CVs, shows that
this barrier is >40 kcal-mol™ b) This energy barrier is estimated by a thermodynamic cycle, taking into account the con-
formational FEL that is shown in Figure 3.7 and the reaction FEL of the *So conformation shown in Figure 3.9.

To further verify the lowest free energy pathway, we have performed an additional simulation
starting from the glycosyl-enzyme intermediate (GEI). From this point, the system will evolve
freely either to *C,/°E or *So as we do not impose any particular conformation for the Michaelis
complex. Remarkably, during the metadynamics simulation we observe that the system leaves the
GEI basin through the So/>°B transition state, reaching the Sy conformation at the Michaelis com-
plex. This result, consistent with the reaction pathway that we have previously found, clearly
demonstrates that the most favored pathway involves a *So/*°B transition state, which matches with
a canonical S, — [*B]* — S, catalytic itinerary. Altogether, we can conclude that the mechanism

of TrGHI11 B-xylanase starts from a pre-Michaelis complex displaying a non-reactive *C,/°E con-
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formation, changes to a preactivated 2So conformation that is 2.0 kcal-mol™ higher in energy and
subsequently reacts via a *So/>’B transition state with a free energy barrier of 14.6 kcal-mol™, reach-
ing a *°B glycosyl-enzyme intermediate. The global free energy barrier, 16.6 kcal-mol™, is commen-

surate with the kinetic values of B-xylosidases.'”

3.3 Summary and Conclusions

In this chapter we have addressed two principal objectives: (i) decipher the catalytic itineraries of
B-xylosidases and (ii) obtain a computational proof for the kinetic advantage of sugar distortions in
GHs. These objectives have been achieved in different steps. First, we have computed the free en-
ergy landscape of an isolated B-xylose, showing that only two of the three proposed itineraries ('S;
- [*Hs]* - “C, and %S, - [**B]* - °S)) fit with the low-energy regions of the landscape. A third
itinerary, °E - [°S,]F - B,s, proposed on the basis of a GH11 X-ray structure, has been found to be
unfavorable as it crosses a high energy region of the landscape.

In a second step, we have further analyzed the GHI11 structure that led to the assignment of the
anomalous itinerary, performing classical MD simulations. These simulations have showed that the
mutation needed to trap the X-ray structure perturbs the conformation of the -1 sugar, which proba-
bly caused the wrong experimental prediction of the itinerary, adding a word of caution on using
modified enzymes to inform on catalytic itineraries. Moreover, these simulations have suggested
that two conformations (*C,/°E and *So) of the -1 xylose can be accommodated in the active site of
the enzyme, which has been further verified by QM/MM techniques.

Finally, we have computed the reaction mechanisms starting from the two conformations, show-
ing that even though the *C,/°E conformation is 2 kcal-mol™ more stable than the *So, it is catalyti-
cally incompetent —~AAG* = 42 kcal-mol”'- due to the steric hindrance of the equatorial scissile bond
and the fact that it involves an unfavorable TS conformation (*H;). An enzyme complex displaying
this conformation, hence, has to be considered as a pre-Michaelis complex. The “true” Michaelis
complex displays a *Sp conformation and reacts through a *So/*’B transition state with a barrier of

14.6 kcal-mol™. Altogether, the following conclusions can be drawn from this chapter:

* The free energy landscape of B-xylose suggest that B-xylosidases follow only two catalytic
itineraries: 'S; - [*“H3]* - *C, or °S, - [**B]* - °S,. The unusual °E - [°S,]* - B, s itinerary, pre-

dicted on the basis of X-ray experiments on a modified structure, is not compatible with the
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computed FEL and arises from a conformation (*C,/°E) that is a consequence of the

Glul77GlIn acid/base mutation.

GHs restrict the conformational space of the isolated sugar to be more selective. As we have
seen for GH11, the enzyme completely blocks the low-energy regions that cover the 'S; —
[*Hs]* - “C, itinerary (employed by GH10), defining a unique S, - [*’B]* - °S, itinerary.
Even though the restrictions, still two conformations (*C,/°E and *S,) can accommodate in-
side the enzyme, highlighting a local flexibility that can be attributed to the lack of the hy-
droxymethil moiety in B-xylose, which limits the possibilities of the enzyme for stabilizing a

particular conformation by the use of specific interactions.

GHs distort their -1 sugars to enhance catalysis. In the particular case of the 7rGH11 p-xy-
losidase, the catalytic enhancement between “C,/°E and S, conformations corresponds to
~42 kcal-mol™ in terms of reaction free energy barrier. The kinetic advantage of distorted
conformations is mainly due to low steric clashes with the nucleophile, prepared for an in-
line SN2 attack, and their “stereoelectronic similarity” to conformations that are favored for

an oxocarbenium ion-like TS.

GHs do not necessarily need to bind the -1 sugar in its most reactive conformation, but a
conformational change to a distorted conformation is mandatory for the reaction. In the case
of TrGH11 B-xylosidase, the *C,/°E conformation is less reactive than the *S, one, but at the

same time it is ~2 kcal-mol' more stable.

The FEL of isolated sugars provide a simple and effective approach to unveil catalytic itin-
eraries. The FEL of the isolated [-xylose computed here does not only cost ~28.000
cpu-hours less than the one inside the GH11 -xylanase, but also gives mechanistic informa-

tion on B-xylosidases in general.
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3.4 Computational Details

3.4.1 Modeling of the isolated B-xylose
The conformational free energy landcape (FEL) of the isolated B-xylose has been obtained by ab

P91 performed at room temperature within the Car—Parrinello ap-

initio metadynamics simulations,
proach,'”” as implemented in the CPMD 3.15.1 program.'”* The electronic structure has been com-
puted within the density functional theory (DFT), using the Perdew, Burke, and Ernzerhoff general-
ized gradient-corrected approximation (PBE).'” This functional gave reliable results in previous
Car—Parrinello simulations of isolated carbohydrates and GHs.”>**"**">" In particular, the error on
relative energies due to the DFT functional employed is 0.6 kcal-mol™ for B-glucose.”” Kohn—
Sham orbitals have been expanded in a plane wave (PW) basis set with a kinetic energy cutoff of 70
Ry. Norm-conserving pseudopotentials have been employed, generated within the Troullier—Mar-
tins scheme.'’* The isolated B-xylose has been enclosed in an orthorhombic box of size 12.5 A x
13.5 A 11.6 A. The fictitious mass for the electronic degrees of freedom has been set to 850 au.

The puckering 6 and ¢ polar coordinates have been used as collective variables.'* The height of
the Gaussian terms has been set to 0.18 kcal-mol™, which ensures sufficient accuracy for the recon-
struction of the FEL. The width of the Gaussian terms has been set to 0.1 CV units, according to the
oscillations of the selected collective variables observed in the free dynamics. A direct implementa-
tion of the MTD algorithm has been used to obtain the Mercator FEL. A new Gaussian potential has
been added every 200—400 MD steps at the first stage of the simulation, increasing it up to 1000
MD steps to ensure a proper convergence of the simulation. A total number of 4500 Gaussian func-
tions have been added to completely explore the free energy landscape. The convergence of the
metadynamics simulations has been assessed by checking the invariance of energy differences and
the free energy landscape with the progression of the simulation, following the work of Tiwary
2015.' The convergence error in the energies is found to be lower than 0.5 kcal-mol ™. These simu-
lations have been performed by Dr. Javier Iglesias, co-author of the manuscript in which we have

published parts of the results of this chapter.

3.4.2 Modeling of the Michaelis complex of 7rGH11 p-xylanase

The initial structure for the simulations has been taken from the recently reported structure of
TrGHI11 B-xylanase in complex with a xyloglucan hexasaccharide (PDB: 4HKS). In this structure,
the acid/base Glu residue is mutated to glutamine (Glul177GlIn) and the xylose saccharide at the -1

subsite adopts a “C,/°E conformation. Two separate systems have been modeled, with and without
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the mutation of the acid/base residue (in the last case, the mutation has been manually reverted). For
each system, two simulations have been performed, one with the sugar initially in a *C,/°E confor-
mation and the other with the sugar in the *S, conformation (the last one has been obtained by a re-
strained relaxation). The protonation states and hydrogen atom positions of all amino acid residues
have been taken from the crystal structure, except His155, which has been changed from double to
single protonation due to the close contact with Ser139. All crystallographic water molecules have
been retained and extra water molecules have been added to form a 15 A water box around the pro-
tein surface. Five chloride ions have been also added to neutralize the enzyme charge.

Molecular dynamics (MD) simulations using Amberl1 software'” have been performed. The
protein has been modeled with the FF99SB force-field,'”” the carbohydrate substrate with the GLY-
CAMO6 force-field'” and water molecules were described with the TIP3P force -field."* The MD
simulations have been carried out in several steps. First, the systems has been minimized, keeping
the protein and substrate fixed. Then, the entire systems have been allowed to relax. To gradually
reach the desired temperature of 300 K in the MD simulations, weak spatial constraints have been
initially added to the protein and substrate, while the water molecules and chloride ions have been
allowed to move freely at 100K. The constraints have been then removed and the working tempera-
ture of 300 K has been reached after two more 100K heatings in the NVT ensemble. Afterwards,
densities have been converged up to water density at 300K in the NPT ensemble. The simulations
have been further extended to 18 ns, when equilibration has been reached. In the case of the simula-
tions of the wild type (WT) enzyme, the acid/base residue (Glul77) has been restrained (after re-
verting the Glu — Gln mutation) for the first 15 ns. Analysis of the trajectories has been carried out
using standard tools of AMBER and VMD.'”

A snapshot of the *C,/°E and *S, conformations have been taken from the WT MD-equilibrated
structures for subsequent QM/MM calculations. These calculations have been performed using the
method developed by Laio e al.,'” which combines Car—Parrinello MD with force-field MD
methodology. The QM/MM interface has been modeled by the use of link-atoms that saturate the
QM region. The electrostatic interactions between the QM and MM regions have been handled via a
fully Hamiltonian coupling scheme, where the short-range electrostatic interactions between the
QM and the MM regions are explicitly taken into account for all atoms. An appropriately modified
Coulomb potential has been used to ensure that no unphysical escape of the electronic density from
the QM to the MM region occurs. The electrostatic interactions with the more distant MM atoms

have been treated via a multipole expansion. Bonded and van der Waals interactions between the
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QM and the MM regions have been treated with the standard AMBER force field. Long-range elec-
trostatic interactions between MM atoms have been described with the P3M implementation, ** us-
inga64f\x64/°%x64/°\mesh.

The QM region for studying the reaction pathways has included the xylose sugars at the -1 and
+1 subsites, half sugars of the saccharides at the -2 and +2 subsites and the acid/base and nucle-
ophile residues, leading to a total number of 76 QM atoms and 40.337 MM atoms. This QM region
has been enclosed in an isolated supercell of size 21.2 A x 185 A x 18.5 A. For the puckering
study, the region has been reduced to the xylose sugar at -1 and half sugars of -2 and +1 subsites,
leading to a total number of 38 QM atoms and 40.375 MM atoms. In this case, the QM region has
been enclosed in an isolated supercell of size 20.1 A x 14.1 A x 13.4 A. Kohn—-Sham orbitals have
been expanded in a plane wave basis set with a kinetic energy cutoff of 70 Ry. The fictitious mass
for the electronic degrees of freedom was set to 700 au. Norm-conserving Troullier—Martins ab ini-
tio pseudopotentials were used for all elements. The calculations were performed using the Perdew,
Burke and Ernzerhoff generalized gradient-corrected approximation (PBE). This functional form
has been proven to give a good performance in the description of hydrogen bonds and was already
used with success in previous works on glycoside hydrolases and transferases.”®**'8! All systems
have been equilibrated between 2.5 and 3.8 ps until they became stable according to the RMSD of
the QM atoms.

The conformational free energy landscape given in Figure 3.7 has been explored using the well-
tempered metadynamics —a variant of metadynamics in which the height of the Gaussians diminish
during the simulation— approach with two puckering collective variables (¢, and ¢,)."*> We have
used the metadynamics driver provided by the Plumed2 plugin.'® A hill height of 1 kcal-mol™ (bias-
factor of 10 kcal-mol™, T=300 K) and a hill width of 0.1 rad for each variable have been used to de-
fine the repulsive potentials. The deposition time has been set to 24 fs (200 MD steps). The FES has
been completed after 1279 deposited Gaussians (~36 ps of simulation). The error between the two
explored basins has been found to be of £0.6 kcal-mol™ according to the standard deviation from the
last 18 ps.

The two reaction free energy landscapes given in Figure 3.9, the one starting from the ‘C,/°E
conformation and the one from So, have been explored using the lagrangian version of metadynam-
ics (20.0 amu for the mass of the fictitious particle and 0.2 au for the force constant ) with two col-
lective variables. The first one (CV1) has been defined as the difference between the Oy,-C1 and

the C1-Ogyy distances. This variable accounts for the nucleophilic attack of Glu86 and the cleavage
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of the glycosidic bond. The second collective variable (CV2) has been defined as the distance dif-
ference between the O,p-H and H-Og), distances. This variable accounts for proton transfer between
Glu177 and the glycosidic oxygen (leaving group). A hill height of 0.63 kcal-mol™ (0.001 a.u) and a
deposition time of 30 fs (250 MD steps) have been used in both cases. Spherical hills of 0.34 A and
0.42 A width have been used for the *Ci/°E and the S, simulations, respectively, according to the
fluctuations of the variables along a non-biased dynamics.

The simulation starting from the “C,/°E conformation have been stopped after the deposition of
912 Gaussians, spanning a time window of ~32 ps. The one from the *So conformation has been

1# after the deposition of 238 Gaussians and a total

stopped according to the first-crossing criterion,
simulation time of ~10 ps. The additional simulation starting from the glycosyl-enzyme intermedi-
ate has been done taking a snapshot obtained from the *C,/°E simulation. The same parameters as
the ones given previously have been taken in this case. The simulation has been stopped after the re-
action event, with 90 deposited Gaussians and ~3 ps of simulation. To further verify the high energy
barrier obtained for the pathway that starts from the *C,/°E conformation, another simulation has
been done by splitting the “nucleophilic attack™ collective variable in two independent variables:
CV1 defined as the distance between Oy,-C1 (nucleophilic attack) and CV2 the distance between
C1-Ogyy (leaving group departure). CV3 has been defined as the proton transfer shown above. The
hill height and deposition time has been also the same as in the previous case, but the hill widths
have been adapted to the new oscillations: 0.36 A for CV1, 0.08 A for CV2 (the bond is initially
formed, so its oscillations are very small) and 0.28 A for CV3. Given the computational cost, the

simulation has been stopped after the deposition of 780 hills and a total simulation time of ~30 ps,

showing a basin of 42 kcal-mol” deep.

3.4.3 Modeling of the Michaelis complex of SoGH10 B-xylanase

The initial structure for the simulations has been taken from the reported structure of SoGH10 -
xylanase in complex with a xylose pentasaccharide (PDB: 2D24). The structure is a double mutant
of residues 127 and 128 (N127S and E128H, being 128 the acid/base residue) and the xylose sac-
charide at the -1 subsite adopts a 'S; conformation. A similar protocol as in section 3.4.2 has been
followed, with two separate systems (with and without mutations) being modeled. The mutated and
the missing residues (304 to 312) have been taken from the structure of PDB entry 1ISV. The proto-
nation states of all amino acid residues have been taken according to protein environment. All crys-

tallographic water molecules have been retained and extra water molecules have been added to form



How Do Sugar Conformations Enhance Catalysis? 81

a 15 A water box around the protein surface. One chloride ion has been also added to neutralize the
enzyme charge. MD simulations using the Amberl1 software have been performed 20-30 ns (until

equilibration of the protein backbone RMSD has been reached).

3.5 Supplementary Figures
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Figure S3.1- Collective variables used to study the reaction mechanisms: the nucleophilic attack
(CV1) and the proton transfer (CV2).
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Figure S3.2- Evolution of the distances involved in the nucleophilic attack (left) and proton transfer
(right) CVs for the TrGH11 reaction mechanism starting from the S, conformation. The violet line
corresponds to the O,,.-C1 distance (d,), the green to the C1-Ogyy (d-), the orange to the Ou5-H (d5)
and the blue to the H-Og,, distances (d).
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Figure S3.3- Evolution of the distances involved in the nucleophilic attack (left) and proton transfer
(right) CVs for the TrGH11 reaction mechanism starting from the *C,/°E conformation. The violet
line corresponds to the Oy, -C1 distance (d;), the green to the C1-Ogy (d-), the orange to the Oa5-H
(ds) and the blue to the H-Og), distances (d,).
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Figure S3.4- Evolution of the Stoddart q, and q, puckering coordinates (in green and violet, respec-
tively) for the conformational FEL of B-xylose in the active site of 7rGHI11 p-xylanase (left) and
Gaussian height according to the algorithm of well-tempered MTD.
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Figure S3.5- Evolution of the qx and q, puckering coordinates along the 7rGH11 reaction mecha-
nism starting from the S, (violet) and the “C,/°E (green) conformations. Notice that they start from
very different conformations (MC and MC’) but they end both exploring the >°B GEI basin.
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Figure S3.6- Evolution of the Oy,-C1-Ogy angle along the 7rGHI11 reaction mechanism starting
from the S, (violet) and the *C,/°E (green) conformations. This angle should be 180° for an ideal
Sx2 nucleophilic displacement. Notice that the reaction starting from S, (violet) is more in-line
than the one starting from “C,/°E (green). Moreover, the former does not change along the reaction,
while the latest suddenly changes from a mean of 135° to 160° after crossing the transition state (in-
dicated by vertical dashed lines).
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Chapter 4

The Contribution of 2-OH Interactions in
the Reaction Rate of a B-glucosidase

Parts of this chapter have been published:

L. Raich, V. Borodkin, W. Fang, J. Castro-Lépez, D. M. F. van Aalten, R. Hurtado-Guerrero, C.
Rovira. “A trapped covalent intermediate of a glycoside hydrolase on the pathway to
transglycosylation. Insights from experiments and QM/MM simulations” Journal of the American

Chemical Society, 138, 3325-3332 (2016).

ABSTRACT: in this chapter we study the importance of a crucial hydrogen bond interaction (2-

OH---Nucleophile) in a -glucosidase that displays a high synthetic activity. We demonstrate the ex-
istence of two states regarding the 2-OH---Nucleophile interaction (formed or broken) and we reveal
its net contribution to the reaction rate and mechanistic outcome, showing that its absence raises
free energy barriers up to 16 kcal-mol” and changes the catalytic itinerary of the substrate, from the
expected *C, - [*E]* - "“B/“E to an unusual *C, - [“H;]* - *C, cyclic itinerary. Finally, we show how
the lack of another interaction involving the 2-OH group (Asnl75---2-OH), which is highly con-
served in GHs, affects the glycosylation barrier without altering deglycosylation, which led us to

propose mutations that could be used to convert GHs into TGs (transglycosylases).
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4.1 Introduction

4.1.1 The molecular ties of sugars

Non-covalent interactions are of utmost importance in chemistry and biology. They determine
the macroscopic properties of chemical species, the assembly and stability of supramolecular com-
plexes or the three-dimensional fold of proteins and enzymes.'® One of the most relevant non-cova-
lent interaction is the hydrogen bond, which is characterized by its directional nature and its strong
dissociation energies, ranging from 0.2 to 40 kcal-mol™.'® These interactions are particularly impor-
tant in carbohydrates given that they are polyhydroxylated and can form several hydrogen bonds

'8 each -1 sugar

with an enzyme upon binding. For instance, in a [-glucosidase of family 1 GHs,
OH groups presumably form hydrogen bonds with the following residues: Asnl65 and Glu352(2-
OH); GIn20, His121 and Trp407 (3-OH); GIn20 and Glu406 (4-OH); and Arg325 and Glu406 (6-
OH; see Figure 4.1). We write presumably because proton positions are rarely determined by X-ray
crystallography (it requires sub-atomic resolutions, i.e. below 1 A, and does not work for highly po-

larized hydrogen atoms and protons),'®” but they can be intuitively localized from their chemical en-

vironment.

Glu406

His121

v‘ ! | "/ ‘
(Glu365 ASTIGS ‘ Glu36s, %

Figure 4.1- Enzyme-substrate hydrogen bond interactions at the -1 subsite of a GH1 -glucosidase
(PDB 3WHS6, 1.6 A resolution). Top and front views of the active site are displayed. Residues
GIn20 and Trp407 have been omitted from the front and top views, respectively, for clarity pur-
poses. The glucose substrate is shown in cyan and the enzymatic residues in black. Dashed lines
represent hydrogen bond interactions. Substrate hydroxyl groups are numbered in red.

Asnl65 ~
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Kinetic experiments on Agrobacterium faecalis GH1 [3-glucosidase, using modified substrates in
which single hydroxyl groups of the -1 sugar were substituted by hydrogen or fluorine, showed that
the rate of substrate hydrolysis was notoriously reduced in all cases, evidencing the crucial role of
these interactions.'®® Interestingly, while 3-OH, 4-OH and 6-OH interactions were found to contrib-
ute up to ~2.4 kcal-mol™ to the reaction free energy barrier, 2-OH interactions raised it up to ~10.8
kcal-mol™. This substantial difference may be attributed to the fact that the 2-OH hydroxyl interacts
with the catalytic nucleophile residue (from now 2-OH---Nucleophile interaction), whose electronic
properties change considerably during the reaction: it is negatively charged in the Michaelis com-
plex but neutral at the glycosyl-enzyme intermediate (GEI; see Scheme 4.1 top).

The experimental free energy changes, however, are not direct estimates of the hydrogen bond
contribution of each hydroxyl group, but rather indirect because the substitution of a hydroxyl by
another functional group has a dual effect: it not only removes the hydrogen bond network of the
hydroxyl, which is expected to decrease the reaction rate, but also changes the electronic features of
the substrate, which can either increase or decrease the rate depending whether the substituent stabi-
lizes or destabilizes the transition state by inductive effects. A hydrogen substituent, for example, is
less electronegative than a OH substituent, and the decrease of the reaction rate by the lack of hy-
drogen bonds at position 2 is partially compensated by a decrease in the inductive effect. On the
other hand, a fluorine substituent is more electronegative than OH, and the decrease of the reaction
rate will be the sum of a double contribution: (i) the loss of hydrogen bonds at position 2 and (i1)
transition state instability by the inductive effect (Scheme 4.1 bottom). Therefore, the observed in-
crease in activation energies must be taken as lower and upper estimates of the real contribution in-
volving the hydroxyl interactions.

In this chapter we have quantified the net effect of the interactions involving the 2-OH group in
the mechanism and free energy barriers of Saccharomyces cerevisiae Gas2 (-glucosidase (ScGas2).
This enzyme is a GPI-anchored glycoside hydrolase (GPI = glycophosphatidylinositol) that is at-
tached to the plasma membrane. It belongs to family 72 (GH72) and its catalytic domain is found in
the cell wall of fungi.'®'”® Members of this family, whose function is to regulate the assembly and
rearrangement of the [3-1,3-glucan that forms part of the fungal cell wall, are known to exhibit high
synthetic activities through a mechanism called transglycosylation.””’ This mechanism, as we will
detail below, is in direct competition with hydrolysis, and many efforts are devoted to favor one

mechanism over the other by perturbing enzyme-substrate interactions.
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Scheme 4.1- (Top) First step of the retaining double displacement mechanism of GHs. The 2-OH
hydroxyl interacts strongly with the nucleophile at the Michaelis complex (MC) than at the glyco-
syl-enzyme intermediate (GEI). The “R” moiety represents a leaving group. Hydrogen bonds are
represented by black dashed lines between heteroatoms. Red dashed lines represent bonds breaking
or forming. (Bottom) Effects of the substitution at position 2. Statements in red and green refer, re-
spectively, to negative and positive contributions to the reaction rate.

4.1.2 Transglycosylation: constructing sugars with deconstructing enzymes

The growth of glycomics and the development of diagnostic tests, vaccines, and new therapeu-
tics based on carbohydrates depend on the availability of effective tools for their produc-
tion.*'”> Carbohydrate synthesis can be achieved by conventional chemistry approaches, but this
strategy is generally harsh because it requires —given the similar reactivity of all sugar hydroxyls—
several protecting and deprotecting steps, so reaction yields for the synthesis of a regioselective sac-
charide are usually very low.'”> Enzymatic synthesis, instead, does not suffer from selectivity prob-

lems and can be done in a fast and easy fashion with one single step. Glycosyl transferases (GTs),



90 Chapter 4

for instance, are able to synthesize carbohydrates with a high precision, and are employed by cells
for the construction of complex glycans such as glycogen or the antigens that decorate blood
cells." These enzymes use activated substrates —sugars attached to nucleotides— to drive the reac-
tion towards glycosidic bond formation.

Surprisingly, retaining GHs can also be used to synthesize carbohydrates but without the need of
activated substrates. This represents an economical advantage with respect to GT's as nucleotide-ac-
tivated substrates are expensive in the market.'” The two-step reaction mechanism of retaining GHs
can explain this —apparently contradictory— activity for a hydrolase (see Scheme 4.2, top): once the
glycosidic bond is broken and the glycosyl-enzyme intermediate (GEI) forms, the leaving group
can be substituted by different acceptor molecules leading to distinct GEI complexes, which can
subsequently react generating different products (e.g. hydrolysis product when R=H, and transgly-
cosylation product when R=sugar). Although hydrolysis is thermodynamically favorable (by almost
3 kcal‘mol™ for cellobiose™), a few GHs known as transglycosylases (TGs), such as xyloglucan

7 or trans-sialidases,'”® display significant transglycosylation

endo-TGs,'”® sucrase-type enzymes,"”
activities and lead to high yields on reasonable time scales. This means that TGs take profit of ki-
netic advantages to struggle against thermodynamics, and that the ratio between hydrolysis and
transglycosylation products —thermodynamic and kinetic products, respectively— can be modulated
by affecting their reaction free energy barriers. However, despite the overall mechanism of transgly-
cosylation is well known, it is still unclear how TGs can favor transglycosylation over hydrolysis in
a 55 M “waterworld”."”

One of the main problems of TGs is that their products are also substrates for the enzyme, so
they can enter again into the catalytic cycle and be hydrolyzed with the time. To prevent such sec-

200-202

ondary hydrolysis, several approaches such as directed evolution, site-directed mutagene-

Sis’96,203

or the use of endo/exo glycosynthases (GS)'?* have appeared in the last few years. GSs
are engineered GHs that “emulate” the second step of retaining GHs (or the single step of inverting
GTs; see Scheme 4.2 bottom). They use inactive variants of the enzyme in which the catalytic nu-
cleophile is mutated, and together with 1-fluoro activated substrates —with opposite configuration to
that of the natural substrate— and natural acceptor sugars stable synthetic products can be achieved
(given that they can not be hydrolyzed by secondary hydrolysis due to the absence of a competent
nucleophile). While this approach has been successful for many GHs, there are cases in which it
does not work, and current research is focusing in understanding natural TGs to find new methods

for the conversion of GHs into TGs.
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Scheme 4.2- (Top) Retaining GH double displacement mechanism. The first step, glycosylation, in-
volves the formation of the glycosyl-enzyme intermediate and the departure of the leaving group,
which can be substituted by another molecule (shown in blue) and proceed with the second step,
deglycosylation, either by hydrolysis (R=H; thermodynamic product) or transglycosylation
(R=sugar; kinetic product). The main drawback of the transglycosylation reaction is that the product
is also a substrate for the enzyme. (Bottom) Inverting GT and GS reaction mechanisms. Both in-
volve a single displacement of a good leaving group —phosphate and fluorine, respectively— by a nu-
cleophilic molecule, which can be a sugar, a peptide or a protein, among others. Notice that GSs, in
comparison to GHs, have the catalytic nucleophile knocked-out by site directed mutagenesis (usu-
ally to alanine) to lead space for the fluorine of the donor and to avoid secondary hydrolysis.

Experiments on natural and engineered TGs show that they usually have lower catalytic efficien-
cies —i.e. higher reaction free energy barriers— in comparison to their purely hydrolytic rela-
tives,"”?” leading to long-lived species before the thermodynamic equilibrium is reached. In fact,

2% whereas the intermediate

GEI lifetimes as high as 30 min have been reported for wild-type TGs,
breaks down quickly in purely hydrolytic GHs. Factors such as substrate acceptor binding, water

migration into the active site, and transition state (T'S) interactions are known to influence the acti-
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vation energy; thus, enzyme mutations affecting these factors can modify the transglycosylation/hy -
drolysis ratio.'”” Notwithstanding, there is not a straightforward, easy, and rational approach for
generating such efficient enzyme variants. Moreover, the limited knowledge of the molecular basis
of transglycosylation —particularly TS interactions— is hindering research in this field.

Recently, our collaborator Prof. Ramén Hurtado-Guerrero has trapped a unique crystal structure
of ScGas2 that consists in a GEI (having a “G4” donor substrate attached to the catalytic nucle-
ophile) together with a “G5” acceptor substrate bound into the active site (see Figure 4.2).*” The
observation of such ternary complexes is particularly difficult, as usually acceptors diffuse out of
the active site when the GEI is formed to leave space for water molecules for deglycosyla-
tion,™® precluding its characterization. This unprecedented structure represents the best departing
point for studying transglycosylation from a computational point of view, given that no modeling
approximation is needed (GEI structures without an acceptor substrate would require the use of

docking approaches, which can be quite unreliable for large molecules such as G5).

Glycosyl-enzyme
bond S~

7
)A

/

Glu176GIn
Gluzis P
) L7, /
Figure 4.2- ScGas2 GEI with a bound acceptor substrate (PDB SFIH). The G4 donor substrate is
shown in green (subsites -1 to -4) and the G5 acceptor substrate in yellow (subsites +1 to +5). No-

tice the glycosyl-enzyme bond between the -1 sugar and Glu275 (nucleophile) as well as the
Glu176GIn mutation (acid/base) used experimentally to prevent deglycosylation.

In this chapter we have dissected the transglycosylation mechanism of ScGas2 estimating the
contribution of the 2-OH---Nucleophile interaction and using this information to improve the syn-
thetic activity of the enzyme. This has been carried out in a three-fold scheme: (i) First, we have un-
veiled the hydrogen bond network of ScGas2 within molecular dynamics, finding two states for the

2-OH---Nucleophile interaction: one when it is formed and another when it is lost in favor of a 2-
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OH---H,0 interaction. Moreover, we have quantified the energetics of these two states by means of
QM/MM metadynamics, showing that the 2-OH:--Nucleophile interaction is more stable by ~3
kcal-mol™. (i) Next, we have computed the reaction free energy landscape for both states, revealing
the importance of the 2-OH:--Nucleophile interaction both in free energy barriers and catalytic itin-
erary: its removal raises free energy barriers by 11-16 kcal-mol™ and changes the catalytic itinerary
of the substrate, from “C, - [*E]* - "“*B/“E to *C, — [*H;]*— *C,. (iii) Finally, we have tested the effect
of replacing a high-conserved 2-OH interacting residue (Asn175---2-OH) by alanine, finding that it
only affects the glycosylation barrier (by ~6.5 kcal-mol™), suggesting that this mutation can be used

as a systematic target for the rational conversion of GHs into TGs.

4.2 Results and Discussion

4.2.1 Molecular dynamics reveal new enzyme-substrate interactions

We have unraveled the network of hydrogen bond interactions around the 2-OH of the -1 sugar
by performing molecular dynamics (MD) simulations on the wild-type enzyme, reverting the muta-
tion of the acid/base residue (GIn176 — Glul76; see section 4.4 Computational Details). A detailed
analysis of all active center interactions reveals two features that could not be observed in the crys-
tallographic structure, presumably due to the enzymatic mutation: first of all, the 2-OH substituent
often changes hydrogen bond partner, from the nucleophile (2-OH---Nucleophile interaction, here-
after named as on configuration) to a solvent water molecule (2-OH---H,O interaction, named as off
configuration; see Figure 4.3 top panel), with populations 45.4% and 54.6% respectively. Second,
the 2-OH accepts a hydrogen bond from the amino group of Asnl75 (average distance of 2.07 A;
Figure 4.3 middle panel).

To further characterize the dynamics of the C2-OH bond and obtain energetic information, we
have performed a QM/MM metadynamics simulation using the H2-C2—02-H dihedral angle as
CV. Consistent with the above results, the free energy profile displays two minima that correspond
to the on and off configurations, with the on configuration being ~3 kcal-mol" more stable (Figure
4.3 bottom panel). The free energy barriers for the interconversion from one configuration to the
other are ~10 and ~7 kcal-mol™. To find out the net effect of the 2-OH---Nucleophile interaction in
the free energy barriers, a snapshot of each state has been taken to initiate the modeling of the

chemical reaction.
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Figure 4.3- Evolution of the H2-C2-02-H dihedral angle (top panel) and Asn175---2-OH hydro-
gen bond (middle panel) along the classical MD simulation; QM/MM free energy profile for the
H2-C2-02-H dihedral angle along a metadynamics simulation (bottom panel). On and Off config-
urations are shown below, with the -1 sugar covalently bound to the nucleophile (Glu275). Shifts of
130° and 75° have been applied to the dihedral angles of top and bottom panels in order to center the
graphs.
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4.2.2 The 2-OH-Nucleophile interaction acts as a molecular switch

The transglycosylation mechanism has been modeled using QM/MM metadynamics. A set of
three collective variables, including all bonds that are formed or cleaved during the reaction, has
been used to drive the reactants towards the transglycosylation products. CV1 measures the cleav-
age of the GEI bond, CV2 quantifies the degree of formation of the new donor—acceptor glycosidic
bond, and CV3 takes into account the proton transfer between the acceptor and the Glul76
acid/base residue.

The two reaction mechanisms are shown in Figure 4.4. They are very similar in a general con-
text, consisting in a single Sx2 displacement that is very dissociative, with the departure of the leav-
ing group (Glu275) occurring before the new glycosidic linkage is formed and the proton transfer
taking place after it (see Figures 4.4 and 4.5). However, despite its general similarity, there are three
subtle but significant features to highlight: (i) the most relevant one is the difference in energetic
barriers, with the on state notably more favored both forward and backward (transglycosylation and
glycosylation), by 16 kcal-mol™ and 11 kcal-mol™ respectively (see Figure 4.5 and Table 4.1). These
values, quantified for the first time by ab initio methods in the native enzyme, emphasize the impor-
tance of the 2-OH---Nucleophile interaction, which can be considered as a kind of molecular switch:
it can activate or deactivate the enzymatic activity. Moreover, these results reinforce previous ex-
perimental estimations that concluded that this interaction contributes >10 kcal-mol™ to the TS sta-
bilization in retaining GHs."®® (ii) The second relevant feature is the change in the catalytic itinerary
of the substrate, from an expected “C, - [*E]* » "“*B/“E (similar to other B-glucosidases®) to an un-
usual “C, - [*H;]*—“C, cyclic itinerary, leading to completely different Michaelis complexes: one
displaying a preactivated conformation ('*B/*E) and the other a non-activated one (*C,). This high-
lights the fact that sugar conformations crucially depend on hydroxyl interactions. (iii) Finally, the
third feature is related with the on state, and is the change in hydrogen bond partner of the 2-OH
from one to another oxygen atom of the catalytic nucleophile. This feature appears to be common in
various GHs —but not in all, see for instance the results in the preceding chapter— as it was previ-
ously observed in the study of a B-endoglucanase.™

It is also important to remark that both catalytic pathways bear transition state conformations that
are very similar (‘E and “H;) and compatible with the requirement of a stable oxocarbenium ion, so
that the crucial 2-OH---Nucleophile hydrogen bond does not affect the TS conformations. Likewise,

in both cases the GEI is high in energy with respect to the MC (by 9 kcal-mol™ for the on state and
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1 kcal-mol™ for the off state), something that has been recently observed by Piens et al. for a xy-

loglucan endo-TG.**

GEI +1
+2
} Glul76
Glu275
off | on
GEI’ TS’

Figure 4.4- Close view of the catalytic center —subsites -1 and +1- along the two reaction mecha-
nisms: (top) starting from the On configuration and (bottom) from the Off configuration. Notice that
the 2-OH in the Off configuration is interacting with a water molecule. The interconversion between
GEI (on) and GEI’ (off) is shown in the bottom panel of Figure 4.3. Sugar conformations are high-
lighted in blue. Red dashed lines indicate the bonds that are being formed or broken. Most of the
hydrogens have been omitted for clarity.

Globally, if we take into account the free energy profile for the On/Off transition and the corre-
sponding reaction FELs, we can compare the energies of the two Michaelis complexes (MC and
MC’ in Figure 4.4). Interestingly, the greater stability of MC with respect to MC’ (8 kcal-mol™, Fig-
ure 4.5 bottom) can be attributed to the strong 2-OH---Nucleophile hydrogen bond —which should be
>3 kcal-mol, the value obtained at the GEI- as well as the contribution of the -1 sugar conforma-

tion, which can account up to 6 kcal-mol™ based on previous results of Biarnés et al.”

Table 4.1- Computed reaction free energy values (kcal-mol™) for On and Off configurations. The
transgycosylation barriers are the ones from GEI to MC and glycosylation barriers form MC to GEI.
The AAG¥o,.0r difference has been taken as an absolute value.

Transglycosylation 12 28 16
Glycosylation 21 32 11
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Figure 4.5- (Top) Computed free energy landscapes of the transglycosylation reaction for the On
and Off configurations (left and right, respectively). To facilitate the analysis, the three dimensional
FELs have been projected onto a 2D space defined by the nucleophilic attack (CV1-CV2) and the
proton transfer (CV3). Energies are given in kcal-mol”. Contour lines are at 2 kcal-mol™. (Bottom)
Schematic free energy profile for the two reaction pathways taking into account the above FELs and
the free energy profile for the On/Off transition (Figure 4.3, bottom panel).

Altogether, it is clear that the 2-OH---Nucleophile interaction (on configuration) is crucial for
catalysis, as its removal (off configuration) raises free energy barriers >10 kcal-mol™ and alters the

conformational itinerary of the substrate.
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4.2.3 Worst is not always bad: biotechnological applications

The above results reveal that the 2-OH---Nucleophile interaction is essential for catalysis; thus,
any interaction affecting it is expected to have an impact on the enzymatic activity. This is impor-
tant since the transglycosylation product can be considered metastable in front of hydrolysis, and it
will be long-lived if, once formed, free energy barriers are high enough to make it kinetically rele-
vant (low free energy barriers would lead to a fast equilibrium). This means that a “worst” enzyme
in terms of activity could make the transglycosylation product be stable enough for being observed
and isolated experimentally. With this in mind, we have tried to find how could we indirectly affect
the 2-OH---Nucleophile interaction. According to our simulations, the only residue that can directly
influence it is Asnl75, which forms a hydrogen bond with 2-OH.

To test how Asnl75Ala mutation affects the energy barriers, we have performed QM/MM poten-
tial energy calculations in the GEI, TS, and MC for both wild-type and mutant systems (Figure 4.6),

in the spirit of the work of Bueren-Calabuig.””

Wild-type

Acceptor

Asnl75 Glu275

Asnl75Ala
GEI”’ 2 1 TS’ MC”

Acceptor

Alal75 Glu275

Figure 4.6- Stationary points for the WT and Asnl75Ala potential energy optimizations (top and
bottom, respectively). The point of view has been selected to highlight the differences in 2-OH in-
teractions between both systems (Asn175---2-OH in the WT and H,O---2-OH in the mutant enzyme).
The acceptor molecule (a G5 sugar) is represented as an orange ball.
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The results show that while the transglycosylation energy barrier is practically unaffected (AAE*
= 0.2 £ 1.0 kcal-mol™), the glycosylation barrier increases by 6.5 + 2.2 kcal-mol™. Structural analy-
ses of the stationary points suggest that the high energy barrier observed for the Asn175Ala variant
is related with the hydrogen bond that a water molecule performs with the 2-OH (up to 0.16 A
shorter than the Asnl75---2-OH; see Table 4.2). The stronger hydrogen bond of water may increase
the polarization of the C2-OH bond, which will enhance the inductive effect of the OH substituent

and, ultimately, destabilize the transition state.

Table 4.2- Structural parameters (A) for the WT and the Asn175Ala potential energy optimizations.
Differences between the WT system and the Asnl175Ala variant are listed, with the X in “X---2-OH”
being Asnl75 and H,O, respectively. Standard deviations, taken from three different replicates, are
<0.01 A.

Wild-type GEI TS MC
2-OH---Glu275 1.59 1.50 1.56
Asnl175---2-OH 1.93 1.91 1.93
2-OH---Glu275 1.61 1.51 1.55

H,0---2-OH 1.84 1.79 1.77
2-OH---Glu275 -0.02 -0.01 0.01
X--2-OH 0.09 0.12 0.16

Interestingly, in both cases the 2-OH---Nucleophile (Glu275) interaction reaches its shortest
value at the TS (~1.50 A), followed by the MC (~1.55 A) and the GEI (~1.60 A). This tendency in-
dicates that the strength of the hydrogen bond interaction decreases in the order TS > MC > GEI,
which is in agreement with the energy differences previously obtained: the loss of the 2-OH:---Nu-
cleophile interaction affects more deglycosylation (16 kcal-mol™) than glycosylation (11 kcal-mol™).

Enzymatic assays on the Asnl75Ala mutant demonstrate the crucial role of the Asnl75---2-OH
interaction, as the catalytic activity of the enzyme is abolished.”'® These results suggest that muta-
tions affecting the 2-position are expected to increase energy barriers. Given this scenario, one can
envisage that the use of these mutants with —cheap— activated substrates (aryl- or fluoro-substituted
donors) to generate the GEI, followed by addition of suitable acceptors to intercept the intermediate,
could result in high yields of transglycosylation products, diminishing secondary hydrolysis by the

increase of glycosylation barriers. This reasoning explains the observed enhancement in the hydrol-



100 Chapter 4

ysis/transglycosylation ratio recently found for a GHI enzyme:* the Asnl63Ala variant —with
Asnl63 having an equivalent role to Asnl75 in ScGas2- leads to higher transglycosylation yields,
from 30% in the wild-type to 80% for the variant. Strikingly, this interaction pattern is conserved
among several GHs:'" Asn126 in Cex (PDB 2HIS), His108 in CtLic26A (PDB 2CIP), Asn163 in
TtB-gly (PDB 1UG6), Asnl75 in Cel7A (PDB 4C4C), Asnl75 in TxAbf (PDB 2VRQ), or Asn127
in E-82 xylanase (PDB 2D24). Thus, targeting the 2-OH interacting residue may be a promising

strategy to rationally convert a GH into a TG.

4.3 Summary and Conclusions

In this chapter we have studied the importance of the 2-OH---Nucleophile interaction in ScGas2,
using this information to extract clues for improving its synthetic activity. First, we have demon-
strated the existence of two states for 2-OH, namely the On state (2-OH---Nucleophile) and the Off
state (2-OH---H,0), with the former being favored by ~3 kcal-mol™. In a second step we have re-
vealed the importance of the 2-OH---Nucleophile interaction both in reaction free energy barriers
and the catalytic itinerary, showing that it contributes up to 16 kcal-mol™ to the barrier and changes
the catalytic itinerary of the substrate, from an expected “C,-[‘E]*-'“B/‘E to an unusual
*C, - [*H;s]* - *C, cyclic itinerary. Lastly, we have shown how the suppression of a highly-conserved
interaction involving the 2-OH (Asn175---2-OH) affects the glycosylation barrier without altering
deglycosylation, suggesting that similar mutations can be used together with activated substrates for
the rational conversion of GHs into TGs. Altogether, the following conclusions can be drawn from

the present chapter:

* The 2-OH---Nucleophile interaction is crucial for the catalytic activity of retaining -glucosi-
dases. In ScGas2, its removal raises both glycosylation and deglycosylation free energy bar-
riers and changes the catalytic itinerary of the substrate, from *C,- [‘E]*-"“B/'E to
“C, - [*H;]* - “C,, emphasizing that this interaction is necessary for substrate distortion at the

Michaelis complex.

+ The strength of the 2-OH---Nucleophile interaction decreases in the order TS (~1.50 A) >

MC (~1.55 A) > GEI (~1.60 A). This explains why the suppression of this interaction affects
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more deglycosylation (16 kcal-mol™) than glycosylation (11 kcal-mol™), for which TS desta-

bilization is partially compensated by MC destabilization.

* Substitution of Asnl75 by alanine increases the glycosylation barrier by 6.5 kcal-mol™ but
leads the deglycosylation barrier practically unaffected. These changes may be attributed to
the stronger hydrogen bond that water —replacing the amido group of Asnl75- establishes
with 2-OH.

* Mutation of conserved residues interacting with the 2-OH together with the use of activated
substrates may be a promising strategy to rationally convert GHs into TGs. The expected in-
crease in glycosylation barriers should diminish secondary hydrolysis, leading to long-lived

transglycosylation species before the thermodynamic equilibrium is reached.

4.4 Computational Details

4.4.1 Modeling of the glycosyl-enzyme intermediate of ScGas2

The initial structure for the simulations has been taken from the structure of ScGas2 covalently
bound with laminaritetraose donor (G4) and in complex with an incoming laminaripentaose accep-
tor (G5; PDB 5FIH). To simulate the wild type enzyme, the mutation of the acid/base residue
(Glu176Gln) has been manually reverted (changing atom N by O without modifying its orientation)
and the missing residues have been completed with available fragments of other ScGas2 structures
(PDBs 2W61, 2W62 and 2W63) and by homology model according to ScGas2 sequence. The pro-
tonation states and hydrogen atom positions of all amino acid residues have been taken according to
protein environment. A total number of 56.214 water molecules have been added to form a box of
15 A around the protein surface and 27 sodium ions have been also added to neutralize the enzyme
charge.

Molecular dynamics (MD) simulations using Amberl1 software'” have been performed. The
protein has been modeled with the FF99SB force field,'' and the carbohydrate substrate and water
molecules were described with the GLYCAMO06'™ and TIP3P'" force fields, respectively. The pa-
rameters for the glycosylated glutamate have been taken from Parm99, taking as a reference struc-
ture a protonated glutamic acid residue and redistributing the charge of its proton over the whole
molecule. The MD simulation has been carried out in several steps. First, the system has been mini-

mized, holding the protein and substrate fixed. Then, the entire system has been allowed to relax.
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To gradually reach the desired temperature, weak spatial constraints have been applied to the pro-
tein and substrate, while water molecules and sodium ions have been allowed to move freely at 100
K. Then, the constraints have been removed and the working temperature of 300K has been reached
after two more 100 K heatings in the NVT ensemble. Afterwards, the density has been converged
up to water density at 300 K in the NPT ensemble and the simulation has been extended to 18 ns in
the NVT ensemble, when the system has reached equilibrium according to the root mean squared
deviation of enzyme backbone. Analysis of the trajectory has been carried out using standard tools
of AMBER and VMD.'” The populations for the two states (On and Off), 45.4% and 54.6%, have
been obtained considering -150°< Off <150° and On otherwise. Notice that, given the wide range of
angles that encompasses the Off state, it also includes interactions with other residues rather than
water, such as Asnl75, Asn242 or Glul76.

The QM/MM calculations have been performed using the method developed by Laio et
al.,"”? which combines Car—Parrinello MD,'” based on Density Functional Theory (DFT), with
force-field MD methodology. The QM region has included the glucose rings at the -1 and +1 sub-
sites, half rings of the saccharides at the -2 and +2 subsites and the catalytic residues (Glul176 and
Glu275), leading a total number of 88 QM atoms (including capping hydrogens) and 91.779 MM
atoms for the system. The QM region has been enclosed in an isolated supercell of size 18.5 x 17.9
x 21.6 A’. Kohn—Sham orbitals have been expanded in a plane wave basis set with a kinetic energy
cutoff of 70 Ry. Norm-conserving Troullier—Martins ab initio pseudopotentials'’* have been used
for all elements. The calculations have been performed using the Perdew, Burke and Ernzerhoff
generalized gradient-corrected approximation (PBE).'” A fictitious electronic mass of 700 au and a
timestep of 5 au has been used to ensure an adiabaticity of 4.73-10° a.u-ps™-atom™ for the fictitious

kinetic energy.

4.4.2 QM/MM metadynamics simulations of 2-OH rotation

A metadynamics'® simulation has been performed to evaluate the energy barrier for rotation of
the 2-OH substituent around the C2-O2 bond. The H2-C2-O2-HO2 dihedral angle (£2) has been
used as collective variable within the direct version of the metadynamics algorithm. The hill width
and height have been set to 0.1 radiant and 0.00025 au (0.16 kcal-mol™), respectively, and the depo-
sition time has been set to 30 fs (250 MD steps). First crossing criterion has been taken to determine
the simulation end.'* The free energy profile, after 592 deposited Gaussians, shows two principal

minima, one centered at Q= -106° and the other at Q= 93°, representing On and Off configurations,
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respectively. The On configuration turns out to be favored ~ 3 kcal-mol™, being 99.4% more popu-
lated according to Maxwell-Boltzmann probability weights at 300 K. This is different from the rela-
tive populations obtained by classical MD (45.4% and 54.6% for configurations On/Off, respec-
tively), which we attribute to the limitations of the force-field parameters used to describe the gly-
cosylated glutamate. Interconversion free energy barriers of 10 kcal-mol™ (from On to Off) and 7
kcal-mol™ (from Off to On) separate the two minimum wells, with a low stable intermediate (Q ~

-20°) in which 2-OH is interacting with the nitrogen atom of Asn175.

4.4.3 QM/MM metadynamics simulations of the chemical reaction

The reaction free enery landscape (FEL) of the transglycosylation reaction has been explored for
both states using the metadynamics approach with three collective variables (CVs). Two of them,
CV1 and CV2 , have been taken as the C1-Oxy, and C1-Og, distances, respectively. The third,
CV3, has been taken as the difference between the O,p—H and Og,—H distances. The parameters
for the two simulations have been exactly the same with exception of the hill height, which for the
On state has been set to 0.6 kcal-mol™ and for the Off state to 1 kcal-mol™ (given that, for this state,
a higher barrier was expected). The deposition time has been set to 24 fs (200 MD steps). A ficti-
tious harmonic coupling has been used to diminish the perturbation of the time-dependent potential,
according to Lagrangian metadynamics,”'' using mass of 100 amu and constants of 1 au for CV1
and CV2, and mass of 100 amu and a constant of 3.5 au for CV3. Walls at 4 A for each distance and
+2 A and -1.5 A for the difference of distances have been used to reduce the FEL space to the
chemical event. First crossing criterion has been taken to determine the simulation end. The three-

dimensional free energy landscape (3D FEL) has been projected to 2D using a Jacobian procedure.

4.4.4 Metadynamics convergence tests

To estimate the statistical error of the free energies, we have carried out convergence tests to es-
timate the error in two of the metadynamics simulations (2-OH rotation and reaction mechanism for
configuration On). To do so, we have launched several metadynamics simulations with different
Gaussian heights, leading all other parameters (deposition time and Gaussian width) constant and
starting from the half of the basin of our previous simulations (4 kcal-mol™” for the 2-OH rotation
simulation and 6 kcal-mol’ for the reaction simulation). The molecular mechanism remains the

same independently of the Gaussian height. The free energy results show that the error, taken as the
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standard deviation, is of 1.2 kcal-mol™ in both cases: AG*eaction= 13.3%1.2 kcal-mol™! and AG*,yuion=

8.1+1.2 kcal-mol™! (see Table 4.3).

Table 4.3- Convergence tests for the free energy simulations of the reaction (left) and rotation
(right) with respect to the Gaussian height. All values are given in kcal-mol™.

Gaussian height AG* Gaussian height AG*

0.31 15.0 0.08 6.7

0.63 13.0 0.16 10.0
1.00 11.5 0.31 8.0
1.51 13.0 0.47 7.8

2.01 14.0 Mean 8.1

Mean 13.3 SD 1.2
SD 1.2

The relatively low standard deviation obtained indicate that the chosen collective variables ac-
count for all the relevant events during the process. Moreover, the standard deviation obtained
should be taken as an upper bound, as it would decrease substantially if the change of the Gaussian
height is coupled with a proper deposition time. In our test, we used a constant deposition time to
see the net effect of the Gaussian height, but it should be taken into account that the greater the

height, the larger must be the deposition time (otherwise “hill surfing” problems can be notorious).

4.4.5 Effect of the Asn175Ala mutation in the reaction energy barrier

Additional QM/MM simulations have been performed to test the impact of the Asn175Ala muta-
tion in the reaction energy barriers. The Asnl75Ala variant has been generated manually on the
wild type system in order to have minimal differences in the environment (a classical MD equilibra-
tion has not been performed in view of the rigidity of the active site observed in different ScGas2
structures). Two water molecules have been included in the space that Asn175 was fulfilling, substi-
tuting the positions of its amido and carbonyl groups. This is a good modeling approximation based
on the correspondence of the position of hydroxyl oxygens of a saccharide and water molecules of
the solvent.”"* To save computer time, and because we are only interested in energy differences
upon Asnl75 mutation rather than absolute values, a potential energy analysis —rather than free en-
ergy— has been performed for both cases, considering three different configurations of the TS (snap-

shots of the previous metadynamics simulation). Structural optimization through an annealing pro-
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cedure has been done for each TS structure, constraining the reactive bonds at their initial values to
avoid scape from the TS. The convergence criterion has been set to 10~ au-bohr for the nuclear
gradients and 107 au for the Kohn-Sham orbitals at the end of the optimization. From these opti-
mized TS structures, we have performed forward and reverse trajectories along the nucleophilic at-
tack to obtain the corresponding Michaelis complex (MC) and glycosyl-enzyme intermediate (GEI).

The latter structures have been further optimized following the same protocol outlined above.

4.5 Supplementary Figures

2-OH rotation ) Chemical reaction
Glu176§
-] ‘>m0‘
s d e d, +1
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Figure S4.1- Collective variables used to study the rotation of the C2-O2 bond (left) and for the re-
action mechanisms (right).
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Figure S4.2- Evolution of the distances involved in the nucleophilic attack (left) and proton transfer
(right) CVs along the reaction starting from the On configuration. The violet line corresponds to the
Onu-Cl1 distance (d)), the green to the C1-Ogy (d>), the orange to the O,5-H (d5) and the blue to the
H-Ogy (dy) distances.
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Figure S4.3- Evolution of the 2-OH---Nucleophile and Asn175---2-OH interactions (left and right)
along the reaction starting from the On configuration. The green and violet lines correspond to the
two oxygens of the nucleophile (left), and the blue one to the hydrogen bond between Asnl75 and
the 2-OH group. The vertical dashed lines indicate the transitions between GEI and MC. Notice that
the Asn175--2-OH interaction is lost at the MC (>2.5 A), which may facilitate the hydrogen bond
interchange between the 2-OH and the oxygens of the nucleophile.
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Figure S4.4- Evolution of the 2-OH rotation and the Oy,-C1 glycosyl-enzyme distance along the
metadynamics simulation activating the H2-C2-O2-OH dihedral angle. The vertical dashed lines in-
dicate the transitions from On to Off configurations. Notice that with this transition the Oy,-C1 dis-

tance (d;) reduces from ~1.6 to ~1.5 A, clearly indicating that the 2-OH---Nucleophile hydrogen
bond facilitates the chemical reaction.
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Figure S4.5- Evolution of the distances involved in the nucleophilic attack (left) and proton transfer
(right) CVs along the reaction starting from the Off configuration. The violet line corresponds to the

One-Cl1 distance (d)), the green to the C1-Ogy (d>), the orange to the O45-H (ds) and the blue to the
H-Ogyy (d,) distances.
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Chapter 5

The Role of Water Binding Residues in the
Active Site of an Inverting f-mannanase

Parts of this chapter have been published:

Y. Jin, M. Petricevic, A. John, L. Raich, H. Jenkins, L. Portela De Souza, F. Cuskin, H. Gilbert, C.
Rovira, E. Goddard-Borger, S. Williams, G. Davies “A B-Mannanase with a Lysozyme-like Fold
and a Novel Molecular Catalytic Mechanism” ACS Central Science, 2, 896-903 (2016).

ABSTRACT: in this chapter we pay attention to non-catalytic residues that bind water in the ac-

tive site of inverting GHs. We focus on a newly discovered -mannanase with an inverting mecha-
nism and an unusual fold, showing that its general structure is very rigid but its active site is highly
dynamic. In particular, we reveal that three active site residues (AspS7, Lys59 and Asn65) display
two different conformations and that waters are able to move in and out of the enzymatic cavity in
the nanosecond timescale. We connect end-to-end two crystallographic structures (Michaelis com-
plex and products) with QM/MM metadynamics, finding an unprecedented conformational itinerary
and a subtle movement of Lys59 along the reaction coordinate. Finally, we estimate the contribution
of Lys59 and Asn65 to the binding energy of water by means of alanine mutants, determining their

crucial role in the binding and orientation of the catalytic water.
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5.1 Introduction

5.1.1 From retention to inversion: tuning the machinery

One of the main differences between retaining and inverting GHs is the role of the general base.
In retaining enzymes, the general base acts as a nucleophile, collapsing with the anomeric carbon to
form the glycosyl-enzyme intermediate, while in inverting enzymes the nucleophile is a water mole-
cule and the general base acts as an assistant residue to deprotonate the water molecule (see Scheme
5.1). This crucial difference of roles causes that, for inverting enzymes, two structural requirements
need to be fulfilled: (i) there should be enough space for a water molecule between the anomeric
carbon and the general base and (i1) the water molecule should have favorable interactions in that
region for its binding and the stabilization of the transition state.

The first requirement is evidenced in a reference distance between the general acid and the gen-
eral base: crystallographic structures of retaining GHs display an average distance of ~5.5 A, while
this value can increase almost twice (~10 A) for inverting GHs.>"® The second requirement high-
lights that it is not enough to lead space for water molecules, but also that enzymatic non-covalent
interactions are important.

Inverting GHs usually have hydrogen bond donor and acceptor residues next to the nucleophilic
water, such as a glutamine, tyrosine or arginine (see Figure 5.1). These hydrogen bonds may “cap-
ture” the water molecule in the active site, orient it for a proper Sy2 displacement and stabilize the

nascent charge on the water oxygen when the transition state is being formed.*'**"

Retaining Inverting Binding triad

0 H“ 0 H WO—G
‘\‘bﬂ ‘\"o—o Hydrogen bond o ™\ j
|\ [N g BB
~55A K ~10.0 A ) A
Gt

H~ e
010 (o} = 0
0= \H‘ Hydrogen bond LLLL' . 04
A donor
"""""""""""" e O---” vYnAn
Nucleophile 4& Hydrogen bond
A acceptor
Assistant

Scheme 5.1- Structural differences between retaining and inverting GHs. Distances represent an av-
erage of the four oxygen-oxygen distances between the carboxylates of the general acid and the
general base.”'® Water-enzyme stabilizing interactions of a binding triad in an inverting GH.
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GHI125

Tyr215 Asp278

} Glu393

Figure 5.1- Tyrosine 215 and Arginine 405 stabilizing residues in a GH8 [-glucanase (PDB 1KW8)
and GH125 a-mannosidase (PDB 3QT9). Asp278 and Glu393 are the assistant residues. Notice that
these two enzymes do not have an additional residue to stabilize the catalytic water, but rather the

catalytic water interacts with another water molecule (left) and with the 2-OH of the substrate
(right).

According to what is exposed above, it is clear that the conversion of retaining GHs to their in-
verting analogues is a non-trivial engineering challenge. Nonetheless, nature has provided elegant
examples of how enzymes with similar fold can bear different reactivity, such as sialidases from
families GH34 and GH33 or chitinases from families GH22 and GH19 (both pairs retaining and in-
verting, respectively),”” highlighting that it is a feasible goal. There are even members of the same
family that have both types of mechanism, such as GH97 a-galactosidase and GH97 a-glucosidase
enzymes (again, retaining and inverting).*'®

At an experimental level, conversion from one mechanism to the other has been achieved at least

once for a B-glucosidase,*'®

although with little differences with respect to the features of natural in-
verting enzymes. In this work, a first attempt was made by changing the nucleophile (Glu358) by a
shorter aminoacid with similar properties (Asp358), which increased the separation of the acid/base
and the general base by ~1 A but did not changed the mechanism. Apparently, this separation is not
long enough to allow the entrance of a water molecule, so the only possible mechanism is still the
retaining one but in a less efficient manner (2500-fold slower than the wild-type). In a second at-
tempt, the nucleophile was further shortened to alanine, leading enough space for a water molecule
but making hydrolysis extremely inefficient (by 10’-fold) due to the lack of a competent base

residue. This made necessary the use of highly active nucleophiles such as azides or formates —in-

stead of waters; here is the difference with respect to natural enzymes— to observe an inverting
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mechanism.*'® These results emphasize the importance of the two structural requirements high-
lighted before, as (i) the small separation of the Glu358 Asp mutant did not lead waters enter into the
active site, and (ii) the Glu358 Ala mutant did not had proper stabilizing interactions to make the re-
action efficient with water. Hence, subtle variations in the arrangement of the key catalytic residues
are enough to alter the enzymatic outcome, independently of the tertiary structure, but these varia-
tions need to be compensated with proper stabilizing interactions.

In this chapter, to understand the essence of these crucial interactions, we have studied the con-
tribution of non-catalytic residues to the binding and stability of water in the active site of a novel

B-mannanase with an inverting mechanism and an unusual fold.

5.1.2 The first B-mannanase with a lysozyme-like fold

The enzymatic hydrolysis of B-1,4-mannans is achieved by endo-p-1,4-mannanases,”” enzymes
involved in germination of seeds and microbial hemicellulose degradation, and which have increas-
ing industrial and consumer product applications.””***' Mannanases occur in families 5, 26, and 113
of GHs, all with retaining mechanisms and similar (,a)s-barrel folds (see Figure 5.2). However, our
collaborators Prof. Gideon Davies and Prof. Spencer J. Williams had recently discovered that [3-
mannanases of a newly described family, GH134, differ from previously known -mannanase fami-
lies in both their mechanism and their tertiary structure.”* In particular, they trapped a crystallo-
graphic structure of a Streptomyces sp. GH134 acid/base mutant (Glu45GIn) in complex with a
mannopentaose substrate, showing that it displays a fold closely related to that of hen egg white
lysozyme —a retaining enzyme— but acts with inversion of stereochemistry (see Figure 5.2).

The electron density, solved at 0.96 A resolution, revealed a water molecule at the opposite face
of the scissile glycosidic bond, well prepared for an inverting nucleophilic displacement assisted by
the Asp57 general base (Figure 5.3 top). Furthermore, residues Lys59 and Asn65 appeared to be in-
volved in direct hydrogen bonds with the putative catalytic water, being important for its binding
and stabilization. These residues, together with Asp57, form a binding triad that is typical of invert-
ing GHs. Finally, our collaborators noticed that while all other 3-mannanases are known to operate
through 'Ss—[B,s]*—~°S, conformational itineraries,”*** with 'Ss distorted substrates at the
Michaelis complex, the -1 sugar of the present structure exhibits a 'C, inverted chair conformation.
This suggests that GH134 operates through an unprecedented “southern hemisphere” catalytic itin-
erary, presumably 'C, - [’H,]* - ’S,. Nonetheless, an additional crystal structure of a product com-

plex —with the WT enzyme-— lacking the acceptor substrate shows the -1 sugar distorted in a 'C, in-
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verted chair, instead of the expected S, skew-boat (Figure 5.3 bottom). This evidence prompted up
the question on whether the mutation made on the Michaelis complex (Glu45GIn) was perturbing
the conformation of the substrate or whether the product relaxed from °S, to 'C, after the reaction
and the unbinding of the acceptor.

To shed light into this last question, we have unraveled the molecular mechanism and the cat-
alytic itinerary of the GH134 endo-[-1,4-mannanase, paying special attention to the non-covalent
interactions around the nucleophilic water. First, with molecular dynamics simulations we show that
waters are highly dynamic in the active site and that the binding triad (Asp57, Lys59 and Asn65) is
crucial for maintaining water in a proper orientation for catalysis. Second, we have obtained the re-
action mechanism of the enzyme, connecting the two crystal structures and explaining the reason
why the unexpected 'C, conformation is found at products. Lastly, we have performed a mutagene-
sis study substituting Lys59 and Asn65 by alanine, quantifying the importance of their interactions

and their potential to convert the enzyme from inverting to retaining.

(B,a)-barrel (B,a)-barrel (B,a)-barrel lysozyme-like

retaining retaining retaining inverting

Figure 5.2- Three dimensional structures of families 5, 26 and 113 retaining B-mannanases display-
ing a (B,a)s-barrel fold (PDBs 3JUG, 4YNS and 4CD8) as well as the newly described family, 134,
with an inverting mechanism and a lysozyme-like fold (PDB 5JUG).
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Michaelis complex
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Figure 5.3- (Top) SsGH134 acid/base mutant (Glu45GIn) in complex with a mannopentaose sub-
strate bound in subsites -3 to +2. Notice that the -1 sugar displays a 'C, inverted chair conformation
and that the catalytic water is fixed by a binding triad: Asp57 (the assistant residue), Lys59 and
Asn65. (Bottom) Product complex of the WT enzyme in which there is a mannotriose substrate
bound in subsites -3 to -1. In this case, the -1 sugar also displays a 'C, conformation and another
water molecule, different from the previous one, is located in between the binding triad, ready to re-
act with a new substrate. Interestingly, this structure was obtained from the incubation of SsGH134
with a mannopentaose substrate, which suggests that after the hydrolytic reaction the leaving group
leaves the acceptor subsites (+1 and +2) and thereafter the -1 sugar relaxes its conformation from an
expected *S; to the observed 'C,.
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5.2. Results and Discussion

5.2.1. Water can flow or water can react

We have checked the stability and flexibility of the natural Michaelis complex (reverting the
acid/base mutation, i.e. GIn45 — Glu45) via classical MD simulations. Three independent replicas of
40 ns each have been performed to equilibrate the system and explore the conformational space.
Analysis of the trajectories show three noticeable features to highlight:

The first one is that although the enzymatic fold is very rigid, with few fluctuations along the
simulation, the Asp57 and the Asn65 residues of the binding triad exhibit two different conforma-
tions. In particular, Asp57 has a conformation of 93% population that is exactly the one reflected in
the crystallographic structure, with the residue interacting with the catalytic water and prepared to
assist its deprotonation through an inverting mechanism (Figure 5.4 A). The other conformation, ac-
counting for the remaining 7% of population, corresponds to a situation in which Asp57 has dis-
placed the catalytic water and is near the anomeric carbon of the sugar, adopting the role of a possi-
ble nucleophile, resembling a retaining machinery (Figure 5.4 B). Similarly, in the case of Asn65,
the most populated conformation —92%-— is the one found by experiments, with the water molecule
interacting either with the NH2 or C=0 groups, while the other conformation corresponds to a rota-
tion of the side chain in which the C=0O approaches to the water molecule to interact exclusively
with it (Figure 5.4 C). Whereas there is no experimental evidence for the conformational flexibility
of Asp57, neither by means of X-ray crystallography nor kinetics studies (through the detection of
retention products), the one of Asn65 is well characterized by the crystal structure of products, PDB
5JU9, which shows the same two conformations bearing 30% and 70% population each. Interest-
ingly, the other residue in the binding triad, Lys59, is very rigid and has only one conformation in
which it interacts with the catalytic water and also with the carboxylate group of the C-terminal re-
gion through a strong salt-bridge interaction (Figure 5.4 D).

The second relevant feature is that the -1 sugar of the substrate displays a stable 'C, chair confor-
mation (Figure 5.5 top). This confirms that the structural modification of the acid/base residue used
to trap the Michaelis complex (Glu45GlIn) does not affect the conformation, reinforcing the experi-
mental proposal of a southern hemisphere itinerary.

Finally, the third noticeable feature is that the nucleophilic water is highly dynamic, as it can
flow in and out of the active site, being replaced by another water molecule, in the nanosecond
timescale. For one of the simulations we have observed up to three water replacements, after 4, 28

and 32 ns (Figure 5.5 bottom). This dynamic behavior is in agreement with the “tunnel-type” topol-
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ogy of the enzyme, reminiscent of processive GHs,

225 which do not unbind the substrate after the re-

action —only the leaving group— and because of that they need water channels into the active site to

bind another water molecule at the -1 position.

%

Asp57 moves

Asno65 rotates ‘

C-terminal

\

?. .O’. J.
Lys59

Figure 5.4- Active site conformations at different stages of the MD simulation: (A) the most popu-
lated conformation of Asp57 and Asn65, matching the crystallographic structure; (B) a low popu-
lated conformation in which Asp57 has displaced the catalytic water, adopting the role of a nucle-
ophile in a retaining enzyme; (C) a low populated conformation in which Asn65 rotates, pointing
with its carbonyl group to the catalytic water; and (D) strong salt-bridge interaction between Lys59
and the C-terminal carboxylate. Notice that Lys59 has been omitted from A to C in order to high-
light Asn65, but it is always present interacting with the C-terminal carboxylate and the catalytic
water. Orange arrows represent possible nucleophilic attacks on the anomeric carbon of the -1

sugar.
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Figure 5.5- Evolution of the theta puckering variable (top panel) and distances between the oxygen
atoms of the nucleophilic molecules and the anomeric carbon (bottom panel) along one of the 40 ns
MD simulations. The value of 158.4 + 7.5° for theta corresponds to a 'C,/’E inverted chair confor-
mation, which can be regarded as a canonical 'C,. Water molecules —named as “Wat”— display an
average distance of 3.7 + 0.3 A from the anomeric carbon. Notice that at after 32 ns of simulation
Wat3 leaves the active site and at 34 ns Asp57 adopts the role of a possible nucleophile resembling
a retaining enzyme.

Additionally, we have characterized the structural and thermodynamic properties of the nucle-
ophilic water by means of a method called Grid Inhomogeneous Solvation Theory (GIST).?* This
method uses the information enclosed in the MD trajectory to create maps of water density and de-
rive solute-water and water-water energetic terms as well as entropic contributions from transla-
tional and orientational restrictions, which can be combined to obtain binding AG values. The anal-
ysis shows that the catalytic water is stabilized in the active site by -3.1 + 0.8 kcal-mol™ in terms of
potential energy and destabilized by 0.6 + 0.2 kcal-mol™” in terms of entropic penalty (-T-AS;
T=300K), leading to a favorable binding free energy of -2.5 + 0.6 kcal-mol'. The density of oxygen
and hydrogen atoms shows that the catalytic water is perfectly oriented for catalysis, with the two
hydrogens pointing towards Asp57 and Asn65 —establishing hydrogen bonds— and the two lone
pairs pointing towards Lys59 and the anomeric carbon (the former establishing a hydrogen bond;

see Figure 5.6). Moreover, we have found that there is a narrow water channel in between Asp57
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and Lys59, suggesting that this pair of residues are crucial for the entrance of water molecules into
the active site and, hence, for the hydrolytic activity of the enzyme. Therefore, it is clear that in this

enzyme water can flow, now we will see if it can react.

/
Channel O
Figure 5.6- Contour plots of water density divided in their oxygen (red) and hydrogen (blue) contri-
butions. (A) Top view of the -1 subsite, with the three binding residues surrounding the catalytic
water. (B) Front view of the -1 subsite highlighting the water channel as a light red surface. Contour
levels are, respectively, at 6 and 3 times the value of the bulk. The water channel is represented at
0.5 times the value of the bulk. The substrate and Asn65 have been omitted from the A and B, re-

spectively, for the sake of clarity. A water molecule fitting the water density is displayed in A but
not in B for clarity.

5.2.2. Computational proof for a southern hemisphere itinerary

The unusual 'C, inverted chair conformation observed in the X-ray structures of the Michaelis
and product complexes, reproduced by our classical MD simulations, have prompted us study the
catalytic mechanism and the conformational itinerary of the enzyme by QM/MM metadynamics.
Three collective variables, including all bonds to be formed and broken during the reaction, have
been considered. CV1 accounts for the nucleophilic attack of the catalytic water molecule; CV2 ac-
counts for proton transfer between Asp57 and the water molecule; and CV3 accounts for the trans-
fer of the Glu45 proton to the glycosidic oxygen atom (see section 5.4 Computational Details). The
shape of the reconstructed free energy surface, projected onto CV1/CV2 , is indicative of a con-
certed one-step reaction (Figure 5.7). The reaction free energy barrier (17 kcal-mol™) is commensu-

rate with the measured reaction rate.
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Figure 5.7- Free energy surface and representative states along the lowest free energy pathway. R
denotes reactants (Michaelis complex), TS the transition state, and P the products. From P to P’, a
solvent water molecule enters the active site and fills the space previously occupied by the catalytic
water. Contour lines are given at 1 kcal-mol™. Hydrogen atoms have been omitted for clarity, except
those of the catalytic water and the carboxylate group of Glu45.

The —1 sugar at the reactants state (R) adopts a conformation intermediate between 'C, and °E.
The reaction starts with the elongation of the glycosidic bond simultaneous with the transfer of the
carboxylic hydrogen atom of the acid residue to the glycosidic oxygen. At the transition state (TS),
the —1 mannopyranose ring distorts from 'C,/’E to *H./’E, a conformation that is compatible with
the requirement of an oxocarbenium ion like TS. At this stage, the Glu45 proton is already trans-
ferred, the glycosidic bond is completely broken (3.3 A; Table 5.1) and the bond between the nucle-
ophilic water and the anomeric carbon is partially formed (2.0 A). Proton transfer from the water to
Asp57 then takes place, while the —1 sugar changes to a *°B/’S; conformation (P), defining a
canonical 'C,— [*Hy]*-7S, “southern hemisphere” conformational itinerary. Thereafter, the
anomeric OH loses its interaction with Asp57 (transition from P to P’, AG*= 2 kcal-mol™), and the
—1 mannopyranose spontaneously undergoes relaxation to a 'C, conformation (Figure 5.7), match-

ing the conformation observed in the product complex of the enzyme with mannotriose.
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Remarkably, a new water molecule from the solvent enters into the active site at the same time
that the conformational change occurs, emphasizing again the importance of water dynamics in this
enzyme. It is interesting to notice that while Glu45, Asp57 and Asn65 residues are almost rigid dur-
ing the reaction, Lys59 moves apart from reactants to products, leading space for the reactive sugar
(Figure 5.8). This highlights the importance of the Lys59---Wat hydrogen bond interaction at the re-
actants and transition state, but not at the products.

Globally, the computed mechanism can be considered an electrophilic migration of the anomeric
carbon from the departing sugar to the nucleophilic water, reacting with its oxygen, and assisted by

Glu45 as general acid and AspS7 as general base.

Table 5.1- Change of the main distances (in Angstrom) involving the active site residues of
SsGH134 for each characteristic point along the reaction coordinate.

OWat'Cl C 1'()Gly OWat'HWat HWat'OAspS7 OGlu45'HGlu4S HGlu45'OGly

R 3.68+0.18 | 1.55+0.15 1.01+0.03 1.74+0.06 | 1.20+£0.30 | 1.78+0.57
TS 1.99+0.09 3.33+0.14 | 1.09+0.02 | 1.50+0.01 1.53+0.06 1.04+0.00
| 1.51x0.07 | 3.87+0.05 1.50+£0.07 | 1.06+0.03 | 1.93+0.73 1.12+0.20
P’ 1.43+0.03 | 3.28+0.03 | 2.60+0.02 | 0.98+0.04 | 1.62+0.01 0.99+0.00

Lys59 moves AspS7

Figure 5.8- Structural differences between the Michaelis complex (R; cyan) and the product state
(P’; black). Notice that the sugar migration makes Lys59 move apart to leave space for it. Addition-
ally, Asp57 rotates to interact with the water molecule that enters after the reaction (not shown here
for clarity). Only polar hydrogens of Lys59 are represented.
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5.2.3. Breaking the chains: effect of Lys59Ala and Asn65Ala mutations

Given the importance of Lys59 and Asn65 residues in the binding of the catalytic water, we have
studied the individual effect of alanine mutation in these two crucial positions. We have performed
three independent 40 ns simulations of classical molecular dynamics for each system (Lys59Ala
and Asn65Ala). Afterwards we have analyzed the properties of water with the GIST method out-
lined above, comparing the results with ones obtained for the WT form (section 5.2.1).

The mutation of Lys59 to alanine has a dramatic effect both in the enzymatic structure and the
configuration of water molecules in the active site. First of all, this mutant lacks the strong interac-
tion of Lys59 with the carboxylate of the C-terminal region, present in the WT enzyme, causing a
dramatic movement of the terminal loop that opens a “big door” for the entrance of water molecules

in the active site (Figure 5.9).

Terminal loop
A

Asn58 Asn58 ’ Asp57

Figure 5.9- Effect of the Lys59Ala mutation: (A) it opens the terminal loop that closes the active
site, leading more space for water molecules, and at the same time it induces a conformational
change on Asn58, which is initially pointing to the solvent and ends up interacting with Asp57. (B)
Top view of the -1 subsite, with the two binding residues (Asp57 and Asn65) surrounding the cat-
alytic water and Asn58 and an additional water molecule fulfilling the space leaded by the mutation.
(C) Front view of the -1 subsite. Contour plots of water density divided in their oxygen (red) and
hydrogen (blue) contributions. Contour levels are, respectively, at 6 and 3 times the value of the
bulk. The substrate and Asn65 have been omitted from B and C, respectively, for the sake of clarity.
Water molecules fitting the water density are displayed in both views.
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Moreover, it makes Asn58 (a residue that in the WT is in between Asp57 and Lys59, pointing to

the solvent) change its conformation to interact with Asp57 through direct hydrogen bonds, partially
substituting the role of Lys59. The larger space available for water molecules, however, is not ex-
pected to increase hydrolysis for two reasons: (i) the water population near the anomeric carbon
lowers, as is reflected in the drop of free energy stabilization, from -2.4 + 0.6 kcal-mol” to -0.8 +
0.1 kcal-mol™ (AGwr.1ys0a. = 1.6 kcal-mol™); and (ii) the catalytic water is worst oriented, since it
prefers to point to the additional water molecule that fulfills the space leaded by the lack of Lys59
instead of interacting with Asn65 (Figure 5.9). This reorients the nucleophilic lone pairs of water
around 90° from the perfect orientation for catalysis, which is expected to affect reaction rates.
Thus, we conclude that Lys59 is important both for the stability of the enzymatic fold and for the
binding and orientation of the catalytic water, with a binding free energy contribution of 1.6 kcal--
mol™.

The mutation of Asn65 to alanine has a more subtle effect than in the case of Lys59Ala, but it
leads to more interesting changes. This mutant does not perturb the global structure of the enzyme
nor the local environment of the active site, but it suppresses the directional interactions that waters
perform with the NH2 and C=0 groups of Asn65 present in the WT form. As a result, waters try to
compensate the lack of these interactions by establishing new hydrogen bonds with the pyranic oxy-
gen of the -1 sugar, causing the catalytic water to be badly oriented for catalysis (Figure 5.10). The
worst orientation of the water molecule, however, should not affect notoriously its binding free en-
ergy, as it keep the same number of hydrogen bonds as in the WT form (Wat---O5 instead of
Wat---Asn65). Nonetheless, the results show that there is a drop of 1.2 kcal-mol™” of free energy
(AGwr.am65a12), from -2.4 £ 0.6 to -1.2 + 0.5 kcal-mol™". This is because the interaction energy is av-
eraged along all the simulation and, here is the interesting point, in this case the catalytic Asp57
residue fills the space previously occupied by the water molecule during most of the time (from 7%
in the WT to 62% in the mutant; Figure 5.10 D). In other words, these results suggests that making
the active site slightly more hydrophobic could affect the outcome of the reaction, from inversion to
retention of configuration.

Finally, it is important to point out that none of the in silico mutations have affected the confor-
mation of the -1 sugar, which display in all cases the inverted 'C, conformation that was initially
found by X-ray experiments, consistent with the fact that these residues are not involved in the

binding of the substrate, but only in the binding of the catalytic water.
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Figure 5.10- Effect of the Asn65Ala mutation: (A) The mutation does not affect the global structure
of the enzyme nor the terminal loop that interacts with Lys59. (B) Top view of the -1 subsite, with
the catalytic water bridged by Asp57 and Lys59. (C) Front view of the -1 subsite, showing the hy-
drogen bond of water with the pyranic oxygen. (D) Conformational change of Asp57, from a posi-
tion in which is expected to act as an assistant residue (cyan) and as a possible nucleophile (black).
Contour plots of water density are represented in red (oxygen) and blue (hydrogen), with levels be-
ing at 6 and 3 times the value of the bulk. The substrate and Ala65 residues have been omitted from
A, B and C, respectively, for the sake of clarity. Water molecules fitting the water density are dis-
played.

5.3. Summary and Conclusions

In this chapter we have studied the relevance of the residues interacting with the catalytic water
molecule in a novel GH134 inverting f-mannanase with an unusual fold. First, we have showed that
although the enzymatic structure is very rigid, the catalytic water and its binding residues are highly
dynamic, adopting conformations that may be important for water binding and entrance into the ac-
tive site. Moreover, we have confirmed that the experimental mutation used to trap the Michaelis
complex is not affecting the conformation of the -1 sugar, displaying a stable 'C, inverted chair con-

formation along the whole simulations. Second, we have computed the reaction mechanism by
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means of QM/MM metadynamics, obtaining a computational proof for a 'C, - [*H4]* - 3S; “southern
hemisphere” catalytic itinerary. This allowed us to trace the conformational relaxation from *S; to
'C, that takes place after the reaction, explaining the unexpected conformation present in the X-ray
structure of the product complex. In addition, we have observed that the Lys59 binding residue
moves apart after the transition state to lead space for the -1 sugar, highlighting that it is an impor-
tant interaction for the stability of both reactant and transition state, but not for products. Finally, we
have completed our study by analyzing the effect of mutation of Lys59 and Asn65 residues to ala-
nine, finding that they contribute more than 1.6 and 1.2 kcal-mol™ to the binding free energy of the
catalytic water and that they are crucial for its proper orientation. Additionally, we have observed
that the Asn65Ala mutant makes the general base (Asp57) to adopt a conformation that could be
suitable for a retaining mechanism. Altogether, the following conclusions can be deduced from the

present chapter:

* The SsGH134 [-mannanase has a highly dynamic active center, with residues Asp57 and
Asn65 bearing different low-populated conformations (<10%) and waters being able to enter

in and out of the active site in the nanosecond time scale.

* The catalytic waters are translationally and orientationally restricted by strong hydrogen
bonds with Asp57, Lys59 and Asn65 residues. The interactions with the two last resides ac-
count for 1-2 kcal-mol™ of binding free energy and are crucial for the proper orientation of

the catalytic water.

e The enzyme follows a 'C,— [*H4]* - 7S, “southern hemisphere” itinerary. The unexpected
'C, conformation at the products, observed by X-ray crystallography, results from a sponta-

neous conformational change after the reaction.

* The Lys59 residue moves apart from reactants to products to lead space for the hydrolyzed
substrate. Its role is to fix and orient the catalytic water at the same time that it stabilizes the

nascent charge on the water oxygen as it approaches the TS.

* The Lys59Ala mutant perturbs both the enzymatic structure and the properties of water in-

side the enzymatic cavity, while the Asn65Ala mutant maintains the native structure but al-
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ters the conformational preferences of Asp57, approaching it to the anomeric carbon. We
suggest that this mutant could result in a mechanistic change, from inversion to retention of

configuration.

5.4. Computational Details

5.4.1 Modeling of the SsGH134 complexes with mannopentaose

The initial structure for the simulations has been taken from the present reported structure of
SsGH134 in complex with mannopentaose (PDB 5JUG).** To simulate the WT enzyme, the muta-
tion of the acid residue (Glu45GIn) has been manually reverted (changing atom N by O without
modifying its orientation). The protonation states and hydrogen atom positions of all amino acid
residues have been taken according to protein environment. A total number of 12.102 water mole-
cules have been added to within a radius of 15 A from the protein and one sodium ion has been
added to neutralize the enzyme charge.

Molecular dynamics (MD) simulations have been performed using Amberl1 software.'’® The
protein has been modeled using the FF99SB'"’ force field. The carbohydrate substrate and water
molecules have been described with the GLYCAMO06'”® and TIP3P'" force fields, respectively. The
MD simulations have been carried out in several steps. First, the system has been minimized, hold-
ing the protein and substrate fixed, followed by energy minimization on the entire system. To grad-
ually reach the desired temperature, weak spatial constraints have been initially added to the protein
and substrate, while water molecules and the sodium ion have been allowed to move freely at 100
K. The constraints have been then removed and the working temperature of 300 K has been reached
after two more 100 K heating steps in the NVT ensemble. Afterwards, the density has been con-
verged up to water density at 300 K in the NPT ensemble and the simulation has been extended to
40 ns in the NVT ensemble, when the system has reached equilibrium according to the RMSD of
the backbone. Two additional replicas of 40 ns each have been launched after the equilibration
phase to enhance the conformational sampling. Lys59Ala and Asn65Ala mutant systems have been
generated manually and have been equilibrated according the same procedure as in the WT enzyme.

Analysis of the trajectories has been carried out using standard tools of AMBER and VMD.'” A
water molecule has been considered to be inside the active site if the Ow,-C1 distance was below
4.5 A, otherwise it has been considered that Asp57 was fulfilling its space. To determine the popu-
lation of Asn65 conformers, the distance between the carbonylic oxygen of Asn65 and the terminal

nitrogen of Lys59 has been monitored, and the rotated conformation has been considered to be
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present if the distance was below 4.5 A. The percentages obtained for the different conformations

do not significantly change upon variation of these parameters.

5.4.2 Modeling of the chemical reaction

QM/MM MD simulations have been performed using the method developed by Laio et
al.,” which combines Car—Parrinello MD,'” based on Density Functional Theory (DFT), with
force-field MD methodology. The QM/MM interface has been modeled by the use of link-atom that
saturates the QM region. The electrostatic interactions between the QM and MM regions have been
handled via a fully Hamiltonian coupling scheme, where the short-range electrostatic interactions
between the QM and the MM regions are explicitly taken into account for all atoms. An appropri-
ately modified Coulomb potential has been used to ensure that no unphysical escape of the elec-
tronic density from the QM to the MM region occurs. The electrostatic interactions with the more
distant MM atoms have been treated via a multipole expansion. Bonded and van der Waals interac-
tions between the QM and the MM regions have been treated with the standard AMBER force-field.
Long-range electrostatic interactions between MM atoms have been described with the P3M imple-
mentation,"*® using a 64 x 64 x 64 mesh.

The QM region included the mannose rings at the —1, +1 and +2 subsites, as well as the half ring
of the saccharide at the -2 subsite and the catalytic residues (Glu45 and Asp57), leading a total num-
ber of 98 QM atoms (including capping hydrogens) and 38.693 MM atoms for the system. The QM
region has been enclosed in an isolated supercell of size 20.1 x 17.7 x 20.9 A®. Kohn—Sham orbitals
have been expanded in a plane wave basis set with a kinetic energy cutoff of 70 Ry. Norm-conserv-
ing Troullier—Martins ab initio pseudopotentials have been used for all elements.'”* The calculations
have been performed using the Perdew, Burke and Ernzerhoff generalized gradient-corrected ap-
proximation (PBE).'** A fictitious electronic mass of 700 au and a timestep of 5 au has been used to
ensure an adiabaticity of 4.12-10 a.u-ps™-atom™ for the fictitious kinetic energy.

The free energy landscape (FEL) of the reaction has been explored using the metadynamics ap-

139,171
proach™™

with three collective variables (CVs). We have used the metadynamics driver provided
by the Plumed2 plugin.' The first collective variable (CV1) has been defined as the difference be-
tween the Ow,-C1 and the C1-Og, distances. This variable accounts for the nucleophilic attack of
the water molecule and the cleavage of the glycosidic bond. The second collective variable (CV2)
has been defined as the distance difference between the Ow,-H and H-O 57, accounting for the pro-

ton transfer between Asp57 and the water molecule. Finally, CV3 has been defined as the distance
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difference of Oguss-H and H-Ogy, which thus accounts for the transfer of the Glu45 proton to the
glycosidic oxygen atom.

A hill height of 1 kcal-mol™ and a deposition time of 30 fs (250 MD steps) have been used to ex-
plore the FEL. The shape of the Gaussian terms has been selected according to the fluctuations in
the reactant basin, with 0.35, 0.29 and 0.35 A for CV1, CV2 and CV3, respectively. Walls at 3 A
for CV1 and at -1.5 A for CV2 and CV3 have been used to reduce the FEL space to the chemical
event. The three-dimensional landscape has been completed after 552 deposited Gaussians. Enlarg-
ing the simulation leads to a relaxation of the —1 subsite mannose into a 'C, conformation, as ob-

served experimentally.

5.4.3 Analysis of densities and binding free energies of the catalytic water

We have used the GIST** (grid inhomogeneous solvation theory) analysis tool to extract the lo-
cal properties of water from the MD simulations. With this tool, a three dimensional grid is defined
to discretize the space of interest and calculate different properties at each point of the grid. Among
these properties we can find the number density of water oxygens, the solute-water and water-water
potential energies (Esw and Eww, including Lennard-Jones and electrostatic terms) or the transla-
tional and orientational two-particle contributions to the entropy (Strans and Sorient). All these val-
ues are referred to the bulk and are averaged over the simulation frames. The total energy of the
system can be obtained by summing Esw and Eww (Etot = Esw + Eww), and the total entropy by
summing Strans and Sorient (Stot = Strans + Sorient). Finally, combining the two last values lead to
the binding free energies. We have defined a grid of dimension 20x20x20 A* centered at the
anomeric carbon of the -1 sugar, just next to the catalytic water, using a fine grid spacing of 0.5 A.
A clustering of waters has been done to characterize their most concurrent positions, with a cutoff
criterion higher than 3 for the number density of oxygens (three times more dense than in the bulk)
and a total energy lower than 0 kcal-mol™ (stable regions). From the clustering results we have se-
lected the catalytic water and we have obtained the properties of the most stable point of the grid,
including densities and energetic terms. Each of the three 40 ns replicas have been analyzed sepa-
rately, integrating every 5 ns of simulation to obtain standard deviations and ensure convergence.
Ions have been excluded to avoid spurious interactions with the solvent, as recommended in the lit-
erature.”’ The position of the solute has been allowed to move freely, and therefore the obtained
values do not represent static interactions, but rather conformational averages. While this approach

increments the noise of the results, the fluctuations along the different simulations that we have per-
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formed are very small. To further diminish the noise, particularly the one coming from translation
and rotational motions, we have centered each trajectory to a reference structure according to the

root mean square of the protein backbone. The energetic values are summarized in Table 5.2.

Table 5.2- Binding free energies, energies and entropies (-T-AS, with T=300 K) of water inside the
-1 subsite for the three different systems (WT, Asn65Ala and Lys59Ala) and the three MD replicas.
All values are given in kcal-mol™ and correspond to time averages for each simulation.

AG Replica 1 Replica 2 Replica 3 Mean SD
WT -1.8 2.7 -2.8 2.4 0.6
Asn65Ala -1.4 -0.6 -1.5 -1.2 0.5
Lys59Ala -0.8 -0.7 -0.8 -0.8 0.1
WT 2.2 -3.4 -3.6 -3.1 0.8
Asn65Ala -1.8 -0.7 -1.9 -1.5 0.7
Lys59Ala -0.9 -0.8 -0.9 -0.9 0.1
WT 0.4 0.7 0.8 0.6 0.2
Asn65Ala 0.4 0.1 0.4 0.3 0.2

Lys59Ala 0.1 0.1 0.1 0.1 0.0
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5.5 Supplementary Figures
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Figure S5.1- Evolution of the distances involved in the nucleophilic attack (top left), water proton
transfer (top right) and acid/base proton transfer CVs along the metadynamics simulation. The
green line corresponds to the Ow,-C1 distance (d;), the violet to the C1-Ogy (d,), the blue to the
Ow.-H (d3), the orange to the H-O 57 (ds), the yellow line to the Oguss-H (ds) and the red line to the
Ogiy-H distances (dg).
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Figure S5.2- (Left) Effect of the Asn65Ala mutation on the conformational preferences of Asp57,
monitored with the distance of the Asp57 oxygens to the anomeric carbon of the -1 sugar. Notice
that the population shifts from 6.0 at the wild-type (WT) to 4.5 A at the mutant, a distance that
could be suitable for a nucleophilic attack. (Right) Effect of the Lys59Ala mutation on the terminal
loop that covers the active center, monitored with a reference distance of the terminal carboxylate
(the carbon attached to the oxygens) to the hydroxymethyl group of the -2 sugar. Notice that in the
WT the terminal loop is fixed by strong interactions with Lys59, but the loss of these interactions
makes the loop open. Frequencies are normalized over 12.000 distances computed for each system,
taking structures at regular intervals of 0.01 ns.
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Chapter 6

Enzymatic Flexibility: Insights Into the
Initial Steps of Glycogenesis

Parts of this chapter are in the process of publication:
M. K. Bilyard, H. Bailey, L. Raich, J. Iglesias-Fernandez, S. Seo Lee, C. D. Spicer, C. Rovira, W.
W. Yue and B. G. Davis “Palladium-mediated enzyme activation suggests multiphase initiation of

glycogenesis” Under revision (2018).

ABSTRACT: enzymes are highly dynamic and flexible entities that usually undergo subtle or

large conformational changes that are crucial for their activity. In this chapter we study the flexibil-
ity and versatility of a polyvalent enzyme called glycogenin (GYG), a glycosyl transferase of family
8 that is able to attach glucose units to one of its own residues (Tyr195). Using classical MD, we
analyze the conformational flexibility of Tyr195 and the loop that contains it, finding out how they
adapt to different lengths and conformations of acceptor substrates. Furthermore, we unravel the
catalytic mechanism of the reaction by means of QM/MM metadynamics, unveiling a prototypical
Si-like mechanism that evolves through a short-lived oxocarbenium intermediate. The predicted re-
action free energy barrier (~10 kcal-mol™) is very low in comparison to other GTs, which we
mainly attribute to an optimum donor/acceptor interaction and the presence of several charged moi-
eties in the active site. This prompted us to explore the unbinding mechanism of the product, reveal -

ing that it could be the rate determining step of catalysis.
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6.1 Introduction

6.1.1 Do not forget to close the lid for the reaction

Enzymes are not only impressive catalysts for their ability to enhance reaction rates, but also for
the versatility of their folds to adapt for acquiring new functions.?** The old view of enzymes as
rigid entities has been replaced by models that consider enzymatic flexibility as a fundamental fea-
ture to explain regulation, cooperativity or promiscuity.”*** Conformational transitions between dif-
ferent states of an enzyme are associated to changes in the solvation of active sites, variations of the
dielectric constant or shifts in the pK, of crucial residues,” modifications that may be important
both for substrate recognition and catalysis.

Glycosyl transferases (GTs), the enzymes that catalyze the synthesis of sugars, are not an excep-
tion in terms of dynamism. Several structural studies have revealed “open” and “closed” conforma-
tions of flexible loops that act as “lids” that cover the active center, protecting the nucleotide sub-
strate and defining the acceptor binding site (see Figure 6.1).”*** For instance, in the case of a [3-
1,4-galactosyltransferase (Gal-T1), X-ray experiments have unveiled that the enzyme is in an open
conformation in its apo form, but in a closed conformation when it is complexed with the donor

)39 or the

substrate (UDP-Gal).”! Similarly, the mammalian a-1,3-galactosyltransferase (a3GalT
bacterial glycogen synthase (GS)**** and maltodextrin phosphorylase (MalP)* are also known to
display open and closed conformations of flexible loops and domains. In other words, there is com-
pelling evidence suggesting that conformational changes such as the lid closure must precede the
chemical reaction.

All these conformational reorganizations are usually highly dynamic motions, and many tech-
niques are needed to capture their dynamical features. A good example of this complexity is re-
flected in the work of Lira-Navarrete et al. about polypeptide GalNAc-transferases (GalNAc-
Ts),”* enzymes that control protein O-glycosylation. Using a diverse set of techniques, comprising
X-ray crystallography, atomic force microscopy, computational simulations and small-angle X-ray
scattering, the authors revealed a complex conformational landscape involving compact and ex-
tended structures of the enzyme, demonstrating a dynamic and cooperative mechanism by which
one of the two enzyme domains enables the binding of the substrate into a distant domain (see Fig-
ure 6.2). Nowadays there are so many experimental and computational evidences about the confor-

mational diversity of enzymes that it is universally accepted that they are highly flexible entities and

that their dynamical features are essential for substrate recognition and catalysis.
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Figure 6.1- The proposed catalytic cycle of GTs possessing a lid segment (shown in violet). After
the binding of the donor substrate, the lid closes defining the acceptor binding site, the acceptor
binds forming the Michaelis complex, the chemical reaction takes place and subsequently the lid
opens to release the product.
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Figure 6.2- Conformational flexibility of GalNAc-T2. (Left) Three-dimensional topography AFM
images of single molecules showing different conformations of the enzyme, from compact to ex-
tended. (Right) Radius of gyration distributions derived from ensemble analysis of solution scatter-
ing curves. Red, blue and green lines represent three different concentrations of GalNAc-T?2 in its
apo form, which allowed to identify ensembles of compact and extended structures. The two differ-
ent domains of the enzyme are shown in red and yellow, connected by a flexible linker that is

shown in gray. Figure adapted from the work of Lira-Navarrete et al.**
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6.1.2 Glycogenin: the “Swiss army knife”’ of glycosyl transferases

One of the main energy storage molecules in the human body is glycogen. It is a complex
polysaccharide of glucose units that are arranged in linear chains of a-1,4 linkages and branched
modifications at certain intervals by a-1,6 glycosidic bonds.”?® The combination of linear and
branched chains makes glycogen particles adopt spherical shapes of 10 to 290 nm size that can be
detected by electron microscopy experiments.*® At the core of these spheres there is a protein called
glycogenin (GYG) that serves as a covalent anchor for the entire polysaccharide. Moreover, GYG is
involved in the first steps of glycogen synthesis —also known as glycogenesis— acting as an enzyme
that, surprisingly, attaches up to 12 glucose units to itself.*”** This multiple auto-glucosylation
character is a tangible proof of its clear versatility for catalyzing related —but strictly different— en-
zymatic reactions.

Several experimental studies have revealed that GYG exists majoritarily as a dimer in solu-

tion’239,240

and crystal structures have shown that the two monomers bind occluding a — mostly— hy-
drophobic interface (see Figure 6.3). The catalytic process of auto-glucosylation involves the bind-
ing of activated UDP-glucose molecules as donor substrates (UDP-Glc) together with a divalent
Mn** cofactor that is properly coordinated to UDP and enzymatic residues. The first glucose addi-
tion reaction involves an acceptor tyrosine (Tyr195) located in a helix-turn-helix motif —the accep-
tor arm— that is far from the catalytic center (between 12 and 14 A; see Figure 6.3).>*' Up to date it
is not clear how does the enzyme attach a glucose unit in such a distant glucosylation point, but it is
presumed that sizable conformational changes must precede the chemical reaction.”* After the first
step, the attached glucose acts as an acceptor and the o-1,4 polysaccharide grows progressively in a
stepwise manner.

Furthermore, GYG also exhibits a flexible lid segment covering the active site, such as the ones
depicted in Figure 6.1. This lid segment is shown to undergo major conformational changes depend-
ing on the presence of the substrates in the active site, as observed by means of X-ray crystallogra-
phy.**' In particular, the lid adopts an open conformation in its apo form, and a closed conformation
when it is complexed with the substrates. These open to closed transitions allow to shield the active
site from water entrance and to complete the essential catalytic machinery of GYG by establishing

favorable interactions with the substrate.
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Figure 6.3- (Top) Three dimensional shape of the dimeric GYG and subunit A showing the hy-
drophobic interface between the two subunits (PDB 3T70). The residues of the interface have been
colored depending whether they are non-polar (white), polar (green), basic (blue) or acidic (red) ac-
cording to the VMD program.'” (Bottom) Active site amplification showing the acceptor arms that
contain the catalytic Tyr195 and UDP-glucose donor with the Mn** ion and its coordination
residues. This crystal structure also contains a free-glucose monosaccharide nearby the UDP-GlIc of
subunit B that has not been shown for clarity.

To add more complexity into the dynamical features of GYG, it has been proposed that intra-
and intermonomeric transitions of the sugar chains can occur at different steps of the polysaccharide
elongation. In particular, for short lengths of 3-4 glucose units the reaction is supposed to be intra-
monomeric (see Figure 6.4), while for larger lengths (5-12) it is assumed to be intermonomeric due
to spatial constraints. This is supported by structural evidences in which product complexes of Glc,
and Glc, chains were trapped, respectively, in intra- and intermonomeric conformations (Figure
6.4).>*! For lengths comprising 0-2 glucose units it is not known whether the reaction is intra or in-

ter, but it is said that both could be possible after a proper conformational change.



Enzymatic Flexibility: Insights Into Glycogenesis 139

Intramonomeric Intermonomeric
Tyr195(A) Tyr195(A)
UDP-Mn**
2 @)
=
-
,
S
~
ES
2
-
A
3
~
<3

Figure 6.4- Product complexes of maltotetraose (Glc,, left, PDB 3U2U) and maltohexaose (Glcs,
right, PDB 3U2V) chains attached to Tyr195. They are, respectively, in intramonomeric and inter-
monomeric conformations. The orange loop represents the acceptor arm of subunit A, and the white
loop the one of subunit B.

Regarding the chemical step, GYG attaches glucose units with retention of configuration at the
anomeric carbon. Retaining mechanisms are a topic of discussion in GTs as two possible reaction
pathways have been proposed to explain the stereochemical outcome: (i) the Sy2-type double dis-
placement mechanism and (ii) the Syi-like mechanism (see section 1.2.2 of the General Introduc-
tion). The former is expected to take place when there is a suitable nucleophilic residue near the
anomeric carbon, prepared for a Sy2 displacement, while the latest is assumed to occur in the lack
of such residue. According to the crystal structures of GYG, the only residue that could act as a nu-
cleophile is GIn164, but it is located at a distance of 4.5 A and its carbonyl is not expected to be a
good enough base for a nucleophilic displacement. Thus, it has been proposed that GYG employs
an Sxi mechanism for the synthesis of the a-1,4 maltossacharide. This contrasts with the Sx2-type

mechanism that has been tentatively suggested for the GYG extracted from rabbit muscle, which is
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slightly different from the human GYG. Concretely, it displays a negatively charged aspartate that
is apparently positioned for a nucleophilic displacement, and its substitution to serine or asparagine
makes the activity drop by 190-fold.* While this catalytic drop is not very pronounced compared
to what is observed upon nucleophile mutation in retaining GHs (6 orders of magnitude reduc-

tion!)**

, it is undoubtedly a source of controversy concerning the enzymatic mechanism.

In this chapter, to understand the high versatility of GYG, how the different lengths of sugar
chains adapt to the enzyme and which is the catalytic mechanism of the reaction, we have per-
formed a three-fold investigation: (i) we have analyzed the stability of different sugar chains in both
intra and inter conformations, revealing an impressive flexibility of the acceptor arm that contains
the anchoring Tyr195 and suggesting that for short lengths the reaction could preferably be inter-
monomeric; (ii) we have studied the chemical step using QM/MM metadynamics, showing that an

Sni-like mechanism is feasible with a very low reaction free energy barrier; (ii1) we have studied the

release of the reaction product, which involves the opening of the lid segment prior to its unbinding.

6.2. Results and Discussion

6.2.1. There is always room for one more

In order to study the versatility of GYG for accommodating acceptors of different sugar lengths,
we have performed MD simulations with 0 to 3 “n” a-1,4-glucose molecules attached to Tyr195,
i.e. “Tyr-(Glc),”, both in their intra and inter conformations. Five independent 50 ns replicas have
been carried out to converge the results, obtaining a total of ~0.5 ps of statistical data for each sys-
tem. To identify reactive conformations, we have analyzed the distance between the nucleophilic
hydroxyl of the acceptor molecule (O, for n = 0, O4 for n > 0) and the anomeric carbon of the
donor sugar (C1), i.e. the “Or,-C1” and “O4-C1” distances, using histogram plots (see Figure 6.5).
The nearest the distance, the more reactive the conformation has been assumed to be.

Interestingly, sugar chains displaying low glucosylation patterns (n = 0 and n = 1) clearly prefer
inter conformations, as their peaks appear at 3.8 and 3.2 A, much below than the peaks observed for
intra (6.4 and 3.6 A; see Figure 6.5). In contrast, longer chains of glucose (n = 2 and n = 3) display
almost no difference between both conformations, with the peaks appearing at the same distance
(both at 3.3 A forn =2 and at 3.2 A for n = 3) and practically equal populations. To explain the ob-
served differences, we have extracted representative snapshots from the probability distributions for

their analysis.
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Figure 6.5- Histograms of the nucleophilic distance for n = 0 to n = 3 glucose units (represented as
blue circles) attached to Tyr195. Both intra and inter conformations are represented in purple and
cyan surfaces. Frequencies are normalized over 40.000 distances computed for each system, taking
structures at regular intervals of 0.01 ns. For n = 0, the peaks of intra and inter conformations are
found at 6.4 and 3.8 A, at 3.6 and 3.2 A for n = 1, at 3.3 A both for n = 2 and at 3.2 A both for n = 3.
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Figure 6.6- Structural snapshots of superposed intra and inter conformations for n =0 to n = 3 glu-
cose units (represented as blue circles) attached to Tyr195. The orange loop represents the acceptor
arm of subunit A (i.e. intra), and the white loop the one of subunit B (inter). The blue loop repre-
sents an obstacle for the short intra conformations, particularly for n = 0, as it clashes with the
transparent tyrosine (a non-stable “forced” conformation) and makes it evolve towards the opaque
representation upon molecular dynamics. Hydrogens have been omitted for clarity.

A superposition of both intra and inter conformations revealed three important features to high-
light: (i) first, there is a voluminous loop in between the intra tyrosine and the UDP-GIc substrate
that makes difficult the approach of short chains —principally n = 0, but also n = 1- into the active
site, explaining the observed shifts in the histograms (see Figure 6.6). This is not a problem for the
inter tyrosine, which approaches the active site from “below” and does not have any structural ob-
stacle in the pathway. Moreover, it is neither a problem for long chains (n = 2 and n = 3), which are
more flexible and adapt to the environment, circumventing the obstacle. (ii) Second, the loop con-
taining the anchoring tyrosines —either intra or inter— is more disordered for short chains than for

the long ones. This is very relevant if one takes into account that the X-ray structure of the “naked”
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GYG (n =0) displays a well ordered loop and the tyrosine is far from the active site, meaning that it
needs to distort the helicoidal shape of the loop when approaching, which could require a non-negli-
gible energetic cost. (iii) Third, the anchoring tyrosine recoils approximately one sugar position af-
ter each glucosylation step (see Figure 6.7), remarking its high flexibility and its well-defined path-
way for entering in the active site.

While these results clearly suggest that GYG would preferably start its first glucosylation steps
(n =0 and n = 1) from an inter conformation, they do not clarify whether it would be intra or inter
for subsequent glucosylation steps. What it is clear is that as long as the polysaccharide chain elon-
gates, the intra conformation becomes more prominent, and thus one could expect a conformational
transition from inter to intra for chains with two or more glucose molecules attached to Tyr195. For

241

longer chains (e.g. n = 5), based on the results of X-ray crystallography,™ it is expected that infer

conformations would be again preferred.

UDP—‘ {‘} Tyr195
n

Inter

Intra

UDP-Glc n=0

(not stable)

Figure 6.7- Recoil of Tyr195 for different “n” number of glucose units (represented as blue circles)
attached to it. Both intra and inter conformations are displayed separately. The orange loop repre-
sents the acceptor arm of subunit A (i.e. intra), and the white loop the one of subunit B (inter). The
blue loop represents an obstacle for short infra conformations (see also Figure 6.6). The transparent
tyrosine indicates a non-stable “forced” conformation. Hydrogens and acceptor glucose units have
been omitted for clarity.

6.2.2. Evidence for an Syi reaction mechanism with a short-lived oxocarbenium intermediate
The catalytic mechanism of GYG has been modeled using QM/MM metadynamics. The system
with three glucose molecules attached to Tyr195 (n = 3) in an intra conformation has been selected
in order to model the formation of the products trapped by X-ray experiments (PDB 3U2U, see
computational details). Two collective variables have been used to drive the reactants towards the

products. The first, named as nucleophilic attack, has been defined as a difference of distances be-
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tween the C-O bond that breaks (C1-Op) and the one that forms (C1-O4). Similarly, the second —
named as proton transfer— is defined as a difference of distances between the H-O bond that breaks
(H-O4) and the one that forms (H-Op).

Structural snapshots along the reaction pathway are shown in Figure 6.8 and the free energy sur-
face is shown in Figure 6.9. These results reveal a stepwise Sni-/ike catalytic mechanism in which
the C-O bonds dissociate and form on the same face of the donor sugar, retaining the configuration
at the anomeric carbon. In the reactants well, two different states with regard to the 4-OH of the ac-
ceptor appear to be stable, one in which it is hydrogen bonded to the 2-OH of the donor (R) and an-
other one in which it is hydrogen bonded to Op (R’). From the last one, the C1-Op bond elongates
reaching a transition state (TS, ~10 kcal-mol™' higher in energy) that leads to a short-lived ion-pair
oxocarbenium intermediate (IP, ~1 kcal-mol™ lower than the TS). Subsequently, the O, of the ac-
ceptor substrate approaches the anomeric carbon (IP’) and collapses with it at the same time that the

proton of the acceptor hydroxyl is transferred to the UDP molecule (P).

R Glnl64 ’ Aspl25

Acceptor

Figure 6.8- Catalytic mechanism of glycosidic bond formation in GYG. R and R’ denotes reactants
(Michaelis complex), TS the transition state, IP and IP’ the ion-pair intermediates, and P denotes the
products. Hydrogen atoms have been omitted for clarity, except the 2-OH of the donor sugar, the 2-
OH, 3-OH and 4-OH of the acceptor, and the ones of GIn164. The last one is part of the MM region
and its charges are not polarized, so the 6 symbol just indicates that the negative charge of the oxy-
gen stabilizes the oxocarbenium ion.
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Figure 6.9- Computed free energy landscape of the GYG reaction (left) and monodimensional pro-
jection over the nucleophilic attack (right). Contour lines are given at 1 kcal-mol™'. The labels are re-
ferred to the ones provided in Figure 6.8.

At this point, several mechanistic details are worth noting: (i) the Gln164 residue just acts as an
electrostatic stabilizer for the TS and IP/IP’ states, with a minimum distance of ~2.6 A from the
anomeric carbon. The formation of a possible glycosyl-enzyme with GIn164 in its imidic form is
unlikely for a clear reason: there is not a good base nearby to deprotonate the amido group. At most,
it could be deprotonated by a tyrosine residue that is next to Gln164, but before doing so it should
release its proton to another aspartate, a process that is expected to involve higher barriers. More-
over, the modest reduction of activity upon the mutation of the “analogue” residue in rabbit GYG
(190-fold*’) is in agreement with its role as an electrostatic stabilizer. (ii) Once the IP forms, the 2-
OH of the donor can change its hydrogen bond partner from one Op to another Op of UDP, a local
flexibility that has been also observed for some retaining GHs.”*** (iii) The ion-pairs are stable
upon optimization, but they are short-lived (~1 ps) upon MD. This is in agreement with the fact that
the free energy surface is very flat at those regions, and is consistent with results that have been ob -
tained previously in the group.>'* (iv) The cleavage of the C1-Op bond (from R’ to TS) is the rate-
determining chemical step with a barrier of ~10 kcal-mol™". This value is very low in comparison
with other GTs that have been previously studied, which range from 15 to 20 kcal-mol™.***** This
difference of energies can be related with two structural features of GYG: first, the acceptor OH in

the reactant state (R’) is hydrogen bonded directly to Op (i.e. the bond that has to break), and not to
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the other oxygens of UDP as it was found in e.g. OtsA, GalNac-T2 or a-3GalT GTs.* This stable
and strong hydrogen bond could facilitate the dissociation of the C1-Op bond. Second, while metal-
dependent GTs have usually a Mn** ion interacting with UDP, non-metal GTs have positively
charged residues to compensate for the lack of that ion (e.g. ToxB has a Mn** but no charged
residues interacting with UDP, while OtsA has no metal but an arginine and a lysine, see Figure
6.10). In the case of GYG, interestingly, there is not only a Mn** metal in the active site, but also an
arginine and a lysine (Arg77 and Lys218). This extremely charged environment could facilitate

even more the dissociation of the C1-Op bond.

ToxB OtsA

Acceptor Donor Donor

Mn?

Trp520

Lys267
Arg77
Lys218

Figure 6.10- Active site comparison between GYG (R’), ToxB (PDB 2BVL) and OtsA (PDB
1UQU). Notice that while GYG has both a Mn** ion and two charged Arg77 and Lys218 residues
interacting with UDP, ToxB has only a Mn** and a non-charged Trp520, and OtsA has only two
charged Arg262 and Lys267 residues but no metal. The structures of ToxB and OtsA do not show
hydrogens because they come from X-ray crystallography. The donor substrate show in ToxB is the
retaining hydrolysis product of a UDP-Glc molecule.

Arg262

Altogether, in view of the structural differences pointed above, it seems reasonable to expect a
low free energy barrier for the GYG catalyzed reaction. Nonetheless, the experimental free energy
value derived from transition state theory is ~20 kcal-mol™,** suggesting that either our computed
barrier is severely underestimated —e.g. by the chosen CVs or the DFT functional- or that there is
another rate-determining step (e.g. substrate binding, product release or infer and intra conforma-
tional transitions). In order to assess the dependency of the CVs in the mechanism and the free en-
ergy barriers, we have repeated the simulations using two coordination numbers that are equivalent
to the difference of distances used before, and the results show that there is no quantitative nor qual-
itative difference in the free energy barriers." Furthermore, we have estimated the performance of

the DFT functional used in this work (PBE) by computing the energies of the R and IP states with a

1) Data not shown. Results obtained by Dr. Iglésias-Ferndndez, co-author of the paper that is under revision.
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more sophisticated functional (PBEO, which includes 25% of Hartree exchange), finding an upper
bound error of 4.5 kcal-mol in the potential energy. Even considering this error, the computed free
energy barrier is still far from the ~20 kcal-mol™" that are inferred by experiments, suggesting that

the chemical reaction is not rate-limiting.

6.2.3. Product release: intra and inter conformational transitions could be rate-determining

In view of the results obtained in the previous section, we have studied the catalytic step that fol-
lows the chemical reaction: the product release. For that we have taken the product obtained by
QM/MM metadynamics and we have performed a re-equilibration of 20 ns with classical MD.
From that point, we have explored two distinct product release pathways that seem plausible from
structural analyses: (i) the product chain recoils in a stepwise manner without perturbing the protein
environment, in the spirit of the “intra pathway” envisaged in Figure 6.7; and (ii) the lid segment
that closes the active center (see Figure 6.11) opens and subsequently the product chain exits the en-
zymatic cavity through the space previously occupied by the lid. This last pathway was already dis-

cussed on the basis of crystallographic evidence.*"'
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Figure 6.11- Three dimensional shape of the dimeric GYG showing in yellow the “lid” segment
that closes the active center of subunit A. The sugar chain and the UDP-Glc molecule of subunit B
is not shown for clarity.

We have used a combination of steered molecular dynamics (SMD) and umbrella sampling (US)
simulations to generate the initial pathways for the product release and sample their conformational
space (see section 5.4 Computational Details). The results for the first pathway, in which the sugar
chain recoils in a stepwise manner, show that it is energetically unfeasible, with more than 30
kcal-mol™ of free energy demand for moving the terminal glucose one position back (from “A” to

“B” in Figure 6.12). Such high energy cost can be related with the number of h-bonds that the sugar
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chain has to break during its movement. It starts with 8 h-bonds that come majoritarily from the
interactions that Glc 0 and Glc -1 establish with several residues, including Asp125, Asp160 and
Aspl63, but also with Arg77 and GIn164 among others. The movement from “A” to “B” causes Glc
0 and Glc -1 loose their 4 h-bonds each (8 in total), but at the same time Glc O recovers the 4 h-
bonds that were initially belonging to Glc -1 (see graphs in Figure 6.12). This explains why it is so
costly to unbind the sugar chain along this pathway: at each step, all sugars need to break again the

interactions of their “predecessor’” adjacent unit.
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Figure 6.12- Structural snapshots, free energy profile and mean number of h-bonds that the sugar
chain establishes with the receptor —enzyme and UDP- along the stepwise “recoil” pathway. The
snapshot A corresponds to the product complex just after the chemical reaction, snapshot B corre-
sponds to the chain shifted 1 position (Glc O to the position of Glc -1), and snapshot C corresponds
to the chain shifted 2 positions (Glc 0 to the position of Glc -2). The Glc 0 and Glc -1 glucose mole-
cules of the chain are equivalent to the donor and acceptor sugars defined previously for the reactant
state. The pullout distance has been defined between the a-carbon of Asp163 and the anomeric car-
bon of the Glc 0 terminal sugar. Notice that in the h-bond graph, after 2 A there is a “transfer” of h-
bonds between Glc 0 and Glc -1. The space left by the sugar chain is filled by water molecules from
the solvent, which are not shown for clarity.
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Although the “recoil” pathway is unlikely to occur, the results are very informative. In particular,
it is remarkable to see how well defined the binding sites are, as from “A” to “B” Glc 0 rotates end -
ing up exactly in the same orientation that Glc -1 adopted at the starting state, and the same happens
with Glc -1 moving back one position (it ends up in the same orientation as Glc -2). This highlights
the pivotal role of several residues for the stabilization and the orientation of the substrate, particu-
larly Asp125, which could bee seen as a “hook” for an incoming acceptor molecule. Moreover, it is
interesting to see that none of the binding residues move after the departure of the substrate, high-

lighting a local rigidity that is necessary for enzyme specificity.
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Figure 6.13- Structural snapshots, free energy profile and mean number of h-bonds that the lid seg-
ment establishes with the receptor —enzyme, UDP and sugar chains— along the lid opening. The
snapshot “A” corresponds to the product complex just after the chemical reaction, snapshot “B”
corresponds to the lid in the process of opening, and the snapshot “C” corresponds to the lid
opened. The pulling distance has been defined between the a-carbon of the Met74 (located in the
lid) and the a-carbon of the Tyr198 (located in the acceptor arm of subunit B). Notice that in the h-
bond graph, the whole lid just looses ~2 h-bonds (from 9 to 7), which correspond to the ones of
Arg77 (see Figure 6.14).
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The second product release pathway has been modeled in two steps: (i) opening of the lid seg-
ment, and (i1) product release. Figure 6.13 shows the snapshots and the free energy profile for the
first step. It turns out that the lid opens easily with an energy barrier of ~10 kcal-mol™". This is due
to the fact that the interactions that it forms with the acceptor arm of subunit B —colored in white—
are very weak, being mainly hydrophobic (see Figure 6.14). The only h-bonds that break during the
opening are those involving Arg77, a residue that we have previously seen that is interacting with

the UDP-Glc substrate (see h-bond graph in Figure 6.13 and snapshot in Figure 6.14).

Closed lid Open lid

v

Figure 6.14- Interactions that are lost during the opening of the lid: (top) hydrophobic contacts with
the acceptor arm of subunit B and (bottom) h-bond interactions of Arg77 with UDP and Glc -1.
After the lid opening step, we have explored the release of the product by pulling the sugar chain
out from the enzymatic cavity. Figure 6.15 shows the snapshots and the free energy profile for this
step. Two unbound states are observed in the free energy profile: one in which the sugar chain is in-
teracting with both the acceptor arm and the sugar chain of subunit B (snapshot “B”), and another
one (snapshot “C”) in which the sugar chain is pointing “up” and establishes few interactions with
its own subunit, specifically it interacts with a very movable loop including residues Asn221 to

Pro238. The free energy barriers for reaching the first and the second state are 15 and 17 kcal-mol ™
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respectively. If the sugar chain is further pulled up to a distance of 30 A, the free energy barrier in-
creases up to 20 kcal-mol™', matching the experimental value of the overall catalytic process.
Remarkably, the last energy increase is related with a subtle conformational change of Tyr195,
which reorients pointing towards the other subunit (see Figure 6.16). These results, therefore, sug-
gest that the rate-determining step of the whole catalytic process could be not the product release by
itself (as it can partially unbind to state “B” and then bind again after the replacement of UDP-Glc),

but the transition between intra- and intermonomeric conformations of the substrate.
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Figure 6.15- Structural snapshots, free energy profile and number of h-bonds that the sugar chain
establishes with the receptor —enzyme, UDP and sugar chain of subunit B— along the product re-
lease. The snapshot “A” corresponds to the product complex just after the lid opening, snapshot “B”
corresponds to the chain outside the enzymatic cavity, interacting with the acceptor arm of subunit
B, and the snapshot “C” corresponds to the chain outside the enzymatic cavity but pointing “up”
and interacting with a terminal loop of its own subunit. The pulling distance has been defined be-
tween the main chain carbon of the Ser131 of subunit A (buried in a stable -sheet motif) and the
anomeric carbon of the terminal sugar. Notice that in the h-bond graph, Glc 0 and Glc -1 account
for almost all h-bonds but from 10 A they vanish and Glc -2 and Glc -3 (not shown in the graph) ac-
count for the 3 h-bonds that are maintained until 15 A, interacting with the sugar chain of subunit B.



152 Chapter 6

Intra Inter
orientation orientation

Figure 6.16- Change of Tyr195 orientation from intra to inter at long pullout distances of the sugar
chain. The left image represents the “C” snapshot of figure 6.15, while the right image represents
the Tyr195 conformation at a pullout distance of ~30 A. The tyrosines shown in yellow are the ones
of intra and inter conformations found by X-ray experiments, PDB 3U2U and 3U2V respectively
(their sugar substrates, maltotetraose and maltohexaose, are not shown for clarity).

6.3. Summary and Conclusions

In this chapter we have studied the conformational flexibility and versatility of GYG at different
stages of its catalytic cycle. First, we have showed how the enzyme adapts to the length of the ac-
ceptor substrate (i.e. the Tyr195-attached sugars), modifying the shape of the acceptor arms in order
to approach short chains (n = 0 and n = 1) into the active center, and letting sugars adapt to the envi-
ronment in the case of long chains (n = 2 and n = 3). This has allowed us to detect a loop that ham-
pers the accommodation of short chains in an infra conformation, suggesting that the first steps of
glycogenesis are intermonomeric. Second, we have modeled the chemical reaction using QM/MM
metadynamics, finding that it proceeds via a prototypical Sni-/ike mechanism that involves a short-
lived oxocarbenium intermediate. The GIn164 residue is found to stabilize the transition states and
ion-pair intermediates, consistent with its moderate contribution to the experimental reaction rate.
The reaction free energy barrier (~10 kcal-mol™) is very low in comparison to other GTs, something
that we relate to an optimal donor/acceptor approach and a highly charged environment around the
UDP. Finally, in view of the low energy barrier obtained for the chemical step, we have studied the
product release. We have found that it requires the opening of the lid segment with a barrier that is
comparable to the one of the reaction, followed by the exit of the product chain from the active site.
We have characterized two states for the unbound chain, one in which it is interacting with the ac-

ceptor arm and the sugar chain of the contiguous subunit, and another in which it points “up”, with
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Tyr195 reorienting towards an inter conformation. This last state is associated with a free energy

barrier that is nearly the one inferred from experiments (~20 kcal-mol™), suggesting that the RDS of

the whole catalytic process could be the conformational transitions from intramonomeric to inter-

monomeric states. Altogether, the following conclusions can be drawn from the present chapter:

The first glucosylation steps of GYG (n = 0 and n = 1) occur through intermonomeric con-
formations. The presence of a “blocking loop” in between the acceptor arm and the active
site of the same subunit hampers the formation of intramonomeric conformations. These
glucosylation steps require a substantial distortion of the acceptor arm, which could be asso-

ciated with a high energy cost.

Sugar chains of n = 2 and n = 3 glucose units adapt to the enzyme active site circumventing
the blocking loop. This makes intramonomeric conformations be more likely and competi-
tive compared to the intermonomeric ones, suggesting that intra- to intermonomeric transi-

tions could take place at different glucosylation steps.

GYG catalyzes the formation of retaining a-1,4 bonds through an Syi-/ike mechanism with a
short-lived oxocarbenium intermediate. The GIn164 residue acts as an electrostatic stabilizer
of the transition states and ion-pair intermediates, approaching its carbonyl to the —charged —
anomeric carbon of the donor. The reaction free energy barrier (~10 kcal-mol™) is very low
in comparison to other GTs. This can be attributed to: (i) the reactant state of GYG is hydro-
gen bonded directly to the Op of the donor scissile bond, and not to the other oxygens of
UDP, as it is the case in several other GTs; and (ii) while most GTs contain either a Mn?*
ion or two charged residues interacting with UDP, GYG has both a Mn** ion and two

charged Arg77 and Lys218 residues.

Intra- and intermonomeric conformational transitions could be the rate-determining step of
the whole catalytic process. These transitions require the opening of the lid segment prior to
the unbinding of the product chain —a step that takes place easily given that the interactions
of the lid with the enzyme are mostly hydrophobic— and a conformational change of Tyr195,

which needs to reorient in order to point towards the active site of the other subunit.
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6.4. Computational Details

6.4.1 Modeling of the intra- and intermonomeric Michaelis complexes

Michaelis complex structures with acceptors of different lengths have been constructed from the
available product complexes, PDBs 3U2U and 3U2V, which correspond to the dimeric form of the
catalytic domain of human glycogenin-1 (GYG) in complex with manganese, UDP and maltote-
traose/maltohexaose, respectively. Both protein subunits have been used for the calculations. The
protonation states and hydrogen atom positions of all ionizable amino acid residues have been se-
lected based on their hydrogen bond environment and their most favorable state at pH 7, with histi-
dine residues modeled in their neutral state. All crystallographic water molecules have been retained
and extra water molecules have been added to form a 15 A water box around the protein surface.
Fourteen sodium ions have been added to achieve neutrality.

In order to construct the Michaelis complexes, for each subunit the terminal sugar of the sub-
strate has been manually attached to UDP, obtaining the intra UDP-Glc + (Glc);-Tyr195 complex
(from PDB 3U2U) and the inter UDP-Glc + (Glc)s-Tyr195 complex (from PDB 3U2V; this system
is not discussed in the chapter). Starting with the former, we have constructed all the shorter intra
variants by removing the terminal sugar, thus obtaining the UDP-Glc + (Glc),-Tyr195, UDP-Glc +
Glc-Tyr195 and UDP-Glc + HO-Tyr195 complexes. With the latest, we have constructed the
shorter variants in the same manner, obtaining the equivalent complexes in an inter conformation.

Molecular dynamics (MD) simulations of the GYG enzyme complexes have been performed
with the Amberl1 software package.'”® The protein has been modeled with the FF99SB'' force
field, whereas carbohydrates and water molecules have been modeled with the GLYCAMO06'™ and
TIP3P'" force fields, respectively. The MD simulations have been carried out in several steps. First,
the system has been energy minimized with a four-step minimization procedure, allowing to relax
sequentially (i) the sugar donor, (ii) both the donor and the acceptor substrates, (iii) the substrates
and all water molecules and (iv) the whole system. Structural restraints have been applied to spe-
cific hydrogen bonds during this step, the equilibration and the first 10 ns of MD in order to obtain
productive complexes. These hydrogen bonds have been selected according to the interaction pat-
terns that are present in PDBs 3T70, 3U2V and 3U2U. To gradually reach the desired temperature,
weak spatial constraints have been initially added to the protein and substrate, while water mole-
cules and the sodium ions have been allowed to move freely at 100 K. The constraints have been
then removed and the working temperature of 300 K has been reached after two more 100 K heat-

ing steps in the NVT ensemble. Afterwards, the density has been converged up to water density at
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300 K in the NPT ensemble and the simulation has been extended to 50 ns in the NVT ensemble.
Four additional replicas of 50 ns each have been launched after the equilibration phase to enhance
the conformational sampling, leading to 250 ns for each system (0.5 ps of simulation data consider-
ing the two subunits). From each of the 50 ns simulations, the last 40 ns —free of any restraint— have
been used for the histogram analyses showed in Figure 6.5. Convergence of these histograms has
been checked by the cumulative addition of more replicas. Analysis of the trajectories has been car-
ried out using standard tools of Amber and VMD.'” Particularly, the hydrogen bond analyses has
been carried out using the cpptraj utility from Amber14,> taking into account all the interactions
between each substrate and receptor with a distance cutoff of 3.0 A between heteroatoms and 135°

for the angle that defines the hydrogen bond.

6.4.2 Modeling of the chemical reaction

A snapshot of the classical MD simulation of the intra UDP-Glc + (Glc);-Tyr195 complex has
been taken for the QM/MM MD simulations. We have used the method developed by Laio et
al.,"”? which combines Car—Parrinello MD,'” based on Density Functional Theory (DFT), with
force-field MD methodology. The QM region has been chosen as to include the two terminal sugar
units of the maltotetraose molecule, the UDP phosphate groups, the active site Mn** ion and its co-
ordination shell formed by residues Asp102, Asp104 and His212 (a total of 83 QM atoms). The QM
region has been enclosed in a 18.1 x 18.6 x 23.0 A’ supercell. Kohn—Sham orbitals have been ex-
panded in a plane wave basis set with a kinetic energy cutoff of 70 Ry. The QM/MM interface has
been modeled by the use of a carbon monovalent pseudopotential that saturates the QM region.
Troullier-Martins ab initio pseudopotentials have been used for all elements."* The PBE func-

tional'”?

in the generalized gradient-corrected approximation of DFT has been used, in consistency
with previous works on glycosyltransferase reaction mechanisms.”**'* A constant temperature of
300 K has been reached by coupling the system to a Nosé-Hoover thermostat.**” A time step of 0.12
fs and a fictitious electron mass of 500 a.u. for the Car-Parrinello Lagrangian have been used. The
electrostatic interactions between the QM and MM regions have been handled via a fully Hamilton-
ian coupling scheme, where the short-range electrostatic interactions between the QM and the MM
regions are explicitly taken into account for all atoms. An appropriately modified Coulomb poten-
tial has been used to ensure that no unphysical escape of the electronic density from the QM to the

MM region occurs. The electrostatic interactions with the more distant MM atoms have been treated

via a multipole expansion. Bonded and van der Waals interactions between the QM and the MM re-
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gions have been treated with the standard AMBER force-field. Long-range electrostatic interactions
between MM atoms have been described with the P3M implementation,' using a 64 x 64 x 64
mesh.

The QM/MM MD simulations have been coupled with the metadynamics algorithm'” to model
the enzymatic reaction and reconstruct the free energy landscape (FEL) of the glucosylation reac-
tion. Two collective variables (CVs) have been selected according to the bonds that break and form
during the reaction. We have used the metadynamics driver provided by the Plumed2 plugin.'® The
first collective variable (CV1) has been defined as the difference of distances between the Op-C1 of
the donor and the C1-Ogy of the acceptor sugars. This variable accounts for the break of the UDP-
Glc bond and the nucleophilic attack of the acceptor. The second collective variable (CV2) has been
defined as the difference of distances between the Og,,-H of the acceptor and the H-Op of UDP. This
variable, thus, accounts for proton transfer between the two molecules. A Gaussian height of 1
kcal-mol™ and a deposition time of 30 fs (250 MD steps) have been used to explore the FEL. The
Gaussian width for each CV has been set to 0.2 A. Walls at 4.0 A for each distance and 1.5 A for
the proton transfer variable has been used to reduce the FEL space to the chemical event. Addition-
ally, a wall at 2.5 A has been set to the 2-OH--Op’ hydrogen bond that the donor substrate estab-
lishes with UDP, as we have found that it is lost in the product state and its lack makes recrossing
unlikely. This distance is large enough to allow the 2-OH be flexible and to discard artifacts in the
results. First crossing criterion has been taken to determine the simulation end. The FEL has been
completed after 869 deposited Gaussians. Two additional replicas with random velocities have been
simulated from the reactant state (bearing 80 deposited Gaussians) to estimate the error in the free

energy barrier, which has been found to be of 9.6 + 1.5 kcal-mol™.

6.4.3 Modeling of the product release

We have taken a snapshot of the products obtained by QM/MM metadynamics and we have per-
formed a re-equilibration of 20 ns with classical MD. Subsequently, steered molecular dynamic-
§*82%9 (SMD) and umbrella sampling'**'*! (US) simulations have been performed to explore the
product release step. The first method has been used to generate the initial pathways from which the
last method explored the phase-space. For each simulation, one collective variable (CVs) has been
defined to differentiate between open/closed or bound/unbound states. The CV to pullout the prod-
uct chain through the “recoil” pathway has been defined as the distance between the a-carbon of the

Aspl63 of subunit A (buried in a stable a-helix motif) and the anomeric carbon of the terminal
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sugar. The CV to open the lid segment has been defined as the distance between the a-carbon of the
Met74 of subunit A (located in the lid) and the a-carbon of the Tyr198 of subunit B (located in the
acceptor arm). The CV to pullout the product chain after the lid opening has been defined as the dis-
tance between the main chain carbon of the Ser131 of subunit A (buried in a stable -sheet motif)
and the anomeric carbon of the terminal sugar. These distance-based CVs are commonly used to in-

#0232 and although it is usually desirable to include addi-

vestigate enzyme-ligand binding pathways,
tional metrics —such as RMSD- that take into account possible slow conformational motions, > in
this case the use of distances are justified given that the ligand is always bound to the enzyme and
its conformational space outside the enzymatic cavity is limited.

To generate the initial pathways, a total of 30 trajectories —10 for each pull- with random veloci-
ties have been launched from a reference structure taken from the equilibration MD, leading them
relax for 1 ns. Subsequently, a movable harmonic potential of 50 kcal-mol'-A has been used to
drive the CVs from bound to unbound states —closed to open in the case of the lid — during 2 ns,
with pulling velocities between 5-15 A-ns'. The trajectories with lower energies have been taken as
the initial points for the US simulations. Each pathway has been divided in windows spaced at regu-
lar intervals of 0.5 A, thus obtaining 21 windows for the “recoil” pathway, 41 for the lid opening
and 61 for the subsequent product release. Force constants of 10 kcal-mol'-A* have been used for
the harmonic potentials, increasing it to 30 kcal-mol™"-A* for windows in which the distributions
have been displaced from their centers due to steep slopes. Every window has been sampled during
10 ns, leading to a total of ~1.2 us of simulation data. The first two nanoseconds of each window
have been considered as an equilibration step, and thus only the last 8 ns have been used for statisti-
cal purposes. Free energy profiles have been reconstructed using the weighted histogram analysis
method (WHAM),"*"'*¥ defining 100 bins for the histogram and a convergence threshold of 10~ for
the iterative optimization of the free energy values. The convergence of the profiles has been
checked by looking at the cumulative evolution of the profiles over time, considering them con-
verged when errors —taken as the standard deviation of the three last nanoseconds of simulation—
have been below 1 kcal-mol”. Additionally, bootstrap analyses with 20 data sets have been per-

formed for each profile, with errors below 0.3 kcal-mol™.
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6.5 Supplementary Figures
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Figure S6.1- Top and front views of the hydrogen bond network of GIn164 at the ion-pair interme-
diate. Notice that in order to form a glycosyl-enzyme intermediate (GEI), Gln164 must release its
proton to Tyr197, and at the same time this last one must release its proton to Asp160, whose basic-
ity is decreased by the hydrogen bond that it establishes with the hydroxymethyl group of the donor.
In other words, the formation of a GEI looks a priori unlikely.
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Figure S6.2- Collective variables used to study the reaction mechanism: nucleophilic attack (CV1)
and proton transfer (CV2).
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Figure S6.3- Evolution of the distances involved in the nucleophilic attack (left) and proton transfer
(right) CVs along the metadynamics simulation of the reaction. The green line corresponds to the
C1-0, distance (d,), the violet to the Ogy-C1 (d-), the blue to the Og;,-H (d5) and the orange to the
O,-H (d,) distances.
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Figure S6.4- Time-convergence of the US free energy profiles of the product release (left) and
structural superposition of the product chain conformations along the recoil pathway (right). Time
evolution is represented in a gradient of colors, from blue to green, with a total of eight cumulative
profiles. Only the last nanosecond of simulation of each US window is used for the superposition,
taking structures at intervals of 250 ps. Notice that the free energy profiles only differ from > 7 A
given that the product chain has more mobility (see right panel) as it gets out from the enzymatic
cavity.
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Figure S6.5- Time-convergence of the US free energy profiles of the lid opening (left) and the sub-
sequent product release (right). Time evolution is represented in a gradient of colors, from blue to
green, with a total of eight cumulative profiles. Notice that the profiles from the last 4 ns of simula-
tion do not change over time.
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Figure S6.6- Structural superposition of the product chain conformations along the product release
step that takes place after the lid opening. Only the last nanosecond of simulation of each US win-
dow is used for the superposition, taking structures at intervals of 250 ps. Notice that the substrate
exits the enzymatic cavity interacting with the acceptor arm of subunit B and that at longer dis-
tances it mostly interacts with its own subunit.
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Chapter 7

General Conclusions

In this thesis we have explored the fascinating world of carbohydrates and carbohydrate-active
enzymes (CAZymes) using cutting-edge computational techniques, aiming to contribute to the gen-
eral understanding of these complex systems. We have introduced the main topics and challenges of
computational glycobiology and we have emphasized that, despite the great advances in the field,
several open questions remain unsolved. Our work has focused on two types of questions that are
related either with mechanistic details of specific CAZymes (GH11 p-xylanases, GH72 (-glucosi-
dases, GH134 B-mannanases and GT8 a-glucosyltransferases) or with general concepts regarding
interactions and conformations that seem to be common among these enzymes (sugar distortions,
substrate hydroxyl interactions, water binding residues and enzymatic flexibility). The most impor-

tant conclusions that have been obtained from the present work are the following:

e B-xylosidases can follow two different catalytic itineraries, 'S;-[*H;]*>*C, or
S, ~ [**B]* - 7S, and not three as it was experimentally proposed. We have demonstrated
that the third catalytic itinerary, °E —[°S,]* - B,s, results from an over-interpretation of a
GHI11 X-ray structure of a mutant of the acid/base residue (Glul77GlIn), which restricts the
conformational preferences of the substrate. Furthermore, we have shown that the wild-type
(WT) form of the enzyme is able to accommodate two different sugar conformations, *C,
and So, with the former being slightly more stable than the latest. This highlights that GHs
do not necessarily bind the -1 sugar in a preactivated conformation, although a conforma-

tional change to preactivate the substrate must take place before the reaction.
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GHs distort their -1 sugars to enhance catalysis. We have obtained a computational proof for
such rate enhancement, quantifying it in ~42 kcal-mol™ in terms of reaction free energy bar-
rier for a GH11 B-xylosidase. The kinetic advantage of distorted conformations is mainly
due to reduced steric clashes with the nucleophile and the “stereoelectronic similarity” of
these conformations to the ones that are favored for an oxocarbenium ion-like TS. The high
energy barrier of non-distorted conformations, however, may change from enzyme to en-
zyme, and lower energy barriers can be expected for conformations that, although not being
preactivated, are next to a TS-like conformation (e.g. in the ScGas2 enzyme, the *C,; confor-

mation at the MC is still able to reach a *H; TS).

Interactions involving the 2-OH group are crucial for the catalytic activity of retaining GHs.
We have confirmed the importance of these interactions in ScGas2 GH72 [-glucosidase,
finding that the lack of the 2-OH---Nucleophile interaction raises reaction free energy barri-
ers up to ~16 kcal-mol™ and changes the catalytic itinerary of the substrate. The strength of
this interaction decreases in the order TS (~1.50 10%) > MC (~1.55 10%) > GEI (~1.60 A), ex-
plaining why it affects deglycosylation (GEI - TS) more than glycosylation (MC —TS), for
which TS destabilization is partially compensated by MC destabilization. Furthermore, we
have shown that the suppression of the Asnl175---2-OH interaction by the Asnl175Ala muta-
tion increases the glycosylation barrier by 6.5 kcal-mol™, but leads deglycosylation practi-
cally unaffected. This suggests that the mutation of conserved residues interacting with the
2-OH could be used, together with activated substrates, for the rational conversion of GHs

into TGs (i.e. from hydrolytic to synthetic enzymes).

SsGH134 B-mannanase follows a 'C,— [*H,]* 7S, “southern hemisphere™ catalytic itiner-
ary, followed by spontaneous relaxation of the *S; product to 'C,. Our results reinforce the
experimental proposal of the itinerary based on X-ray crystallography by connecting end-to-
end the structures of MC and products. We also provide an atomistic explanation for the ori-
gin of the unexpected 'C, conformation of the substrate at the reaction products, which can
be associated with the highly dynamic active center of the enzyme, where water molecules

are able to enter in and out in the nanosecond time scale.
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* Residues that confine water in the active site of inverting GHs are essential for the orienta-
tion and activation of the catalytic water. We have unveiled that in SsGH134 -mannanase
the water molecule is translationally and orientationally restricted by strong hydrogen bonds
with a binding triad (Asp57, Lys59 and Asn65), whose interactions with water account for
1-2 kcal-mol” in terms of binding free energy. The Lys59 residue stabilizes the MC and
changes its conformation after the TS, leading space for the hydrolyzed product. Mutation of
this residue (Lys59Ala) perturbs both the enzymatic structure and the properties of water in-
side the enzymatic cavity, which is expected to dramatically affect catalysis. On the con-
trary, the Asn65Ala mutant maintains the native structure of the enzyme, but alters the con-
formational preferences of Asp57, approaching it to the anomeric carbon. We suggest that
this mutant could result in a mechanistic change, from inversion to retention of configura-

tion.

* Human glycogenin (GYG) catalyzes the formation of a-1,4 bonds through a retaining Syi-
like mechanism with a short-lived oxocarbenium intermediate. We have proven the feasibil-
ity of this mechanism using QM/MM metadynamics, finding a very low reaction free energy
barrier (~10 kcal-mol™) that can be attributed to: (i) the ability of the acceptor to establish a
direct hydrogen bond with the Op of the scissile bond; and (i) the highly charged environ-
ment at the donor region, containing both a Mn** ion and two charged Arg77 and Lys218
residues. In view of this result, and on the basis of enhanced sampling simulations, we sug-
gest that intra- and intermonomeric conformational transitions of the substrate could be the
rate-determining step of the whole catalytic process. These transitions require the opening of
a flexible lid segment of the enzyme prior to the unbinding of the product chain, a step that
takes place easily given that the interactions of the lid with its environment are mostly hy-

drophobic.

* The first two glucosylation steps of GYG (n = 0 and n = 1) occur through intermonomeric
conformations of the substrate chains, while subsequent glucosylation steps can be either in-
tra- or intermonomeric. We have shown that the presence of a “blocking loop” in between
the acceptor arm and the active site of the same subunit hampers the formation of short-

chain intramonomeric conformations. These early glucosylation steps, however, require a
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substantial distortion of the acceptor arm, which could be associated with a high energy de-
mand. In contrast, longer substrate chains (n = 2 and n = 3) are able to adapt to the enzy-
matic cavity circumventing the blocking loop, making intramonomeric conformations be
more prominent compared to the intermonomeric ones. This suggests that intra- to inter-

monomeric transitions could take place at different glucosylation steps.

Whereas the contributions of this work have allowed to pave the understanding of certain
CAZymes and have provided further evidence for concepts that are often presumed, many interest-
ing questions remain open in the exciting field of glycobiology. In the coming years, it is expected
that the increasing power of computer resources and the development of new techniques will allow
to explore —with more precision and detail- the incredible amount of CAZymes that nature has cre-
ated, deepening in their comprehension. Nonetheless, after each step in the lands of knowledge, new
horizons of curiosities will emerge, and research will keep walking towards worlds that we still do
not imagine, as it is perfectly reflected in Hamlet’s famous quote: there are more things in heaven

and earth, Horatio, than are dreamt of in our philosophy.
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