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Abstract

Thiolate monolayer-protected gold clusters (AuMPCs) have been attracted much
interest in the last years. The fact that AuMPCs can form conjugates with biomolecules
allow scientist to use them as carriers of chemotherapeutic drugs, with promising
applications in a broad range of diseases, including cancer and neurodegenerative
diseases. However, little is known on the molecular mechanism leading to formation of
AuMPCs and its reactivity towards proteins. In this thesis, we use ab initio molecular
dynamics simulations to unravel the mechanism of formation of AuMPCs from a
neutral gold cluster and thiol molecules. Afterwards, we uncover the mechanism of the
ligand-exchange reaction of a peptide-protected AUMPC with an antibody. Finally, we
model the enzymatic reaction of an enzyme responsible for the synthesis of
oligosaccharides, a-1,3-glycosyltransferase, as a first step to study the glycosyl transfer
reaction on more complex sugar-protected gold nanoparticle systems. A better
understanding of the enzymatic mechanism will help the rational design of inhibitors in
order to treat diseases where glycosyltransferases are important.

Keywords: thiolate  monolayer-protected gold clusters, staple motif,
glycosyltransferases, carbohydrates, ab initio molecular dynamics, density functional
theory, Car-Parrinello molecular dynamics, metadynamics, HOMO-LUMO gap.



Preface

Thiolate monolayer-protected gold clusters (AuMPCs) are being used in various
biological and biomedical applications due to their unique physical and chemical
properties. The fact that gold-sulphur bonds are very stable enables the binding of
biomolecules in the surface of gold clusters through a cysteine, an amino acid that
contains a thiol group (SH). Specific AuUMPCs-peptide conjugates can cross the blood-
brain barrier without altering its integrity, opening the door for the treatment of
pathologies related to the central nervous system, such as Alzheimer or Parkinson.
Moreover, AuUMPCs represent an alternative to the traditional fluorescence-based
biosensors, due to their optical properties and its ability to bind specific antigens when
certain AuMPCs-antibody conjugates are used. A brief introduction of these biological
and biomedical applications can be found in Chapter |, as well as a description of the
main synthetic methods of AuMPCs and an analysis of the AuMPC’s structures.

Several synthetic approaches based on the reduction of gold salts have been
proposed to synthesize AuMPCs. In 1951 Turkevich and co-workers used sodium
citrate for the reduction of chloroauric acid. In 2002 a novel synthetic method was
proposed, named solvated metal atom dispersion method. In this method, neutral gold
atoms were mixed with alkanethiols, resulting in the formation of AuMPCs, and
molecular hydrogen was detected. This finding, together with the first crystallization
and X-ray structure determination of Au102(SR)a4 by Jadzinsky et.al., triggered a debate
in the field, since the protons that were initially present in alkanethiols were not found
in the AuMPC structure. One of the main goals of the present thesis is to elucidate
where the alkanethiol hydrogens go during the formation of the AUMPC. To this aim,
ab initio metadynamics have been used to unravel the molecular mechanism of the
formation of AuMPCs departing from neutral gold clusters and alkanethiols (Chapter
).

Key to the usage of AuUMPCs as biosensors is the better knowledge of their
optical properties. The energetic difference between the highest occupied molecular
orbital (HOMOQ) and the lowest unoccupied molecular orbital (LUMO), i.e. the HOMO-
LUMO gap, is a physical parameter related with optical properties. Density Functional
Theory (DFT) is extensively used to obtain a theoretical value of the HOMO-LUMO gap,
although it is known to severely underestimate it with respect to the experimental
values. Nevertheless, recent computational studies using DFT have reported values of
the HOMO-LUMO gap of AuMPCs in a very close agreement with the experimental
ones. However, a simplified model of the real system was used, raising the question
whether the agreement between the theoretical and the experimental values is
fortuitous. Our goal is to obtain HOMO-LUMO gap values using the whole
experimental systems, i.e. peptides as the protecting ligands of the gold core and
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water as solvent (Chapter IV) to demonstrate that only a realistic model, and not only
the use of appropriate DFT functionals, can lead to values comparable to the
experimental ones.

In a first step for the understanding of the reactivity of AuMPCs towards
proteins, in Chapter V we modelled the binding of AuUMPC to the N-terminal end of the
anti-influenza N9 neuraminidase NC10 antibody. This process, known as ligand
exchange reaction, is used to label proteins with gold clusters, since reducing agents
cannot be used with certain biomolecules. Our results show that the neighbouring
amino acids of the cysteine that binds to the gold cluster play an essential role in the
ligand exchange reaction.

Finally, we investigated the mechanism of the enzymatic reaction of a
glycoprotein, a-1,3-glycosyltransferase. In recent years, our group has investigated the
molecular mechanism of one family of glycosyltransferases (GTs), providing its catalytic
itinerary. In this thesis we extend this study to another family of GTs to elucidate
whether or not a common molecular mechanism operates for GTs. This study
represents one step towards the modelling of the more complex glycosyl transfer
reaction on glycosyltransferases immobilized by gold nanoparticles, a promising
technique for the development of automated glycosynthesis.

The theoretical methods used along this thesis are detailed in Chapter .
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Introduction

Thiolate Monolayer-Protected Gold Clusters and Nanoparticles

Historical Overview

Gold is historically one of the most valuable and coveted precious metals in the world
because of its distinct colour, is easy handling and minting (it is malleable and ductile),
easy smelting, non-corrodibility and non-reactivity towards other elements. All these
unique properties make it the preferred metal in coinage, jewellery, industry or
electronics. Alchemy, as many sciences such as Chemistry, Physics or Medicine were
known from the Ancient Egypt until the 18" century, has always a special relationship
with gold. The main goal of alchemists was to produce gold starting from other
elements, such as lead, by its interaction with a legendary alchemical substance: the
philosopher’s stone. Moreover, during the Black Death (1346-1353), alchemist thought
they could cure the sick by making them eat finely powdered gold. In particular,
potions made from gold were known as the so-called Elixir of Life. Although they never
succeeded in his attempts, alchemists promoted an interest in what can be done with
metals and other substances, leading the foundation for today’s chemistry.

The behaviour of metals when they are reduced to the nanoscale differs from
those of the corresponding bulk metal. Michael Faraday (Newington, 1791 — London,
1867), the famed physicist and chemist, was the first to report what later came to be
called metallic nanoparticles. In 1857, Michael Faraday gave a Bakerian lecture' to the
Royal Society in London entitled “Experimental relations of gold (and other metals) to
light”. The main topic of his lecture was the ruby colour produced by a solution of fine
particles of gold prepared by reducing a solution of gold salts: “If the solution be weak
and the phosphorus clean, part of the gold is reduced in a exceedingly fine particles,
which becoming diffused, produce a beautiful ruby fluid”.* This is, almost certainly, the
first reference to a synthesis of what today is known as gold clusters or gold
nanoparticles. Nearly 100 years later, Turkevich et. al.? used microscopic investigations
to reveal that the ruby-coloured colloids made by Faraday’s preparative routes
produce particles of gold with average sizes in the 6 + 2 nm range.? Faraday’s original
gold colloids were very stable, only to be destroyed in the bombardment of London
during the second World War.?

i Applied to prize lectures by fellows of the Royal Society on natural history or experimental philosophy.
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Introduction

Synthesis of Monolayer-Protected Gold Clusters and Nanoparticles

Many approaches based on the use of gold salts and different reducing agents were
proposed for the preparation of colloidal gold solutions since Faraday’s work. However
most of them lead to preparations with limited stability and broad particle
distribution.” Three that succeeded to produce colloidal solutions with high stability
and uniform particle size have one thing in common: the presence of a monolayer of a
capping agent that protects the gold core.

- Turkevich method (1951):* based on the reduction of chloroauric acid (HAuCls) by
sodium citrate at 100 2C. It produces a colloidal solution with excellent stability and
a uniform particle size of 20 nm of diameter. The citrate acts as both a reducing
agent and a capping agent, i.e. as a stabilizing ligand. The main drawback of this
synthesis is that it is unable to make particles smaller than 14 nm. Moreover, if
citrate is not desired as capping agent, ligand exchange reactions are necessary to
replace citrate by the target ligand.

Figure I-1. Chemical representation of citrate, the reducing agent used to
produce colloidal gold solutions in the Turkevich method. It also acts as a
stabilizing ligand of the gold core.

- Brust-Schiffrin method (1994)> based on the monolayer self-assembly of
alkanethiols adsorbed on gold.6 Brust and co-workers developed a one-step method
for the preparation of nanometer-sized gold particles. More precisely, AuCl,” was
transferred from an aqueous solution to toluene using tetraoctylammonium
bromide (TOAB) as the phase-transfer reagent, followed by the reduction with an
aqueous sodium borohydride solution (NaBH;) in the presence of alkanethiols. This
method produces thiolate-gold metal nanoparticles that can be handled and
characterised as chemical compounds (Figure 1-2). The nanoparticles are in a range
of particle size of 1 to 3 nm. This method has been improved afterwards by using
AuCls instead of AuCls,” or an appropriate mixture of methanol and water (a water
content from 9% to 18% (v/v) is optimal for the formation of stable an water-
soluble nanoparticles).?
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Figure 1-2. Appearance of gels containing fractionated clusters of different
sizes: Auig(GSH)11, Au1(GSH)12, Auzs(GSH)1a, Auzg(GSH)1s, Auszy(GSH)ig and
Ausg(GSH),3, labelled as 1-6 respectively. Reprinted with permission from
reference 9. Copyright 2004 © American Chemical Society.

- Solvated metal atom dispersion method, SMAD (2002):10 based on the
vaporization of a metal under vacuum and co-deposition of the atoms with the
vapours of a solvent (acetone) on the wall of a reactor cooled to 77 K. The system
was subsequently warmed up and mixed with alkanethiols, resulting in the
formation of molecular hydrogen™ (H,) and gold clusters or nanoparticles coated by
alkanethiolates in a diameter range from 2 to 40 nm. The molecular mechanism of
formation of gold clusters using this method is studied in detail in Chapter IIl.

Structure of Thiolate Monolayer-Protected Gold Clusters and Nanoparticles

Up to 2007, little was known about the structure of thiolate monolayer-protected gold
clusters and nanoparticles (AuMPCs and AuMPNs). The crystallization and X-ray
structure determination of a p-mercaptobenzoic acid (p-MBA)-protected gold
nanoparticle, Auig,(p-MBA)4, completely revolutionized the gold field.'> Up to this
* with different
studies predicting both structured™ ¢ and distorted®® gold cores. The above

date, only theoretical predictions of the structure were available,’

mentioned crystal structure revealed that Auig,(p-MPBA)44 is formed by a central Dsy,-
symmetric Au;g gold core with an unstructured protective gold-thiolate layer of
composition Auys(p-MBA)4 (Figure 1-3).° The Auas(p-MBA)a4 layer is formed by 21

122 Fach staple is known as monomeric [Au(p-

protecting units known as staple motifs.
MBA),], dimeric [Auy(p-MBA)s],... depending if are formed by one, two,... gold atoms
respectively. More precisely, Auig(p-MBA), is formed by 19 [Au(p-MBA),] and 2
[Auy(p-MBA)s]. The 21 staple motifs are anchored to the gold core by two S-Au bonds
(Figure 1-3), hence 42 anchoring points. Since only 40 gold atoms are present in the
surface of the Auyg core, the layer is completed by two cases of double anchoring, i.e.
one gold atom of the surface bonded to two sulphur atoms at the same time. In this
respect, the Auig(p-MBA)ss system can be also described as Ausgiso[Au(p-

M BA)z] 19[AU2(p-M BA)3]2 (Figure |-3)
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c ¢
— To OT
core gold anchor gold monomeric dimeric
. atoms atoms staple staple
Y
[Aul34,40[AU(SR),];5[Au,(SR)5], [Aul3g.40 [Au(SR),l;9  [Au,(SR)5],

Figure 1-3. Molecular structure of Aujg(p-MBA)ys (p-MBA is p-
mercaptobenzoic acid) and its building blocks according to the elegant
“divide-and-protect” scheme.’® Organic groups attached to the sulphur
atoms (R) in the right part of the figure not shown for clarity. Sulphur atoms
are in yellow and gold atoms in green. Types of gold atoms: inner core gold
atoms (a); anchor gold atoms (a’); staple gold atoms (b and c). [Au]sg+40
represents the gold core, whereas [Au(SR),]19 and [Au,(SR)s], are the staple
motifs, respectively. The case of double anchoring is highlighted by a yellow
dashed line in the full structure (left).

3 scheme can be applied to all thiolate monolayer-

The divide—and—protect1
protected gold clusters synthesized so far. Hence, a thiolate-gold cluster formed by m
gold atoms protected by n thiolate groups, i.e. [Aum(SR).]? (being g the charge of the

13¢. 14 can also be expressed, within the divide-and-

system and R an organic ligand),
protect scheme, as [Aula+o’[AU(SR)2]p[Auz(SR)3]c. In this formula, a is the number of
inner core gold atoms, a’ is the number of gold atoms that constitute the anchor of the
staple motifs, b and c are the number of staple motifs, which can be either monomeric
or dimeric, respectively (Figure 1-3). Higher order motifs have also been characterized,

specially protecting small clusters.™

By analyzing the known AuMPN structures in the light of the divide-and-protect
scheme, we can infer'® the simple relations that the parameters a, a’, b and ¢ must
satisfy for a general structure. First, the number of gold atoms in the core (a + a’) must
be equal to the total number of gold atoms (m) minus the number of gold atoms in the
staple motifs (b + 2c, Figure I-2):

a+a =m—(b+ 2c) [1]
Second, because each staple motif is anchored to the gold core by two gold atoms, a’
should be twice the number of staple motifs:

a' =2(b+c) [2]

Third, the number of sulfur atoms should be twice the number of monomeric staple
plus three times the number of dimeric staples:

n=2b+ 3c [3]
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According to a spherical jellium model, exceptional stability is associated with the
following electron count (“magic numbers”), as discussed by Walter et. al. in
reference:"’

nelec = 2 8,18,34,58,92,138, ... [4]

which correspond to strong electron shell closures in an anharmonic mean-field
718 Each gold atom of the AuUMPC contributes

elec

potential (i.e. superatomic orbital view).
one electron to the cluster valence shell (n"™"). In turn, each alkanethiolate ligand

withdraws one electron from the gold core, i.e.:
nt¢=m-n—gq [5]
Using [1] and [3]
nt=(a+a)—(b+c)—q [6]
Therefore, the number of cluster valence electrons corresponds to the number of gold

core atoms plus the gold anchor atoms minus the number of staple motifs (adjusted by
the charge) (Table I-1).

Two conclusions can be drawn from the above relation. First, each staple motif
removes one electron from the gold core, i.e. there are a’/2 oxidized gold anchor
atoms (Au’) (eq. [2]). Second, gold atoms that constitute the staple motifs (b + 2¢) do

elec

not contribute to n®®, thus being oxidized (Au*).The total number of oxidized gold
atoms is thus a’/2 + b + 2c¢, which, according to [2] and [3], is precisely the total

number of thiolates (n).

The above rules allow the prediction of the structure of new AuMPCs and
AUuMPNSs, such as Ausg(SR),s and Au,s(SR):s”. In fact, their structures were first
predicted computationally’® before their X-ray structure were obtained.?

The above rules were used to design the smallest thiolate monolayer-protected
gold cluster, Au4(SCHs),, which serve as a model to simulate the molecular mechanism
of the gold-thiolate cluster formation (Chapter ).

system m n q n* a a b

Aui2(SR)as 104 44 O 58 39 40 19 2
Ausg(SR)» 38 24 0 14 5 18 3 6

Auys(SR)1g 25 18 -1 8 1 12 - 6

Table I-1. Atomic-electron counting for several AuMPCs and AuMPNs
according to the divide-and-protect approach and relations [5] and [6].
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Considering the size or the number of gold atoms that are forming the metallic core,
different categories can be distinguished (Figure I-4):*!

- Gold(l)-thiolate oligomers: are the smallest systems formed by thiolates and gold
atoms (from 1 to 8 Au atoms). They are the precursors of the staple motifs found
capping the gold core of AuMPCs and AuMPNs. They have been widely used as
therapeutic agents for the treatment of rheumatoid arthritis.*

- Self-assembled monolayers: formed by a densely packed thiolate monolayer film
on an extended gold surface. They have been used for chemical sensing, corrosion
inhibition, lubrication and catalysis.

- Thiolate Monolayer-Protected Gold Clusters and Nanoparticles: pseudo-spherical
particles synthesized by the methods discussed in the previous section. This kind of
particles lies between the two limiting systems described above. The difference
between Clusters and Nanoparticles lies in the size: particles that are smaller/larger
than =1.5 nm are known as Thiolate Monolayer-Protected Gold Clusters (AuMPC)/
Thiolate Monolayer-Protected Gold Nanoparticles (AuMPN), respectively.”” > This
thesis is focused on AuMPCs.

10 diameter (nm) 1
o) 10000 1000 100 10 1
number of Au atoms
<€ > € > D> >
Self-assembled Gold thiolate Monolayer Gold thiolate Au(l) thiolate
monolayers Protected Nanoparticles Monolayer oligomers
(2D) AuMPN Protected Clusters )
pppoe o @ AuMPCs [”f’ Jn
: b

Figure I-4. Different thiolate-gold systems as a function of the number of gold
atoms. Gold and sulphur are shown green and yellow, respectively. Figure
adapted from reference 21.
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Biological Applications of AuMPCs and AuMPNs

Gold nanoparticles are attracting strong interest in the fundamental sciences and are
being extensively investigated for their potential use in various biological applications24
due to their unique properties of suitable size, extensive thermal stability, ease
synthesis and functionalization, low toxicity and ease of detection. They also exhibit
exceptional optical properties making them capable of producing quantum effects
suitable for imaging applications. Drug delivering, diagnosis and treatment of several
pathologies related to the central nervous system (CNS) and labelling of biological
molecules including proteins, enzymes, DNA, antigens and antibodies, are the most
promising applications of AuMPC and AuMPN. As a small taste, two examples deserve
to be highlighted here:

Molecular Surgery and Drug Delivering

The fact that specific gold-peptide conjugates can cross the blood-brain barrier without
altering its integrity opens the door for the treatment of several pathologies, such as
those related to the CNS.? The local heat delivered by gold nanoparticles can be used
as a molecular surgery to safely remove toxic aggregates in the treatment of
Alzheimer’s disease, where unnaturally folded AB proteins self-assemble and deposit
forming amyloid fibrils and plaques. Kogan et. al.?® linked AuMPN to the peptide H-Cys-
Leu-Pro-Phe-Phe-AspNH, (Cys-PEP), which contains the sequence H-Leu-Pro-Phe-Phe-
AspNH, (PEP) that selectively attaches to the AB aggregates, forming the conjugated
AuMPN-Cys-PEP.>” When the ratio of AUMPN-Cys-PEP conjugate attached to the AP
fibrils was adequate, AUMPN were able to onset a pro-inflammatory immune response
by the bone marrow derived macrophages, which were unable to recognize AR
alone.” However, if the AuMPN-Cys-PEP:AB ratio is too low, the fibril growth cannot
be blocked. In these cases, microwave fields (0.1 W) can be applied: AuMPN-Cys-PEP
conjugates attached to the fibrils absorbed the radiation and dissipated energy causing
disaggregation of the amyloid deposits and aggregates (Figure I-5).%°

o LCys-LPFFONH,+AS

' time

Figure I-5. Electron microscopy of the solutions before and after irradiation.
Reprinted with permission from reference 26. Copyright 2006 © American
Chemical Society.
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Biological Labelling and Immunoassay

AuMPNs can be functionalized with antibodies such as single chain fragment variable
antibodies (scFv). The scFvs are small heterodimers that are composed of the antibody
variable heavy (Vy) and light (V,) chains connected by a peptide linker that is used to
stabilize the molecule. They represent the smallest fraction of the antibody needed for
binding to the antigen. AuMPNs functionalized with engineered scFv containing
cysteines in its linker region were used to develop a colorimetric immunoassay.”
Mutated scFv fragments exposing the cysteine residues have been shown to form
gold-thiolate bonds. These scFv-Cys stabilized AuMPNs have been developed for
detection of a broad range of antigens. For example, they can bind to the viral
neuraminidase, a glycoside hydrolase enzyme that is present in the surface of the
influenza virus and is a drug target for the prevention of the spread of influenza
infection (Figure I-6). These biosensors involving AUMPNSs of size <60 nm were found to
provide sensitivity equal to or even better than the traditional fluorescence-based

biosensors.

~
S

S N

v
[Wiad

neuraminidase scFv antibody-AuMPN conjugate

Influenza virus

Figure 1-6. Scheme of the immunoassay of a scFv antibody-AuMPN conjugate
towards the neuraminidase enzyme found in the surface of the influenza
virus. The structure of the proteins (neuraminidase and scFv antibody
fragment) has been taken from Protein Data Bank, PDB code 1NMB. The
Influenza virus image has been taken from http://www.medicalpress.es/.

The two biological applications described above have inspired our study of
AuMPCs protected by biological ligands (Chapter IV) and also its interaction with an
anti-neuraminidase antibody (Chapter V).
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Glycosyltransferases (GTs)

As described above, AUMPCs can be functionalized with antibodies to detect specific
antigens. Glycoproteins, i.e. proteins conjugated with carbohydrates, are one of the
possible antigens of these antibodies. Among other activities, glycoproteins are in
charge of the degradation (glycoside hydrolases, GHs) and synthesis
(glycosyltransferases, GTs) of carbohydrates. These enzymes account for 1-3% of the
proteins encoded by the genomes of most organisms.30 GHs and GTs play essential
roles in a wide range of biological processes such as control of protein folding, viral
infections, genetically inherited disorders, inflammation processes and immune
response.>’ Knowing the molecular mechanism of these enzymes is key for the design
of compounds that can modulate their activity, such as inhibitors. The reaction
mechanism of some GTs is not known yet, being one of the most intriguing and
unanswered question in the field of glycobiology. Taking advantage of the group
expertise on glycoprotein reactivity (specially GHs and GTs), the molecular mechanism
of the synthesis of an oligosaccharide inside a GT is studied in detail in Chapter VI.

Carbohydrates

Carbohydrates are biomolecules that have two main biological functions: energy
storage and structural support. From a structural point of view, carbohydrates can be
classified in terms of size as monosaccharides, oligosaccharides and polysaccharides
depending on how many units are forming the biomolecule. Monosaccharides are the
most basic units of carbohydrates. In general, they have the chemical formula of
C«(H20),, being x > 3 (see Figure |-7a). Monosaccharides are the building blocks of the
more complex saccharides. They exist either as open-chains or forming rings. The six-
membered ring formed by five carbon atoms and one oxygen atom is known as
pyranose ring. This cyclic structure is the predominant one in aqueous solution,
formed from the open-chain structure of the monosaccharide (Figure I-7a). The
pyranose ring originates from the intramolecular reaction between the carbon atom
(C1) of the aldehyde functional group and an oxygen atom (O5) of one hydroxyl group
(Figure I-7a). The formation of the new covalent bond (green bond in Figure I-7a) leads
to the appearance of a new asymmetric carbon" (C1), named anomeric carbon, that
can has either an a or B configuration, depending on the orientation of the new
hydroxyl group (red group in Figure I-7a). Both configurations are interchangeable in
aqueous solution, being this process known as mutarotation process. The letter that
precedes the name of the carbohydrate is assigned according to the orientation of the
asymmetric carbon being further away from the carbonyl group (C1): in a Fischer
projection if the hydroxyl is on the right the molecule is a D carbohydrate, otherwise it
isan L.

" JUPAC definition: an asymmetric carbon atom, also known as chiral carbon, is a carbon atom that is
attached to four different entities (atoms or groups).

11
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a) o.M
(|31
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HO——CE—H
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H—C—0OH
|5 6
CH,0H B-D-glucopyranose
D-glucose

glycosidic bond H

0 B-D-galactopyranosyl-(1->4)-D-glucose (Lactose)
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Figure 1-7. Chemical representations of carbohydrates, each one
corresponding to one of the three groups in terms of size: a) Mutarotation
process that leads to the formation of the two cyclic forms of D-Glucose: a-D-
glucopyranose and [B-D-glucopyranose (monosaccharides), b) lactose
(disaccharide) and c) part of a polysaccharide. Each vertex of the ring
structures correspond to a carbon atom.

Oligosaccharides are short chains of monosaccharide units joined by characteristic
linkages, known as glycosidic bonds (Figure 1-7b). They are named according to the
number of saccharide units forming the oligosaccharide: two (disaccharides), three
(trisaccharides), four (tetrasaccharides) and so on. Polysaccharides are polymers
containing more than 20 monosaccharide units (Figure VI-7c).

Six-membered rings like pyranose are very flexible molecules that can adopt a
wide range of conformations. All of them share one common feature: at least four
atoms of the ring are on the same plane, being the remaining atoms out-of-plane. Five
possible groups of conformations exist depending on which are the four co-planar
atoms. These groups are named as chair (C), boat (B), skew-boat (S), half-chair (H) and
envelope (E). To indicate which atoms are out-of-plane, superscript or subscript
numbers are added to the label depending on whether atoms are up or down with
respect to the plane, respectively:*?

12
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- Chair: the reference plane is formed by two parallel ring sides with the two out-of-
plane atoms in opposite positions of the ring, one up and one down. In aqueous
solution is the most stable conformation. There are two possible chair
conformations: 'C, and *C,.

- Boat: the reference plane is again formed by two parallel ring sides with the two
out-of-plane atoms in opposite positions of the ring, but the two exoplanar atoms
are on the same side, both up or down. “*B, By4, Bys,... are examples of this
conformation.

- Skew-Boat: the reference plane includes three adjacent atoms and one non-
adjacent atom. 153, 351, 2So,... are possible skew-boat conformations.

- Half-chair: the reference plane is defined by four adjacent atoms. *Hs, °Hy, Ho,...
are possible half-chair conformations.

- Envelope: the reference plane is formed by five atoms. 3E, E;, Eo are posible
envelope conformations.

OH OH HO Ho OH OH HO
Ho OH
o HO \ OH
HO HO 0 HO o 0 HO -0
HO OH Vo= -
OH ~
OH OH OH OHO OH
4 4 1 5 1
o B, Sq Ho E

Figure 1-8. Representative structures of each of the five different
conformation groups of a pyranose ring and its nomenclature. Hydrogen
atoms are not shown for clarity. Each vertex of the ring structures correspond
to a carbon atom.
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Glycosyltransferases

Glycosyltransferases (GTs) are enzymes involved in the synthesis of oligosaccharides,
polysaccharides and glycoconjugates.33 They catalyze the formation of glycosidic
linkages by the transfer of a saccharide, typically a monosaccharide, from an activated
donor substrate, to an acceptor substrate. The donor substrate is usually a nucleotide-
sugar or a sugar-phosphate conjugate, named as Leloir and non-Leloir donors,
respectively.34

Glycosyltransferases catalyze the glycosyl transfer reaction with either
inversion or retention of the donor anomeric stereochemistry.34 The mechanism of
inverting GTs follows a bimolecular nucleophilic substitution (Sy2) reaction in a single
displacement step involving a general base (aspartate or glutamate) that deprotonates
the incoming acceptor hydroxyl group, increasing its nucleophilicity (Figure 1-9). The
phosphate group acts as leaving group.

Glu Glu

[a¥aVa¥al U

Oci)/go HO/KO
N mo/o&

donor O) acceptor donor acceptor
A0S o
R™ P O
J o R P
o o 7 o
0 o

Figure 1-9. Reaction mechanism in inverting glycosyltransferases. The reaction
proceeds via a Sy2 single-displacement mechanism.

However, the mechanism of retaining GTs is still very controversial. A double-
displacement mechanism (two consecutive Sy2 reactions) involving a covalent glycosyl-
enzyme intermediate was early proposed.35 During the first Sy2 reaction (glycosylation
step), an aspartate or a glutamate sidechain in the active site makes the first
nucleophilic attack on the anomeric carbon of the donor molecule, forming the
glycosyl-enzyme intermediate. In the second step, the acceptor molecule performs a
second nucleophilic attack (the second Sy2 reaction) on the anomeric carbon of the
donor molecule to give overall retention of stereochemistry (Figure 1-10).
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Figure 1-10. Double-displacement mechanism proposed for retaining
glycosyltransferases.

The observation that most GTs do not have a residue (aspartate or glutamate) properly
located to act as a nucleophile in a double-displacement reaction lead to the
suggestion of an alternative mechanism,>® in which the reaction proceeds via a front-
face single displacement. In this mechanism, the nucleophilic hydroxyl group of the
acceptor performs a nucleophilic attack to the anomeric carbon of the donor at the
same side from which the leaving group departs (Figure I-11).

o] O
m e m
donor ) /O\P/\“H_O

0 R e} To)
O/ H—o /o ¢
R e o oo OH
0// g) R/G\P/
acceptor 4 \0
0 ]

Figure I-11. Front-face reaction mechanism proposed for glycosyltransferases.

It is clear that, if the catalytic reaction follows a front-face single displacement
mechanism, the nucleophilic residue is not needed.

A nucleophilic residue in the B face of the donor molecule has only been
reported for two GT enzymes from family 6:>’ mammalian a-1,3-galactosyltransferase
(a3GalT) and blood-group A and B a-1,3-glycosyltransferase (GTA/GTB). Mutation of
the putative nucleophile (glutamate in both enzymes) to alanine inactivates the
enzyme, showing the essential role of this residue. On the other hand, some authors
have proposed that the glutamate residue is more likely required for proper acceptor
substrate orientation.*® Hence, it remains to be proved that a double-displacement
mechanism (Figure I-11) is operative for these GTs.

Concerning the structure, GTs have been classified into more than 90 families
based on their amino acid sequence similarities (CAZy database). Enzymes from the
same family exhibit the same fold, but enzymes with different donor/acceptor
specificities are found within the same family. Despite the large number of GT families
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known, structural analysis has shown that they exhibit a limited number of fold types:
GT-A, GT-B and GT-C folds.

- GT-A: the catalytic domain consists in a single domain. They display a metal binding
motif (DXD motif, being D aspartate and X any amino acid) and are Mg**/Mn*?
dependent GTs.

- GT-B: they are formed by two distinct domains separated by a cleft that binds the
acceptor. The GT-B fold is metal-ion independent and do not exhibit a DXD motif.

- GT-C: the folding is similar to the one of GT-A, but it does not contain the DXD
motif.

All the above GT folding types types include enzymes that catalyze glycosyl transfer
with inversion and retention of the anomeric configuration. Therefore, there is no
correlation between fold type and reaction stereochemistry.

In Chapter VI, we study the molecular mechanism of a3GalT, a fold-type A GT
with a nucleophilic residue properly located to act as a nucleophile, showing that it can
only operate through a double-displacement mechanism, with the formation of a
glycosyl-enzyme covalent intermediate.
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The present thesis is aimed at unraveling the molecular mechanism of the formation of

thiolate monolayer-protected gold clusters (AuMPCs), as well as the study of their

interactions with biomolecules such as small peptides or proteins.

The following objectives have been pursued:

o

Unravel the molecular mechanism of the formation of thiolate monolayer-
protected gold clusters departing from neutral gold clusters and alkanethiols.

Previous studies revealed that the protons of the incoming alkanethiols were
not present in the structure of AuUMPCs. Furthermore, molecular hydrogen was
detected during the formation process. It would be interesting to elucidate the
molecular mechanism of AuMPCs formation to determine where the
alkanethiol hydrogens go and how they form molecular hydrogen.

Study the effect of the water solvent and the ligands on the structural and
electronic properties of a gold cluster.

Recent computational studies using density functional theory (DFT) have
reported values of the HOMO-LUMO gap of AuMPCs in very close agreement
with the experimental ones, although DFT is known to underestimate the
HOMO-LUMO gap. Our goal is to find the reasons of this surprising agreement.

Model the complex between a protein and an AuMPC.

It is known that not all proteins are able to attach to AuMPCs. Our aim is to
investigate the factors that influence the binding process for the particular case
of the NC10 antibody of the neuraminidase glycoprotein.

Uncover the molecular mechanism of the ligand exchange reaction for an
AuMPC towards the NC10 antibody.

A recent experimental study revealed that AUMPCs can form covalent linkages
with variants of the anti-influenza N9 neuraminidase NC10 antibody. We plan
to elucidate the molecular mechanism of the ligand exchange reaction for a
prototype AuMPC, finding out which is the preferred ligand to be substituted
and the reasons behind the lack of activity with certain protein variants.

Unravel the molecular mechanism of the enzymatic reaction of a
glycoprotein.

Proteins with biotechnological interest can be immobilized by AuMPCs.
Previous studies on the group elucidated the molecular mechanism of
glycosyltransferases (GTs). Our aim is to elucidate whether or not a common
molecular mechanism operates for GTs that retain the configuration of the
anomeric carbon.
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Computational Methods

Molecular dynamics

Introduction

A set of atomic coordinates, which may be obtained from experimental data, from a
theoretical model or a combination of both, gives us a static view of the studied
system. If one wants to capture the dynamics of that system, a successive set of atomic
coordinates should be obtained. In molecular dynamics (MD) simulations, successive
configurations for a given initial structure of a system are generated by integrating
Newton’s equations of motion. If all the static pictures of the given system are placed
one after the other, the result is a trajectory that captures how the positions of the
particles vary with time. An analogy with a movie can be done here: each frame of the
movie correspond to one set of atomic coordinates, being a static representation. One
second of a standard movie is formed by 24 of that frames, i.e. by 24 static
representations, each one with a different position of the actors. In our case, atoms
play the role of actors. The study of that trajectory is useful to obtain valuable amount
of information concerning structural and dynamic properties, such as molecular
geometries, energies, binding processes, reactivity and so on. All the programs that
perform MD simulations are based in the following scheme:

1. Initialize the system, selecting the initial positions and velocities.

2. Compute the forces that are acting over all the atoms.

3. Integrate the Newton’s equations of motion to obtain new positions and velocities.
This step and the previous one make up the core of the simulation. They are
repeated until we have computed the time evolution of the system for the desired
length of time.

Initialize the System

The initial configuration of the system is normally obtained from experimental data,
usually from X-ray experiments. For example, when proteins are simulated, the
standard way to obtain an initial structure is to download it from a database, usually
the Protein Data Bank®® (PDB, www.rcsb.org). In some other cases initial coordinates
can be obtained from theoretical models.

Next step is to assign initial velocities for all the atoms (N) of the system.
Velocities are related with temperature through the equipartition equation over all the
degrees of freedom (Nj). In particular, for the average kinetic energy per degree of
freedom, we have the following relation between a component of the velocity of a
given particle i and the temperature, T:
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(1 2)—1kT Eq.ll-1
Zmev = 5/B (Eq.ll-1)

which is used to define the instantaneous temperature, T(t), in a simulation:

N 2
myv; ;i (t
T(t) = Y —2-2  (Eq.II-2)
i=1
Hence, the assignment of the initial velocities is normally achieved by selecting random
velocities from a Maxwell-Boltzmann distribution at the temperature of interest. The
Maxwell-Boltzmann distribution gives the probability that an atom i of mass m; has a
velocity v, at a temperature T:

2
/2 MiVq,i

p<va,i>=(z,’f,§T)1 L5 s

which means that choosing the working temperature of the system is the same as

choosing the velocities that atoms should have.

Compute the Forces

This part is the most time-consuming part of all MD simulations: the calculation of the
force acting on every particle. Forces can be computed using a potential function that
is different for each type of MD simulation. As an example, classical methods relay on
force field equations where the energy depends only on the atomic coordinates

E=f(ry;) (Eq.I-4)

Considering Newton’s equations of motion, forces are computed as the minus
derivative of the energy over the atomic positions, and the acceleration that one
particle experiences at each step is proportional to the force acting upon it

o0E

ara’i

= fai=m; - aq; (EQ.II-5)

Integrate the Newton’s Equations of Motion

The integration algorithm can be derived from a Taylor expansion of the coordinate of
a particle at time t,

f@®) At
r(t + At) = r(t) + v(t)At + o At? + ! + 0(At*)  (Eq.lI-6)
3
r(t — At) = r(t) — v(t)At + ];Sno At? — Agt, ¥+ 0(AtY)  (Eq.N-7)

being At the time step, which should be chosen to ensure that the variation in the
potential energy function of the atoms within each time step is small. When simulating
flexible molecules, a useful guide is that the time step should be approximately one-
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tenth of the shortest period of motion. The highest frequency vibrations are due to
bond stretches (compression/extension of bonds), especially those involving hydrogen
atoms. Carbon-hydrogen bonds vibrate with a period of approximately 10 fs, so a time
step of 1 fs is a reasonable value simulating molecules.*

Summing equations Il-6 and Eq. II-7, we obtain

r(t + At) = 2r(t) —r(t — At) + @At2

(Eq.l1-8)

where the new position is estimated with an error that is of order At*. The above is
known as the Verlet algorithm,41 where the velocity is not used to compute the new
position. However, the velocity can be derived from knowledge of the trajectory:

r(t + At) — r(t — At)
2At

v(t) = (EQ.11-9)

Variations of the Verlet algorithm have been developed. The simplest among these is
the so-called leap-frog algorithm, which is currently implemented in the AMBER
software. In this algorithm, first the velocities are calculated at half integer time steps
(t + 1/2 At) and then these are used to calculate the position at time t + At

v t+1At =v t—lAt + a(t)At? (Eq.I-10)
(¢+30¢) = (e —32¢)

rt+At) =r(t)+v (t + %At) At (Eq.ll-11)

Molecular Mechanics (MM) Simulations

MM methods ignore the electronic degrees of freedom and calculate the energy of the
system using functions of the atomic coordinates (Eq. lI-4). Simple functions are used
to describe processes such as the stretching of bonds, the bending of angles (opening
and closing) and rotation of dihedral angles. Electrons are not considered, but point
charges, localized on each nuclear centre, are used to reproduce the electrostatic
properties of each atom. To calculate the total energy of the system for a certain
atomic configuration, a force field is needed. A force field is a set of equations
employed to calculate the different contributions to the energy, along with the values
of structural and other adjustable parameters, such as atomic charges. These
parameters are obtained by fitting a potential function with experimental data and
high level quantum chemical calculations performed on small molecules. In this thesis,
we have used the AMBER force field,*? where the energy function is
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E = Eponas + Eangles + Eginedarais + Evaw + Eetectrostatic =

= Z kb-(r—req)2+ Z kg-(6—63(1)2+Z%-[1+cos(n<p—a)]+

bonds angles dih.
Ai; By qi " q;
+ )RRt Mk (Ea)
i<j U L S LJ

Two different terms can be observed, whether they described interactions of bonded
(Ebonds, Eangles and Eginedrais) OF non-bonded (Evgw and Eejectrostatic) atoms. Epongs represent
the energy of the vibration of a bond between two atoms. Egnges represent the bending
of the angle formed between three bonded atoms. Both, Epongs and Egngres are modeled
by harmonic potentials where r, or 8,4 refer to the equilibrium bond length and angle,
respectively, and k;, or kg are the harmonic constants. Egineqrais iS @ torsion potential that
captures the energy changes because of the bonds rotation, being V, the torsion
barrier and a the phase. Interatomic interactions between atoms that are non-bonded
are modeled through the Van der Waals interactions (Ey,w) and an electrostatic
interaction (Egjectrostatic)- Evaw is described by a Lennard-Jones potential, which contains
an attractive term (1/R®) and a repulsive term (1/R"). Eejectrostatic is calculated as a sum
of pair interactions between atomic point charge using Coulomb’s law.

Quantum Mechanics (QM) Simulations

The way how the energy is calculated in the MM methods does not allow the study of
chemical reactions, where atomic rearrangements should be taken into account.
Moreover, electrons are not taken explicitly, being also a drawback. Inclusion of
electrons requires a quantum mechanical description of the system. The starting point
in quantum mechanics is the full, time-dependent form of the Schrédinger equation:

h (82 N 92 N 02 ol t)_.haw(r,t) Ell-13
2m\dx2  0y? 0z2 viplnt) =t ot (Eq.11-13)

The equation above refers to a single electron of mass m moving through the space at
time t under the influence of an external field v, which in our case is the electrostatic
potential due to the atoms of a certain molecule. 7 is the Planck’s constant divided by
2mnt and U is the wavefunction, which characterizes the particle’s motion. If the external
potential is independent of time, then the wavefunction can be written as the product
of a spatial and a temporal part:

Y@, ) =y() - T() (Eq.l-14)

Hence, the Schrodinger equation can be written in a time-independent form:

h (0% 02 92
{_%<ax2 T2t azz> + V}IP(T) = EY(r) (Eq.ll-15)
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where E is the total energy. The left-hand part of the above Schrodinger equation is
the Hamiltonian operator, H:

H= h az-l-az +az ze? Eq.ll-16
~ 2m\ox2?  0y?  0z%2) 4meyr (Eq.11-16)

The Hamiltonian operator has two terms, the kinetic and the potential energy. When

the system is composed of several nuclei and electrons, the Hamiltonian has an
additional term, the electron-electron potential, v.., due to the electron’s repulsion.

The wavefunction depends on both the electronic and the nuclear degrees of
freedom, but the electrons are by orders of magnitude lighter than the nuclei. Within
the Born-Oppenheimer approximation, nuclear and electronic degrees of freedom
could be separated and the problem is reduced to the calculation of the energy of the
system for a given nuclear configuration.

Density Functional Theory (DFT)

DFT provides a framework to obtain the total energy of a polyatomic system given
their atomic coordinates. In 1964, Hohenberg and Kohn demonstrated that the ground
state energy of a system of interacting electrons subject to an external potential v is a
unique functional of the electron density:*

EPFT = minE[p(r)] (Eq.lI-17)
p(r)

where the energy functional can also be expressed in terms of single-electron Kohn-
Sham (KS) orbitals ;(r):**

EPT = min E [y (M} (R3] (Eq.11-18)
where orbitals are defined as

Yi(r) = Z ¢ipij(r) (Eq.lI-19)

J

It is computationally convenient to use plane-waves (PW) as the basis set in which the
KS orbitals are expanded. Hence the Kohn-Sham orbitals are expressed as

Gm ax

1
Yi(r) = NG ZG: cijexp(iGj(r))  (Eq.N-20)

where (2 is the volume of the cell, G is the planewave momentum, c; are the
coefficients of the basis set expansion, and G; are the reciprocal vectors (periodic
boundary conditions are assumed). PW basis sets are denoted by an energy value E.,
which is related to the maximum G value of the PW expansion (Gnay). The number of
planewaves Npy, can be approximated as
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0)
NPW~WE§{E (Eq.II-21)

Compared to the popular Gaussian functions, PWs are not centered at the
atoms but extend throughout all the space, and thus they do not suffer from basis set
superposition error (BSSE). However, PWs require the use of pseudopotentials to
describe the effect of the core electrons.

Pseudopotentials are usually derived from all electron atomic calculations and
several types have been proposed to date. Here, we used norm-conserving
pseudopotentials derived with the Martins-Troullier method.*

Car-Parrinello Molecular Dynamics (CPMD)

During the middle 80’s, Car and Parrinello (CP) developed a method that combines MD
and DFT, in which the electronic and nuclear degrees of freedom evolve
simultaneously according to a modified set of classical equations of motion. To do that,
a fictitious electron mass, W, is assigned to the electronic Kohn-Sham orbitals {¢(r)}.
The CP method is based on the description of N interacting atoms through the
following Lagrangian:

[ = Ekin 4 pkin _ pKs | ZAU- (f dr - i (r) - () — 5ij) (Eq.11-22)
iJj

where EX™ is the classical kinetic energy of the nuclei, EX™ is the “fictitious” kinetic

energy associated with the electronic subsystem {;(r)} of electronic mass u:

Bn =Y [ oy P (Eaa-23)

and A;; are the Lagrangian multipliers that impose the orthonormality constraints
between orbitals along the simulation. Since the Lagrangian is expressed according to
the DFT formalism, EXS corresponds to the potential energy (Kohn-Sham energy). The
total energy in the Car-Parrinello method is a constant of motion and is given by the
following equation:

ESR = EX™ + EXm + EXS (Eq.lI-24)

And the equations of motion are

.. OEKS
;= —=5+ ZAij Y;(r) (Eq.N-25)
oY, -
. KS
MNRN = m (Eq.II-26)
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The integration of equations II-25 and 11-26 provides the time evolution of not only the
atomic positions {R,(t)}, but also the KS orbitals (r,t). In practice, since orbitals are
expanded in a basis set, what is obtained from the integration is the value of the
expansion coefficients at each time, i.e. the ¢; parameters in equation 1I-19.

Therefore, the CPMD methodology is given by Figure 1l-1, where it can be
notice that the electronic energy only needs to be calculated at the beginning of the
simulation, because the electrons also evolve in time, following the nuclear motion.
Hence, the equations of motion have to be integrated for both nuclei and electrons at
each MD step, obtaining a new set of orbital coefficients, besides the new nuclear

positions.
(" EPFT = minyg) E[p(r)] = mingy EXSTp: ()} (R )
MR ok
ny a_R,
. OE
:Lu/)i - awl
\_ New set of {{;} and {R}} J

Figure IllI-1. Schematic diagram of a Car-Parrinello MD. Adapted with
permission from reference 46.

The decoupling of the two subsystems can be achieved by a suitable choice of
the fictitious electronic mass u, such that the frequencies of the electrons are well
separated from the nuclear frequencies. In that case, the electronic subsystem remains
on the Born-Oppenheimer surface, oscillating around the ground state, and the forces
on the atoms are practically the same as those in a Born-Oppenheimer MD (BOMD).
Therefore, in a CP simulation, the electronic energy only needs to be calculated at the
beginning of the simulation, and not at each step as in BOMD. By contrast, the
simulation time step is shorter (0.1-0.2 fs) compared to BOMD (1 fs), in order to
describe properly the faster movement of the electrons.
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Hybrid Quantum Mechanics / Molecular Mechanics (QM/MM) Methods

The interest in multiscale approaches is continuously growing and has been honoured
in 2013 with the Nobel Prize in Chemistry that was jointly awarded to M. Karplus, M.
Levitt and A. Warshel. The combination of Quantum Mechanics / Molecular Mechanics
(QM/MM) together with the increasing computational power of modern parallel,
vector-parallel and hybrid CPU-GPU platforms has lead to a real breakthrough in the
simulations of biomolecular reactions.*’

Quantum Mechanics / Molecular Mechanics (QM/MM) is a hybrid methodology
which permits first-principles calculations of a small portion of a system in a classical
force field environment, thus combining the advantages of the two methods.*
Whereas classical force fields allow to treat big systems, first-principles methods are
needed to study electronic reorganizations, such those that occur in certain molecule-
molecule interactions and chemical reactions.

In QM/MM techniques, the overall system is divided in two regions: the QM
region is treated with AIMD, whereas the rest of the system is described by classical
MD. The QM part is formed by the region that should be described more precisely, as
the active site of a protein or the core of an organic protected metallic cluster. The
remaining part of the system as well as solvent and counter ions is treated with MM
methods (MM part). The total energy of the hybrid system can be thus written as

where Ej) is the energy of the quantum subsystem, Ey, is the energy of the classical
subsystem and Eyu/my contains the interactions between the two regions. The crucial
issue regarding hybrid methods is the treatment of the interactions involving both the
classical and the quantum parts of the system.

In this thesis we have used the QM/MM methodology developed by A. Laio, J.
VandeVondele and U. R('jthlisberger,49 which combines Car-Parrinello Molecular
Dynamics (CPMD) with the classical molecular dynamics based on the GROMOS or
AMBER force fields. In this framework, Eg) is described by DFT and the potential
created by the MM atoms, which polarizes the electronic density of the QM region, is
included in the energy functional as an external potential. Eyy, is computed using the
AMBER parameters with the GROMOS force field equation. Egp/up is calculated as

Equmm = Egsitum + Egminna™®  (Eq.11-28)
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QM/MM boundary: bonding QM/MM interactions

When the partitioning between the QM and MM atoms occurs at a covalent bond, the
valence of the QM atom needs to be saturated to have a good description of the
electronic structure. In this thesis we have used Optimized Effective Core
Pseudopotentials (OECP),° a pseudopotential constructed with a reduced valence and
empirically optimized to reproduce the structural and electronic description of the
corresponding atom. In particular, we have used monovalent carbon pseudopotentials
optimized to reproduce Csp>-Csp® bond length. Bonded, angular and dihedral terms
involving MM and QM atoms are treated as in the classical MM Hamiltonian. These
terms permit to keep stable the geometry at the interface.

QM/MM boundary: non-bonding QM/MM interactions

The non-bonding interactions between the QM and the MM regions are divided into
electrostatic and Van der Waals interactions:

E(rle(l)/Ir}M?\fI)nd Z f | pE 3_ | z VVdW(rij) (Eq.II-29)

iEMM iEMM
jEEQM

where r; is the position of the MM atom i, with charge g;, p is the total charge of the
quantum system and Vygu(r;) is the Van der Waals interaction between atom j and
atom j. The steric non-bonded interactions due to the Pauli repulsion and the
dispersion interactions are usually kept into account in a straightforward way by
retaining the Van der Waals interaction as described by the classical force field.

The electrostatic interaction between the QM density and the point charges
representing the charge distribution in the MM system often constitute the main
environmental effect on the QM system and is technically more subtle. More precisely,
calculation of the electrostatic interactions in a QM/MM scheme has two main
problems, related to both its short range and its long range behaviour:

- Electron spill-out: it is an anomalous rearrangement of the electron density that
tends to localize on the positively charged classical atoms. This effect is particularly
pronounced in a planewave basis-set approach, in which the electrons are fully free
to delocalize. To solve this problem in CPMD QM/MM calculations, the point
charges of the classical system are replaced by a charge distribution v,” so that the
1/r behaviour is maintained for large r, whereas for r values shorter than the
covalent radius of an atom i (r,) the Coulomb potential goes to a finite value:

gl e = 3 ac [ pCmlir—nbar= 3 [ pr)m T (Equi30)

iEMM iEMM
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Computational cost: the explicit calculation of the electrostatic term in a
planewave-based approach requires a very high number of operations. Therefore,
the computational cost is huge. To speed up the calculation, CPMD QM/MM uses a
multilayer approach (Figure I1-2).

Figure 1l1-2. Schematic representation of the NN, MIX and ESP regions of
electrostatic interaction used in the multilayer approach. The QM box is
depicted as a blue region.

The MM subsystem is divided in four different regions, in which the QM/MM
electrostatic interactions are calculated differently. For the atoms within the first
region (NN region; r < ryy) the QM/MM electrostatic interaction is calculated
explicitly as in equation 1I-29. In the second region (MIX region; ryy < r < ryx)
equation I1-29 is only applied for those MM atoms whose charge is larger than 0.1 e.
For the MM atoms with a charge < 0.1 e or within the ESP region (rmix < r < resp) a
classical Coulomb potential is used:

RESP

; qi{;
l _ j
B = Q) g1 (a3
ieMm 't J
jeQMm
where QJRESP are dynamically generated RESP (D-RESP) charges assigned to the QM

atoms. To obtain the RESP charges, the electrostatic potential created by the
electron density p(r) is calculated at the position of the classical atoms inside the NN
region. Then, the point charges that best reproduce this potential are calculated.
This fitting is performed with a harmonic constraint such that the RESP charges do
not deviate from a reference value, which is taken as the Hirshfeld charges obtained
from the QM electronic density.

Outside the outer layer (r > resp) the QM electronic density is simply described
as a multipole expansion up to quadrupolar order.
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Metadynamics

Metadynamics is a novel molecular dynamics based technique aimed at enhancing the
sampling of the phase space and at estimating the free energy Iandscape.51 The
algorithm is based on a dimension reduction, defining a set of well-chosen collective
variables (CVs) which allow the description of the essential modes associated with the
transition of interest.

Direct Metadynamics

Let us consider a system described by a set of coordinates x moving under an

> |n a standard molecular dynamics simulation the system

interatomic potential V(x).
is oscillating in one of the minima of the energy surface and the crossing to other
minima is rather unlikely to occur (rare event) if the barrier is higher than the thermal
energy fluctuations (1/2- ky, -T) (Figure 11-3a). To accelerate the exploration of the phase
space we can use metadynamics. This technique is based on defining a collective
variable s which is an explicit function of a subset of coordinates x’ [s = f(x’)]. For

example, distances, angles, dihedrals, coordination numbers and so on are typical CVs.

The metadynamics simulation starts in one of the minima of the energy surface.
At the beginning of the simulation, the force acting on the system is given by the
gradient of the potential V:

av
fi = ~or (Eq.11-32)
After a time interval t’, a small Gaussian-like repulsive potential term (V’) is added,
centered at the value of s at time t’ (Figure 11-3b). This is repeated every time interval t’
(deposition time) along the MD simulation, such that at time t the total potential is the
sum of the interatomic potential V and the sum of the V’ terms added up to that time,
ie. Vg

Vp=V4V,=V+ Z w - exp (— [5(2(—65)(;,)]2> (Eq.11-33)

where w is the height of the Gaussian potential term, §s is its width and Vs is the

history-dependent potential added (i.e. the number of Gaussian terms added during
the simulation). As a result, the force acting on the system is now the sum of two
components, one coming from V and the other from the added Gaussian potential, Vg:

v av,
£ =V 4 £V = —-- _ar(-; (Eq.1I-34)
l l

When a Gaussian potential term is added to Vg, the total potential changes and hence
the system needs to be equilibrated by using a thermostat. In addition, the resulting
forces are also modified, and thus the metadynamics trajectory is not an equilibrium
trajectory.
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The added potential Vs progressively counterbalance the underlying free
energy, penalizing those regions of the phase space already explored. As a result, the
system tends to escape from already visited points to another energy minima, through
the nearest and lowest-in-energy transition state. Hence, metadynamics can
accelerate the exploration of the phase space and the observation of rare events if the
CVs are properly chosen. In a metadynamics run, the system will evolve by the same
pathway that would have explored in a longer standard MD.

Besides, it has been demonstrated that the bias potential will converge to the

negative of the free energy (Figure Il-3c):>*

- 12
tll_)rglo V(s t) = Z w - exp <— [S(t;(Sj)(: J > (Eqg.11-35)
tr

(a)
v L
(b)
v \
5
(c)
v

Figure II-3. a) Standard molecular dynamics simulation. The system evolves
following the interatomic potential V, and thus the force acting on the system
is fl-V. b) Gaussian potential with height w and with &s added at certain t’ time
centered at the value of s during a metadynamics run. c) End of the
metadynamics simulation and reconstruction of the free energy landscape
(Eq.ll-35). Figure reproduced with permission from reference 52.
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Lagrangian Metadynamics

When metadynamics is used for simulating chemical reactions by ab initio molecular
dynamics simulations, the history-dependent potential force the system to cross
barriers of several tenths of kcal-mol™ in a short time, usually a few picoseconds. This
implies that a lot of energy has to be injected in the degrees of freedom associated
with the chosen CVs. This might lead to a significant inhomogeneity in the temperature
distribution of the system, and possibly to instabilities in the dynamics. To solve these
problems, the extended Lagrangian metadynamics method has been introduced. In
particular, here we consider the extended Lagrangian metadynamics coupled to Car-
Parrinello molecular dynamics,53 in which the Car-Parrinello Lagrangian is extended by
extra terms describing the fictitious dynamics of the CVs.

The CVs in the real system (s) are coupled to additional fictitious particles
through a harmonic potential Vj:

Vy = %k[s’ —s(x)]* (Eq.lI-36)

and these auxiliary CVs (s’) are treated as additional degrees of freedom with a
fictitious mass M and an associated fictitious kinetic energy Ky given by:

1
K, = EMVSZ, (Eq.l1-37)

In this way, the dynamics of these extra degrees of freedom can be explicitly
controlled using thermostats and the trajectory of s’ will be sufficiently soft as to
maintain the stability of the algorithm.54

Due to the introduction of an extra potential V, the total potential acting on the real
system is modified:

1
Ve=V+Vy=V+ Ek[s’ —s(x)]* (Eq.lI-38)

and also the resulting forces:

Therefore, the dynamics of the real system in the real space (s) is driven by the sum of
the interatomic potential V and the harmonic potential V4. The mass for this fictitious
particle and the force constant of the coupling potential need to be tested to ensure
that the coupled particle follows naturally the value of the associated CV in the real
system. The force constant has to be chosen large enough to keep s’ close to the actual
coordinates of the system s(x). However, a large value of k increases the
computational cost.>® Within a CP scheme, another important requirement is the
adiabatic separation between the auxiliary variables s” and the electronic degrees of
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freedom. Since the extra term in the Hamiltonian introduces frequencies of the order

of \/k/_M M should be relatively large, and the CV dynamics should be adiabatically
decoupled from the atomic motions. However, large values of M make the exploration
of the free energy landscape very slow and computationally demanding in combination
with CPMD. This means that a balance between minimal energy transfer between the
electronic, ionic, and CV dynamics subsystem on one hand, and a workable efficiency
in the free energy landscape exploration on the other hand must be reached.

The history-dependent potential Vg, instead of acting on the real system as in
direct metadynamics, acts on the space of the auxiliary CV s’, i.e. the Gaussian
potential terms V’ are now centered on s’ (Figure II-4). Therefore, the dynamics in the
space of the auxiliary CVs is driven by the forces coming from the harmonic potential
V4 and the history-dependent potential Vg:

av av
Vr _ ¢Vu | Ve _ H G

(Eq.11-40)

Similar to direct metadynamics, the history-dependent potential Vs will penalize
visiting the regions of the s’ space already explored. Moreover, because s’ is coupled to
s through a harmonic potential, it will also accelerate the exploration of the s space.
Therefore, the Vs potential acting on the s’ space will progressively counterbalance the
interatomic potential V in the s space, such that the free energy surface can be
reconstructed as the negative of the sum of the Gaussian potential terms, as in direct
metadynamics:

! <! N2
tr

Y
Y

Figure I1l-4. Schematic representation of a completed simulation and
reconstruction of the free energy surface for an extended-lagrangian
metadynamics. Figure taken with permission from reference 52.
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In summary, the main advantages of metadynamics are:>

It accelerates the sampling of rare events by pushing the system away from local
free energy minima.

It allows the exploration of new reaction pathways as the system tends to escape
the minima passing through the lowest free-energy saddle point.

No a priori knowledge of the landscape is required.

On the other hand, it has two major drawbacks:

In a single run, Vg does not converge to a definite value of free energy, but oscillates
around it. Therefore, it is not trivial to decide when to stop a simulation
metadynamics simulation. As a general rule, if metadynamics is used to find the
closest saddle point, it should be stopped as soon as the system exits from the
minima. For chemical reactions, it has been shown that a good estimation of the
free energy barrier can be obtained after just one crossing of the TS, by restarting
the simulation sometime before this event using Gaussian heights < 1ksT.>® If one is
interested in reconstructing a complex free energy surface, with many local minima,
the simulation should be ideally stopped when the motion of the CVs becomes
diffusive in the region of interest. However, this is often impracticable for ab initio
metadynamics simulations.

Identifying a set of appropriate CVs for describing complex processes is far from
trivial.

Collective Variables (CVs)

A collective variable (CV) is a function of the microscopic coordinates of the system. To

guarantee an effective application of metadynamics, the chosen CVs must respect the

following guidelines:

.51b, 53

They must be a function of the microscopic coordinates of the system and the
function must have a continuous derivative.

They should distinguish between the initial and the final states and describe all the
relevant intermediates.

They should include all the slow modes of the system. A slow mode is a variable
that cannot be satisfactorily sampled in the timescale of the unbiased simulation.
We also expect that the other fast variables adjust rapidly to the evolution of the
slow variables. If any of the latter is not added to the CVs list, the bias potential may
not converge to the FES in a reasonable simulation time.

They should be limited in number.

The collective variables used along this thesis are described in the corresponding

chapters.
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Chapter III - Formation of a Thiolate
Monolayer-Protected Gold Cluster:
Birth of a Monomeric Staple Motif
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Formation of a Thiolate Monolayer-Protected Gold Cluster:

Birth of a Monomeric Staple Motif

Introduction

The most established way to synthesized thiolate monolayer-protected gold clusters is
the so called Brust-Schiffrin method,” where tetrachloroaurate salts (AuCls;) are
reduced by sodium borohydride (NaBH;) in a two-phase redox reaction in an
appropriate mixture of methanol and water. However, experiments show that AuMPCs
can be formed from neutral gold clusters (AuCs) and thiols.”” In addition, recent
analyses using the solvated metal atom dispersion method provide evidence of
hydrogen evolution upon exposure of thiols to naked gold clusters'?, due to sulphur-
hydrogen bond scission. These experiments indicate that a redox reaction occurs
between the neutral gold atoms and the protons of the incoming thiol groups.

Therefore, protons have been proposed as oxidants for Au®>®

As it is described in page 5 of chapter |, gold atoms of AuMPCs do not form a
compact gold core, but some gold atoms emerge from the surface, interacting strongly
with the sulphur atoms and forming characteristic protecting units, named staple

122 The presence of conserved substructures in all the AuMPCs so far

motifs.
characterized suggests that there is a general mechanism by which these substructures
form. Key to deciphering this mechanism is to rationalize how the simplest thiolate-
gold substructure, the monomeric staple motif, is formed. When the Brust-Schiffrin
method is used, the first step is the formation of Au(l)-SR polymers as a result of AuCls
reacting with thiols. During this first step, chloride anions are proposed as the base
that deprotonates the incoming thiols.>® However, the absence of a base in the
synthesis methods where naked AuCs are mixed with thiols leads to a key question:
what happen with the hydrogen of the thiols? The fate of the protons released during
thiols binding,?® from its neutral unbound form (RSH) to the anionic bound form (RS’)
found in AuMPCs, and the atomic/electronic rearrangements upon formation of staple
motifs remain controversial issues. Only thiolate-gold bonds, in the form of staple
motifs, are found in X-ray structures of AuUMPCs. However, a signal of a hydrogen atom
was detected in NMR spectroscopic measurements,®® suggesting the presence of intact
thiols on their surface, without excluding the fact that hydrogen could be adsorbed on
the gold surface, i.e. H-Au bonds can be formed. Therefore, a current lack of
mechanistic insight does not allow firm conclusions regarding the molecular details of
the mechanism.

We report here an ab initio metadynamics study showing that gold-thiol
complex readily evolves in a multiple-pathway chemical reaction to form a monomeric
staple motif, as is present on the surface of AUMPCs. A number of intermediate
species, including those proposed in experimental studies, are found during the
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chemical redox reaction. We also present theoretical evidence for the release of
molecular hydrogen upon the formation of Au-S bonds in an AuMPC. The results
obtained reconcile the findings of previous spectroscopic techniques (intact thiols or
chemisorbed hydrogen) with those obtained by X-ray measurements (thiolate-sulphur
bonds). Finally, a general mechanism to explain the protection of AuCs by thiol groups
is proposed.

Model Systems

To elucidate the molecular mechanism of the redox reaction, we designed the smallest
possible AuUMPC bearing one monomeric staple motif, Aus(SCHs),. Obviously, this
system must conform to the general stoichiometric relations governing the size of
AuMPCs (see page 5 of Chapter | for a more detailed description):

[Au],., [AU(SR)z]b[Auz(SR)ﬂc[AUs (SR)4]d

where [Au] .. is the gold core and [Au(SR),],, [Au,(SR)3]. and [Au3(SR),], the
monomeric, dimeric or trimeric staple motifs bonded to the core. a is the number of
inner core gold atoms, a’ the number of outer core gold atoms (named also as anchor
atoms) and b, ¢ or d the number of monomeric, dimeric or trimeric staple motifs,
respectively. The Aus(SCHs); cluster, which can also be expressed as [Au]1+2[Au(SCHs),]1
fulfils these requirements. It contains one gold core atom (a = 1), two outer core gold
atoms (a’ = 2) and one monomeric staple motif (b = 1, c = 0, d = 0) (Figure IlI-1).
Moreover, the number of valence electrons (neec = 2) is the smallest possible “magic
number” (page 7 of Chapter 1).** Other AuMPCs with two valence electrons have been
proposed by Jiang et al.,”®* ® such as Auio(SR)s, Aug(SR)s, Aug(SR)s or Auia(SR)s".
However, we rely on Au4(SCHs), because of its smaller size.

It is known that monomeric staple motifs are energetically not preferred on
small AuCs. For example, in the case of Aup(SR)g it is proposed that the protecting unit

12 On another hand, monomeric staple

of the Auy core is two trimeric staple motifs.
motifs have been characterized in the solid state for an Au, cluster®® and therefore
they should be stable. To rationalize this issue, we can think on the series of organic
cicloalkanes, with chemical formula C,H;,: although small cicloalkanes (n = 3, 4 or 5)
has a large ring strain they are all stable molecules and as such they can be isolated
and characterized experimentally. With AuMPCs the same can happen, although small
staple motifs have a large strain when they are bond to small AuCs, they can be stable

and therefore, can be isolated.
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The question of the mechanism of formation of the monomeric staple motif
thus reduces to: how does Au4(SCH3), form from a bare AuC interacting with thiols
(Figure 111-1)?

monomeric staple

+21 —%W

Au, CHSH  Aug,[Au(SCH,),l, H,

Figure lll-1. Scheme of the reaction that is going to be investigated along this
Chapter. Colours code: Au (green), S (yellow), C (black), O (red), N (blue) and H

(grey).

Additional simulations are performed to study the mechanism in the presence
of an excess of methanethiol. This scenario was modelled by considering two
additional methanethiols. In principle, only two thiols should lead to thiolate-sulphur
bonds; otherwise, the resulting AuUMPC would not conform to the electron count rules

17-18

for exceptional stability (page 7 of Chapter I). However, any of the remaining two

thiols could bind to the cluster as neutral thiols.

Computational methods
Simulation Details

Ab initio molecular dynamics simulations were performed within the Car-Parrinello
approach,® which is based on Density Functional Theory (DFT). The Kohn-Sham
orbitals were expanded in a plane wave basis set with a kinetic energy of 70 Ry. Gold
atoms are represented by a Goedecker® type pseudopotential, leaving 11 electrons
(the 5d*° and 6s) in the valence shell. Carbon and sulphur are represented by a norm-
conserving Troullier-Martins® pseudopotential type and hydrogen by a Car-von Barth
type, as it was done in references 66 and 67. Calculations are made using the
generalized gradient-corrected approximation of the spin-dependent density
functional theory (DFT-LSD), following the prescription of Perdew, Burke and
Ernzerhoff (PBE).68 This functional has also been used in previous studies of AuMPCs
(see, for instance, references 69), as well as in the study of the mechanism of CO,
formation on an AuMPC.”® Test calculations on AuMPCs'® show that this choice of
pseudopotentials and exchange-correlation functional provides a good description of
the structures of AuMPCs. All simulations used a timestep of 0.096 fs and the fictitious
electron mass of the CP Lagrangian was set to 400 a.u..

The two systems, Aus + 2 CH3SH and Au, + 4 CH3SH, are enclosed in a 15 A x 15
A x 15 A and 20 A x 20 A x 20 A simulation cubic cells, respectively. The starting

43



Formation of a Gold Thiolate Monolayer Protected Cluster: Birth of a Monomeric Staple Motif

configuration for the simulations consists of a naked Au4 cluster with two or four
methanethiols at =4 A distance.

The metadynamics approach,”™ in its extended Lagrangian version,” is used to
simulate the redox reaction (see page 35 of Chapter Il to a more detailed description of
the method). The collective variables (CVs) used for the metadynamics simulations of
the redox reaction were taken as a combination of coordination numbers of the
covalent bonds being formed/broken. Exploratory simulations including the
coordination numbers of all possible covalent bonds formed/broken (i.e. H-Au, H-H, S-
H and S-Au) revealed that the two hydrogen atoms are transferred sequentially (i.e.
the second one “waits” for the first to be transferred). Therefore, we decided to model
the redox reaction in two consecutive bidimensional metadynamics simulations
(hereafter labelled as MTD1 and MTD2), corresponding to the respective transfers of
H’ and H” with two collective variables for each one. For both metadynamics, the first
collective variable used (CV; or H detachment) measures the cleavage of the S-H bond
and the formation of hydrogen-gold bonds or a hydrogen-hydrogen bond (formation of
molecular H;). This is done through a difference of coordination numbers:

MTD1: ACN = CNgr v — CNyr 5, (Eq.lll-1)
MTD2: ACN = CNg1 yyrr — CNyr e (Eq.llI-2)

where S and H are sulphur and hydrogen atoms of the corresponding methanethiolate
(S"and H’ or S” and H”’) and Au’ the gold bonded to it (Figure Ill-2). CN;;is computed as

d: \P
- (@)

CNij = ———— %7

L= (Eq.1I-3)

0
where dj is the internuclear distance of the atoms involved, d’ is the threshold bonding
distance, and p and g are exponents that determine the steepness of CN;; decay with
respect to dj. CN values range from 0 (not bonded) to 1 (bonded). These types of CVs

have proven very useful for the description of chemical reactions in recent studies (see
. 1
for instance refs. ’*)

The second collective variable (CV, or H-Au coordination) captures the diffusion
of hydrogens on the Aug by using a summation of coordination numbers:

N Np(i) 1
CN;; = E E —  (Eq.llI-4)
) k|d; —do
~ & 1 + ekldij—a®]

For MTD1 only H’ is considered to be bonded to Aus. In MTD2, both H’ and H” are
bonded to Aus. Ny and Np are the number of atoms of species A (1 or 2 hydrogens) and

B (the four gold atoms), respectively. d;; is the internuclear distance of the atoms
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involved, d° is the threshold bonding distance and k determines the steepness of the
decay of the function with respect to d;.

Results

Stability of Au4(SCH3):

Before starting the investigation of the mechanism of formation of Au4(SCHs),, its
stability was tested by ab initio molecular dynamics (AIMD) using a three-step

optimization procedure.66'67’ 2

First, we heated up the system up to 270-330 K and
performed an AIMD equilibration. Secondly, we cool down the system to a
temperature near to 0 K by scaling the nuclear velocities at each MD step using an
increasing annealing factor from 0.9 to 0.999. Finally, we optimized the structure of
Au4(SCHs),. The system was found to be stable, with an internal structure very similar
to the ones available for larger AuMPCs that inspired the design of our model (Table

1).

distances (A) angle (°)

Au(a)-Au(a’) Au(a’)-Au(a’) Au(a’)-Au(b) Au(a’)-S Au(b)-S S-Au-S

Au,(SCHs), 2.61 2.89 2.95 2.39 237  163.0
2.77 2.87 3.03 2.37 2.30
AUZ5(SR)13- 172.8
2.80 2.99 3.24 2.40 2.34
2.76 2.76 3.04
AU33(SR)24 - 2.30 173.5
2.84 3.08 3.12
2.8 2.8 2.8 2.2 2.2 155
Aui02(SR)as
3.1 3.1 3.1 2.6 2.6 175

Table 111-1. Main distances (A) and angles (degrees) computed for Au(SCHs),
in comparison with literature values for Au,s(SR)1s, Ausg(SR)s and
AU102(SR)44.12a, 14, 20b

Molecular Mechanism of the Redox Reaction in stoichiometric conditions
1. Spontaneous Thiol Chemisorption.

The first step of the formation of Au4(SCH3), from a bare Au, gold cluster and two
methanethiols is the binding of both thiols to the cluster. An AIMD simulation at room
temperature shows that thiol binding occurs spontaneously in less than 2 ps, forming a
Y-shaped thiol-gold complex (labelled as 11 in Figure IlI-2). Chemisorption of the first
thiol stabilizes the complex by 8.7 kcal/mol (Table I1I-2), but the energy gain for binding
the second thiol is more than twice that, 19.3 kcal/mol, indicating that thiol
chemisorption is initially a cooperative process.
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n | AE (kcal/mol)
1 -8.7

2 -19.3

3 -14.9

4 >0

AE
AU4(CH3$H)n_1 i AU4(CH3$H)n

Table llI-2. Energies of the chemisorption of methanethiols to Au,.

Interestingly, the Au, cluster becomes slightly anionic (by 0.257 electrons; Table
Al-I of the appendix I) because of electron donation from the bonded thiols. No further
structural changes were observed when the simulation was extended. For this reason,
we used an enhanced sampling technique, metadynamics, to activate the redox
reaction and obtain its complete free-energy landscape.

CV; =CNg»pr = CNyy o
v, = ZCNH’+H”,Au4

H”’ CV;=CNg = CNy py
f cv, = ZCNH’,AU4

vief

<2ps

300 K
MD simulation

R 11

Figure llI-2. Spontaneous binding of thiols to the Au, cluster (R = 11). The two
thiols are initially located at a = 4 A distance from the cluster. The collective
variables used in MTD1 (red) and MTD2 (blue) are shown.

2. First Proton Transfer.

The free-energy landscape reconstructed from the metadynamics simulations (Figure
[lI-4) contains several local minima, labelled from 11 to 15. Nevertheless, a reactive
pathway connecting reactants and products can be easily drawn. The reaction begins
with elongation of the S-H’ bond (by = 0.2 A; Table I11-3) until H’ starts to interact with
the gold atoms (intermediates 12 and 13). This H:--Au interaction has been observed for
a tryptophan amino acid absorbed on a AuC as a very stable configuration, although
the interaction takes place in this case via a carboxylic group instead of a thiol.” These
intermediates, in which H’ is ready to be transferred to the cluster, can be described as
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“preactivated states”. The reaction continues with the transfer of H’ into the Y-shaped
cluster. At this point, H diffuses on the cluster, adopting various types of H-Au
coordination: 2-fold as in 14 or 3-fold as in I5. From an energetic point of view, the
transition from the reactants to a preactivated state (12 or I13) involves lower energetic
barriers (16 kcal/mol) than proton transfer to Aug (28 kcal/mol).

It is interesting to analyze the evolution of the atomic charges obtained from
the electron density (solid lines in Figure IlI-3 and Table Al-I in appendix I). The charge
on H’ becomes slightly positive when H’ starts to interact with Aug (R to 11). In turn, the
sulphur atoms become more negative. However, the H’ charge decreases dramatically
upon transfer (11 to 14). Remarkably, the charge of the Au, shows the opposite trend. It
receives electron density upon thiol binding (R to 11) but becomes positively charged
upon H’ transfer (from I1 to 14). These changes indicate that H’ detaches from its
sulphur as a proton, but it acquires pseudohydride character once bound to the
cluster.

3. Second Proton transfer and Hydrogen Release.

After the first proton (H’) is transferred, the second one (H”’) starts to detach from the
thiol. It is first preactivated by its interaction with gold atoms, and simultaneously, one
of the Au-Au bonds breaks (evolution of the main distances are shown in Table 3) and
one gold atom separates from the rest (14 to 16), forming the precursor of a staple
motif. This step has an energetic cost of 18 kcal/mol. Then, H” coordinates with Au, (16
to 17). Both hydrogens (H’ and H”’) are bonded to the same gold atom in |I7. Again 18
kcal/mol are needed. Finally, cleavage of the two Au-H bonds (17 to P) leads to the
release of hydrogen molecule and the formation of the staple motif. Therefore, the
results demonstrate that a monomeric staple motif can form in a redox reaction from a
bare AuC interacting with thiols.
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Hirshfeld charge

R 11 12 14 16 17 P
reaction coordinate =————

Figure llI-3. Evolution of atomic charges (Hirshfeld charges) of Aus and the
thiol hydrogen atoms along the reaction pathway. The charges are given
relative to the isolated Au, and CH3SH molecules. Solid line: reaction with two
methanethiols. Dashed line: reaction with four methanethiols.

distance (A)

11 12 13 14 15 16 17 P
Au-Au(d;) 260 253 256 261 263 370 283 290
Au-Au(d,) 450 440 411 400 393 299 310 298
Au-Au(d;) 2.81 265 277 268 282 294 270 294
236 232 239
Au-S’ 2.46 24 240 229 233
237 243 241
Au-S" 250 246 25 241 242 238 232 260
H’-S’ 139 156 1.50

H"-S” 138 138 138 138 138 154

2.01
1.9
H’-Au 1.73 2.0 195 1.63 1.8
1.8
1.73
H"-Au 2.5 1.85

Table 11I-3. Structural parameters of each characteristic minimum along the
reaction pathway for the reaction of two methanethiols with Aug.
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Figure IlI-4. Free energy surfaces reconstructed from the metadynamics simulations (MTD1 and MTD2) of the reaction of two CH3SH
molecules with Aua. Contour lines are plotted every 2 kcal/mol. Au-Au solid bonds are drawn for distances < 2.8 A. H-Au solid bonds
are shown for distances < 1.85 A, whereas dotted lines are used for bond distances in the range of 1.85-2.0 A. Free energy barriers
in kcal/mol are shown below the arrows.
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Molecular Mechanism of the Redox Reaction in an Excess of Methanethiols
1. Spontaneous Thiol Chemisorption.

When four methanethiolates are placed close to the Au4 cluster, three of them are
able to spontaneously bind to the Au, (Figure IlI-5). The shape of the cluster is not
modified when three methanethiols are bind (11 in Figure IlI-5), unlike the previous
case (11 in Figure IlI-4), where Au4(CHsSH), adopts a Y-shaped structure. All attempts to
bind the fourth methanethiol are unsuccessful. Once it approaches the cluster,
another methanethiol unbinds, recovering the Au4(CHsSH); configuration. This type of
anticooperative effect is also reflected in the calculation of the binding energies (Table
2): thiol binding is initially favoured by the binding of another one but later becomes
less favoured as the number of bonded thiols increases. Therefore, three are the
maximum number of thiols that Aus can accommodate. Interestingly, charge transfer
from the thiol groups to Aus upon binding increases significantly with respect to the
previous scenario with only two thiols (0.6 vs 0.3 electrons for three or two
methanethiols, respectively; compare solid or dashed Auy lines in Figure 111-3). Clearly,
Au, becomes more basic as more thiols bind to it, and this prevents opening of the
cluster.

2. Proton Transfers and Hydrogen release.

As in the previous simulations with two thiols, the computed free energy surfaces
(Figure 111-5) exhibit several local minima (11 to 18). A preactivated configuration in
which H’ starts to interact with the cluster (12) is also found (the S’-H’ bond elongates
by 0.12 A with respect to the first intermediate; Table 4). Remarkably, the transfer of
the first thiol proton (12 = 14) implies a much lower activation energy compared with
the simulation with two thiols (18 vs 28 kcal/mol). This finding can be explained in
terms of the differences in the Au4 electron density in both cases: the greater the gold
cluster electron density, the easier it is to receive a proton. As was previously found,
the detachment and subsequent transfer of H” leads to the formation of molecular
hydrogen (16 = 17).

Substantial atomic rearrangement occurs during the reactive process. Specially,
one gold atom separates from the rest (14 - 16; see the evolution of the main Au-Au
distances in Table 1lI-4) and the methanethiolate group changes position to interact
with two gold atoms, thus forming the precursor of a monomeric staple (17). Finally,
the hydrogen molecule leaves the cluster, and the monomeric staple comes into view
(P’). As in the previous case, hydrogen transfer and formation of molecular hydrogen
are the steps with the highest activation energies, with H, formation being rate-
limiting.

During the entire process, the third methanethiol remains either unbind (I16) or
weakly bonded to Au, (the binding energy of the S---Au interaction at P’, 8 kcal/mol, is
significantly lower than the 15 kcal/mol value at I11). An attempt to transfer the proton
of the third methanethiol (H”’) to Au, failed, resulting in the complete detachment of
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the methanethiol and the formation of Au4(SCHs), (P). All of these observations
suggest that, although a certain excess of thiol molecules participates in the formation
of the staple motifs (thiol binding favors transfer from other thiols onto the cluster),
they easily detach from the cluster.

Au-Au (d1)

Au-Au (d2)

Au-Au (d3)

Au-S’

Au-S"

H’-Au

H"-Au

Au_SIII

HI_HII

distance (A)

2.67

2.71

2.65

2.38

2.50

2.55

2.70

3.01

2.59

2.59

2.4

1.79

2.3

2.8

2.9

2.71

2.30

2.6

1.7

1.9

2.54

15

2.7

2.60

2.35

2.5

171

1.80

2.08

2.45

16

2.93

2.8

2.47

2.39

2.44

1.60

2.0

17
3.27

2.90

2.66

2.42

2.5

2.48

2.44

1.8

1.80

0.85

2.94

2.8

2.47

2.38

2.60

2.44

2.5

0.75

Table Ill-4. Structural parameters of each minimum along the reaction

pathway for the reaction of four methanethiols with Auy.
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Figure IlI-5. Free energy surfaces reconstructed from the metadynamics simulations (MTD1 and MTD2) of the reaction of four
CH3SH molecules with Aus. Contour lines are plotted every 2 kcal/mol. Au-Au solid bonds are drawn for distances of < 2.8 A. H-Au
solid bonds are shown for distances of < 1.85 A, whereas dotted lines are used for bond distances in the range of 1.85-2.0 A. Free
energy barriers (in kcal/mol) are shown below the arrows.
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Mechanism proposal

As mentioned above, a number of questions related to the formation of AuUMPCs have
emerged from recent studies, namely, how does the shape of the bare AuC change
upon “thiol protection” and what is the fate of the thiol protons released during thiol
binding (can they form molecular hydrogen as observed for thiol binding to gold
surfaces? Are HS-Au and H-Au bond formed?). Because of the difficulties in trapping
short-lived species along the reaction pathway, answering these questions using
experimental probes is a major challenge. In fact, both thiol-gold and thiolate-gold
interactions have been detected by spectroscopic and X-ray techniques, respectively.®
Theoretical methods can be of major value in this area because they can offer the
mechanistic insight needed to answer the above questions.

The picture emerging from the present ab initio study is as follows (see Figures
IlI-4 and 1lI-5). First, thiols attach to the bare AuC in an almost spontaneous process. In
so doing, some gold atoms to which the thiols are attached may rearrange, decreasing
the number of Au-Au interactions in which they participate. Second, transfer of
protons from a fraction of the attached thiols occurs immediately, followed by
migration through the AuC. Third, one gold atom with an attached thiol unbinds from
the other gold atoms while making an Au-S bond with a neighbouring attached
thiolate. This is the precursor of a staple motif. Fourth, the hydrogen atom of the thiol
attached to this “peculiar” gold atom is transferred to the neighbouring gold with a
singly bonded hydrogen. Fifth, formation of the new Au-S completes the staple, while
H, desorbs from this gold atom.

All of these steps are expected to be easier (i.e. lower free energy barriers) for
larger cluster sizes, where the number of gold atoms is higher and the system may be
less tense. It should be noted that the two gold atoms anchoring the two
methanethiolates of the monomeric staple are nearest neighbours in Au4(SCH3), but
next-nearest neighbours in larger clusters as Auig>(SR)ss or Auys(SR)1s. In these cases,
the number of possible configurations would most likely increase, leading to a much
richer energy landscape with a large number of alternative pathways. However, the
essential steps should be the same. Thus, the full mechanism can be summarized as

follows:
Thiol chemisorption Auy + 4 CHsSH - Aus(SHCH3); + CH3SH
Transfer of one proton Aus(CH3SH)3 > CH3S-AugzH-(SHCH3),
Transfer of a 2™ proton CH3S-AugH-(CHsSH), = (CHsS),-AugH,-SHCH;

Release of H, and monomeric
. (CHgs)z-AU4H2-SHCH3 - (CHgs)z-AU4-SHCH3 + Hz
staple formation

Excess thiol release (CH3S),-Aus-SHCH; -> Au4(SCH3), + CH3SH
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An important conclusion that emerges from the calculations is that neutral
bonded thiols can be present either in the reaction intermediates or as part of the final
product, in agreement with the interpretations of spectroscopic experiments from
solutions of AuMPCs.®° However, thiol binding is found to be weak, and therefore
these extra thiols can easily detach from the cluster (Figure IlI-5). Under this scenario,
it is likely that the media surrounding the cluster determines the presence of neutral
thiols in the final product. We believe this reconciles the fact that interact thiols on
AuMPCs are detected in solution experiments but not in the crystalline phase.

Interestingly, thiol binding induces subtle but relevant electronic changes in the
AuC. In particular, the cluster receives charge from the thiol groups (Figure IlI-3); i.e. it
becomes more basic. The degree of charge transfer is more pronounced when there is
an excess of bonded thiols, thereby indicating that such an excess facilitates proton
transfer. In fact, our results clearly show that in this situation the energy barrier for the
first proton transfer drops off considerably; i.e. an excess of bonded thiols favors the
redox reaction. However, there is a maximum number of thiol groups that can bind to
the cluster (three in our case); otherwise, the binding energy becomes positive. The
balance between both factors will determine the number of bonded thiols. The results
in Figures IlI-4 and IlI-5 also suggest that the cluster tends to form staples in such a way
that appropriate “magic number” is reached (two in our case). Consequently, for larger
clusters, the degree to which the initial number of valence electrons of the cluster
deviates from the “magic number” may also be an important parameter in controlling
the number of staples formed.

Conclusions

In conclusion, we find that one staple motif readily forms in a multiple-pathway
chemical reaction when Au, interacts with methanethiols, releasing molecular
hydrogen. Both H-Au bonds and intact Au-thiol bonds are present during the reactive
process, but the former are weakly bonded and easily detach from the cluster. This
explains why experimental detection of these species has been elusive and reconciles
the interpretations of experimental studies in the crystalline and solution phases.
Finally, we propose a mechanism in which an excess of bonded thiols triggers the
redox reaction by facilitating proton-transfer events.
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Chapter 1V - Influence of the Water
Solvent and Glutathione Coordination
on the Structure and the Electronic
Properties of AuMPCs
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Influence of the Water Solvent and Glutathione
Coordination on the Structure and Electronic Properties of

AuMPCs

Introduction

Thiolate monolayer-protected gold clusters (AuMPC) have been extensively used as

29%

carriers of biological molecules, namely DNA’ antibodies®® and specific proteins as

glutathione-S-transferase.”” The synthesis of various AuMPC of different sizes and
using many kinds of ligands for protecting the gold cluster was reported recently.*?® 2%
As a specific example, the structure of Au,s5(SR)1s” (being R an alkyl substituent) was

predicted computationally®®®

and verified experimentally by X-ray measurements of a
crystallized sample.20b Au,5(SR)15" is the smallest ligand-protected gold cluster that is
stable. It is spherical and symmetric, constituted by an icosahedral Au;; gold core (one
central atom and twelve atoms in the vertices of the icosahedra) and six Au,(SR);
dimeric staple motifs? that are protecting the gold core in an octahedral arrangement
(Figure 1V-1).

ZOb, ethanethiolate76, or p-

Small alkanethiolates such as 2-phenylethanethiolate
bromobenzenethiol’’ have been used as ligand units for Au,s(SR):g. Furthermore,
chiral ligands such as (R or S)-2-amino-2-phenylpropanethiolate (SCH,C*H(NH,)CH,Ph)
and (R or S)-2-methyl-2-phenylthiolate (SCH,C*H(CH3)CH,Ph), have been used as

7
well.”®

All these alkyl chains are known to be hydrophobic. Therefore, if these AuMPCs
are used to bind biological molecules, there may be nonspecific hydrophobic
interactions that interfere in the binding target. To eliminate these interactions, some
functionalities need to be introduced to the AuMPCs to selectively bind the target
molecules. Glutathione (GSH), a tripeptide formed by a glutamate, a cysteine and a
glycine (Figure IV-2), is often used as a ligand®" ”° because it is able to selectively bind

proteins as glutathione-S-transferase’” and single chain Fv antibody fragments.29b

x 6 dimeric
staple motifs

Au,;
icosahedral core

Au,.(SR),¢

Figure IV-1. Description of the pieces that form the structure of Au,s(SR):s"
The organic ligands attached to the sulphur atoms are not shown for clarity.
Six dimeric staple motifs are the protecting units that are bonded to the Auy3
icosahedral core. Gold and sulphur are shown green and yellow, respectively.
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The glutamate of GSH is bound to cysteine through a gamma peptide linkage between
the amino moiety of cysteine and the terminal carboxylic acid of the glutamate side-
chain. In turn, cysteine is attached to glycine by a normal peptide linkage (see Figure
IV-2). Therefore, GSH can be written as y-Glu-Cys-Gly, and it has 2 asymmetric carbons
which introduce chirality. At physiological pH, both carboxylic acids are deprotonated
(i.e. negatively charged), whereas the amino group is protonated. Therefore, GSH has a
total charge of -1 in aqueous solution.

Cys Gly

Figure IV - 2. Ball & stick (left) and chemical (right) representations of a GSH
peptide. In the left view, hydrogens are shown transparent for clarity. The
black dashed line shows the gamma peptide linkage between glutamate and
cysteine. The green dashed line shows the normal peptide linkage between
cysteine and glycine. In the chemical representation (right figure), asymmetric
carbons are marked with stars.

Although it has been demonstrated that Au,s(GSH)is is very stable,79b its
crystallographic structure has not been resolved yet. The presence of a bulky biological
ligand carrying several charged groups (GSH) is expected to modify the structural and
electronic properties of the AuMPC with respect to small monocharged ligands such as
synthetic alkanethiol ligands. In this chapter, we assess these differences by
investigating the structure and electronic properties of two clusters of formula
Au,5(SR)1s” (R = glutathione or alkanethiolate) in vacuum and aqueous solution. For
computational reasons, we have used methanethiolate, ie. the smallest
alkanethiolate, as a model of the synthetic ligands. This system already captures the

essential chemistry at the Au-S interface layer.

We use ab initio molecular dynamics (AIMD) simulations based on the density
functional theory (DFT) to study the properties of AuMPCs. One well known issue of
standard DFT methods is that the energy gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), i.e. the HOMO-
LUMO gap, tends to be severely underestimated with respect to the experimental
values, although tendencies are correct.®’ In principle, the absolute value of the
HOMO-LUMO gap calculated by DFT should not be used as a reference for a direct
comparison with optical measurements. Nevertheless, recent computational studies
(with standard DFT) have reported values of the HOMO-LUMO gap for phosphine and
thiolate protected gold (and silver) clusters in a very close agreement with the

69 81 Recently, the role of (implicit) solvent has been considered for

experimental ones.
small Au cIusters,82 and we think this aspect deserves more attention as simulation

methods and computational resources are constantly improving. For that reason, we
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have performed two sets of simulations for Au,s5(SR)1g in the vacuum and solvated in
water. Moreover, we consider the full GSH ligand used in the experiments.83 It is
known that the use of a different ligand can induce distortions in the Au,s(SR)1s
framework via mechanochemical coupling.12b Therefore, we have quantified how the
distortion of the AUMPC caused by the bulky biological ligand (GSH), as well as the
water solvent, affects the HOMO-LUMO gap. Our results demonstrate that the
previously reported agreement for the HOMO-LUMO gap is fortuitous, and that
considering the real system (the full GSH ligands and explicit solvent conditions)
reduces the DFT HOMO-LUMO gap by a factor of 2. This effect can be compensated by

applying a hybrid DFT functional which includes an exact-exchange component.

Computational Methods
Systems Analyzed

Three different systems were prepared for the simulations:

i) Isolated Au,s(SCHs)is : the AUMPC is placed in a 20.3A x 21.0A x 21.3A box. A full
guantum mechanical (QM) description is used.

ii) Solvated Auys(SCHs3):s : the AuMPC is surrounded by 1465 water molecules. A
sodium cation is also added to neutralize the negative charge of the AUMPC. The
size of the full box is 36.9A x 34.9A x 35.7A. 30 ns of classical molecular mechanics
(MM) simulations are done to equilibrate the solvent and the alkane chains of the
methanethiolate ligands (a graph of the RMSD during the equilibration is shown in
the appendix Il). For the subsequent QM/MM study, only the AuUMPC is considered
in the QM region, with the water molecules and the cation being part of the MM
region.

Figure IV-3. Left image: caption of the solvated Au,s(SCH3):s” system. Right
image: zoom over the QM region (right). The QM region is shown in colour
(Au in green, S in yellow, C in black and H in grey) whereas the MM zone is
shown colourless.
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iii) Solvated Au,s5(GSH):s" : the AuMPC is surrounded by 3576 water molecules. 19
sodium cations are added, 18 to neutralize the negative charge of the GSH and 1 to
neutralize the global charge of the AuMPC. The size of the full box is 53.0A x 55.5A x
53.7A. 8 ns of classical MM simulation are done to equilibrate the solvent and the
peptides. Solvent is equilibrated in less than 2 ns, although peptides need a bit
more than 3 ns (a graph of the RMSD during the equilibration is shown in the
appendix Il). We have considered a S configuration for the asymmetric carbons (it is
known that there is no influence in considering S or R configuration).69c For the
subsequent QM/MM study, the 25 gold atoms and the 18 cysteines (only the S-CH,-
C- part of cysteine) of each GSH form the QM region (115 atoms). The rest of the
cysteine, glutamate, glycine, 19 sodium cations and 3576 water molecules are took
into account in the MM part.

Figure IV-4. Left image: caption of the solvated Au,s5(GSH);s system. Right
image: zoom over the QM region (right). The QM zone is shown in colour (Au
in green, S in yellow, C in black and H in grey) whereas the MM zone is shown
colourless.

Simulation Details

The MM simulations with classical potentials are performed using the NAMD?**
software. Ligands are modelled with the FF99SB force field,® and water molecules are
described with the TIP3P force field.®® Snapshot of the MM equilibrated system is
taken for the subsequent QM/MM simulations.

AIMD simulations are performed within the Car-Parrinello® approach, which is
based on DFT, using the CPMD package.87 A fictitious mass of 600 a.u. and an
integration time step of 0.12 fs guarantee a good control of the adiabaticity for ionic
and electronic equations of motion in all the systems where QM or QM/MM molecular
dynamics simulations are performed. The simulation temperature is set to 300 K by
coupling it to a Nosé-Hoover chain thermostat for the ionic degrees of freedom.® The
Kohn-Sham orbitals are expanded in a plane wave (PW) basis set with a kinetic energy
cutoff of 90 Ry. The exchange-correlation functional employed the parametrization by
Perdew-Burke-Ernzerhoff (PBE),*® which has been widely used to describe AuMPCs.'®
656789 Furthermore, a hybrid functional (PBEO™) is used to compute HOMO-LUMO
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gaps for the optimized structures in order to evaluate the effect of including a portion
of the exact exchange interaction on the electronic properties. The gold atoms are
represented by a Goedecker® type pseudopotential (5d"6s" valence), carbon and
sulphur by a Troullier-Martins® type, and hydrogen by a Car-von Barth type, as in
references 66 and 67. For geometry optimization, an annealing factor is introduced for
molecular dynamics (MD) and its value has been gradually incremented from 0.9 to
0.999 to remove kinetic energy from the ionic degrees of freedom. We have
considered that the structure is optimized when the largest nuclear gradient is lower
than 5.0-10” a.u..

To study Auys(GSH);g™ in an aqueous environment, the QM/MM interface is
modelled by the use of a monovalent-carbon pseudopotential that saturates the QM
region.”’ The electrostatic interactions in the interface of the two regions are

described in the Chapter Il of this thesis.

Structures and trajectories are analyzed using standard tools of VMD.?? VMD is
also used to compute other important parameters that provide structural information
as the radius of gyration (rg,), the solvent accessible surface area (SASA) and radial
distribution functions (g(r)):

i) Radius of gyration, rgy,: is used to describe the dimensions of a molecule. Is defined
as the radius of a group of atomic positions {r(1),7(2), ...,r(n)} with respect to
their weighted centre, 7:

Toyr = (Z w(D)|r (i) f|2> / (Z W(i)) (Eq.IV-1)
i=1 i=1

where w(i) is the weight of each atom.

ii) Solvent accessible surface area: is the area of the surface of a molecule that is
accessible to a given solvent. It is calculated by tracing the centre of a probe sphere
that is rolling along the Van der Waals surface of the molecule of interest. This
probe sphere has a radius of 1.4 A when the solvent is water.

Solvent accessible TN
m———

surface area
V4
\3{ p

L p——

Figure IV - 5. Schematic representation of the solvent accessible surface area,
depicted here by the black dashed line. The Van der Waals surface of the



Influence of Water Solvent and Glutathione Coordination on AuMPCs

atoms of the molecule of interest is rendered in blue. The probe sphere is
shown red.

iii) Radial distribution function, g(r): is the probability of finding a particle at a certain
distance r from a reference particle. It describes the variation of the density as a
function of the distance from the reference particle. It is evaluated by determining
how many particles are inside a crown of radii’s r and r + dr.

~ - - 7
~ -
S~ ———

Figure IV-6. Schematic representation of the evaluation of g(r). The blue
sphere in the centre is the reference particle. The three red particles are the
ones that should be taken into account since they are inside the crown. The
light blue particles are or too close or too far from the reference particle and
they do not have to be taken into account.

Results
Structural analysis of Auz5(SCH3)1s

For Auys(SCHs)1s, the effect of the water solvent was investigated by comparing the
properties of the isolated and solvated systems (water were considered classically).
The average structure over 7.5 ps of room temperature QM/MM MD simulation has
been considered for analysis.

Different types of gold and sulphur atoms are found in AuMPCs, as it is
explained in the page 5 of the chapter I. This labelling procedure is applied to
Auys5(SCHs)1g', as can be seen in the upper image of Figure IV-7. There are three types
of gold atoms (a, @’ and c) and two types of sulphur atoms (S and S,p) in Auzs(SR)1s". Six
distances are considered as the key parameters to analyze the structure (Table IV-I). To
facilitate the structural analysis, radar charts are constructed, taking Au,s(SCHs)1s in
the gas phase as the reference system. The vertices of the hexagonal chart correspond
to the value of each individual distance as a percentage with respect to the reference
system, Au,s(SCHs)15™ in the gas phase:

computed distances for each system

Value represented in the graph = 100
P grap isolated Au,5(SCH3)75 computed distances
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The background of the hexagonal plot is formed by the six values of the isolated
Auys5(SCHs)15” (corresponding to 100%). The same procedure is used in order to
represent the three key angles of the AUMPC in a triangular graph.

a Inner core gold atom
a’ Outer core gold atom
c Staple gold atom

S.p Apex sulphur atom

S Lateral sulphur atom

a’-S-c

M Isolated Au,;(SCH,),5 (0 K)
Solvated Au,.(SCH,),5(0 K)
M Solvated Au,.(SCH;),5 (300 K)

c-a’ S-c-S c-S-c
a-a’
100 95
/mz/
4 ’ ’
S.o-C . a’-a’ short
8 M Isolated Au,(SCH,),5 (0 K)
Solvated Au,;(GSH),57(0 K)
M Solvated Au,;(GSH),4 (300 K)
S-a’ a’-a’ long
c-a’

Figure IV-7. Top: Au,s5(SR)1s atom labelling used through the study. Colour
codes: Au (green), S (yellow). Center: Representative bond distances (left) and
angles (right) of Au,s(SCHs):s isolated and solvated in water. Bottom:
Representative bond distances (left) and angles (right) of Au,s(GSH)is
solvated in water with respect to the isolated Au,s(SCHs)1s". The labels 0 K and
300 K are used to distinguish the optimized structure with respect to the
average structure at room temperature, respectively. Values in the chart axes
correspond to a percentage with respect to the reference Au,s5(SCH3)ig
system in vacuum (shaded area).

The results of Table IV-1 show that the solvent does not affect the global
structure of Auys(SCHs)1s’, as the Augs core and the six staple motifs are preserved.
However, the cluster expands: the largest difference between the isolated and the
solvated Au,5(SCH3)1g” at O K correspond to Au(c)-Au(a’) distance (involving outer core
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gold atoms and those of the staple motifs), which increases by 0.11 A (3.2%). As a
consequence, the Au(c)-Ss;p-Au(c) angle (involving the apex S atom and the two
neighbouring gold atoms) and the Au(a’)-S-Au(c) angle at the core-ligand interface,
change by -7.3° and 4.1°, respectively. During the MD simulation (300 K), the average
values of the Au-Au bonds show a further increase up to 0.10A (for Au(a’)-Au(a’)),
while the S-Au bonds remain almost intact (within + 0.03 A). The S-Au(a’) bonds that
link the staple motifs to the Auysz gold core and their variation during the 7.5 ps of
QM/MM MD simulations at 300 K are illustrated in Figure IV-8.

Auz5(SCH3)ss Au;5(GSH)18°

vacuum (0K) solvated (0 K) solvated (300 K) | solvated (0 K) solvated (300 K)
Au(a)-Au(a') 2.85 2.86 2.90 2.91 2.99
Au(a')-Au(a’) 2.84 2.83 2.93 2.85 2.93
Au(a')-Au(a’) 3.04 3.06 3.09 3.12 3.17
Au(c)-Au(a') 3.41 3.52 3.52 3.42 3.47
S-Au(a') 2.40 2.40 2.43 2.43 2.44
S-Au(c) 2.32 2.32 2.33 2.32 2.33
Au(a')-S-Au(c) 92.5 96.6 95.60 92.3 93.9
Au(c)-S.p-Au(c) 100.6 93.3 94.60 94.7 91.8
S-Au(c)-S 172.9 173.4 170.10 167.3 164.9

Table IV-1. Most relevant parameters defining the Au,s(SR)1g” systems
investigated.

29

distance A

time (ps)
Figure IV-8. Variation of the twelve S-Au(a’) bonds of the six dimeric staple
motifs with the gold atoms of the icosahedral Au;s core along the 7.5 ps of
QM/MM MD simulations at 300 K.
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Structural analysis of Auzs(GSH) 18

The structure of Au,s5(GSH)1s™ is compared with the one obtained for isolated
Au,s(SCHs)q5™ to investigate the effect of introducing a bulky biological ligand (GSH)
instead of the small inorganic alkanethiolates used in the synthetic methods. To
analyze the structures, a similar methodology to the one used in the previous section is
used here, using again hexagonal and triangular charts to show the deviations from a
reference system, the Au,s5(SCHs)15 in vacuum. Therefore, now we evaluate the values
in the bottom image of Figure IV-8 as:
computed distances for each system

Value represented in the graph = -100
P grap solvated Au,5(GSH)34 computed distances

The GSH ligands do not change the overall structure of AuMPC, since the six
protecting units and the Auqs core are preserved. However, significant variations are
found in the distances in comparison with the methanethiolate ligands (Figure V-7 and
Table IV-1), and in particular, Au(a’)-Au(a’) bonds increase up to 0.08 A. Furthermore,
the increase of the Au-Au bond distances is even more pronounced at room
temperature (by 0.09-0.14 A in the core) in comparison with Au,s(SCHs):s in the
vacuum. This is due to the solvent effects and steric hindrance of the bulky ligands on
the AuMPC surface, which modify the Au-Au bonding via mechanochemical coupling.
The calculated radii of gyration confirm this finding: 4.12 and 4.10 A for the full Aus
gold cluster or 1.49 and 1.44 A for only the Auy; gold core, for ligands being GSH and
SCHs, respectively. The Auys core slightly expands when GSH is used, in order to better
accommodate the bulky ligands, and the first shell water solvent causes electrostatic
effects on the electron density. Instead, the Au(a’)-S-Au(c) angle decreases for GSH due
to the formation of hydrogen bond interactions among the GSH ligands.

GSH contains three charged groups, namely two carboxylates (-COO’) and one
amino (-NHs"), besides two amide groups (-CO-NH-). The tendency of these groups to
form hydrogen bonds with each other causes ligand rotation. Moreover, GSH has two
chiral carbon atoms. To demonstrate the effect of the ligand, Figure IV-9 shows the
change in the AUMPC symmetry from C; for the methanethiolate ligand to C; for GSH.
Such transformation was previously suggested in reference 69c, where N-acetyl-
cysteine (NAC) was used to mimic GSH. A histogram of the main distances along the
AIMD simulation of Au,s5(GSH)1g is shown in Figure 1V-10. The fluctuations for the S-Au
bonding are small (narrow first peaks in Figure IV-10). For the Au-Au bonds, the
distributions are very broad, which demonstrates the flexibility of these bonds, termed
previously as “fluxionality” for bare Au clusters.”® Hence, the introduction of bulkier
ligands can easily induce changes in the Auys core.
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Figure 1V-9. Structures of Auys(SCHs)is™ (A) and Au,s(GSH)qs (B) solvated in
water (the solvent is not shown for clarity). A belongs to a C; point group while
B to the C;. Colour codes: Au (green), S (yellow), C (black), N (blue), O (red)
and H (grey). Methanethiolate and glutathione are shown semitransparent.

0,1 -
—S-Au(c)
—S-Au(a')

0,08 - Au(a')-Au(a') short
> —Au(a')-Au(a') long
§ 0,06 - Au(c)-Au(a')
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b}
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0,02 | /\ﬁ
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2,1 2,6 31 3,6

Bond distance [A]

Figure IV-10. Histogram of the six main distances that define the structure of
Au,5(GSH)1g” during a 7.5 ps MD QM/MM simulation. The dashed lines show
the optimized values for each distance.
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Solvent Accessible Surface Area

Another structural effect of the GSH ligands concerns to the modification of the water
structure around the cluster. In fact, these ligands also provide better “shielding” than
small alkanethiolates, which protects the Au core more effectively from external
agents. To directly visualize this effect, the solvent accessible surface area (SASA) of
AuMPCs and all water molecules that are within 4.5 A from any gold atom are
represented in Figure IV-11. The SASA value of the Au core is very different for the two
systems: 16.5 A% and 3.5 A% for SCH; and GSH, respectively. All the gold atoms of the
surface of Au,s5(SCH3)1s are solvent-exposed (left image in Figure IV-11). On the
contrary, the space surrounding Au atoms in Au,s5(GSH)1s™ is mostly occupied by the
GSH ligands, which effectively prevent the solvent from approaching the metallic core.
However, a few water molecules are still able to cross the shielding of peptides
exposing some Au atoms to the solvent.

g } =\

o 4

b/ 1 af\ ¢ e
4

4

W

*&

Figure IV-11. Solvent accessible surface area of Au,s(SCHs)is (left) and
Auys(GSH)15™ (right). Water molecules that are up to 4.5 A from gold atoms are
also shown. The Van der Waals surface of methanethiolate or GSH is shown as
a semitransparent surface to illustrate their shielding effect. Gold atoms that
are more exposed to the solvent are depicted in light green. Colour codes: Au
(green), S (yellow), N (blue), O (red), C (black) and H (grey).

Another way to analyze this effect is by plotting the radial distribution function
of the solvent atoms with respect to the different atoms of the AuMPC, as shown in
Figure IV-12. When methanethiolate is used as ligand (red curve), there are more
waters at 4.5 A, which form the first solvation sphere (see difference in intensity of the
peaks at 4.5 A in Figure IV-12). In addition, the second solvation sphere (peak at 7 A in
the red curve of Figure IV-12) is lost when GSH is the ligand, maybe due to the strong
hydrogen bonding interactions of either oxygen or hydrogen of waters and the
charged groups of GSH. This hydrogen bonding can be seen in the radial distribution
function between oxygen of waters and GSH or SCHs; (purple and green curves of
Figure IV-12, respectively). When GSH is used, there are some water molecules that
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are forming hydrogen bonds with it, being the peak at 1.8 A a proof of that. On the
other hand, when SCHs is used, they do not have strong interactions with waters, since
the methyl group is hydrophobic (Figure 1V-13). Therefore the peak is not observed at
1.8 Ain Figure IV-12.

1 -
== 0 ter" AU IN AU,5(SCH;) g
0.9 4 =0, Au in Au,s(GSH),5
0,8 - Oyater-H in SCH, /
== Oyater"H in GSH v
0,7 4
0,6 - ’
- 05 -
0,4 4
0,3 -
0,2 4
0,1 -
0 L) L) L) L) L) L) L]
1 2 3 4 5 6 7 8 9

distance [A]

Figure 1V-12. Radial distribution functions of the oxygen of water molecules
towards the gold atoms (Owat:* Au in Au,s(SR)1g; red and blue curves) and
towards the corresponding ligands (Owat--H in SR; green and purple curves).

Figure IV-13. A: One dimeric staple motif in Au,5(SCHs)1¢” and the single water
that is less than 2 A from the methanethiolates. There is no hydrogen bonding
between the solvent and the ligands here. B: Hydrogen bonding of GSH in one
dimeric staple motif in Au,s(GSH):s. Dashed red lines represent hydrogen
bonds. GSH of the highlighted staple motif is represented by ball-and-stick
while the other ligands or water molecules are reperented by sticks. Colour
codes: Au (green), S (yellow), N (blue), O (red), C (black) and H (grey).
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Charge Distribution

Atomic (Hirshfeld®) charges of Au,s(SCHs)1s” and Auys(GSH)1s are computed to analyze
the effect of the solvent and the type of ligand on the electronic structure of the
AuMPC. Figure IV-14 displays the atomic charges for the different types of gold and
sulphur atoms using radar charts (see Table All-l in the appendix Il for the full list of
charges). Each one of the vertices of the pentagon marks an individual atomic charge
normalized with respect to the reference charge (in percentage), namely the isolated
Au,5(SCH3)sg:
charge for each system — reference charge

Value represented in the graph= - 100
reference charge

Sap

isolated Au,5(SCH;),¢
solvated Au,¢(SCH,)g

B solvated Au,¢(GSH),g

S [

Figure IV-14. Change of the atomic Hirshfeld charges for the most
representative atoms of Au,s(SCHs3)1s and Auys(GSH).g solvated in water with
respect to the ones obtained for the isolated Au,5(SCHs):s (blue area).

As shown in Figure IV-14, introducing the solvent makes the sulphur atoms of
Au,5(SCHs)1s” more negative (-0.263 and -0.423 in vacuum and -0.307 and -0.436
solvated in water, for S and S, respectively), and this effect is more pronounced for S
(lateral) than for S, (apex). The corresponding charge is partially transferred from the
negatively charged central Au atom (a) which has an effective charge of -0.65e. This
effect is more pronounced when the ligand is GSH, and hence the staple motifs
become less electrophilic. In this case, both sulphur atoms experience a similar change
but the values of the effective charges are different (-0.29e and -0.48e for S and S,p,
respectively). The Au atoms in the staple motifs Au(c) are positively charged (+0.40¢)
reflecting their different oxidation state. Despite the changes in the staple motifs, the
gold the gold atoms charges in the Auj; icosahedron vertices are insensitive to the
changes in environment.
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HOMO-LUMO gaps

Previous analysis has shown that the electronic structure of Au,s(SR):s” corresponds to
a closed-shell configuration of an 8-electron superatom with 1S (two electrons) and 1P
(six electrons, degenerate HOMO) orbitals, and that the LUMO orbitals correspond to
the 1D symmetry. The shapes of the canonical Kohn-Sham orbitals (HOMO and LUMO)
are depicted in Figure 1V-15.

Figure IV-15. Shape of the frontier orbitals for Au,5(SR);s. HOMO and LUMO
wavefunctions are rendered from two points of view to better visualize its
shape. The wavefunction is depicted blue and red to show the two signs that
it can adopt. The AuMPC is shown transparent for clarity.

The calculated values of the HOMO-LUMO gap are reported in Figure IV-16.
Considering that the experimental HOMO-LUMO gap is 1.3 eV,®? it can be seen that:

- The presence of the solvent reduces the HOMO-LUMO gap by 22% for the systems
with SCHs as ligand, with respect to the same system in vacuum (1.19 eV and 0.93
eV, respectively). Therefore, the effect of the solvent on the HOMO-LUMO gap is
significant. Taking into account that the experimental gap (1.3 eV), is higher than
the gas phase computed value, the reduction obtained by adding the solvent is in
the wrong direction.
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The HOMO-LUMO gap is expected to depend on the ligand, as a consequence of the
charge transfer effects and the variation in AuMPC symmetry (it has been reported
that distortions in the AuMPC structure decrease the HOMO-LUMO gapsgc). In fact,
replacing SCH; by GSH distorts the AuMPC, which adopts a C; symmetry instead of
the original C; symmetry of Au,5(SCHs)1s™ (Figure IV-9). Most importantly, the change
from SCH3 to GSH reduces the HOMO-LUMO gap by 31% (0.93 eV and 0.65 eV for
methanethiolate or glutathione, respectively), i.e. the resulting value is now a factor
of 2 lower than the experimental one.

It is well known that hybrid functionals such as PBEO give more accurate results
than GGA functionals for HOMO-LUMO gaps. Correspondingly, PBEO produces a
value (1.54 eV) which is close to the experimental one once the simulated system
mimics the original experiment by taking into account the solvent and considering
the same ligand, i.e. Au,s5(GSH):s solvated in water.®? Therefore, the previously
reported poor performance of PBEO for HOMO-LUMO gaps (severe

812) is related to the limited description of the simulated system itself

overestimation
(absence of solvent, different ligand). For example, PBEO gives a value of 2.20 eV for
Auy5(SCHs)1g™ in the gas phase, which is much larger than the experimental one,

highlighting the importance of GSH ligands and solvent environment.
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Figure 1IV-16. HOMO-LUMO gap for the different studied systems with PBE
and PBEO exchange-correlation functionals. Green bars correspond to
Au,5(SCHs)1s°, whereas yellow bars refer to Auys(GSH).s. The value of the
HOMO-LUMO gap is written above each bar.
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Conclusions

As a summary, we have performed QM/MM simulations for the Au,s(SCHs);s” and
Au,s(GSH)15™ clusters in the gas phase and solvated in water in order to elucidate the
effect of introducing a biological ligand (GSH) and explicit water solvent. Our findings
demonstrate that:

- The general structure of Au,s5(SR)1s™ is not modified by the fact of considering an
aqueous solvent and neither by changing the ligand. The Auj3 core and the six
dimeric SR-Au-SR-Au-SR staple motifs are always preserved. However, the Au-Au
bond distances and angles between S and Au experience visible changes under
different conditions.

- The shielding effect of the peptides is larger than that for methanethiolates due to
their larger size, and GSH protects the gold surface towards nucleophilic attacks of
external agents that can lead to undesired interactions. While methanethiolate is
hydrophobic, the GSH ligands actively form hydrogen bonds with water and other
neighbouring peptides.

- Upon changing the ligand from SCH3 to GSH, the changes in charge distribution
affect the HOMO-LUMO gap, which is further modified by the loss of symmetry
from Ci to C; due to the flexible nature of Au-Au bonds. A lower symmetry is
associated with a smaller HOMO-LUMO gap.

Our main finding is that the HOMO-LUMO gap of AuMPCs depends sensitively on the
ligands and solvent environment. In particular, the role of solvent has been typically
neglected in the theoretical studies of monolayer-protected Au and Ag clusters, which
have reported HOMO-LUMO gaps and/or optical absorption spectra in good
agreement with experiments for standard DFT functionals (generalized gradient

approximation, GGA).%%¢ 81 %

For example, we demonstrate here for Au,s5(SCHs)qg™ that
the water solvent decreases the HOMO-LUMO gap by 22% due to charge redistribution
effects. Furthermore, the introduction of GSH ligands reduces the band gap more and
the resulting value (0.65 eV) underestimates the experiment by a factor of 2.
Therefore, the good performance of GGA functionals (such as PBE) for HOMO-LUMO
gaps is due to a compensation of errors, and not because the level of theory is
describing the particular system well. The calculations of AuMPCs in the vacuum give
systematically larger values for the HOMO-LUMO gap than in the solvent. Hence, these
larger values compensate the fact that DFT underestimates band gaps in general. The
PBEO functional which includes improvements to PBE is able to produce a computed
value which is comparable with the experimental one once the real system is
described accurately, i.e. the AuMPC composition (ligand) is the same as in

experiments and the system is surrounded by explicit solvent.
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Chapter V - Ligand Exchange Reaction
of an Antibody Towards an AuMPC
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Chapter V

Ligand Exchange Reaction of an Antibody Towards an
AuMPC

Introduction

Binding of biomolecules to thiolate monolayer-protected gold clusters (AuMPCs) has
aroused much interest in biomedicine.? The fact that small enough nanoparticles (= 10
nm) can cross the blood—brain barrier without altering its integrity®> opens the door to
possible applications for the treatment of central nervous system diseases as
Alzheimer. Furthermore, AuMPCs are used to protein labelling, because of its optical
properties.

AuMPCs have been largely synthesized using the so-called Brust-Schiffrin
method.” In this direct synthesis, tetrachloroaurate salts (AuCl,;) are reduced by
sodium borohydride (NaBH4) in a two-phase redox reaction using an appropriate
mixture of methanol and water® (see page 4 of Chapter | for a more detailed
information about AuMPCs synthetic methods). However, many functional groups are
incompatible with these reductive conditions. Therefore, another method should be
used to introduce functionalities or molecules that are sensible to a reductive
environment. Murray place exchange reaction®® (hereafter named as ligand exchange
reaction) has been largely used in order to introduce these new functionalities to
already prepared AuMPCs. Binding of biomolecules toward gold clusters is mainly
carried out through this ligand exchange reaction.

The ligand exchange reaction could be described as two Sy2-like reactions
where the incoming thiol plays the role of the nucleophile and one alkanethiolate of
the AUMPC acts as the leaving group and the base, simultaneously (Figure V-1). In the
first step, the nucleophilic sulphydryl group of the incoming thiol (blue molecule in
Figure V-1) attacks an electrophilic gold atom while the leaving alkanethiolate group
(red molecule) breaks its bond with this gold. During this step, a hydrogen bond
between the incoming thiol and the leaving alkanethiolate is formed. In the second
step, the sulphur of the incoming thiol performs a second nucleophilic attack to
another gold atom while the leaving group departs from the staple acting as a base,
i.e. deprotonating the sulphydryl group. Initially, the leaving alkanethiolate group is
bonded to oxidized gold atoms, forming the protecting unit known as staple motifs. ™%
Regardless of what kind of staple motif they form, alkanethiolates are always linked to
two gold atoms. During the two Sy2 reactions these two bonds are broken because of
the two consecutive nucleophilic attacks of the incoming thiol, which occupies the
leaving alkanethiolate position.
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R-S)H
R-S
' R-SH
Au H;Au Au
RSé \SR R') \SR RS/ \SR
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1st nucleophilic 2nd nucleophilic
attack attack and

proton abstraction

Figure V-1. Scheme of a ligand exchange reaction where the leaving
alkanethiolate (red molecule) is part of a monomeric staple motif. The staple
gold atom (electrophile) is shown black and the outer core gold atoms are
green. The incoming thiol (nucleophile) is shown blue.

Previously, the mechanism of the ligand exchange reaction on AuMPCs with
monomeric staple motifs as the protecting unit has been studied, both
computationally and experimentally.?®® However, the mechanism of the ligand
exchange reaction towards an AuMPC with dimeric staple motifs has not been studied
yet. The study of this mechanism would be interesting due to the different symmetry
of the monomeric and the dimeric staple motifs. When the staple motif is monomeric,
no matter which alkanethiolate is substituted: both are equivalent due to the
symmetry of the staple (Figure V-2). In the case of dimeric staple motifs, the three
alkanethiolate ligands are not equivalent. The two lateral alkanethiolates have the
same bonding as the alkanethiolates in the monomeric staples (black): one bond to a
staple gold atom (c) and one bond to a core gold atom (a’). The other, the apex
alkanethiolate (blue), has a different bonding: both bonds are with staple gold atoms
(Figure V-2).

’

a’ Outer core gold atom
b Gold atom in monomeric staples
N ¢ Gold atom in dimeric staples

Figure V-2. Structures of monomeric (left) and dimeric (right) staple motifs. 2
types of alkanethiolates are present because of its symmetry: lateral
alkanethiolates (black) and the apex alkanethiolate (blue). Gold atoms of the
staples are labelled differently (b or c¢) to follow the labels presented in
Chapter I, but both are oxidized gold atoms, i.e. Au(l).
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A first question emerges when the ligand exchange reaction takes place in an
AuMPC that has dimeric staple motifs: which alkanethiolate is substituted? While this
work was being done, a X-ray study of a Au,s(SC;H4Ph)1¢(pBBT), has been presented.”’
This structure is the product obtained during a ligand exchange reaction of
Au,5(SCyH4Ph) g with p-bromobenzenethiol (pBBT) as the incoming ligand. It was found
that only the alkanethiolate placed in the lateral position of the dimeric staple motif is
substituted during the reaction. One of the objectives of the present work is to
elucidate why the apex alkanethiolate cannot be substituted. Furthermore, the AuMPC
used here is the anionic Au,s(SR)1g, but in the X-ray study the neutral form was used,
i.e. Auas(SR)1s". Is there any difference in the regioselectivity of the ligand exchange
reaction when the charge of the AuMPC is changed?

To give an answer to all these questions, we have chosen a process recently
studied experimentally: the conjugation of a glutathione (GSH) AuMPC with a single
chain Fv antibody fragment (scFv) from a tetrameric protein, the anti-influenza N9

neuraminidase NC10 antibody.29b

The AuMPC used in experiments has a gold cluster
core of 14 kDa, which correspond to an average composition of Auy;. Since Auy; does
not correspond to a closed shell structure, they hypothesize that the gold core may be
the closed shell Auss.2%® The goal of the experimental study was to optimize the
reactivity of GSH AuMPC towards the NC10 scFv, rather than elucidating the position
of substitution of the incoming thiol. Using different mutants of the NC10 scFv, the
authors found that not all of them were able to bind and react with the AuMPC: the
accessibility and neighbouring of the nucleophilic sulphydryl group play a crucial role in
the reactivity towards the AuMPC. Here we want to give a computational insight to
their findings by modeling the binding of two of the mutants of the NC10 scFv: one
chemically inert and one displaying quantitative reaction towards Au,s(GSH):s” a small
gold cluster with dimeric staple motifs as protecting units. Knowledge of the
mechanism of the ligand exchange reaction of the antibody towards Au,5(GSH)1s™ will
give an answer to the questions about the regioselectivity of the reaction described
above. Furthermore, we should be able to explain why an AuMPC cannot bind to
certain mutants of the scFv.

Computational Methods

Systems Analyzed

i) Auxs(GSH)is : this system is the one used in the previous chapter. See its details in
page 59 of chapter IV. 7 ps of QM/MM molecular dynamics simulations at 300 K are
done to study which gold atom is the most exposed to the solvent.

ii) Mutants of the NC10 scFv: the X-ray structure of the NC10 scFv has been taken
from Protein Data Bank (PDB code 1NMB).”’ Only the Vi domain is considered along

29b
T

this study because is the responsible of the binding towards the AuMPCs. wo

different mutants are considered here, which are the same as Ackerson et. al.
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reported in reference 29b. The last residue in the X-ray structure is Ser113, and

from it, two different tails are constructed using UCSF Chimera package:*®

1.

114C, the inert mutant: a cysteine is added through a peptide bond
between free COO- of the Ser113 and the NH, group of the new residue,
labelled from now as Cys114:

NC10(Vy)-Cys114

118C, with quantitative binding: 6 residues are added here from the
Ser113 to form a larger tail. The structure can be described as:

NC10(Vy)-Alal14-Lys115-Lys116-Glu117-Cys118-Gly119

Lysines are added to add positive charges to the C-terminus region. The
three last amino acids of the tail are glutamate (Glu), cysteine (Cys) and
glycine (Gly), which are the three amino acids that form GSH. They
should replace the GSH ligands that are in the surface of the
Au,s5(GSH)1g” through a ligand exchange reaction.

For both mutants of NC10 scFv, classical MD simulations are performed to
equilibrate its structures.

iii) Two different systems to simulate the ligand exchange reaction. To construct these

two systems, the sulphydryl group of Cys118 or Cys114 is placed at = 8 A from the

most exposed to the solvent gold atom of Au,5(GSH)4g :

1.

118C:--Au,5(GSH)15 : formed by the 118C mutant, Au,s(GSH):s, 13555
water molecules together with 17 sodium cations to neutralize the
negative charges. A total amount of 43253 atoms form the whole
system. The size of the box is 70.5 A x 81.0 A x 93.5 A.

114C---Au,5(GSH);5 : formed by the 114C mutant, Au,s(GSH):s, 11099
water molecules together with 18 sodium cations to neutralize the
negative charges. A total amount of 35810 atoms form the whole
system. The size of the box is 62.0 A x 76.7 A x 95.9 A.

To equilibrate the initial constructs, 15 ns of classical MD simulations are done

keeping a restraint in the distance between the sulphur atom of Cys118 (for 118C)

or Cys114 (for 114C) and the most exposed to the solvent gold atom. Then the

restraint is removed and the simulation is extended up to 120 ns. The MM residues

are not restrained or constrained during the equilibration. Graphs of the RMSD

during the equilibration are shown in appendix Ill.
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Ligand Exchange Reaction for 118C--Auzs5(GSH) 15

The ligand exchange reaction is first studied in the system 118C---Au,s(GSH).s. A
equilibrated structure from the classical MD equilibration is taken for the subsequent
QM/MM simulation. The QM region is formed by the 25 gold atoms and the 18
cysteines (only the -C-CH,-S- part of cysteine) of each GSH. Furthermore, the
nucleophilic cysteine (Cys118) is also included (-C-CH,-SH). In total, there are 121 QM
atoms enclosed in an orthorhombic box of 19.9 A x 20.9 A x 23.4 A. The rest of the
system, i.e. part of cysteines, glutamates, glycines, sodium cations and water
molecules are considered in the MM part. The system is optimized by QM/MM
simulations, using an annealing factor to cool down the ionic degrees of freedom up to
achieve that the larger nuclear gradient is lower than 5.10™.

Figure V-3. Left image: the full system is shown. Right image: zoom over the
QM region (right). The QM zone is shown in colour (Au in green, S in yellow, C
in black and H in grey) whereas the MM zone is shown colourless.

For modelling the ligand exchange reaction, two different scans are done,
depending on what alkanethiolate is replaced (Figure V-4). Both scans consist in a
constrained structural optimization along a reaction coordinate, where the initial
configuration of each point is taken from the optimized structure of the previous one.
As a reaction coordinates, a difference of two distances is used:

d(Scys118-Au) — d(Au-S;6)

where Scys11s is the nucleophilic sulphur, Sig is the sulphur atom of the GSH leaving
group and Au is the chosen gold atom to simulate each path: Au2 for the first path and
Au22 for the second path. This distance difference is gradually varied from one point
to the following and is then fixed to optimize the rest of degrees of freedom.
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Figure V-4. Scheme of the two possible paths of the ligand exchange reaction
of NC10 scFv antibody towards a dimeric staple motif of an AuMPC. The
nucleophilic cysteine is shown blue, whereas the GSH leaving group is shown
red. The gold cluster is schematized as a green ball. Only one staple motif is
depicted for clarity. In the first path, the leaving group is the apex GSH,
whereas in the second path it is one of the two equivalent lateral GSHs.

Ligand Exchange Reaction for 114C---Auz5(GSH) 15

To save computational time, only the best path of the two possibilities described
previously is considered here. Furthermore, a different strategy is considered to obtain
the potential energy profile of the ligand exchange reaction. We hypothesize that the
mechanism of the reaction is not affected by protein mutations. Therefore, only the
important points (reactants, two transition states, one intermediate and products) of
the potential energy profile obtained for 118C---Au,5(GSH)15™ are used as templates to
obtain the energetic profile when 114C is used. The procedure is as follows:

i) The equilibrated structure of 114C is superposed with each of the five important
structures found along the potential energy profile of 118C-:-Au,5(GSH)s . Our goal
here is to replace 118C by 114C in each of the important points along the reaction
coordinate, taking care of that the nucleophilic cysteine of 114C occupies the same
position in 114C and 118C. As a result, we obtain non-equilibrated structures of
114C--- Au,5(GSH)15™ along the potential energy profile.

ii) The obtained structures of 114C---Au,5(GSH)s are then solvated in a water box with
the corresponding number of counterions. To equilibrate the structures, classical
MD simulations are performed, keeping the atoms involved in the ligand exchange
reaction frozen.
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iii)A frame of the equilibrated structure is used for the subsequent QM/MM
optimization, where only the two distances involved in the reaction coordinate are
constrained. To optimize the structures, an increasing annealing factor from 0.9 to
0.999 is added to cool down the ionic degrees of freedom.

Simulation Details

Classical molecular dynamics (MD) simulations are performed using NAMD®*
software. The NC10 scFv mutants and the GSH peptides are modelled with the FF99SB
force-field.®*® Water molecules are described with the TIP3P force-field.® The
coordinates of gold atoms are constrained due to the lack of parameters during all the
classical simulations.

QM/MM simulations are done using the method developed by Laio et. al. *°
combining Car-Parrinello MD,64 based on DFT theory,44 with a force-field MD
methodology as implemented in the CPMD code.?” For the QM fragment, a fictitious
mass of 600 a.u. and an integration time step of 0.12 fs guarantee a good control of
the adiabaticity. For the molecular dynamics simulations, the temperature is set to 300
K by coupling it to a Nosé-Hoover chain thermostat on the ionic degrees of freedom.%®
The Kohn-Sham orbitals are expanded in a plane wave (PW) basis set with a kinetic
energy cutoff of 90 Ry. The exchange-correlation functional used here is the Perdew-
Burke-Ernzerhoff (PBE),68 shown to be the best functional to describe AuMPCs.'® 667
289 Gold is represented by a Goedecker® type pseudopotential, carbon and sulphur
by a Troullier-Martins® type and hydrogen by a Car-von Barth type, as it was done in
reference 66 and 67. Furthermore, single-point calculations using a hybrid PBEO™
functional are done for the important points (reactants, two transition states, one
intermediate and products) of the potential energy profile obtained for
118C-+-Au,5(GSH)15 .

The QM/MM interface is modelled by the use of a link-atom pseudopotential
that saturates the QM region.” The electrostatic interactions in the interface of the
QM and the MM regions are described in the Chapter Il of this thesis. Neither
restraints nor constraints are considered on the MM region, so the MM atoms can
move freely.

Results
Ligand Exchange Reaction in 118C

For the ligand exchange reaction to take place, a nucleophilic cysteine should be close
to an electrophilic gold atom. The gold surface of Au,5(GSH)15™ is not much exposed to
the solvent due to the bulky GSH ligands, which has a big shielding effect (page 67 of
Chapter IV). Along the 7 ps of QM/MM MD simulated for Au,s(GSH):s’, Au23 is the gold
atom that shows the highest exposure to the solvent, with a solvent accessible area
(SASA) of 3.5 A% (calculated with a probe sphere of 1.4 A, as corresponds to the water
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solvent). Other surface gold atoms exhibit a lower exposure to the solvent, thus these
were not considered (Figure V-5). The different conformation of the GSHs that are
surrounding the gold cluster determines which gold atom is more or less exposed to
the solvent.
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Figure V-5. Solvent accessible surface area (SASA) of gold atoms in
Au,5(GSH)q5™ along the 7 ps of QM/MM MD simulation. A running average
over 10 data points has been used. The highest SASA is 3.5 A, corresponding
to Au23 (value shifted to 3 A due to the running average).

The system was equilibrated by classical MD simulations, following the
prescription described in the computational methods. Initially the sulphydryl group of
Cys118 is placed in the vicinity of Au23 (at = 8 A). During the equilibration, the Scys118-
Au23 distance oscillates around 6.5 A. Interestingly, this distance decreases up to 4.46
A upon QM/MM optimization. The optimized structure is shown in the left panel of
Figure V-6, where the incoming thiol of Cys118 is hydrogen bonded to one carbonyl
oxygen of the apex alkanethiolate. From this structure, two different scans were done
depending on which ligand is being substituted: the lateral or the apex alkanethiolate.
The adsorption reaction starts with the adsorption of the incoming thiol (Scys11s) at
Au23 (right panels in Figure V-6) and it is exothermic in both cases, -1.8 kcal/mol for
the first path and -0.4 kcal/mol for the second one. This is in concordance with

%2, 9 Hereafter, the

previous experimental observations of associative mechanisms.
adsorbed states will be labeled as reactants, since they correspond to the most stable

ones (Figure V-6, right panels).
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Figure V-6. Adsorption of the incoming Cys118 at Au23. For simplicity, only
the three GSH ligands of the dimeric staple, where the reaction takes place,
are shown. The two GSH that do not participate for the two modelled paths in
the reaction are colourless. Gold atoms that are far from the dimeric staple
are shown as semitransparent. Part of the secondary structure of the protein
is displayed, together with the nucleophilic cysteine (Cys118). Water
molecules are not shown for clarity. Colours code: Au (green), S (yellow), C
(black), O (red), N (blue) and H (grey).

Path 1: Substitution of the Apex GSH Ligand

The adsorbed state shows a Scys113-Au23 distance of 3.77 A. This value is similar to
previously reported Au-SHR distances for a ligand exchange reaction in the gas-

6% Following adsorption, a two step reaction is observed (Figures V-7 and V-8).

phase.
In the first step, the incoming thiol approaches Au23 from 3.77 A to 2.27 A while the
leaving GSH breaks its bond with Au23, increasing the S,g-Au23 distance from 2.3 A to
3.42 A. This leads to an intermediate state where the staple motif has been opened
(the Au23-Au22 distance increases from 3.68 A in reactants up to 5.08 A in the
intermediate) to accommodate the incoming thiol (Figure 7, intermediate of the top
panel). In this intermediate, the thiol hydrogen of Cys118 is hydrogen bonded to the
oxygen of a carbonyl group of the leaving GSH (1.84 A). This hydrogen is still far from
Sis (4.03 A). Besides, the Au23-Au2 distance increases up to 4.17 A. The activation
barrier for this reaction step is 13.4 kcal/mol and the energy of this intermediate is 7.8

kcal/mol higher than the reactants, i.e. the first reaction step is endothermic. To
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complete the reaction, the incoming thiol approaches Au22 while desorption of the
leaving GSH is completed. The abstraction of the thiol of Cys118 by GSH occurs
spontaneously during this step. Finally Au23 recovers its original position in the dimeric
staple motif. The activation barrier for the second reaction step is 36.6 kcal/mol and
the energy of the products is 34.6 kcal/mol higher than that of the reactants, thus the
reaction is very endothermic.

Path 2: Substitution of the Lateral GSH Ligand

The adsorbed state shows a Scys115-Au23 distance of 3.54 A, i.e. 0.23 A shorter than in
the previous case. Again a two step reaction is observed (Figures V-7 and V-8). During
the first step, the incoming thiol approaches the most solvent-exposed gold atom
(Au23) up to 2.36 A. Simultaneously breakage of the contiguous Au23-S.s occurs
(Au23-S,c = 3.78 A in the intermediate structure, see bottom panel of Figure V-8). At
this point, the hydrogen of R-SH (Cys118) is hydrogen bonded to S.g (H- Sig = 2.28 A).
The position of Au23 does not change during this process, contrary to what happens
for the first path (i.e. the staple does not open). The activation barrier of the first
reaction step amounts to 13.9 kcal/mol, being very similar to the one obtained for
path 1. The energy difference between the intermediate and the reactants is now -6.1
kcal/mol, thus being an exothermic step. From the intermediate, the thiol group
performs a second nucleophilic attack, now to one of the Au atoms of the Auq; core
(Au2). During this second attack, the leaving GSH breaks its bond with Au2, and is the
ligand that deprotonates the nucleophilic sulphydryl. This second step shows an
activation barrier of 16.5 kcal/mol. The energy of products is 13.6 kcal/mol more stable
than reactants, i.e. the global reaction is exothermic.

The potential energy profile of both paths is shown in Figure V-7. The
substitution of the lateral alkanethiolate (second path) is favored over the apex one.
The reaction is stepwise with the rate-limiting step being the second one. This is similar
to the substitution reaction obtained for a ligand exchange reaction in a monomeric
staple motif. Therefore, we can conclude that the mechanism of the ligand exchange
reaction does not change if it happens in a monomeric or in a dimeric staple motif.

Interestingly, a recent X-ray study of Ackerson et. al.”’

revealed that only the lateral
alkanethiolate bonded to the most solvent-exposed gold atom is substituted when
Au,5(SCyH4Ph)1s was exposed to a 5-fold molar excess of pBBT for 7 min. The fastest
ligand exchange reaction should correspond to the one with the lowest energetic
barrier, i.e. the substitution of the lateral alkanethiolate in a dimeric staple motif. Our
results are in excellent agreement and thus give support to this experimental
investigation. Furthermore, our results also show that the charge state of the AuMPC

does not affect to the energetic or the regioselectivity of the ligand exchange reaction.
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Structural and Electronic Analysis of Paths 1 and 2

The energetic difference between the paths can be explained in terms of structural
and electronic properties. In particular, it can be traced back to the different behavior
of two key atoms: the hydrogen of the sulphydryl group of Cys118 (Hs) and Au23,
together with the different charge state of the atoms involved in the reaction (Table V-
[). In the second path, Hs is near Au2 before its transfer to the alkanethiolate. This is
reflected on the Au23 Hirshfeld charge, -0,176¢, i.e. the gold atom is not fully oxidized
and still has some basic character. In path 1, Hs is always in the vicinity of Au23 and
Au22, which are gold atoms being oxidized. The Hirshfeld charge of Au23 (or Au22) is
0.4e. Therefore, there are no Hs'--Au interactions that can assist the transfer of Hg from
the thiol to the alkanethiolate. These interactions become crucial for the ligand-
exchange reaction. It was already reported in chapter Ill that covalent interactions
between hydrogen and gold in AuMPCs and self-assembled monolayers (SAMs) are

16,60, 100 A second factor that increases the activation energy of the second

important.
step of path 1 is that Au23 should recover its position in the dimeric staple and this
atomic reorganization has a larger energetic cost compared to path 2. In the second
path there are no gold rearrangements during the reaction, leading to a lower

energetic process.
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Figure V-7. Potential energy profiles of the ligand exchange reaction of 118C
towards Au,s5(GSH)q5™ for the substitution of the apex alkanethiolate (blue) or
the lateral alkanethiolate (black).

The evolution of the most relevant distances for the best path (path 2) is shown in
appendix ll.
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Figure V-8. Structures found along the potential energy profile of the ligand exchange reaction for the two paths studied. Only the
three GSH ligands of the dimeric staple motif where the reaction takes place are shown. The two GSH that do not participate are
colourless. Gold atoms that are far from this staple motif are shown as semitransparent. Part of the secondary structure of the protein,
together with the nucleophilic cysteine (Cys118) is shown in the left top corner of each panel. Water molecules are not shown for
clarity. Colours code: Au (green), S (yellow), C (black), O (red), N (blue) and H (grey).
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Ligand Exchange Reaction in 114C

The local environment of the nucleophilic cysteine in 114C is very different than in
118C:

114C: NC10(Vy)-Leu109-Thr110-Val111-Ser112-Ser113-Cys114
118C: NC10(Vy)-Alal114-Lys115-Lys116-Glu117-Cys118-Gly119

114C displays both hydrophobic (leucine and valine) and polar uncharged (threonine
and cysteine) amino acids. In contrast, 118C exhibits hydrophobic (alanine and gycine),
positively charged (lysine) and negatively charged (glutamate) amino acids. The
presence of positively charged groups in the vicinity of the reactive cysteine was
suggested to be the main reason of the enhance reactivity of 118C towards the

2% To evaluate the consequences of changing the local

negatively charged AuMPC.
environment of the nucleophilic cysteine, the sulphydryl group of Cys114 was placed at
8 A from Au23 (as it was done for 118C). The system was equilibrated by classical MD
simulations according with the prescription described in the computational methods
section. The Scys114-Au23 distance was monitored along the 120 ns of classical MD
simulations, and compared with the one obtained for the previous system, Scys11s-Au23

(Figure V-9).
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Figure V-9. Sc,-Au23 distance in the two NC10 scFv mutants studied, 114C
(red) and 118C (black), along the classical MD simulation.

It can be observed that fluctuations of Sc,s-Au23 are significantly larger for 114C are
larger than for 118C. The average value of Scys113-Au23 for the 118C mutant is 6.5 A,
with just small deviations from this value during the course of the simulation. Since we
know that 118C is able to react with AuMPCs, we can consider that this the optimum
distance from where cysteine is able to interact with AuMPCs. For 114C, the average
value of Sc¢ys114-Au23 is 7.1 A during the first 100 ns, slightly larger than the optimum
118C value, and its oscillations are much larger. However, a conformational change
takes place at = 105 ns and the cysteine is able to approach Au23 up to a 4.8 A, just 0.3
A longer than the one obtained for the QM/MM optimized structure of
118C---Auys5(GSH)15 . This suggests that 114C is also able to interact with the AuMPC
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through its cysteine (Cys114). Therefore, we decided to model the ligand exchange
reaction for 114C to see the difference with respect to 118C. To save computer time,
we used a method based on single-point optimizations using as templates the five
important points (minimums and maximums) found along the path 2 of 118C (see
methods). When the procedure was tested using 118C as the superposed mutant, very
similar results were obtained with respect to the ones obtained previously (Figure V-
10), validating the method used here.

When 114C is used for the ligand exchange reaction, it is found that the first
activation barrier is 31.7 kcal/mol (Figure V-11). This value is 17.8 kcal/mol larger than
the one obtained for 118C, indicating that 114C cannot even be bonded to the most
solvent-exposed gold atom. If this first step was feasible, the second step would have

also a larger activation barrier, 24.2 kcal/mol.
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Figure V-10. Potential energy profiles of the ligand exchange reaction of 118C
towards Au25(GSH)18- using two different procedures: a scan on the chosen
reaction coordinate (black) or single-point optimizations of the important

structures obtained by superposition (green).
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Figure V-11. Potential energy profiles of the ligand exchange reaction of 114C
and 118C towards Au,s(GSH)1s".
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Although the Cys114 of 114C can interact with the exposed gold atom, it is clear that
the binding between Au,s(GSH).s” and 114C is weaker than in the case of 118C (Figure
V-9). The larger fluctuations in the Sc,-Au23 distance for the 114C mutant show that
both entities have fewer interactions than in 118C. In the latter, the Scys-Au23 distance
is quite stable due to the strong interactions of the neighboring positively charged
groups towards the negatively charged AuMPC. This is further confirmed by analysis of
the structures obtained along the ligand exchange reaction for both NC10 scFv
mutants. For all 118C structures, Lys115 and Lys116 are interacting with the negatively
charged carboxylate group of glycine or glutamate of GSH. The fact that these
interactions are absent in 114C leads to a much loose interaction between the
antibody and the AuMPC (Figure V-11). While 118C exhibits three lysine-carboxylate
interactions, 114C only has one (Lys13, which is far from the nucleophilic cysteine).
This interaction is after present in both mutants. Apart from Lys13 the only amino acid
that helps in the interaction with the AuMPC in 114C is Ser112, but a hydroxyl-
carboxylate interaction is much weaker than a lysine-carboxylate one. Therefore, we
conclude that the higher energy barriers observed for the ligand-exchange reaction in
114C is due to the weaker Scys-Au23 adsorption (S-Au distance increases with respect
to the one in 118C) and because of the loose of peptide-AuMPC interactions.

Figure V-12. Interactions in the interface of the antibody (shown by its
secondary structure) and Au,s(GSH)1s” (shown by its Van der Waals surface).
Glycine and glutamate amino acids of the AUMPC is shown grey. Gold and the
amino acids of the antibody are coloured following: Au (green), S (yellow), C
(black), O (red), N (blue) and H (grey).
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Conclusions

The mechanism of the ligand exchange reaction of the anti-influenza N9
neuraminidase NC10 antibody fragment towards Au,s(GSH):s™ is solved by means of
QM/MM simulations. It is found that the ligand exchange reaction follows an
associative double Sy2-like mechanism with low activation barriers (13.9 and 16.5
kcal/mol) when the lateral ligand is substituted. We found that the fact of having
monomeric or dimeric staple motifs does not affect the mechanism of the ligand
exchange reaction. When the substituted ligand is the one that occupies the apex
position of the dimeric staple motif, the activation barrier of the second step of the
reaction is 20.1 kcal/mol larger than for the substitution of the lateral ligand.
Therefore, the preferred ligand to be substituted is the lateral one.

Our results are in excellent agreement with a recent X-ray study showing that
only one type of ligands is substituted. We also found that the charge of the AuMPC
does not change the energetic nor the regioselectivity of the ligand exchange reaction.
When the vicinity of the incoming thiol is neutral (114C) and not positively charged as
in 118C, the activation barriers of both reaction steps increase (31.7 and 24.2 kcal/mol)
due to the lack of strong interactions between the antibody and the AuMPC. This
result opens the door to future computational and experimental investigations design
mutants to increase the reactivity of biomolecules towards a desired AuMPC.
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Chapter VI - Formation of a Covalent
Glycosyl-Enzyme Species in a Retaining
Glycosyltransferase
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Chapter VI

Formation of a Covalent Glycosyl-Enzyme Species in a
Retaining Glycosyltransferase

Introduction

As shown through this thesis, AuMPCs are gaining considerable attention in
biomedicine. In Chapter V, we showed that they can be used to bind an antibody, and
the corresponding antibody-AuMPC conjugate has been developed for binding to the
viral neuraminidase, a glycoside hydrolase enzyme that is present in the surface of the
influenza virus (see page 14 of Chapter | for more details). Glycoside hydrolases (GHs)
are group of a type of proteins named as glycoproteins, which are proteins that can be
conjugated with carbohydrates (page 10 of Chapter | for a detailed introduction of
carbohydrates). Glycoproteins are important components of cell surfaces and the
extracellular environment and they participate in cell-cell recognition and adhesion
processes. The function of GHs is to degrade large carbohydrates into shorter ones.
Another important group of glycoproteins are the ones responsible for the synthesis of
larger carbohydrates departing from short ones: glycosyltransferases (GTs). In this
chapter we focus in the mechanistic insights of GTs. They are responsible for protein
glycosylation, the most recurrent post-translational modification occurring in nature
for cell recognition and signaling. GT alterations cause several diseases, such as
infection, inflammation, and either normal or abnormal cellular developments.101

GTs catalyze the formation of glycosidic linkages by the transfer of a saccharide,
typically a monosaccharide, from a sugar nucleotide donor to an acceptor substrate'®
(Figure VI-1). One of the major challenges for the rational design of specific and potent

102-103

drugs/inhibitors for this class of enzymes is unraveling their detailed reaction

mechanisms, which still escape direct experimental probes.

The transfer of the glycosyl group can take place either with inversion or
retention of the anomeric stereochemistry with respect to the donor sugar.34 The
mechanism of inverting GTs is clearly established as a single displacement Sy2 reaction
with a general base catalyst that increases the nucleophility of the attacking group.®*
This is analogous to the well-characterized mechanistic strategies used by inverting

glycoside hydrolases (GHs) to catalyze the cleavage of glycosidic bonds.'*

However,
the mechanism of retaining GTs remains a controversial issue in the field of
glycobiology.>* By comparison to retaining GHs, retaining GTs were first suggested to
follow a double-displacement reaction involving a covalently bound glycosyl-enzyme
intermediate (Figure VI-1, top). This requires the existence of an appropriately

positioned nucleophile within the active site residues (aspartate or glutamate).
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Figure VI-1. Possible reaction mechanisms for enzymatic glycosyl transfer with
retention of configuration proposed in the literature. a) Double-displacement
mechanism. b) Front-face mechanism. The donor and acceptor molecules are
those of a3GalT. Hydroxymethyl and hydroxyl substituents of Gal and Glc are
omitted for clarity.

However, such a requirement is so far only fulfilled by two GT enzymes from family 6:>’
mammalian oa-1,3-galactosyltransferase (a3GalT) and blood-group A and B a-1,3-
glycosyltransferase (GTA/GTB). Both enzymes share a common type of fold (A).
Mutation of the putative nucleophile (Glu317 in a3GalT and Glu303 in GTA/GTB) to
alanine inactivates the enzyme (k. decreases at least 104—fold1°5), and this allows to
infer that these residues play an essential role in catalysis. Formation of a covalent
adduct (Figure VI-1, top) has been highlighted by mass spectrometry and chemical
rescue experiments on mutants of GTA/GTB'® and a3GalT,'®* respectively. However,
no clear evidence has been reported to date for the formation of such adduct for the
wild type enzyme, raising the question whether or not the mutation could affect the
molecular mechanism. On the other hand, some authors have proposed that Glu317 is
more likely required for proper acceptor substrate orientation.*® Hence, it remains to
be proved that a double-displacement mechanism (Figure VI-1, top) is operative for
these GTs.

A different scenario is provided by those retaining GTs that lack a putative
nucleophile in the active site, such as trehalose-6-phosphate synthase,
mannosylglycerate synthase, glycogen synthase or glycogenin.>* It has been proposed
that these GTs operate via a front side single displacement, in which the nucleophilic
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hydroxyl group of the acceptor attacks the anomeric carbon from the same side from
which the leaving group departs (Figure VI-1, bottom), thus leading to retention of

107

stereochemistry.”" This hypothesis, which generated a vigorous debate for several

years (see discussion in reference 34) has been recently verified by several

71 1% and non-

independent studies of retaining glycosyl transfer on enzymatic
enzymatic'® environments. Of particular interest is the recent kinetic isotope effect
(KIE) study that demonstrates that a front-face mechanism is operative for trehalose-6-
phospate synthase.*%®
evidence for the formation of a short-lived oxocarbenium ion-like species (Figure 1,
bottom).

The recent insight provided by both experiment and theory raises the question

Consistently, QMI/MM metadynamics simulations''® provided

whether the front-face type of mechanism could be common for retaining GTs. In
other words, do a3galT and blood GTs, which unlike most GTs exhibit a well-positioned
active site residue, also operate via a front-face mechanism? Indeed, early theoretical
studies'* on small gas-phase models predicted the double-displacement to be feasible
for a “nucleophile-containing” active site. However, two recent static QM/MM studies
by the same group'? conclude that both mechanisms are feasible, differing only in
which mechanism is favored over the other. It should be noted that these pioneering
studies did not take into account the dynamics of the active site and protein atoms
during the chemical reaction. It was also argued that a 2D free-energy surface would
be required to draw definitive conclusions regarding the fine details of the front-face
mechanism.

Unlike GHs, GTs are very flexible. They undergo significant conformational
changes upon substrate binding, as evidenced by structural studies on binary

complexes.m

It has been found that flexible loop rearrangements occur upon donor
binding and that the nucleotide participates in acceptor binding, with the enzyme
changing from an open to a closed conformation.’™* For this reason, a fair description
of dynamic effects during the chemical reaction seems to be crucial to elucidate the
molecular mechanism of glycosyl transfer. Here we use classical MD and hybrid
QM/MM metadynamics simulations to investigate the glycosyl transfer reaction in
a3GalT. Using this approach, we demonstrate that a GT with a putative nucleophile
residue, such as a3GalT, can only operate through a double-displacement mechanism,

with the formation of a glycosyl-enzyme covalent intermediate.
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Computational methods
Preparation of the System: Building the Ternary Complex

A major obstacle to the model study of a3GalT (and GTs in general) is the limited
structural data for the ternary complex between the enzyme (a3GalT), the donor
(UDP-Gal), and the acceptor (lactose, Lac). However, binary complexes of the enzyme
with either the nucleotide sugar donor (UDP-2F-Gal, PDB code 2VFZ)115 or both the
nucleotide and the acceptor (UDP + Lac, PDB code 1GWV)'** have been reported
(Figure VI-2). While both structures are very similar in the donor region, only the last
one displays an ordered structure of the highly flexible C-terminal a-helix that closes
the acceptor binding site. Therefore, we took the enzyme and the donor molecule of
the former complex (the 2-F modification of UDP-2-F-Gal was reverted to 2-OH) and
inserted in the acceptor molecule and the C-terminal a-helix from the latter. In the
resulting complex (Figure VI-2a), the anomeric carbon of the donor sugar (C1) is
located close to the oxygen atom of the acceptor molecule (C1-+-03’ = 2.56 A) with
whom the glycosidic bond is expected to form. In addition, the side chain of Glu317 is
also close to the anomeric carbon of the sugar donor (COO™--C1 = 4.09 A) and well
oriented for nucleophilic attack (a similar structure results from the inverse
superposition, i.e. taking as a basis the complex with the acceptor, see Figure VI-2b).

The protonation states and hydrogen atom positions of all other ionizable
amino acid residues were selected based on their hydrogen bond network. Four
histidine residues were modeled in their neutral states. All the crystallographic water
molecules were retained and extra water molecules were added to form a box of 73.8

x 81.9 x 77.3 A. Six chloride ions were added to neutralize the enzyme charge. The
116

system was prepared using the XLeap module of AMBER.

(a) (b)

w317

4.05?/ c1

'6.56 Lac

03’

Lac

UDP,

Asp227 Asp227

Figure VI-2. Active site structures of the ternary complexes obtained upon
superposition of: (a) Enzyme complex with UDP-2F-Gal (PDB code 2VFZ) and
lactose acceptor and C-terminal a-helix from the enzyme complex with UDP
and Lac (PDB code 1GWV). (b) Enzyme complex with UDP and Lac (PDB code
1GWV), taking the donor from the enzyme complex with UDP-2F-Gal (PDB
code 2VFZ). Enzyme subunits B have been used for the superposition. Similar
structures are obtained when considering subunits A (C1---OGlu317 =
4.37/4.04 and C1--03’ = 2.45 A).
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Simulation Details
Details of the Classical Molecular Dynamics Simulations

A classical molecular dynamics (MD) using NAMD?®* software was initially performed.
The protein was modeled with the FF99SB force field.2 All carbohydrates were
modeled with the GLYCAMO6 force field''” and water molecules were described with
the TIP3P force field.®® The MD simulation was carried out in several steps. First, the
system was minimized, holding the protein and substrate fixed. Then, the entire
system was allowed to relax. To gradually reach the desired temperature of 300 K in
the MD simulation, the system was coupled to a thermostatic bath for 130 ps of MD
simulation at constant volume, followed by 50 ps at constant pressure. The MD was
extended to 25 ns using a restraint on the C1::-:03’ distance. Once the system had
reached equilibrium, the simulation was extended to 32 ns without any restraint. The
overall structure did not change significantly from the initial structure of the ternary
complex (the root mean square displacement (RMSD) of the backbone atoms was = 1.9
A).

The main scope of the classical MD simulation is to relax the initial
enzyme-substrate complex, in order to remove residual spurious forces and small
tensions coming from the superposition procedure adopted to build up the complex.
In this respect, the length of MD run is long enough to obtain a stable initial structure.
This is ensured by the RMSD of the backbone atoms, which is found to be always < 2 A,
hence compatible with the experimental resolution of the structure; such a check of
the structure is a crucial step to safely switch to subsequent QM/MM simulations.
Moreover, we remark that no significant conformational changes (those that could
possibly occur on the millisecond time-scale) were expected, since the structure of the
C-terminal a-helix, i.e. the only flexible part of the protein, was taken already folded
from the crystal structure of the enzyme in complex with the acceptor molecule
(accession code of the Protein Data Bank: 1GWV). Analysis of the trajectories was
carried out using standard tools of AMBER™® and VMD.** A snapshot of the MD-
equilibrated system was taken for the subsequent QM/MM and metadynamics
simulations.

Details of the QM/MM Molecular Dynamics Simulations

QM/MM calculations were performed using the QM/MM CPMD code,49 which
combines Car—Parrinello MD,** based on DFT, with the AMBER force-field (see details
in page 26 of Chapter Il). The QM region included the acceptor lactose, the sugar and
phosphate groups of the UDP-Gal donor, the Mn?* cation and a close water molecule,
as well as the side chain of Glu317, Asp63 and Asp65 (84 QM atoms, 37600 MM
atoms). The side chains of Glu317, Asp63, Asp65, were capped at its CB (glutamate) or
Ca (aspartates) atoms with a link-atom pseudopotential. The QM region (84 atoms)
was enclosed in an isolated 20.3 x 22.3 x 13.1 A supercell. Kohn—Sham orbitals were
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expanded in a plane-wave basis set with a kinetic energy cutoff of 70 Ry. Norm-
conserving Troullier—Martins ab initio 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 other glycosyltransferases

714,110,119 The simulations were performed in a spin unrestricted scheme

in our group.
to allow the unpaired electron to be localized on the metal cation and to allow bonds
to break and reform. The fictitious mass for the electronic degrees of freedom of the
CP Lagrangian was set at 400 a.u., and the simulation time step at 0.096 fs. The system

was equilibrated at 300 K for 3 ps before starting the metadynamics run.
Metadynamics Simulation of the Glycosyl Transfer Reaction

QM/MM metadynamics simulations (see a detailed description of the method at page
33 in Chapter 1l), aimed at breaking the sugar-phosphate glycosidic bond and forming
the glycosidic bond between the donor and the acceptor, were performed on the
extended Lagrangian formalism.>®> Two collective variables (CVs) were used. The first
one (CV;) was taken as the coordination number (CN) between the anomeric carbon of
the Gal donor (C1) and the phosphate oxygen atom (Op) (CV1 =CNcy,0p, Figure VI-3).
The CN is defined using the following equation:

d: \P
()

d. : ptq
- (%)

CN;

L= (Eq.VI-1)

where dj is the internuclear distance of the atoms involved, d° is the threshold
distance for bonding, and p and g are exponents that determine the steepness of CNj
decay with respect to dj. CN values range from O (atoms not bonded) to 1 (atoms
bonded). The parameters used are p = 15, g = 3 and d° = 3.21 a.u. (1.7 A). This variable
measures the degree of formation of the sugar-phosphate bond.

The second collective variable (CV,) was taken as the distance between the
anomeric carbon of the Gal donor (C1) and the oxygen atom of the Gal acceptor (03’)
with whom the glycosidic bond is to be formed (CV, = dc1.03, Figure VI-3). The use of a
distance as collective variable will allow us to capture the existence of more than one
minimum as the acceptor enters the active site. CV, measures the formation of the
glycosidic bond. It is important to stress that the selected CVs do not self-select any
specific reaction pathway (either a double displacement reaction (Figure VI-1a) or a
front-face reaction (Figure VI-1b) could be obtained). The simulation does not
implicitly assume any of these situations, i.e. CVs do not force (nor restrict) Glu317 to
bind to the sugar donor.
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Figure VI-3. Collective variables (CVs) used in the QM/MM metadynamics
simulation. CV is defined as a coordination number and CV, as a distance.

The selected mass values of the fictitious particles (1) were 200 a.u. for both collective
variables, while those of the force constant (k) were 15 a.u. The height of the Gaussian
used was of 1.255 kcal-mol™. The width of the Gaussian terms (0.10 coordination
number units) was selected from the oscillations of the CVs in a free Car-Parrinello
QM/MM simulation. A new Gaussian-like potential was added every 150 MD steps and
the simulation was stopped after 15 ps of simulation once the intermediate and the
products wells were sampled. A total of 1033 Gaussian hills had been deposited. The
values of the two collective variables at the reactants (CV1 = 1, CV2 = 3) and product
states (CV1 = 0, CV2 = 1.6) are different enough to ensure that the two states will
appear in different regions of the free energy surface, a necessary condition for a

suitable characterization of the reaction path in a metadynamics simulation.>* %

Results

The constructed ternary complex was submitted to a molecular dynamics simulation
(32 ns of classical MD, followed by 3 ps of QM/MM MD; see the Computational Details
above) to accommodate all the actors (donor, Glu317, and acceptor) optimally in the
binding site and to remove any bias due to the initial superposition. The final structure
of the ternary complex (Figure VI-4) shows that the side chain of Glu317 (the putative
nucleophile) bridges both the donor and the acceptor Gal moieties (specifically, the
carboxylate side chain interacts with both the O4H group of the Gal donor and the
O4’H of the Gal acceptor ring). As a consequence, Glu317 is closer to the anomeric
carbon (3.45 A) than it was in the complex obtained by structural alignment (4.09 A,
see Figure VI-2).
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Asp227

Figure VI-4. Ternary complex of a3GalT with UDP-Gal and Lac obtained from
the QM/MM MD simulation (average structure over the last 200 fs). The
atoms of the QM region are represented in licorice representation (water
molecules and hydrogen atoms have been omitted for clarity, except the
acceptor O3’H and O4’H and the donor O4H).

As shown in Figure VI-4, Glu317 is well positioned for nucleophilic attack on the donor
anomeric carbon. Therefore, a Sy2-type of reaction (Figure VI-1a) seems to be feasible.
However, a front-face type of reaction (Figure VI-1b), cannot be ruled out, as the O3’H
of the acceptor interacts with the UDP-Gal donor (specifically, the HO3’ proton
interacts either with Op atom or the O5 of the galactose, oscillating among the two on
a timescale of a few femtoseconds). In fact, the relative position between the donor
and the acceptor is similar to what we previously found for trehalose-6-phosphate
(OtsA),™® a GT that lacks the putative nucleophile and operates by means of a front-

108c

face mechanism. Therefore, the structure of the ternary complex alone does not

give any clue on the type of mechanistic transformation.

To inspect the glycosyl transfer reaction in a3galT, we used QM/MM
metadynamics with two CVs corresponding to the main bonds undergoing breaking
and formation (see Figure VI-3). The evolution of the system during the metadynamics
simulation shows that once the C1-Op bond breaks, the donor sugar collapses with
Glu317, forming a glycosyl-enzyme species. Afterwards, the C1-Ogy317 bond breaks and
the galactose sugar moves towards the acceptor, forming the glycosidic bond. As
mentioned before, the choice of the CVs does not impose that C1 binds to Glu317.
Hence, the fact that it does is a clear indication that the system prefers to form a
glycosyl-enzyme species rather than migrating directly towards the acceptor, as it
would be the case in a front-face type of mechanism. Additional simulations using
more sophisticated collective variables (e.g., including the transfer of the HO3’ proton
as a CV, see next section for further details) also led to C1-OGlu317 bond formation,
thus providing further confirmation. Altogether, these results strongly indicate that the
double-displacement is the only possible mechanism in a3GalT.
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The free-energy surface (FES) obtained from the metadynamics simulation is
shown in Figure VI-5, top image. Several minima can be identified. Those in the
reactants region (R”, R’, and R) correspond to stable positions of the acceptor in the
active site. The minimum on the lower-right corner (P) corresponds to the
Gala3GalB4Glc trisaccharide, that is, the products of the reaction. The remaining
minima correspond to glycosyl-enzyme species. A detailed description of the reaction
mechanism can be obtained by following the minimum free-energy pathway
connecting reactants and products. The bottom images of Figure VI-5 show
representative snap-shots of relevant configurations along this pathway and Figure VI-
6 shows the evolution of the most relevant distances (see the absolute values of the
distances in the appendix IV, page 120). The reaction begins with the approach of the
acceptor towards the donor (from R” to R), tightening the interactions between
Glu317 and both donor and acceptor. At this point, the sugar-phosphate bond starts to
break, the anomeric carbon moves up towards Glu317 and the 03’-HO3’ bond rotates
to establish a strong interaction with the phosphate leaving group. Formation of the
glycosyl-enzyme complex (R->1->2) is a dissociative process, in which the cleavage of
the C1-Op bond precedes the formation of the C1-Og317 bond (Figures VI-5 and VI-6)
and involves an energy barrier of 23 kcal-mol™. This value is similar to the approximate
values obtained from the measurements of reaction rate constants of retaining GTs
(17-20 kcal-mol™), 1052 106, 108¢ 121 g ot importantly, the energy barrier is identical to the
one obtained for OtsA, a GT lacking a putative nucleophile that, unlike a3GalT,
operates by means of a front-face type of reaction.**

As shown in Figure VI-5, the conformation of the donor sugar changes from
being a chair (*Cy) to a boat (**B) on the glycosyl-enzyme intermediate (2) (see page
13 of Chapter | for a description of the different conformations of carbohydrates). This
conformational change, triggered by the nucleophilic substitution, facilitates the
subsequent step of the reaction (deglycosylation) by placing the O3’ atom in a suitable
position to attack the anomeric carbon. It thus follows a conformational itinerary that
favors catalysis, as found in glycosyl hydrolases.'?*> To complete the reaction, the C1-
Oclu317 bond breaks as the C1-03’ glycosidic bond forms, in concert with the transfer of
the HO3’ proton to the leaving phosphate group. This step involves a lower energy
barrier (13 kcal-mol™) than the cleavage of the C1-Op bond, supporting previous
experimental predictions.*

We have performed additional calculations comparing the performance of
several functionals for a3GalT. In particular, energy differences between the reactants
(R) and the transition state (1) of the first step of the reaction (Figure VI-5) were
computed, using the structures obtained from the QM/MM metadynamics
simulations. For each structure, a QM/MM optimization was performed and the
potential energy difference was computed (in the case of the TS structure, a constraint
on CV-space was added to ensure that the system does not evolve towards reactants
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of the covalent intermediate). The energy barrier was computed in this way
considering four different functionals (PBE, HCTH, BP86 and BLYP) (hybrid functionals,
which are computationally prohibitive for plane-wave calculations, were not tested).
Except HCTH, for which the energy barrier rises by 3.6 kcal-mol™, all functionals tested
gave essentially the same results (+ 0.5 kcal-mol™). In view of these results and the
previous work in the literature, we consider the PBE functional good enough to
describe the glycosyl transfer reaction. The relative error of the metadynamics
simulations is expected to be smaller than the error due to the functional employed.
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Figure VI-5. Top image: Computed free-energy landscape with respect to the
two chosen CVs. Each contour line corresponds o 2 kcal-mol™. Bottom images:
Atomic rearrangement along the reaction pathway. Bonds being
broken/formed are represented by a dashed black line (configurations 1 and
3), whereas relevant hydrogen bonds are represented by a dotted red line.
Hydrogen atoms have been omitted for clarity, except HO2’, HO3’ and HO4'.
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Figure VI-6. Evolution of the most relevant distances involving the donor and
the acceptor (see atom labeling in Figure VI-3) along the reaction pathway
(Figure VI-5, top). Each distance is an average from all configurations falling
into a small region (x 0.05 in terms of the CVs) around the corresponding
point of the FES.

To quantify the role of Glu317 in the reaction mechanism, additional
metadynamics simulations were performed by using a model that knocks out the
reactivity of this residue, either by preventing that it binds to the sugar donor or
eliminating its electrostatic interaction. The first metadynamics simulation used the
same CVs as in the previous reaction but kept the carboxylate side chain of Glu317 in
the MM region. The free energy surface is shown in Figure VI-7. Because the
carboxylate side chain is not allowed to bind to the anomeric carbon of the Gal donor
fragment, a double displacement mechanism is precluded in this case. Analysis of the
reconstructed FES (Figure VI-7) shows that the glycosyl transfer reaction takes place via
a front-face mechanism, with the formation of a very stable oxocarbenium ion
intermediate. However, the global energy barrier of the reaction increases

I”

substantially with respect to the “normal” simulation (from 23 to 30 kcal/mol),

indicating that the front-face reaction is not a competitive reaction pathway in a3GalT.

Another simulation was performed by, not only including Glu317 in the MM
region (as in the previous case), but also setting its atomic charges to zero, thus
cancelling the electrostatic interactions of the Glu317 side chain with the donor and
acceptor moieties. The filling of the reactants well reached energies of 35 kcal/mol
without the reaction taking place, which indicates that the energy barrier is higher
than this value. For this reason, the simulation was not pursued further.

In both cases, the energy barrier of the reaction increases, highlighting the
crucial role of Glu317 in the reactive process. These results are consistent with the loss

of enzyme activity for Glu317 mutants. %%
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Figure VI-7. Computed free energy surface of the glycosyl transfer reaction
when the side chain of Glu317 is not included in the QM region. Each contour
line corresponds to 5 kcal-mol™.

Conclusions

In summary, using classical MD simulations and ab initio QM/MM metadynamics, we
unambiguously demonstrate that a GT with a putative nucleophile residue, such as
a3GalT and GTA/GTB, operates by means of a double-displacement mechanism, with
the formation of a glycosyl-enzyme covalent intermediate as the rate-limiting step.
Therefore, two mechanistic outcomes operate in GTs, depending on the presence or
absence of a properly positioned nucleophile residue. This is consistent with very early
work by Lewis and Boozer on non-enzymatic systems which showed that the
mechanistic landscape is finely poised and that relatively subtle environmental
changes may lead to quite different mechanisms.'?

The present calculations provide a detailed picture of the atomic
rearrangement during the complete reaction pathway, confirming the analyses of

105a, 106

recent experimental studies. They also explain why hydrolysis of UDP-Gal takes

place with retention of configuration.l%' 124

However, an intriguing question is raised-
why has nature placed a carboxylate residue in the active site of a few GTs so that they
undergo a different type of reaction (double-displacement) than most GTs, which
presumably follow a front-face mechanism? In our opinion, the two types of
mechanisms for GTs are not opposed. Their main difference is the way the enzyme
stabilizes the oxocarbenium-ion-like species that forms upon cleavage of the donor
sugar—phosphate bond. In OtsA (and related GTs), the electrostatic potential at the
active site is such that it can stabilize the oxocarbenium-ionlike intermediate for a very

short time (picoseconds), but long enough for the active site to reorganize and the
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10 1h the

case of family 6 GTs (a3GalT and blood group galactosyltransferases), the

oxocarbenium-ion species and the acceptor to move one towards the other.

oxocarbenium-ion-like transition state is stabilized by the formation of a covalent bond
with a carboxylate residue. Therefore, both modes of operation can be considered as
variations of a common mechanism, a two steps reaction via oxocarbenium-ion-like
transition states that flank an intermediate, either an oxocarbenium ion or covalent
glycosyl-enzyme depending of the fine structure of the active site.
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Summary and Conclusions

In this thesis, ab initio molecular dynamics simulations have been used to study the
formation of a thiolate monolayer-protected gold cluster (AuMPCs), using
metadynamics as a sampling method, with the aim to determine how neutral gold
clusters and thiol molecules can form the monolayer protecting units that are
observed in all the AuMPCs so far characterized experimentally. Additionally, hybrid
quantum mechanics / molecular mechanics simulations have been performed to study
the structural and electronic properties of an AuUMPC protected by an organic ligand
(the glutathione tripeptide). Furthermore, its interaction with an antibody has been
modelled with the aim to determine which amino acids are key to the binding of the
AuMPC to the antibody, as well as elucidating the ligand exchange reaction
mechanism. Finally, the molecular mechanism of a glycosyltransferase is studied to
determine whether a glycosyl-enzyme bond is needed or not for the reaction to take
place, a question of current interest in glycobiology. The main conclusions reached in
this dissertation are the following:

e The interaction between neutral gold clusters and alkanethiol molecules leads to
the formation of a thiolate monolayer-protected gold cluster (AuMPC) through a
reduction-oxidation reaction. More precisely, a monomeric staple motif (i.e. the
smallest protecting unit found in AuMPCs) is formed when Au, interacts with
methanethiols, releasing molecular hydrogen.

e H-Au and Au-thiol bonds are formed during the reactive process, as previously
predicted by experimental studies. In addition, we demonstrate that they are
crucial to stabilize intermediate structures along the reaction pathway.

e The general structure of AUMPCs is not affected either by water solvation or by
changes in the identity of the ligands.

e The HOMO-LUMO gap of AuMPCs depends significantly on the type of ligands and
the (explicit) solvent environment. The good performance of GGA functionals (such
as PBE) for HOMO-LUMO gaps previously reported in theoretical studies is due to a
compensation of errors. Calculations of isolated AuMPCs give systematically larger
values for the HOMO-LUMO gap than solvated AuMPCs. Only an accurate
description of the real system, ie. the AuMPC solvated in water, as used in
experiments, in combination with the use of a functional that includes
corrections/improvements to GGA can guarantee that the computed value is
comparable with the experimental one for the right reasons.
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e The ligand exchange reaction follows an associative double Sy2-like mechanism with
low activation barriers (13.9 and 16.5 kcal/mol) when the lateral alkanethiolate of a
dimeric staple motif is substituted.

e The energy of the binding process increases when the vicinity of the incoming thiol
is neutral and not positively charged, due to the lack of strong interactions between
the antibody and the AuMPC. This result is in agreement with previously reported
experimental studies on a similar system, opening the door to future computational
investigations to find the best mutations to do in a certain biomolecule in order to
increase the reactivity towards a desired AuMPC.

e A glycosyltransferase with a putative nucleophile residue, such as a3GalT, operates

by means of a double-displacement mechanism, with the formation of a glycosyl-
enzyme covalent intermediate as the rate-limiting step.
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Appendix 1
Aug + 2CH;SH Au, + 4CH3SH

AuC H’ H” s’ AuC H H”  H”
R 0 0006 0006 -0017 | O 0006 0.006 0.006
Il  -0257 0062 0048 -0.031 | -0.577 0.001 004 0.037
2 0022 -0.166 0048 -0.033 | 0.022 -0.15 0.048 0.06
14 0687 -0.611 006 -0.289 | 0402 -0.636 0.056 0.07
6 0796 -0.349 -0.169 -0.430 | 0.754 -0.136 -0.148 0.063
I7 0884 -0.088 -0.171 -0.474 | 0.771 -0.229 -0.402 0.06
P 0561 0014 009 -0411 | 0474 0014 0.09 0.6

Table Al-l. Hirshfeld charges computed in all relevant configurations of the
free energy surfaces of the reaction of two and four CH3SH molecules with Aug,

(Figure 111-3).
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Figure All-1. Root mean square displacement (RMSD) of Au,5(SCHs)1s™ during
the classical molecular mechanics simulation. The red and green lines are the
RMSD of the methanethiolate ligands and the water molecules, respectively.
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Figure All-2. Root mean square displacement (RMSD) of Au,s5(GSH)1g during
the classical molecular mechanics simulation. The red and green lines are the
RMSD of the glutathione ligands and the water molecules, respectively.

System a a C S Sap
Isolated Au,5(SCH3)1s” -0.673 -0.176 0.455 -0.263 -0.423
Solvated Au,5(SCH3)1s~ -0.649 -0.182 0.445 -0.307 -0.436
Solvated Au,5(GSH);s” -0.591 -0.176 0.400 -0.294 -0.481

Table All-1. Hirshfeld charges of the five key atoms of Auys(SR)is. The
labelling of the atoms is the same as in Figure 1.
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Appendix II1
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Figure Alll-1. Evolution of the most relevant distances involved in the ligand
exchange reaction.
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Appendix IV
C1-0, c1-03 C1-05  C1-Ogluz;  O3-H
R” 1.47(0.05) 3.32(0.02) 1.41(0.03) 3.4(0.1)  0.99(0.01)
R 148(0.04) 2.54(0.02) 1.41(0.03) 3.6(0.1)  0.99(0.01)
1 222(01) 250(0.02) 1.31(0.01) 3.06(0.01) 0.99(0.01)
2 33(01) 2.49(0.03)  1.37(0.03)  1.7(0.1) 1.0 (0.02)
3 35(0.2) 2.00(0.02) 1.32(0.02)  2.8(0.1) 1.1(0.1)
P 3.4(0.1) 1.63(0.02)  1.39(0.02)  2.9(0.1) 1.6 (0.2)

Table AIV-1. Relevant distances along the minimum energy reaction path.
Distances are in angstroms (standard deviations are given in parenthesis).
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