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ABSTRACT

Pohjolainen, Emmi

Atomistic Simulation View on Gold Nanocluster Functionalities via Ligand Shell
Dynamics

Jyvéaskyla: University of Jyvaskyld, 2019, 86 p.(+included articles)

(JYU Dissertations

ISSN 2489-9003; 91)

ISBN 978-951-39-7781-8 (PDEF)

Gold nanoclusters have been traditionally extensively studied by experimental
and DFT methods. The past results have revealed their character as an interesting
species at the limit of bulk and atomic, with properties tunable for numerous
potential applications. Especially, biological and medical applications have raised
interest with gold nanoclusters acting as potential labels for imaging, and as
drug carriers. To understand in detail their behavior in solvent and protein envi-
ronments at atomic scale, simulations complementing the experimental data are
needed. While such size and time scales are for the most parts beyond reach for
DFT methods, such systems are well within capabilities of all-atom MD simula-
tions. In this thesis, the force field parameters for performing such simulations are
developed, and applied for different types of gold nanocluster systems to study
their functionalities. MD simulations were successfully applied in revealing ligand
shell conformations to explain structural functionalities of gold nanoclusters with
unknown ligand shell structure. Considering larger systems, MD simulations were
applied in investigating solvent and protonation conditions for gold nanocluster
self-assembly and superstructure formation. Furthering complexity, simulations
with gold nanoclusters and a full enterovirus were performed to study atomic
scale interactions between the two. Also free energy calculations were performed
to shed light on binding affinities of various drug-based molecules to the virus,
and implications of adding the gold nanoclusters to the picture were concluded.
Altogether, the results show that MD simulations fill a niche in investigating such
systems alongside experimental and DFT methods.

Keywords: Gold nanocluster, Molecular dynamics, Simulations, Force field
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1 INTRODUCTION

At the heart of any computational method is, on one hand being able to reproduce
the known, experimental results. That is, confirmation that the method used to
describe the system is sufficiently accurate to reproduce what can be considered as
known. Naturally, since such a method aims to describe how nature works, basis
for such method should come from what is known about laws of physics.

On the other hand, computations aim to provide an explanation to the experi-
mental results, at an accuracy or scale unreachable to the experiments themselves.
That is, advance our understanding of nature. At best, the computational results
may be utilized as predictive means to, e.g., guide materials design and, more
generally, interpret various types of experimental data.

Inherently, with any computational method come the limitations, most often sacri-
ticing accuracy over the time and size scales. Thus the system and its properties to
be studied determine the computational method chosen for the task at hand. While
the most cut-throat division could be seen to be quantum vs. classical mechanics,
both sides contain numerous methods designed to describe different systems and
their properties at different levels of theory. Currently, the most common choice of
method for describing dynamics of large (bio)molecules at relevant timescales, is
classical molecular dynamics.

Gold nanoclusters, atomically precise nanoscale objects, have raised interest as
nanomaterials due to their distinctive properties. From basic research point of
view, they are interesting objects at the limits of what could be considered bulk and
atomic [1]. Moreover, ligand-protected, atomically precise clusters provide tunabil-
ity for different applications by control of the ligand shell chemistry. This property
has motivated the usage of gold nanoclusters in life-science applications.
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Numerous computational studies of gold nanoclusters have been performed using
DFT or quantum chemistry methods, which have greatly advanced the under-
standing of these systems. However, in going towards understanding their role in
biological and as larger scale systems in solvent environment, dynamics at time
scales way beyond such methods are needed. On the other hand, such simulations
should provide atomistic scale understanding on structures and dynamics of the
systems, that is, reach beyond experiments. This is an ideal challenge for molecular
dynamics simulations, method whose utilization in gold nanocluster systems has
been scarce compared to DFT methods.

Gold may be considered as atypical in MD simulations, that traditionally have
triumphed in protein simulations. The current parameterization procedures, while
not straightforward, enable force field generation and simulations of such unac-
customed species. The testing and validation of such parameters for ones purpose,
becomes then crucial. Essentially, this is enabled by numerous gold nanocluster
crystal structures and vast complementing experimental data to compare and refer
to.

In the work presented in this thesis, a generalized force field parameterization
for thiolate-protected gold nanoclusters is presented and validated against both
experimental and DFT data, work I. The force field applicability is then demon-
strated in various types simulations to shed light on:

(1) ligand shell structure of gold nanoclusters with unknown experimental struc-
ture (IT)

(2) stability of self-assembled superstructures of gold nanoclusters (unpublished
work) and

(3) binding affinities of gold nanoclusters to virus (III).



2 GOLD NANOCLUSTERS

Gold nanoclusters are nanoscale objects composed from few to some hundreds
of gold atoms at maximum. As such, they can be considered as objects between
bulk (inert) and atomic (reactive) gold, a property contributed to gold’s several
oxidation states at nanoscale [2] and that has made them an interesting research
topic in understanding size-specific and finite-size effects of materials. Especially,
properties and stability of gold nanoclusters are extremely size-dependent, up to
the point it is often referred that every atom counts [3,4]. Also an interesting way
to tune the properties in atomic scale includes replacing some of the gold atoms
with other metals, such as silver, i.e., producing heterometallic clusters [5].

While bare gold nanoclusters are prone to aggregation, it is conventional to passi-
vate them by, e.g., ligand layer composed of organic molecules or polymers [3, 4].
Essentially then, it is the ligand layer that determines the interactions of the gold
nanoclusters with the environment. This contributes, for example, to solubility,
stability, optical, fluorescent and sensing properties. For example water solubility,
dictated by the ligand shell, is desired for biocompatibility. Thus functionalizing
the gold nanoclusters for specific applications via ligand shell tuning is of inter-
est [6]. Common functional groups for passivation include thiolates, phosphines,
selenolates and tellurolates [7].

For the scope of this thesis, homometallic gold nanoclusters passivated or pro-
tected by thiolates are considered.
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2.1 Thiolate protected gold nanoclusters

Synthesis and characterization of such atomically precise gold nanoclusters have
been reported for several sized clusters [3,4]. Some of the most used thiolates to
that end include phenylethane thiol (PET) and para and meta mercaptobenzoic
acids [8], shown in figure 1.

(@) (b) (©)

OH o

(d) (e)

FIGURE1 Common thiolate ligands of gold nanoclusters: (a) phenylethane thiol; (b)
and (c) para mercaptobenzoic acid in protonated and deprotonated forms; (d)
and (e) meta mercaptobenzoic acid in protonated and deprotonated forms.

Fundamentally, the gold-sulfur bond strength is similar to that of gold-gold bonds,
indicating that bonding to thiolate enables modifying gold-gold bonding network
[2] . Furthermore, the type of the ligand and its stericity along with inter-ligand
interactions are likely to guide the formation of gold nanoclusters [9].

It has been observed that compositions of such thiolate protected gold nanoclusters
follow certain relations in terms of the number of gold atoms in the cluster and the
number of protecting thiolates. Moreover, certain numbers, referred to as "magic",
of gold atoms in the cluster compositions appear independent of the ligand type,
suggesting intrinsic stability of specific sized clusters [3,4].

However, the ligand effects are manifested, for example, as observed unexpected
bonding motifs and cluster compositions with bulky ligands compared to the
smaller ones [10]. Also, more subtle changes in the ligand type have similar
effects [11,12].
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2.1.1 Structural and electronic stability

The first single-particle crystallization and structure determination up to molecu-
lar scale of Au;qpMBA 4 gold nanocluster [13], figure 2(c) provided the atomic
resolution of the gold-sulfur interface as the "staple" motif, found to be generally
conserved among different gold nanoclusters, as suggested by DFT [14].

The determination up to molecular scale of nine thiolate protected gold nanocluster
structures, along with DFT calculations of several different thiolate protected gold
nanocluster structures, have revealed the remarkable stability of these clusters
due to both geometry and electronic structure [3,4]. Some example structures are
presented in figure 2.

(@) AuysPET 4”7, diameter ~  (b) AusgPET,;, diameter ~  (c) Au;,pMBA,,, diameter
2.5nm 2.8 nm ~29nm

s >
’ ; ' v' qgﬂ ' % 4
v?- ’E 2? !ﬁ,’- 5 4 J{ y
(AT ) o N ﬂ itV %
o g sages

(d) Au 4 PET,,, diameter ~  (e) Au ypMBA,,, diameter
3.4 nm ~ 3.3 nm

S

FIGURE 2 Examples of thiolate-protected gold nanocluster structures (used as refer-
ence in force field parameterization of work I). (a) AuysPET g~ [15-18];
(b) AusgPET,, [19, 20]; (c) AuyppMBAy, [13]; (d) AuyPETy, [21]; (e)
AuyypMBA, (theoretical model based on Auy44PET, structure). Atom col-
ors: C=cyan,O=red, H=white, S=yellow, Au=gold. Adapted with permission
from Emmi Pohjolainen, Xi Chen, Sami Malola, Gerrit Groenhof, Hannu
Héakkinen. A Unified AMBER-Compatible Molecular Mechanics Force Field
for Thiolate-Protected Gold Nanoclusters. Journal of Chemical Theory and Com-
putation, 12 (3), pp. 1342-1350, 2016. Copyright 2016 American Chemical
Society.
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Closer look into such structures have revealed, in terms of geometry that the
core of the gold nanocluster is often highly symmetric. However, not all the gold
atoms of the cluster are considered part of this core, but so-called surface gold
atoms participate in protecting the core by forming RS(AuSR),, units, often called
staples. These surface gold atoms are bound to sulfurs in the thiolates, presented
schematically in figure 3. This scheme is often referred to as "divide and protect”,
with part of the Au atoms in the core and part in the protective layer. This scheme
also carries an electronic consideration [9] explained later. [2—4]

R
R
\s —Au_ v R
Ausurf / /

Gold core, n Au atoms

FIGURE 3 Divide and protect -scheme with separated n core Au atoms and surface
Aug,¢ atoms (part of the staples) in two representative staple units; left: V-
shaped staple unit with RS—Aug,—SR—Au,+—SR and right: rectangular
staple unit with RS—Aug,—SR.

The staple units obtained from experimental atomistic structure determinations
have revealed units of different lengths, i.e., containing one (rectangular staple) or
two (V-shaped staple) gold atoms and two or three sulfur atoms [10]. In general,
the V-shaped (two Au atoms) or even longer motifs are common with smaller
clusters with higher surface curvature [4,10]. On the other hand, also so-called
simple bridging motif with direct bonding of thiolate to Au is possible [10].

To this end, structures presented in figure 2 may be considered in another way,
assigning the core and the surface (staple) gold atoms more clearly: for example,
Au,sPET g™ consists of an icosahedral 13-atom core, with the remaining 12 surface
Au atoms as parts of the six V-shaped staple units forming the protective shell.
Similarly, Au;4yPET¢, consists of 114 atom core with 30 rectangular staples in
the protective shell. In cases of Au;y ,pMBA 4, and AusgPET,, both V-shaped and
rectangular staples are observed [2].
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This division of gold atoms into core and surface atoms is both geometric and
electronic, as revealed by the DFT calculations [9]: the Au atoms in the core
are neutral (metallic) while the surface Au atoms are oxidized, due to electron
attraction of the thiolates. This constitutes as the formal electron count of the
protected gold nanocluster to correspond to a shell closing number of so-called
superatomic orbitals of a spherically symmetric potential (given the core of the
cluster is symmetric). This provides and electronic explanation to the stability of
"magic" sized clusters [2,22,23].

2.1.2 Protonation and solubility

Both experiments and DFT computations have revealed numerous interesting
properties of gold nanoclusters including structural, optical and electronic, and
thus numerous potential applications have been suggested [1]. In general, the
metal core is responsible for the properties including electronic and optical prop-
erties, while the ligand shell governs the chemical nature of the gold nanocluster,
in terms of solubility and reactivity [24].

For the purposes of this thesis the focus is on structures, interactions and dynamics
of the ligand shell with respect to its environment, a factor often missing in the
DFT calculations, and the gold nanocluster functionalities thereof.

Considering the common ligands presented in figure 1, while the PET-protected
gold nanoclusters are organosoluble, the potential water solubility of the MBA-
protected clusters are of special interest in biological applications [8, 24].

The MBA ligands exist in different protonation states, protonated (neutral, figure 1
(b),(d)) and deprotonated (negatively charged figure 1 (c),(e)). The Au;,pMBA 4,
nanocluster, has been shown to be water soluble down until pH 5, with minimum
7/44 ligands deprotonated. In the fully protonated (neutral) form the cluster is
soluble in short-chain alcohols, such as methanol. Moreover, at pH 6.2, half of the
ligands are expected to deprotonated [24]. In addition to the titration experiment,
constant pH molecular dynamics simulations have been used to predict the charge
distribution, i.e., positions of the protonated and deprotonated ligands on the
cluster surface [24].

In addition, the protonation and the charge state of the gold nanoclusters con-
trol their affinity to charged or hydrophobic species, thus the charge state is of
paramount importance considering, e.g., biological applications [24]. Especially,
to this end the effects of nanoparticle surface chemistry on interactions with mem-
branes have been extensively studied [25-33].

In addition to titration methods, solution NMR has also been used in characterizing
gold nanoclusters behavior in solvents, namely in terms of hydrodynamic size
and diffusion coefficients [34-36].
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2.2 Selected Applications

In accordance with the extraordinary properties of gold nanoclusters, several
potential applications have been envisioned, ranging from sensing, bioimaging
and cancer treatment [6] to catalysis [37] and electronic applications [6].

In the following, selected potential applications in keeping with properties dis-
cussed in the last section, and working as motivations for the simulations pre-
sented in this thesis, are summarized in more detail.

The effect of even a small change in the ligand on the structure of gold nanoclus-
ters is evident from reports of the structures of mMBA protected ligands (figure
1) of AuggmMBAj3, [11,38] and AuyyymMBA__ 4, [11,12]. While the structure of
AuyppMBA 4, exhibits symmetrical positions of gold atoms, figure 4 (a), the re-
ported electron microscopy structures of the mMBA protected clusters with 68 [38]
and 144 [12] gold atoms show clearly more random positions, figure 4 (b) and

(©).

(a) (b) (o)

FIGURE 4 Positions of gold atoms of (a) Au;g,pMBAy, [13], (b) AuggmMBA3, [38] and
(0) AuygymMBA 0.

In addition, it was shown that the mMBA protected clusters showed increased
binding to proteins with exposed sulfurs and thiol-modified DNA compared
to the pMBA protected clusters [11]. This property could be useful in bioimag-
ing applications, and has been successfully shown in tracking an intracellular
transaction [39].

The importance of the protonation state of the pMBA protected gold nanoclusters
for the cluster solubility was discussed in a previous section. Yet the usability of
this property was truly manifested in an observation of formation of ordered su-
perstructures, self-assembled from Au;p,pMBA 44 clusters upon change of solvent
conditions from water to methanol [40].
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The structures produced in this manner included 2D sheets ordered in hexagonal
packing, forming flakes of some sheets thick and 3D spherical shells of one cluster
thick and ~ 200 nm in diameter. The 3D shells were also able to form superstruc-
tures from superstructures, i.e., multiple shells bonded to each other [40].

Potential applications of such colloidal include functional materials that could
have tunable plasmonic and mechanical properties, making them, e.g., potential
drug carriers [40].

Gold nanoclusters have also been utilized as labels in virus imaging in two
schemes: (1) covalent linking of functionalized Au;p,pMBAy, clusters to cysteine
residues on the virus surface [41] and (2) Linking of functionalized Au;p,pMBAy,
nanoclusters to non-covalently bound pocket factor located inside the hydrophobic
pocket of the virus [42].

The advantage of using gold is the provided contrast over the protein material
of the virus when imaged with TEM [41,42]. Of especial advantage of using
atomically precise gold nanoclusters is the site-specificity and robustness of the
covalent and the non-covalent binding [41,42]. For the remainder of this section,

the non-covalent scheme (2) is considered and schematically presented in figure
5.

Echovirus 1 is an icosahedral virus, composed of 60 protomer units. Each pro-
tomer unit has a cavity called hydrophobic pocket, that surround the five-fold
symmetry axis in the full structure. Each or some of the pockets are occupied by a
pocket factor, palmitic acid in the natural state, bound in place by non-covalent
interactions (figure 5, 1.). The pocket factors have a role in stability of the virus,
while their removal is connected to the genome release. Thus, the pocket is also
a viable drug target, in terms of replacement of the natural pocket factor with a
drug molecule (figure 5, 1.-2.) stabilizing the virus capsid to prevent its opening.
Generally, the uncoating mechanisms of viruses are, including the role of the
pocket factors, not well understood, making the pocket a potential label target
as well. Using the known working drug molecule Pleconaril as the basis, a new
molecule was synthesized to enable both better binding to the pocket and the
ability to connect, with an appropriate length alkyl chain (figure 5, 3.-4.), to a
gold nanocluster (figure 5, 5.) that would reach out from the pocket on the cluster
surface. Indeed, this binding scheme was proven viable in numerous types of
experiments [42].

Especially it was concluded that the gold nanocluster binding does not prevent the
infectivity of the virus, while increase in the stability against temperature increase
was observed. Furthermore, the binding process was deemed dynamic, possibly
due to virus breathing, and not all the pockets were simultaneously occupied by
the gold nanocluster bound probes [42].
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FIGURE 5 Schematic of non-covalent linking of gold nanoclusters to hydrophobic pock-
ets of EV1: Natural pocket factor (palmitic acid) inside the hydrophobic
pocket (symmetrically located around 5-fold symmetry axis) may be replaced
by 1.-2. Drug molecule Pleconaril;l 3.-4. Pleconaril-based Kirtan1 molecule
with a tail connectable to gold nanocluster (AuNC), 5.



3 MOLECULAR DYNAMICS SIMULATIONS

3.1 An atomistic scale laboratory on a computer

Molecular dynamics (MD) simulations may be described as experiments per-
formed on a computer. That is, the system may be built up, and the conditions
may be chosen to correspond to an experimental set-up. Furthermore, the condi-
tions or systems potentially challenging to be built experimentally are in principle
straightforward to set-up computationally. In the scope of this thesis MD simula-
tions are considered at classical level and atomistic scale.

Once the system and the conditions are set-up, the simulation evolves in time
according to Newtonian mechanics and to the model, i.e., potentials, selected to
describe the interactions between the atoms. As a result, a trajectory of each atom
or molecule in the system is obtained as a "molecular movie". Such an atomistic
accuracy, and the time scale resolution of an MD simulation are beyond reach for
experimental methods. Inherently however, the quality of the system description
determines the quality of the data extracted from it [43].

As introduced previously, the purpose of the simulations can be seen to bridge the
gap between theory and experiment [43]. The connection of the simulation to the
theory naturally comes in as the rules according to which the simulation proceeds.
The connection between the microscale simulation laboratory and the macroscale
experimental laboratory, is not as intuitive.



22

The experiment most often contains many more molecules and takes a much
longer time than the simulation. Thus the connection between the experimen-
tally measured macroscopic properties and the simulated, microscopic properties,
needs to be established. This crucial connection arises from statistical mechan-
ics. From this point of view, the quality of the simulation is determined by the
sufficiency of the statistical sampling [43].

MD simulations have proven to be an extremely useful tool in studying proteins
[44-46], even up to size scale of full viruses [47,48].

3.2 Statistical mechanics for molecular dynamics

B
The partition function Z = Y; e"'Bi%, sum over all system states, formally connects
the thermal averages (quantities that are measured) to the microscopic properties
of the system. Essentially then, in order to access the thermal averages, partition
function Z needs to be obtained. Direct obtaining of Z is however an enormous
task, due to numerous number of states some of which are physically irrelevant.
Thus, one might envision partial sampling of Z. [43,49]

Generally, the negative natural logarithm of the partition function defines the
thermodynamic potential of an ensemble (e.g, Helmholtz free energy F'in NVT en-
semble, Gibbs free energy G in NPT ensemble), that has minimum at equilibrium.
Thus, the form of the partition function depends on the ensemble. [43]

Classically, the microscopic state of the system of N molecules can be expressed in
terms of positions 7 = (71,72, ..., 7 ) and momenta p = (py, Py, ..., Py )- This spans
a 6N - dimensional phase space formed by positions and momenta. [43] In essence,
the phase space average is the classical equivalent of the ensemble average. In a
given ensemble, the distribution of points in the phase space at a given time is
determined by the partition function Z of that ensemble. [50]

While experimental measurements are considered to be in fact time averages,
natural way of thinking computing of corresponding quantities is also via time
averaging. That is, the points I' in phase space evolve in time I'(¢). The time
average of general thermodynamic property A is then [50]:

. 1 Lobs
Aobs = Amacroscopic = <A>time = <A(r(t))>time = lim n / th(r(t))
obs 70

tobs =00

1 Tobs

=— > A(l(7)) (1)
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= ;A(T)p(T)
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In practice, the time # s is finite and in simulations the time is replaced by discrete
time steps 7, hence the switch from integral to sum on the second to last row of
equation 1. Implied is that, in order to evolve the system in time, we need to
know its initial state (I'(0)). Furthermore, the underlying assumption is that the
time-average of the equation 1 is independent of this initial state. If this holds,
averaging over time is equal to averaging over the ensemble members, i.e., the last
row of equation 1, where p is the probability distribution function of the ensemble,
thus encompassing the partition function Z. [50]

The equality of averaging over time and ensemble members is called the ergodic
hypothesis. These two averaging schemes represent the two ways of sampling
the partition function: Molecular dynamics (MD) and Monte Carlo (MC), [50]
respectively. The remainder of this thesis focuses on MD only.

3.3 Dynamics

Accessing the thermodynamical averages by averaging over the time, implies one
needs a description for time evolution (dynamics) of the system in phase space. In
classical MD, Newton’s equations of motion are used for the task. [43,50]

Considering a classical system with electron motions averaged out based on Born-
Oppenheimer approximation, the Hamiltonian can be written as a sum of kinetic
K (p) and potential V' (7) energies:

H(r,p) = K(p) + V() ()

While the kinetic part K = Y, 3, 55% is a simple sum over molecules N and
momentum components «, the potential part V' contains the intermolecular inter-
actions. That is, V is a function containing sums over single atoms, atom pairs,
triplets, quadruplets etc. Often, only single atom and effective pair potentials are

included. [43,50]

According to Boltzmann distribution, weight of a conformation at temperature
_v@)

T follows e *BT. Considering this with respect to sampling of phase space as in

equation 1, the situation may seem hopeless. In MD however the sampling is

aided by the fact that the kinetic energy K enables crossing of barriers in order of

kpT. [51]
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The time evolution of each atom’s (index i) position and velocity according to
Newton’s equations of motion can be solved as:

dv; (t) B FZ (ﬂ‘ (t))

dt m;

v 3
@—*.(t) 3)
dar

The forces F; acting on each atom need to be computed from the gradient of V/
(the interaction potential) as

— ov
Fi = ~or (4)

In practice, the integration of equations in 3 is performed at small time intervals, At,
called the timestep of the simulation; often in order of femtoseconds. The timestep
ought to be chosen small enough to describe the highest frequency motions in
the system. In order to increase the time step and thus simulation efficiency, it is
customary to constrain certain bonds lengths or angles. This operation decreases
the fastest frequencies and thus allows for the time step increase. [51]

3.4 Force fields

The interaction potential V' holds within the approximations applied to describe
the system at sufficient accuracy. For example, in classical MD V includes the
electronic effects in an effective way. In general, V may be cast in various differ-
ent forms, with parameters obtained in numerous different ways. The different
interaction potentials are called force fields. [51]

Force fields come in different flavors, that often suit specific purposes. That is, for
example, range of types molecules or conditions the force field is applicable for.
More fundamentally, the force field defines the functional form, i.e., which inter-
actions are included and how. The philosophy behind obtaining the parameters
associated with the functional form of the force field may also differ, from fitting
to experimental or higher-level computational data. As a result, these parameters
are generally not interchangeable between different force fields. [51]

The functional form of a classical force field for molecules contains terms for
bonded and non-bonded interactions. Often, the bonded interactions contain
terms up to four-body interactions: bonds, angles and proper and improper
dihedral angles. Non-bonded interactions are effective and pairwise consisting of
van der Waals and electrostatic terms:



25

V=3 kb-b)+ fk:

bonds angles
...
+ ¥ l{:d(1+cos(nd—6))+. > hili—io)? 5)
dihedrals impropers
Cia(i C e
Ly ( 12(i,7)  Cel( ) Ly 4qu
4,5>1 rU l] 1,7>1 TE0T 45

Bond, angle and improper dihedral potentials are harmonic potentials with force
constants k,, kp, k; and equilibrium or reference values ay, by, ig. These interactions
exist between bonded atoms and are two, three or four -body, respectively. The
improper dihedral potential ensures the planarity of, e.g., ring structures. The
proper dihedral potential, a four-body interaction, describes the transitions of
torsions (e.g., from cis to trans) and follows a sinusoidal form. [51]

The last row of equation 5 is the non-bonded part, consisting of 6-12 Lennard-Jones
potential and Coulomb parts. The parameters C2 and Cs encompass element-
specific parameters, depth of the potential and the minimum distance, that are
combined with so-called established combination rules. Coulomb potential con-
tains partial charges, ¢; and g;, of an atom pair. ¢ is the vacuum permittivity. Both
these potentials are between pairs of atoms, with interatomic distance r;;, thus
describing the effect of van der Waals and electrostatic interactions effectively (not
including triplets, quadruplets etc.). [43,51]

In practice, summation over all pairs is truncated by a cut-off distance between
the atoms to reduce computational cost. The Coulomb interaction is however
long-ranged in nature, i.e., longer range than the typical cut-off. Inclusion of this
long-range part is crucial, and various methods, such as Ewald summation, have
been developed for the purpose and not discussed here in detail; merely mention
that using Ewald summation requires an overall neutral simulation box to avoid
artifacts. [51]

3.4.1 Amber force fields

One of the widely used standard force-fields for protein and nucleic acid simula-
tions is Amber [52]. It follows the form of equation 5, and both quantum chemistry
calculations and experimental data of amino acids or peptide fragments have been
used for parameter fitting [53].
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Reference bond and angle values are based on crystal structures, and force con-
stants adapted to reproduce normal modes of different peptide fragments. Torsion
parameters are adapted to match experimental or computed torsional barriers, or
experimental conformational populations. Partial charges of atoms are obtained
from (restricted) fits to computed quantum electrostatic potential. Lennard-Jones
parameters are based on reproducing the densities and heats of vaporization in
liquid simulations. These parameters have been improved over the course of
time. [53]

While Amber force fields were originally parameterized for proteins and nucleic
acids, the development of GAFF [54] (Generalized Amber Force Field) enables
Amber-compatible parameterization of standard organic molecules to complement
the simulations, e.g., with ligands and drug molecules [53].

3.5 System and environment

In this section, certain system and simulation set-up specifics relevant for the work
presented in this thesis are summarized.

In the framework of the previous sections, MD is here applied considering all
atoms (nuclear coordinates) as point masses carrying partial charges, interacting
through equation 5 - like function. That is, the bonds are treated with various
harmonic terms and non-bonded interactions are Lennard-Jones and Coulombic
type. The parameters of equation 5 follow Amber force field philosophy. The
description is classical and chemical reactions or bond breaking cannot occur.
Dynamics follow classical Newton’s equations of motion.

3.5.1 Solvent

One of the conditions crucial in experiments and thus of importance in simulations
as well, is the solvent environment. For biomolecules, the solvent is usually water
with some concentration of ions.

The solvent may be presented implicitly or explicitly. In the works of this thesis, the
latter approach is applied. There are numerous different explicit water models [44],
e.g., TIP3P [55], parameterized to reproduce correct water density and heat of
vaporization in simulations.
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Parameters for numerous solvents in addition to water, for different force fields
have been parameterized and readily available, for example in Virtualchem-
istry.org [56,57]. In general, ion parameters are also available for any force
field.

3.5.2 Boundaries

The simulation box necessarily has boundaries. While the system size or simula-
tion box is preferably kept as small as possible, the nature of the box boundary
may have significant effects on the system. Essentially, the simulation is prone to
suffer from surface effects and thus not appropriately describe a macroscopic bulk
system. [43,44,50,51]

The problem is often circumvented by using periodic boundary conditions (PBC),
meaning that the simulation box is infinitely repeated through space and thus no
wall or surface atoms between systems exists. [43,44,50,51]

Naturally when applying PBC the size of the central box must be chosen according
to the range of the interactions, to prevent each atom from interacting with its
periodic image. In practice also so-called minimum image convention is applied:
pair-interactions need only be counted once, i.e., between nearest neighbors, not
between all periodic images. [43,44,50,51]

3.5.3 Ensemble

In the spirit of mimicking the experimental conditions in simulations, one could en-
vision perhaps the most fundamental conditions to be controlled, or kept constant,
are temperature and pressure.

Several established methods to achieve MD simulations with constant tempera-
ture and / or pressure (NVT or NPT ensemble), exist and not presented here in
detail.

Generally in the simplest of cases, for temperature control the velocities of atoms
may be scaled (i.e., kinetic energy corresponds to the target temperature). For
pressure control, the size of the simulation box may be scaled. Formally such
methods do not yield known ensembles, yet the average temperature and pressure,
while fluctuating, are at target values. [43,44,50,51]
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3.6 Limitations and applicability of MD

The applicability or correctness of MD simulations are limited by two factors:
Accuracy of force field and the extent of sampling. [51]

Force field challenges relate to its functional form and parameters to that end
(equation 5). First, systems or phenomena for which the classical description is
sensible can be studied. The same applies for the parameters that, in accordance
with the force field, are suitable and fitted with specific types of properties and
conditions in mind, and are regularly updated and improved. [53]

Issues in sampling can be understood in terms of equation 1, where formally
t — oo. Since t is of course finite, ergodicity is not guaranteed. Nevertheless,
improved sampling requires longer simulation time, and naturally the phase space
is bigger for more complex systems. In practice, one aims for sufficient simulation
length that generates a representative ensemble of the system. [43,44,50,51]

Also in equation 1 it is assumed that an equilibrium ensemble is sampled. There-
fore it is customary to allow for a pre-production equilibration period to stabilize
the system and exclude initial large fluctuations. Again depending on the system
and the property in question, this may take long time, and is not necessarily easily
realized. [44]

3.7 Accessible properties

Once the simulation trajectory is obtained, useful data need to be extracted from
it: one wants to tie the simulation properties to the experimental ones. That is,
to ensure simulations are applicable in describing the system and properties in
question.

Perhaps the most obvious way of assessing the simulation trajectory, is investi-
gating the time evolution, averages, drifts and fluctuations, of a generic property
A, that could relate to the structure or energetics of the system. Ideally, A has,
be it simple or complex, connection to an experimentally measurable property.
Alternatively, comparisons can be made to data obtained from a higher-level
computation.
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Implied by equation 1, thermodynamic properties, such as internal and kinetic
energies, temperatures and pressures, may be estimated as time averages of the
simulations. Furthermore, properties dependent on fluctuations in thermody-
namic quantities are accessible. Pair distributions of averaged atomic distances
may be used to describe structures and time correlations may be connected to
experimental transport coefficients and spectra. [43,51,58,59]

Examples of experimental techniques that may be connected to simulation data
include IR or Raman spectroscopy (normal mode analyses), X-ray scattering
(atomic positions, mobilities, occupancies), NMR (orientations, distances, rate
constants). [59]

While many biological processes are still out of reach for simulation times currently
available, experimental information may be utilized in simulations not only by
means of structures, but as guidance to steer or enforce the simulation to a certain
direction or conformation. [44]

The following subsections summarize the type of properties relevant for the works
of this thesis.

3.7.1 Structures and interactions

Considerations of simple distance based interactions, such as hydrogen bonds
that are easily obtained from simulations, may be used for arguing for structure
(in)stability and reveal interaction patterns impossible to probe in detail in experi-
ments. In the same spirit, several structural characteristics relating to, e.g., system
size and surface area are available at truly atomistic scale.

Also dynamical behavior, that is relevant for the simulation time scale, may be
extracted and compared to experimental time scales or mobilities, or computed
barriers from a higher level of theory.

3.7.2 Diffusion coefficient

One experimentally measurable transport coefficient is the diffusion coefficient D.
In the hydrodynamic model D is related to mean square displacement (MSD) of
atoms, straightforward to obtain from an MD simulation, by Einstein diffusion
relation [58]:

MSD

o (0 —r0)?)

t—00 ot

(6)
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Diffusion coefficients are prone to suffer from effects of the simulation box peri-
odicity. In a periodic system the diffusing particle is affected by hydrodynamic
(self)-interactions stemming from the surrounding boxes. Thus, the diffusion
coefficients calculated from MD simulations are strongly box-size dependent.
The most straightforward correction attempt to this is performing simulations in
different box sizes, followed by an extrapolation to the infinite dilution. [60]

3.7.3 Free energy of binding

In simulations often free energies of solvation or binding are considered. Binding
free energies are of particular interest in the field of drug design, with the ability
to rank between the optimal binding between different molecules and investigate
the detailed contributing factors or interactions. In the following, basic concept of
free energy along with methods for its computation are presented. [44]

3.7.3.1 Basic concepts

Free energy and entropy are fundamental concepts in thermodynamics consider-
ing stability and equilibrium, related to the negative logarithm of the partition
function as described in section 3.2. Ultimately, relative stability between systems
under given conditions is determined by the free energy difference [61]. Absolute
free energies however are not accessible via statistical averages and thus impos-
sible to compute for complex systems [51,61]. Free energy differences on the
other hand are obtainable through statistical averages, and thus computable from
simulations [50].

Direct determining free energy differences between states A and B, proportional
to log %, is however also challenging, due to insufficient, and more importantly
lesser sampling of some state(s) of interest compared to the other(s). Several
different established methods for free energy estimation, even for complex and
non-equilibrium systems have been developed and presented in the following.
[61]

3.7.3.2 Transitions between states

The time scale of standard simulations of large molecules rarely allow witnessing
transitions between states of interest (say, folded and unfolded protein, bound
and unbound ligand) spontaneously. Such challenges may be overcome by use of
alchemical or steered MD, enforcing the transition between states, either slowly
(reversibly) or fast (irreversibly). [44]
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One could consider transition between states A and B via alchemical or steered
reaction coordinate route. Alchemical transition refers to changing the nature of
the system’s atom(s) in terms of the force field parameters and thus the interaction
potential and the Hamiltonian. In the reaction coordinate case transition between
states is via, e.g., change in distance between atoms. [44, 62]

Different techniques are available for extracting the free energy differences from
such transitions. Techniques include for example thermodynamic integration (TI),
free energy perturbation (FEP) and non-equilibrium methods based on Jarzynski’s
equality. [62]

3.7.3.3 Equilibrium techniques

TI makes use of the fact that, for a fixed value of reaction coordinate or alchemical
parameter ), derivative of the free energy is obtained as a statistical average,
provided the system is at equilibrium. In practice, derivatives are computed for
a sequence of \ values ranging slowly or reversibly from 0 to 1 (system A to B).
The full free energy difference profile of the A — B transition is then recovered by
integrating these derivatives. [62]

In FEP method the relation of the free energy difference to the exponential differ-
ence in Hamiltonian’s of the two states 4 and Hp is utilized. One may consider
the Hp as being perturbed with term Vps: Hp = H4 + V4. Now Vp4 may be
computed from the ensemble of system A for both states A and B (or vice versa).
In practice, if the phase space overlap of the two states is low, for sufficient overlap
or small enough Vg4 for trustworthy sampling, the transformation needs to be
stepwise, i.e., the perturbation is proportional to the number of steps n as %. In
addition, an estimator called Bennett acceptance ratio is often applied to reduce
the number of the needed transformation steps; analogous are different histogram
methods not discussed here in detail. [62]

3.7.3.4 Non-Equilibrium techniques

Considering TI now in terms of irreversible transformation, the system is driven
out of equilibrium and the work performed is larger than the free energy difference
between the states, constituting of both free energy difference and heat dissipation
[44,61-64]:

(W(1)) = AG 7)

Jarzynski’s equality [65] states the relationship between the exponential average
of the work and free energy difference [44, 61-64]:

<€*5W(t)> _ o BAG ()
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The average entails the ensemble average over initial conditions and the work re-
lates to the change in Hamiltonian in transition from state A to B. [44,61-64]

More generally, free energy difference also has a lower boundary [44, 61-64]:
— (W) <AG < (W(1)) ©)
Suggesting the relation between free energy and work performed in forward

(probability density pforwarq) and backward (probability density ppackward) transi-
tions. [44,61-64] Indeed, this relation was shown by Crooks [66, 67]:

Prorward (W = W (1)) B(w—AG)
= 10
pbackward(w = _W( )) ‘ (10

Conceptually these equalities state the connection to the equilibration free energy
of the arbitrarily fast transition from equilibrated state A to the state B not at
equilibrium, provided there are enough realizations for the exponential to con-
verge in equation 8. As the transformation rate increases, sampling of small work
values that weigh most in the exponential average, decreases, thus one needs more
realizations for converging the exponential average. Thus, whether it is compu-
tationally cheaper to perform many enough fast realizations of the transition or
resort to methods requiring equilibrium and slow transforming to ensure overlap
between the states, is ambiguous. [44, 61-64]

Direct application of Jarzynski’s equality is known to suffer from convergence
issues. Different schemes for treating the issues of the sampling bias have been
suggested, simplest of which (assuming the work distribution is gaussian) are
based on simple cumulant expansions [63]. For non-gaussian work distributions,
resampling and block averaging schemes have been suggested [68, 69].

Jarzynski’s equality and Crooks relation have been applied and validated in nu-
merous types of systems, both experimentally (single molecule stretching) and
computationally [70]. Perhaps the most famous demonstration is the equality
between the experimental free energies obtained from the work profiles of re-
versible and several irreversible (non-equilibrium) stretching events of an RNA
molecule [71,72].

3.8 Software

In order to perform simulations described above, in addition extensive computer
resources, an efficient algorithm machinery is needed.
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One of the widely used and most versatile readily available MD packages to
efficiently set-up, perform and analyze MD simulations is Gromacs [73-78]. It
is compatible with standard force fields and different types of dynamics and en-
ergy minimization schemes are available, along with steered simulations and free
energy calculations, among many other features. Specifications for ensembles,
boundaries, solvent models, cut-off schemes, constraints etc. can be made straight-
forwardly and there are several options. Running in parallel enables treating large
systems for relevant time scales.

3.9 Molecular dynamics simulations of gold nanoclusters: a litera-
ture review

The aim of this section is to provide a short literature review on generally covered
topics in relatively recent MD simulations, including atomistic, coarse-grain and
QM/MM, of gold nanoclusters. While DFT is and has been often the method of
choice in computational investigations of gold nanoclusters, the following results
demonstrate the potential and applicability of MD simulations in many respects
of gold nanocluster research, complementing and adding to the experimental data
and also providing predictive prospects. In addition to structural and environ-
mental investigations, different free energy methods have been actively employed
to study, e.g., aggregation and membrane intrusion.

In terms of structures and properties, MD simulations have been applied in shed-
ding light on effects caused by, e.g., ligand shell coverage density [79] and ligand
size or composition [80-82]. In addition, the effects of gold nanocluster size and lig-
ation on interactions between the nanoclusters [83] and between gold nanoclusters
and solvents or ions [84-87] have been studied with MD simulations.

Self-assembling [88] packing characteristics, along with aggregation behavior
[89-91] dependent on ligand and core properties have also been studied uti-
lizing MD simulations. Such aggregation properties can be further applied in
numerous sensing applications, as suggested by different simulations [92-95] as
well. Considering biological applications more closely, gold nanocluster aggre-
gation can be utilized in detecting target DNA, with the aggregation behavior
then naturally of paramount importance, which can be studied in detail by MD
simulations [96].
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In terms of biological and medical applications, interactions of gold nanoclusters
with proteins and membranes is crucial. Such interactions are governed by the
surface properties of the nanoclusters. That is, appropriately functionalized gold
nanoparticles could be utilized in specific binding to e.g., receptors, once the inter-
actions are well understood. To that end, numerous studies have been performed
investigating in atomic detail the effects of nanoparticle properties on its interac-
tions and reactions with different proteins and thus the protein structure [97-102],
along with binding of different peptides on nanocluster surfaces [103,104].

Interactions between nanocluster and membranes is a widely studied topic, due
to its implications for using nanoparticles in physiological environments or cells.
To this end, MD simulations have revealed important and interesting properties
showing dependence of interactions and binding, fusion and intrusion on, e.g.,
nanocluster size, charge and surface properties along with external effects. On
many occasions, different free energy methods are applied in detailed studies of
membrane penetration [25-29,31-33,105-120].



4 RESULTS AND DISCUSSION

In this chapter the main results of the papers I-III along with unpublished re-
sults for gold nanocluster self-assemblies are presented. Several experiments of
gold nanocluster systems motivated us to advance the knowledge from these
experiments by simulation methods. Especially, the aim was to investigate gold
nanocluster dynamics in solvent environments (aggregation behavior) and in a
biolabeling application (virus or protein environment). Furthermore, simulations
would enable fast exploring of numerous structures in complementing experi-
mental structure solving of new gold nanoclusters. In order to achieve dynamics
simulations in solvent and biological environments, along with numerous struc-
tures to scan through, methods beyond DFT need to be applied. For this task we
have chosen MD simulations.

The foundation for performing MD simulations for gold nanoclusters is laid
by parameterizing and validating the force field for gold nanoclusters, work
I, discussed in chapter 4.1. The applicability and generalizability of the force
field is then demonstrated in work II (chapter 4.2), alongside experimental and
other computational methods, by shedding light on structures of experimentally
unsolved ligand shells of new gold nanoclusters. Simulation system complexity
is further increased in simulating gold nanocluster self-assemblies (unpublished
results, chapter 4.3) and interactions with virus (paper III, chapter 4.4).
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4.1 Generalized gold nanocluster force-field: parameterization and
validation (paper I)

While few force field parameterizations for gold nanoclusters are available, the
usual philosophy is the applicability to one type of cluster only. Due to increasing
number of gold nanocluster structures emerging, we aimed at generating a force
field that would be easily transferable to different sized thiolate-protected gold
nanoclusters. Due to our interest in simulating gold nanoclusters in combina-
tion with proteins and in different solvent environments, along with relatively
straightforward parameterization procedure, the parameters were generated to be
compatible with Amber force fields.

As reference systems we utilized four different experimentally solved and one
computationally produced gold nanocluster structures, with four different sym-
metric core sizes from 25-144 gold atoms, with two types of thiolate ligands PET
and pMBA. The structures are presented in figure 2. To this end, no core-specific
bonds are introduced between gold atoms and all gold atoms carry zero partial
charges. That is, the gold atoms in the cluster are held together by Lennard-Jones
potential only. We have utilized Lennard-Jones parameters developed by Heinz
et al. [121] for gold surfaces. The strength of the L] potential between gold atoms
using these parameters was proved sufficient to keep the gold core symmetry
stable under 300 K temperature and 1 bar pressure in the 100 ns timescales of our
test simulations.

The connection between gold and sulfur in the reference systems comes in the
form of rectangular or V-shaped units often called staples, figure 3. Since the
staples are a conserved form in several different gold nanocluster structures, we
selected a set of parameters for the bonded interactions (bonds, angles, torsions)
that could be transferable between the same staple type. In practice, the reference
values for these parameters are taken as averages from structures of different gold
nanoclusters, those shown in figure 2, while force constants were adopted from
Heikkild et al. [86] and Banerjee et al. [122].

Finally, one needs parameters for the thiolate ligands, that in our cases were
standard organic molecules (R), for which Amber force field compatible atom
types and most of the bond, angle and torsion parameters were readily available.
Partial charges needed to be evaluated, for which we used RESP, a procedure
recommended for Amber compatible parameterization. Charge fitting was done
on a staple-like unit, with charges on gold atoms restricted to zero. The schematic
of the parameter construction presented in figure 6.
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FIGURE 6 Schematic representation of (a) non-bonded and (b) bonded parameters of
gold nanoclusters. The R group bonded parameters obtained from Amber
force field. In (b) the colored arches show the defined angles and rectangles
the bonds. Torsion angles are not drawn.

For validation of the force field we have compared results obtained from the
simulations to (1) available experimental results and (2) DFT, i.e., higher level
computational results. As the very first measure we estimated the force field
applicability based on structural stability of the structures.

Simple investigation of the MD trajectories revealed that in all the studied cases
symmetry and gold core structure remained intact, while especially the V-shaped
staples showed fluctuations. While comparisons of MD to MD/DFT simulations
revealed no clear differences between the sampled geometries, due to the dif-
ference in time scales of the two methods the physicality of the V-shaped staple
fluctuations could not be concluded.

The classical MD trajectories for all the studied clusters also revealed flipping of
ligands around the sulfur atoms in the staple units. DFT calculations were used
to estimate the energy barriers for the flipping, implying that flipping in room
temperature could be expected.

In terms of validating against experimental results, we turn to diffusion coefficients
and crystal structure simulations. Diffusion coefficients were computed for three
different PET protected clusters in organic solvents, for which experimental data
was available. Six different box sizes were used for each cluster in order to
extrapolate to infinite dilution and thus eliminate the periodicity effects. The
results are summarized in table 1. While computed values are consistently smaller
compared to the experimental ones, the trend is consistent with the experimental
data, suggesting the force field captures the trends in cluster behavior in solvent
environment.
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TABLE1 Computed and experimental diffusion coefficients. The computed result given
as an extrapolate to infinite box size. Adapted with permission from Emmi
Pohjolainen, Xi Chen, Sami Malola, Gerrit Groenhof, Hannu Hakkinen. A
Unified AMBER-Compatible Molecular Mechanics Force Field for Thiolate-
Protected Gold Nanoclusters. Journal of Chemical Theory and Computation, 12 (3),
pp- 1342-1350, 2016. Copyright 2016 American Chemical Society.

Finally, we attempted mimicking the experimental crystallization conditions of
one of the gold nanocluster structures, and simulated a periodic unit cell with
72 clusters. Simulations in the crystallization mimicking conditions stabilized
while pure water solvent destabilized the crystal structure, shown in figure 7.
This further implies the force field describes the inter-cluster and cluster-solvent

System D (107° cm?/s) Dexperimental (107° cm?/s)
AuysPET 3~ 0.373 £0.09 0.484 + 0.04
AuzgPET,; 0.274 £ 0.07 0.374 £ 0.03
Au4PETg, 0.251 +£0.04 0.356 + 0.03

interactions in a meaningful way.
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FIGURE 7 Original crystal structure in 72-cluster unit cell (a) and end structures of 100 ns
simulations with (b) solvent condition mimicking reported [13] crystallization
conditions and (c) pure water solvent. (d) shows the RMSD during simula-
tions in mimic and water solvents (solvent molecules not shown for clarity).
Adapted with permission from Emmi Pohjolainen, Xi Chen, Sami Malola,
Gerrit Groenhof, Hannu Hikkinen. A Unified AMBER-Compatible Molecular
Mechanics Force Field for Thiolate-Protected Gold Nanoclusters. Journal of

Chemical Theory and Computation, 12 (3), pp. 1342-1350, 2016. Copyright 2016
American Chemical Society.

Summarizing, we have demonstrated the applicability of the force field in de-
scribing to sufficient accuracy intra-cluster and inter-cluster interactions, along
with cluster-solvent interactions. This enables investigating gold nanoclusters
by simulations at size and time scales, numerous clusters in solvent and protein
environments, that are beyond reach of DFT methods. In the following sections,
we further demonstrate the applicability of this force field in gold nanocluster
systems of increasing complexity.
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In addition to the works presented here, the force field parameters presented have
been utilized in works of others as well. Such works include interpreting NMR
spectra with help of MD simulations [36], aiding in gold nanocluster multimer
characterization [123], revealing interaction patterns in gold nanocluster sensing
applications [92-95], and in determining protonation patterns on the ligand shell
from constant pH MD simulations [24]. These force field parameters have also been
reported being used in producing Amber compatible parameters in NanoModeler
program [124].

4.2 Ligand shell structure prediction of mMBA -protected gold nan-
oclusters (paper II)

The force field parameterization was performed with respect to gold nanoclusters
for which complete experimental structures, including the gold core and the
ligand shell were available. In the water-soluble cluster structure used in the
parameterization (Au;p,pMBA ), the type of the ligand is para-mercaptobenzoic
acid (pMBA). Moreover, the clusters referenced in the force field parameterization
had a symmetric or close-packed gold core.

Subsequent works have reported synthesis and characterization of three different
sized stable gold nanoclusters with mMBA ligand [11,12,38]. The difference to
pMBA is the position of the carboxyl acid group in the ring. While the structures
of the gold cores for Augg and Auyyy sized clusters were solved, shown in figure 4,
the ligand shell structure (and also the ligand count for the Auyyy cluster) were
undetermined. Interestingly, the structures of the gold cores of these clusters were
clearly more asymmetric compared to those with pMBA ligand.

Reactivity of mMBA protected gold nanoclusters to thiol-modified DNA and
proteins with exposed cysteines, and thus sulfur was also reported [11]. In terms
of interactions with the environment and thus e.g., such life-science applications,
the ligand layer is naturally of utter importance. To this end, various experimental
and computational techniques were employed in this work to shed light on the
structure and dynamics of the ligand layers of these two meta-mercaptobenzoic
(mMBA) acid protected clusters.

The ligand count for Augg was previously determined to be 32 by mass spectrome-
try [38], and supported by the NMR studies of this work. For the Auyyy cluster
the ligand count based on mass spectrometry was previously estimated at around
40 (unresolved by NMR). Based on NMR spectra both mMBA protected clusters
Augg and Auyyy show no symmetry in the ligand shell.
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The estimated ligand count in AuyyymMBA 4 is significantly lower compared to
known structure of Au44PET,. Differences are also seen in the NMR and UV-VIS
spectra of these two clusters with the same core size.

All this indicates the change of ligand from para-mercaptobenzoic acid to meta-
mercaptobenzoic acid ligand, while still resulting in stable clusters, significantly
affects the structure and properties of the gold nanoclusters. With an aim to
shed light on the ligand shell structure and dynamics, we turned to MD simula-
tions.

MD simulations enabled us to simulate numerous models of Au,gmMBA3, and
AuqyyymMBA 53 nanoclusters, in different solvent conditions and with varying
protonation patterns. The model structures, i.e., the ligand positions (and number),
were generated with an algorithm based on known existing gold nanocluster
structures [125]. Few of the simulated models are presented in figure 8.

FIGURE 8 Model structures for MD simulations. (a) and (b) show Auyyy,mMBA,, and
AuyymMBAS;, respectively. (c) shows one of the models for AuggmMBAg,.
Atom colors: C=gray,O=red, H=white, S=yellow, Au=gold. Reprinted with
permission from Tiia-Riikka Tero, Sami Malola, Benedek Koncz, Emmi Pohjo-
lainen, Saara Lautala, Satu Mustalahti, Perttu Permi, Gerrit Groenhof, Mika
Pettersson, Hannu Hékkinen. Dynamic Stabilization of the Ligand-Metal
Interface in Atomically Precise Gold Nanoclusters Augg and Auyy, Protected
by meta-Mercaptobenzoic Acid. ACS Nano, 11 (12), pp. 11872-11879, 2017.
Copyright 2017 American Chemical Society.

For simulations the mMBA was parameterized similar to pMBA in work I. Due to
asymmetricity of the gold cores the gold atom positions were restrained to those
presented in the experimental structures. Only Au-S bonds were adopted from
the force field bonded interactions of work I, since no information on conserved
staple-like units for these clusters was available.



42

Several different types of weak interactions or conformations between ligands
and between ligands and gold were recognized from the simulation data of 50 ns
runs, presented in figure 9. These included hydrogen bonds and aromatic contacts
between the ligands, along with so called 7-Au interaction and O=—=C—-OH_. - - Au
interaction. While especially the large number of aromatic contacts indicate ef-
ficient packing of ligands in all systems, of special interest are the interactions
between ligands and gold. In the frame of the force field description, with no
charges on Au atoms, the apparent interactions between ligands and gold need
to stem from solvent effects and are thus referred to as conformations. The na-
ture of these conformations as weak interactions between ligands and gold was
subsequently confirmed by DFT calculations and experimental data.

In simulations conformations where the aromatic ring of the mMBA group lies
flat on the surface of the gold cluster were observed, referred to as 7-Au interac-
tion, figure 9(e). According to DFT computations the flat lying conformation was
energetically more stable than the up-standing conformation. Two arrangements
of the carboxyl acid group, syn and ant: (figure 9(a), (b), were also observed in
simulations. While the syn conformation is generally more dominant species in
ambient conditions, the solvent environment is known to alter this balance. More-
over, for both syn and anti conformations dynamic or switching conformations
were observed with the OH group occasionally lying close (0.23-0.27 nm) of a
surface Au atom, referred to as O=—=C—OH: - - Au conformation and a hydrogen
bond-like interaction (figure 9(c), (d)), recently also confirmed by others [126].
Similar conformations were not observed for reference systems containing pMBA
ligands.
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(a) (b)

FIGURE 9 Ligand conformations observed in simulations. (a) and (b) show syn and anti
conformations of the COOH group, respectively. In (c) and (d) these confor-
mations lie close to the cluster surface. (e) shows a ligand in syn conformation
lying flat on the surface and (f) demonstrated the interligand hydrogen bond.
Only one ligand is shown for clarity. Atom colors: C=gray,O=red, H=white,
S=yellow, Au=gold. Reprinted with permission from Tiia-Riikka Tero, Sami
Malola, Benedek Koncz, Emmi Pohjolainen, Saara Lautala, Satu Mustalahti,
Perttu Permi, Gerrit Groenhof, Mika Pettersson, Hannu Hakkinen. Dynamic
Stabilization of the Ligand-Metal Interface in Atomically Precise Gold Nan-
oclusters Augg and Auyyy Protected by meta-Mercaptobenzoic Acid. ACS
Nano, 11 (12), pp. 11872-11879, 2017. Copyright 2017 American Chemical
Society.
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The appearance of syn and anti conformations of mMBA in these clusters could
be confirmed by the experimental (figure 10) and DFT IR spectroscopy data of
these systems, where for both AuggmMBAj, and AuyyymMBA 4, clusters three
peaks are observed in the carboxyl acid region. In contrast, both free mMBA
and Au;p,pMBA,, show only two peaks. DFT computed frequencies of different
geometries were used in assigning the peaks. The two lowest frequency peaks of
AuggmMBA;, and AuyyymMBA 4 clusters qualitatively matched between the free
mMBA and Au;p,pMBA 44 cluster, corresponding to syn and anti conformations
of the carboxyl acid groups. The highest frequency peaks of AuggmMBA;, and
AuyyymMBA 4, clusters based on DFT computations were assigned to the anti
conformation where there is a close contact between Au and the OH group, i.e.,
the O=—=C—OH.: - - Au interaction.

In addition to investigating the interactions, simulation structures were utilized in
DFT computation of the UV-VIS spectrum for AuyyymMBA,; and AuyyymMBAs;
clusters. Supporting the lower ligand count, the computed spectrum for
AuyyymMBA,, shows a better agreement with the experimental spectrum, figure
10 (b).
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FIGURE 10 3MBA and 4MBA in the legends refer mMBA and pMBA, respectively.
Experimental (a) IR spectra for mMBA protected gold nanoclusters (pur-
ple AuyyymMBA_4. The arrow indicates the peak interpreted as the
O=C—-OH-. - - Au interaction present for mMBA protected clusters only;
(b) DFT computed UV-VIS absorption spectra for mMBA protected gold
nanoclusters with structures obtained from MD simulation snapshots:
AuqyymMBA, (red) and AuyymMBAs; (blue). Inset shows the experimental
spectrum of Auyy,mMBA . Reprinted with permission from Tiia-Riikka
Tero, Sami Malola, Benedek Koncz, Emmi Pohjolainen, Saara Lautala, Satu
Mustalahti, Perttu Permi, Gerrit Groenhof, Mika Pettersson, Hannu Hakki-
nen. Dynamic Stabilization of the Ligand-Metal Interface in Atomically Pre-
cise Gold Nanoclusters Augg and Auyy, Protected by meta-Mercaptobenzoic
Acid. ACS Nano, 11 (12), pp. 11872-11879, 2017. Copyright 2017 American
Chemical Society.

The dynamic nature of the weak ligand-Au interactions described above, could ex-
plain the reactivity of mMBA protected gold nanoclusters towards thiol-modified
DNA or proteins with exposed cysteines [11], namely by exposing / providing
gold sites for these molecules to react.

The results of this work demonstrate the importance of MD simulations in comple-
menting experimental information, by revealing atomistic scale information on the
conformations and further interactions and dynamics of the ligand shell. While
tinding the right composition and conformations of the ligand shell is an impossi-
ble task with enormous number of possibilities, the use of MD simulations enables
investigating several of them. Especially, MD simulations provided structures for
higher-scale DFT computations producing spectral data directly comparable to
the experiments.
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In general, the detailed MD results show that the interactions and the observed
conformations are dependent on the number and the positioning of ligands, the
protonation state and the pattern of the ligand shell and the solvent conditions.
While the actual statistics are not relevant for the results of this work, we point out
the ability to harvest more detailed data from the simulations. This also implies the
effects of protonation state and pattern along with solvent conditions, potentially
important in future simulations.

In summary, the MD simulations contributed in shedding light on the stability
of the mMBA protected gold nanoclusters in spite of the low ligand count or
protection. Thus, we have demonstrated the applicability and generalizability of
the force field in work I for systems it was not originally parameterized for.
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4.3 Self-assembled superstructures of Au;y,pMBA 4 gold nanoclus-
ters

The results presented in this section are unpublished and not peer-reviewed.
4.3.1 Motivation

This work was motivated by the work of Nonappa et al. [40] reporting the self-
assembly of Au;j,pMBA,, gold nanoclusters into hexagonally close-packed, 2D
flakes composed of few monolayers of gold nanoclusters, with lateral dimensions
in order of hundreds of nanometers. Such 2D sheets in turn bent to form 3-
dimensional, one-cluster-thick shell-like structures of ~ 200 nm in diameter. This
self-assembly is controlled with solvent conditions by gradually changing from
water to methanol by dialysis.

The pMBA ligand of the Au;p,pMBA4, gold nanoclusters allows for the surface
patterning by varying protonated and deprotonated ligands, and thus promote
certain inhomogeneous hydrogen bonding network, likely responsible for the
superstructure packing. However, experimental information on the protonation
state, let alone the pattern, of the gold nanoclusters in the superstructures is not
available.

Our aim for this work is to explain in atomistic detail the origins of stability of
both the 2D and 3D Au;p,pMBA 4, gold nanocluster superstructures in terms of
interactions and solvent conditions. This information may be utilized in design of
new self-assembled nanomaterials.

4.3.2 System descriptions

To investigate the conditions leading to stable superstructures in atomistic detail,
we have performed MD simulations in various conditions. While simulation
time-scales do not allow superstructure formation from a random configuration
of gold nanoclusters as such, simulations were initiated from ordered structures
mimicking the experimentally observed superstructures.

To this end two types of superstructures of Au,j,pMBA,, were constructed for
the simulations: (1) An infinite 2D-sheet with the packing parameters obtained
from experimental data and (2) spherical shell of 100 gold nanoclusters of ~ 17
nm in diameter (smaller compared to experimental structures of up to ~ 200 nm
in diameter). The structures are presented in figure 11.
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FIGURE 11 Simulated superstructures of Au;p,pMBA,,. (a) 2D hexagonally packed
sheet of 64 gold nanoclusters in the unit cell; (b) spherical shell of 100 gold
nanoclusters.

In terms of investigating the effect of solvent conditions for the superstructure
stability, the 2D sheet systems were simulated in (a) pure water; (b) pure methanol
and (c) an even mixture of water and methanol. Similar solvent conditions ((d)-(h))
were used for spherical shell systems as well, along with mixtures of (g) water
/ methanol initially outside / inside the shell and (h) water / methanol initially
inside / outside the shell. In all systems NaCl is added to concentration of 0.1 M
+ neutralizing cations when needed (max. cation concentration 1.0 M in systems
with all clusters deprotonated). In solvent conditions (g) and (h) ions are initially
divided according to their solubility in water and methanol, i.e., 90% initially in
the water. Different solvent conditions are presented in figure 12.
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FIGURE 12 Solvent conditions of superstructure simulations, water shown in cyan and
methanol in orange colors. Ions, Na and Cl are shown in blue and red,
respectively.

The titratable group pMBA in the Au,j ,pMBA4, cluster ligand shell enables nu-
merous possibilities for the cluster charge or the protonation state, depending on
the pH. According to recent titration experiment [24] of the Au;q,pMBAy, cluster
in water at pH=7, the charge state of -22 e has been suggested, i.e., half of the 44
ligands protonated / deprotonated. In the lack of any additional knowledge on
the charge state or the pH of the experiments mimicked here, we have performed
the simulations in the -22 e state along with 0 e state (fully protonated) and the
-44 e charge state (fully deprotonated). The simulated protonation patterns are
presented in figure 13.

In addition to the overall charge, the 44 ligand positions allow for patterning of
the cluster surface with charges, determined by how the protonated and deproto-
nated ligands are positioned. Thus in considering the -22 e charge state, we have
constructed eight different patterns, figure 13 (c)-(j). Patterns (c)-(f) are constructed
to have a belt of neutral or negatively charged ligands in the middle, with top
and bottom then correspondingly negatively charged or neutral. (g) and (h) have
all neutral or negatively charged ligands on same side of the cluster. In patterns
(c)-(h) the divisions are made both vertically and horizontally with respect to the
Ca symmetry axis of the gold nanocluster. Pattern (i) is a pattern suggested by a
constant pH MD simulation [24] and pattern (j) is randomly constructed.
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FIGURE 13 Protonation patterns of Au;y,pMBA,,. Protonated (neutral) ligands shown
in blue, deprotonated (charge -1e per ligand) shown in red. (a) and (b) show
fully protonated and deprotonated clusters, charges 0 and -44e, respectively;
(c)-(j) have half of the ligands protonated and deprotonated in different
patterns, and the charge -22¢ for each.

Considering the solvent and protonation pattern conditions, MD simulations of
30-100 ns were performed for 30 2D sheet systems and 30-200 ns for 50 spherical
shell systems. The specific description of the MD simulations and the analyses
are presented in appendix 1. The main results are presented in the following
section.
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4.3.3 Simulation results - 2D sheets

The end structures of 2D sheets are presented in table 2. The structures from 100
ns simulations are framed in blue.

TABLE 2 End structures after 30 - 100 ns simulation; 100 ns end structures framed in
blue, 30 ns end structures unframed. The different protonation states in rows
(a)-(j) and the solvent conditions in columns (a)-(c). 2-3 periodic images shown.

Identifier
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Considering the different solvent conditions (columns), visually the structure is
best retained in methanol (b), while in water (a) generally all systems fall apart.
Retaining of structure to varying degrees is observed in mixture (c).

In terms of protonation states (rows) ranking by visual means remains ambiguous,
while differences are observed. For example in mixed solvent state (c) protonation
state (j) clearly distorts more compared to other protonation states. Average
distances between neighboring clusters in water and methanol are presented in
tigure 14.
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FIGURE 14 Average distance between neighboring cluster pairs (A) of different proto-
nation states (a)-(j) in water (a) and in methanol (b). Average / standard
deviation / drift are reported in the legends.

In agreement with the visual inspection, the neighbor cluster distances in water
(decreased stability) show larger deviations and drifts compared to methanol
(increased stability). Considering the closeness to the experimental reference value
of 27 A, the differences in averages between protonation states are still minute.
For example in methanol largest difference between states (e) 27.45 A and (i) 27.16
Aisonly 0.29 A.

Since evidently differences in stability of the 2D sheets are observed depending
on the solvent condition and the protonation pattern, we take a detailed look into
interactions between clusters to account for these differences. To this end, we focus
on hydrogen bonds and ionic interactions. Namely, the superstructure formed
of fully deprotonated clusters (protonation state (b)), unable to form inter-cluster
hydrogen bonds, appears stable in both methanol and in mixture (figure 2, row
(b), columns (b), (c)). In addition, the superstructure formed of fully protonated
clusters (protonation state (a)) and thus neutral, not forming ionic interactions,
appears stable in methanol and mixture (figure 2, row (a), columns (b), (c)).
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Average number of hydrogen bonds and chelating cations per cluster are presented
in figure 15. The cut-off for hydrogen bond length and angle in the analysis are 0.35
nm and 30°, respectively. Cation is considered as chelating if located within 0.30
nm of two carboxyl acid group carbons simultaneously. Analyses considering also
cations close to the ligands (within 0.3 nm) were performed without the chelating
condition, which resulted on average each deprotonated group compensated by a
close cation for all of the studied systems.
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FIGURE 15 Average number of hydrogen bonds between gold clusters (/cluster) of
different protonation states (a)-(j) in water (a) and in methanol (b). The
average number of chelating cations (/cluster) of different protonation states
(a)-(j) in water (c) and in methanol (d). Average / standard deviation / drift
are reported in the legends.
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From figure 15 it can be seen that on average fewer hydrogen bonds and fewer
chelating cations between ligands are observed in water compared to methanol.
This is likely due to poorer solubility of nanoclusters in methanol, and the poor
solubility of NaCl in methanol. This implies that, since stability in water was
deemed worse than in methanol based on visual observation, these interactions
reflect the superstructure stability. Furthermore, differences between protonation
states appear, so that the smaller number of inter-cluster hydrogen bonds may be
in turn compensated by a larger number of chelating cations. This effect could
be clearly seen for example for protonation state (c) in methanol with on average
smaller number of inter-cluster hydrogen bonds and larger number of chelating
cations compared to the other protonation states.

In order to obtain consistent ranking between the different protonation states
among different solvents, a simple scoring function was fitted to find weights
Whbonds and wipns for number of hydrogen bonds Hb and chelating cations /c ac-
cording to R = Whponds * Hb + Wiens * Ic. R is defined as the goodness or stability
score based on the closeness of average neighbor distance to the experimental
reference value and percentage of neighbor cluster distances remaining within
0.2 nm of this reference value during the simulation. From the fitted weights
(Whbonds = 2.15, wions = 4.91 ) the new stability scores are calculated and normal-
ized to give maximum (best) score of 10. The resulting scores are presented in
table 3.

TABLE 3 Stability scores of different protonation states (rows (a)-(j)) in different solvents
columns (a)-(c). The last row shows the average + the standard deviation over
different protonation states for each solvent conditions and last column shows
the average =+ the standard deviation for each protonation state over different
solvent conditions.

Identifier (a) (b) (c) average
(a) 5.2 8.0 6.5 6.6 +1.1
(b) 2.2 6.9 4.3 45+1.9
(c) 2.0 8.5 5.5 53+27
(d) 5.0 9.2 5.4 6.5+ 1.9
(e) 1.8 8.2 5.9 53+27
(f) 4.1 9.3 5.8 6.4+ 2.2
() 35 10.0 5.9 6.5+ 2.7
(h) 1.6 7.9 5.3 49+26
(1) 3.0 8.6 5.6 57423
G) 1.7 9.6 47 53 +3.3

average 3.0£13 86+09 55+£06 57+0.7
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The averages over protonation states for different solvent conditions in table 3
reflect the visually observed (figure 2) stabilities, from best to worst, in methanol
(b), mixture (c) and water (a). Considering the averages over solvent states for
different protonation patterns, the most stable ones based on this scoring are (a),
(d), (f) and (g), and the least stable ones are (b) and (h). However, while the trend in
solvent conditions is clear, the differences between protonation states considering
the deviations are much smaller.

Based on this scoring we find that the most stabilizing solvent condition, protona-
tion pattern combination is the full methanol and protonation pattern (g). This
corresponds to a protonation state of all the neutral ligands on one side and all the
deprotonated ligands on the other side of the cluster, as divided horizontally with
respect to the Ca symmetry axis, and is thus amphiphilic or Janus-like in nature.
Interestingly, the protonation pattern (h) exhibiting low stability in terms of the
scores, has also a protonation pattern with all the neutral ligands on one side and
all the deprotonated ligands on the other side of the cluster, but divided vertically
with respect to the Cy symmetry axis.
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4.3.4 Simulation results - spherical shells

The end structures of spherical shells are presented in table 4. The structures after
>30 ns simulations are framed in different colors.

TABLE 4 End structures after 30 - 200 ns simulation; 50 ns, 100 ns, 150 ns and 200 ns
end structures framed in red, blue, black and green, respectively, 30 ns end
structures unframed. The different protonation states shown in rows (a)-(j) and
the solvent conditions in columns (d)-(h).

Identifier
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Considering the different solvent conditions (columns), similarly to 2D sheets,
water (column (d)) appears visually the most destabilizing. To be noted is that,
due to smaller size of the spherical shell compared to the experimental one, higher
surface tension in the simulated structures could be expected due to the higher
curvature. This may affect the stability of the shell structures. The overall most
stabilizing condition, independent of the simulation time scale, appears to be the
mixture (h) (i.e., water initially inside the shell), though squeezing of the spherical
shell is observed. While in mixtures (f) and (g) structure retaining to varying
degrees is observed for some systems, the longer simulations (framed structures
in figure 4) consistently fall apart in these solvent conditions. Retaining of the
shell-like structure is observed in methanol (e) to some extent, with no apparent
squeezing.

As for the 2D sheet structures, ranking the protonation states (rows) by mere visual
means is ambiguous. To consider structures in more detail, average superstructure
gyration radii in water, methanol and mixture (h) are presented in figure 16.
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FIGURE 16 Superstructure gyration radius of different protonation states (a)-(j) in sol-
vents (d), (e) and (h), figures (a)-(e). Average / standard deviation / drift
are reported in the legends.
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In agreement with the visual inspection, from figure 16 it can be seen that the
gyration radii in water (decreased stability) are, for the most protonation states,
larger in terms of averages, deviations and drifts compared to methanol and
mixture (h). In methanol all protonation states show similar values in gyration
radii, while in mixture (h) the averages are smaller and the extreme protonation
states (a) (visually unstable in figure 4) and (b) show the largest and smallest
gyration radii, respectively.

Similarly to 2D sheets, a detailed look into interactions between clusters is given in
terms of hydrogen bonds and chelating cations between ligands. Average number
of hydrogen bonds per cluster are presented in figure 17 for solvent conditions in
water, methanol and mixture (h).
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FIGURE 17 Average number of hydrogen bonds between gold clusters (/cluster) of
different protonation states (a)-(j) in solvents (d), (e) and (h), figures (a)-(c).
Average / standard deviation / drift are reported in the legends.
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From figure 17 it can be seen that most often there are fewer hydrogen bonds
between clusters in water compared to methanol and mixture (h), implying poorer
solubility of nanoclusters in methanol compared to water. On the other hand
protonation state (a) in water shows the most inter-cluster hydrogen bonds, while
visually the structure is unstable (figure 4)). This implies that hydrogen bonds do
not determine the stability of the shell-like superstructures alone. Furthermore, on
average more hydrogen bonds are observed in mixture (h) compared to methanol,
which reflects the observed squeezing and stability.
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FIGURE 18 Average number of chelating cations (/cluster) of different protonation states
(a)-(j) in solvents (d), (e) and (h), figures (a)-(c). Average / standard deviation
/ drift are reported in the legends.
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From figure 18 it can be seen, similarly to case of hydrogen bonds, that there are
fewer chelating cations in water compared to methanol and mixture (h), again
likely due to the poor solubility of NaCl in methanol. This implies that the
chelating cations also play role in the superstructure stability. The protonation
state (b) (all deprotonated, charge -44¢ / cluster) in all solvents has the most
chelating cations compared to other protonation states, explained by the high
negative charge per cluster. On average, similar number of chelating cations are
observed in mixture (h) and methanol. Analyses considering close cations without
chelating condition were also performed, and similarly to the 2D sheets on average
each deprotonated group was compensated by a close cation for all of the studied
systems.

Ranking between the different protonation states was obtained similarly to 2D
sheets with a simple scoring function fitted to find weights whponds and wions for
number of hydrogen bonds Hb and chelating cations /c according to

R = Whponds * Hb + wipns * Ic. R is defined as the goodness or stability score based
on the gyration radius (larger gyration radius, i.e., more scattered clusters gives
a lower score). From the fitted weights (whpongs = 0.67, wions = 0.81 ) the new
stability scores are calculated and normalized to give maximum (best) score of 10.
The resulting scores are presented in table 5.

TABLE 5 Stability scores of different protonation states (rows (a)-(j)) in different solvents
columns (d)-(h). The last row shows the average + the standard deviation over
different protonation states for each solvent conditions and last column shows
the average =+ the standard deviation for each protonation state over different
solvent conditions.

Identifier (d) (e) (f) (8) (h) average
(@) 8.1 6.3 4.2 6.3 4.2 58+ 15
(b) 2.1 8.3 5.4 34 6.7 52422
(c) 2.3 6.7 49 3.3 8.1 51421
(d) 2.2 8.5 5.3 3.1 10.0 58 +£3.0
(e) 2.8 5.9 5.4 3.6 7.2 50+ 1.6
(f) 3.2 8.8 5.9 3.7 9.9 6.3 +27
(g) 3.1 9.6 5.6 3.7 9.8 6.4+29
(h) 34 7.6 4.8 4.0 7.4 54+ 1.7
(1) 1.9 6.0 4.8 2.5 9.5 49 +27
) 2.1 9.3 6.1 44 9.7 6.3+29

average 31+17 77+£13 52405 38+10 83£18 56+06
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The averages over protonation states for different solvent conditions in table
5 reflect the visually observed (figure 4) stabilities, with water and mixture (g)
showing low scores, mixture (f) an intermediate score and methanol and mixture
(h) having high scores. Considering the averages for different protonation patterns,
the most stable ones based on the scoring are (f), (g) and (j), and the least stable
ones are (e) and (i). As for the 2D sheets, the trend in solvent conditions is clear but
the differences between protonation states considering the deviations are much
smaller.

The most stabilizing solvent condition, protonation pattern combination is found
for mixture (h) and the protonation state (d). This corresponds to a protonation
state of all the neutral ligands forming a horizontal belt in the middle of the
cluster (with respect to Ca symmetry axis) and the deprotonated ligands divided
on top and bottom of the cluster. The lowest stability based on this scoring is
found for protonation pattern (i), which is the pattern predicted by a constant pH
simulation.

4.3.5 Conclusions

We have performed molecular dynamics simulations of two types of different
experimentally determined superstructures of Au;p,pMBA,4 gold nanoclusters,
2D sheets and spherical shells, in various solvent and protonation conditions to
systematically investigate their stability.

Visual investigation reveals clear differences in stabilities of superstructures in
different solvent conditions, and more subtle differences between protonation
states and patterns. In agreement with the experimental results of Nonappa
et al. [40], we find none of the superstructures stable in pure water, while the
2D sheets show excellent retaining of the hexagonally packed superstructure in
methanol. While also spherical shells retain some resemblance to the initial shell-
like structure in pure methanol, systems in mixture where water lies initially inside
the shells appear, while squeezed, the best retained of all the solvent conditions.
While this initial dividing of water and methanol inside and outside the spherical
shell is not completely retained during the simulation, i.e., mixing occurs, the
breaking of superstructure with reverted division, i.e., water initially outside the
shell suggests such shell structures may enclose water.
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The evident interactions for Au;p,pMBA, systems consist of hydrogen bonds,
yet we also find chelating ionic interactions to play role in the superstructure
stability. Thus, one may envision the most efficient ligand layer patterning for
the superstructure stability being a balance between hydrogen bonds and ionic
interactions. The effect of the solvent then comes in as the preference for forming
solvent-ligand hydrogen bonds over ligand-ligand hydrogen bonds in water and
vice versa in methanol. Similarly, due to poor solubility of NaCl in methanol ions
prefer to lay closer to gold nanoclusters enabling increased number of chelating
interactions.

Adopting such simplistic view of the two contributing interactions, we have
scored the different protonation states, for which determining the stability merely
visually is not feasible. To this end, we find this scoring captures the evident
stability differences of the solvent conditions, i.e., least score for water (unstable
systems) and the best score for methanol (for 2D sheets) or mixture (h) (spherical
shells). Considering the protonation patterns, for both superstructure types we
find states (f) and (g) showing on average high scores. State (f) corresponds to a
protonation state of all the negatively ligands forming a vertical belt in the middle
of the cluster (with respect to Ca symmetry axis) and the neutral ligands divided
on top and bottom of the cluster. State (g) corresponds to a protonation state of all
the neutral ligands on one side and all the deprotonated ligands on the other side
of the cluster, as divided horizontally with respect to the Co symmetry axis.

Based on the scoring results, it appears certain amphiphilic nature of the ligand
shell improves the stability of the superstructure, whereas more patched ligand
shells result in lower stability. In addition, it seems to matter how the ligands are
divided with respect to the symmetry axis. The differences in averages between
protonation states are small, and longer simulations along with non-homogeneous
initial cluster orientations would be needed to fully conclude the stability of
certain protonation states over the others. Further insight into the stability of
the superstructures could be obtained from computing free energies of different
configurations.

In summary, in spite of the limitations described above, we are able suggest trends
contributing to the stability of Au;q,pMBA 44 nanocluster superstructures, in terms
of both the solvent conditions and the protonation patterns. In both 2D and 3D
cases the clusters with amphiphilic surfaces seem to increase the stability. 2D
sheets appear most stable in pure methanol, while the 3D shell structure is further
stabilized by enclosing water. This information could be useful in the future design
of metal-cluster self-assemblies and superstructures thereof.
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44 Au;pMBA4, gold nanoclusters at the bio-interface: Binding
to an enterovirus (paper III)

Tuning of the ligand shell of a gold nanoclusters enables making them bio-
compatible or water soluble, such as the Au;p,pMBAy, cluster. Bio-compatibility
of these clusters can be utilized in applications including imaging and sensing.
The work presented in this section was motivated by the use of Au;ppMBAy,
nanoclusters as contrast agents in virus imaging with TEM. [41,42] Experimentally,
the gold nanoclusters are known to connect to viruses covalently through sulfur
linkages between a functionalized gold nanoclusters and exposed cysteines. The
non-covalent connection occurs via replacement of a fatty acid molecule inside a
hydrophobic pocket on the virus surface, by a drug-like molecule, Kirtan1, linked
to the gold nanocluster. The aim of this work was to study the interactions and
dynamics between different pocket factors, presented in figure 19, and viruses at
atomistic scale.

(@) (b) (©

FIGURE 19 Pocket factors of echovirus 1 (EV1). (a) The natural pocket factor palmitic
acid; (b) Pleconaril - a known drug molecule against EV1 and (c) Kirtan1
with a hydrophobic tail connectable to the gold nanocluster. Atom colors:
C=cyan, O=red, H=white, N=blue, F=green. Adapted with permission
from Emmi Pohjolainen, Sami Malola, Gerrit Groenhof, Hannu Héakkinen.
Exploring Strategies for Labeling Viruses with Gold Nanoclusters through
Non-equilibrium Molecular Dynamics Simulations. Bioconjugate Chemistry,
28 (9), pp 2327-2339, 2017. Copyright 2017 American Chemical Society.
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In order to compare between different pocket factors, we estimated their binding
affinities, i.e., binding free energies to the hydrophobic pockets of echovirus 1.
Due to the complexity of the system, along with differences in the structures of the
investigated pocket factors, the equilibrium free energy methods and alchemical
methods were out of question. Therefore we resorted to non-equilibrium free
energy methods, where steered MD simulations were used for simultaneously
pulling all 60 pocket factors out of the pockets and recording the force profiles
of the processes. Works performed are then obtained through integration of the
force profiles. These works are averaged to obtain the free energy estimate from
Jarzynski’s equality as described in section 3. While the virus is constantly moving,
pulling could only be performed in the forward direction (out from the pocket),
thus Crooks theorem could not be utilized here.

Echovirus 1 is an icosahedral virus that contains 60 symmetrically positioned hy-
drophobic pockets. With each containing a pocket factor, each pulling simulation
generates 60 work values for the exponential averaging. We performed 25 pulling
simulations of 4.5 ns with pulling velocity of 1 nm/ns, starting from different
snapshots of un-steered virus simulations, generating in total of 1500 work values,
for each of the five pocket factor systems. An example pulling procedure for
palmitic acid is presented in figure 20.
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FIGURE 20 Pulling procedure visualized. (a) shows the full virus capsid with 60 hy-
drophobic pockets occupied a palmitic acid molecule. (b) shows the close-up
of one protomer unit shown in red in (a). (c) and (d) show the structures at
the end of one pulling simulation. Virus protein shown in ribbon and pocket
factors as VDW spheres. Reprinted with permission from Emmi Pohjolainen,
Sami Malola, Gerrit Groenhof, Hannu Hdkkinen. Exploring Strategies for
Labeling Viruses with Gold Nanoclusters through Non-equilibrium Molecu-
lar Dynamics Simulations. Bioconjugate Chemistry, 28 (9), pp 2327-2339, 2017.
Copyright 2017 American Chemical Society.

Similar pulling end states, i.e., externalized pocket factors, from one pulling
simulations and full virus capsid for the remaining pocket factors are presented in
figure 21.
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FIGURE 21 Pulling end states for systems with pocket factor (a) Pleconaril, (b) Kirtan1,
(c) Kirtanl + half deprotonated gold nanocluster. Reprinted with permission
from Emmi Pohjolainen, Sami Malola, Gerrit Groenhof, Hannu Hékkinen.
Exploring Strategies for Labeling Viruses with Gold Nanoclusters through
Non-equilibrium Molecular Dynamics Simulations. Bioconjugate Chemistry,
28 (9), pp 2327-2339, 2017. Copyright 2017 American Chemical Society.

While no atomistic scale structural changes in proximity of the hydrophobic pocket
were investigated in detail, conformations of the pocket factors along with simple
RMSD check of the hydrophobic pocket proximate proteins did not reveal any
large scale changes induced by pulling.

The resulting pulling work distributions, shown in figure 22, have significant
standard deviation and skew, thus instead of simple cumulant estimators of
Jarzynski’s equality, we resorted to the scheme based on block averaging and

extrapolation, proposed by Zuckerman et al [68,69] for non-gaussian work data to
estimate the binding free energies.
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Work distributions from 1500 pullings
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FIGURE 22 Work distributions of 25 pulling simulations or 1500 pullings
for pocket factor systems: PLT=palmitic acid, PLE=Pleconaril,
KIR=Kirtanl, CLUKIR=Kirtanl+half deprotonated gold nanocluster,
DCLUKIR=Kirtan1+fully deprotonated gold nanocluster. Values in
parentheses () show mean / standard deviation / skew in k] /mol. Reprinted
with permission from Emmi Pohjolainen, Sami Malola, Gerrit Groenhof,
Hannu Hakkinen. Exploring Strategies for Labeling Viruses with Gold
Nanoclusters through Non-equilibrium Molecular Dynamics Simulations.
Bioconjugate Chemistry, 28 (9), pp 2327-2339, 2017. Copyright 2017 American
Chemical Society.

The final estimated binding affinities, presented in table 6, are clearly overesti-
mated, by comparison to one the highest binding affinities between biotin and
avidin (= —85.4 k] /mol) appearing in nature. That is, replacing the natural pocket
factor with a binding affinity as high as reported here, would be an extremely
rare event. On the other hand, this pocket factor is a known drug target and thus
replaceable by other molecules.
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TABLE 6 Binding affinity, AG, estimates for different pocket factors. Adapted with
permission from Emmi Pohjolainen, Sami Malola, Gerrit Groenhof, Hannu
Hakkinen. Exploring Strategies for Labeling Viruses with Gold Nanoclus-
ters through Non-equilibrium Molecular Dynamics Simulations. Bioconjugate
Chemistry, 28 (9), pp 2327-2339, 2017. Copyright 2017 American Chemical

Society.

pocket factor AG= error (k] /mol)
palmitic acid -168.1 12
Pleconaril -299.9 + 18
Kirtanl -2953 +13
Kirtanl + half deprotonated gold nanocluster -392.3 + 14
Kirtan1 + fully deprotonated gold nanocluster -293.6 £ 19

We investigated several factors potentially causing the overestimation, of which
the pulling velocity had the clearest and the most significant effect: Decreasing the
pulling velocity decreases the binding affinity estimate. Nevertheless, the trend
remained the same among different pulling velocities, thus the qualitative result
is unaffected by the compromise made by choosing a pulling velocity fast enough
to enable efficient statistics.

Important consideration in applying Jarzynski’s equality is the sufficient sampling
of work values or converging the exponential average as discussed in chapter
3. In the frame of the block averaging / extrapolation scheme utilized here, we
observed the convergence of the results between using 1000 work values and the
full data set of 1500 work values. Still, the relatively small data set may affect the
overestimation of the binding affinities.

The complexity of the system opens possibilities for example to cooperative effects
(pulling all factors at once may not be feasible), dependency on the starting
structure (bias due to limited number of initial configurations), and dependency
on the pulling distance (i.e., determining the point of detaching). While in our
investigations these factors do not seem to matter in terms of the qualitative results,
due to relatively small statistics the effects of them cannot be fully excluded.

Qualitatively the computed results are nevertheless reasonable and in line with
the experiments, in the sense that: (1) The natural pocket factor has the lowest esti-
mated affinity, and can therefore be replaced by those exhibiting larger estimated
binding affinities, such as the known drug-molecule and its derivatives. (2) The
two molecules having similar structures inside the pocket, i.e., the drug molecule
and its derivative, have similar estimated binding affinities.
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Based on the estimates, the binding affinity of the functionalized gold nanocluster
depends on the protonation state of the gold nanocluster. In the fully deprotonated
state, the affinity is close to that of the drug-molecule and its derivative without
the gold cluster. In any case, the affinity is not decreased by the connection of
the gold nanocluster. In the case of half protonated / half deprotonated gold
nanocluster the affinity increases significantly, likely due to interactions between
the ligand shell and the virus surface proteins and / or the poorer solubility in
water compared to the fully deprotonated cluster.

In addition to binding affinities, simulations reveal in more detail the factors
that contribute to these binding affinities, i.e., interactions that break during the
detaching. By considering a very simple additive model of hydrogen bonds,
hydrophobic and aromatic interactions as contributing to the binding affinity, it is
evident that all these are important.

To summarize, the simulations confirm, in line with the experiments, that the
non-covalent method of linking gold nanoclusters to virus surface at specific
locations is possible. Furthermore, similar simulations could be utilized in esti-
mating qualitative binding affinities of different types of new molecules to the
hydrophobic pocket. The design of new molecules for similar applications could
be at first stages guided by considering the interactions revealed by the atomistic
scale investigations provided by simulations.



5 SUMMARY AND OUTLOOK

Force field parameterization for performing MD simulations with gold nan-
oclusters was developed and applied in numerous simulations, by us and other
groups, in investigating the functionalities of gold nanoclusters for different pur-
poses.

Considering the works presented in this thesis, we have demonstrated the ap-
plicability and usefulness of MD simulations, alongside experiments and DFT
computations, in investigating the ligand shell functionality in cases of (1) interac-
tions within one cluster (work II), (2) interactions between cluster and solvent and
between clusters themselves (self-assembly) and (3) interactions between clusters
and virus protein (work III). Qualitative agreement with available experimental
data confirms, in cases of these works, the sufficiency of accurate description of
interactions with ligand shell and the environment, while the gold is inert in terms
of electrostatics. This description allows for performing computationally relatively
cheap simulations, with a force field that is easily transferable to different kind of
gold nanoclusters.

While the structure of the ligand shell (or the positions gold atoms) may not always
be resolved experimentally, in future different types of Al methods [125], together
with MD simulations may provide bonding or interaction motifs for structure
predictions.

Implications of importance of the solvent conditions, especially ions, could be fur-
ther investigated by computations and experiments. This could reveal more details
about the self-assemblies of gold nanoclusters [40], and further their utilization as
reversibly forming / deforming objects for, e.g., drug carrier applications. While
simulation times for full virus simulations are still short, disabling witnessing any
large conformational changes, advances in virus imaging techniques may in future
provide new structures for simulations to more accurately investigate, e.g., the
implication of gold nanoclusters to their structure and function.
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Clear indications of the importance of protonation state and pattern of the gold
nanocluster ligand shell were concluded in all the works presented here. While
testing all possible states and patterns in simulations is impossible, in the future
simulating at constant pH [127], i.e., allowing dynamic protonation / deprotona-
tion during the simulation, could be important and reveal interesting details on
the protonation dynamics of these clusters under different conditions. Inherently,
the importance of the protonation pattern relates to the effects of charges in the
system. Therefore, for certain applications inclusion of both gold partial charges
and the charge polarizability would be essential.

Recently, fusing of stable gold nanoclusters into another stable cluster has been
observed [128]. Describing such dynamics with simulations could reveal the
mechanisms of this, yet treating of the system at QM /MM [85,101] level or at least
with reactive force fields [104] would then be required.

While parameterizing organic ligands is relatively straightforward, parameters for
heterometallic along with clusters fully composed of other metal than gold, would
likely be of interest in future simulations.
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APPENDIX1 SIMULATIONS AND ANALYSES AU,,PMBA4,
NANOCLUSTER SUPERSTRUCTURES

APPENDIX 1.1 Simulations

All simulations were performed using Gromacs 5.1.4 [78] simulation package and
Amber99sb-ildn [52] force field with parameters for thiolate protected nanoclusters
from work L.

2D sheet structures were formed by placing one 8x8 sheet to hexagonal simula-
tion box to generate infinite sheet structure in xy direction when using periodic
boundaries, while in the z direction the distance between sheets is 25 nm. For the
spherical shells dodecahedric simulation boxes were used with distance to solvent
1.2 nm.

The solvent was added to the box with gmx solvate tool: TIP3P water and methanol
with GAFF (generalized Amber force field) parameters obtained from Virtual
chemistry [56,57] were used. Ions (NaCl) were added to a concentration of 0.1 M +
neutralizing cations. Depending on the protonation state of the nanoclusters, the
total ion concentration varies between 0.1-1.0 M. In systems where solvents, water
and methanol, are initially separated to restricted areas (figure 12 g, h) the whole
system was first solvated in water which was then removed from the volume
then resolvated with methanol. Ions were added to reflect their solubility in each
solvent, i.e., 90% of the ions were added to water volume, and the remaining to
methanol volume.

Each system was first energy minimized with steepest descents. For solvent
relaxation 1 ns NVT run with position restraints on solute atoms excluding the
hydrogens was performed. In order to avoid bias from placing the clusters initially
in identical orientations, the systems were equilibrated at 300 K NVT for 10 ns,
with translational motion of each cluster restricted while rotational motion was
allowed. This equilibration was then followed by 30 ns to 200 ns production run
at 300 K, 1 bar NPT with no restraints.
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In all NVT and NPT simulations we used leap frog integrator with 2 fs time step,
periodic boundary conditions, a 1.0 nm Lennard-Jones cut-off with dispersion
correction for energy and pressure, PME electrostatics with a 1.0 nm cut-off and
0.12 nm grid spacing, the velocity-rescale thermostat with a reference temperature
of 300 K and coupling time constant of 0.1 ps, and the Berendsen barostat with a
reference pressure of 1 bar and coupling time constant of 1 ps. To avoid breaking
of the sheets semi-isotropic pressure coupling was used with 2D sheet systems,
with 0 compressibility in the xy direction. In systems with pure methanol we used
methanol compressibility as reported in Virtualchemistry of 1.09 1/GPa. For pure
water and water-methanol mixtures we used compressibility of water 0.45 1/GPa.
All covalent bond lengths were constrained with the LINCS algorithm.

APPENDIX 1.2 Stability analyses

To determine the retaining of the superstructure, in addition to visual inspec-
tion, distances between neighboring gold nanoclusters in 2D sheets were tracked
and compared to the experimentally determined distance (2.7 nm) between the
clusters in the hexagonally packed sheet. The structures of spherical shells were
analyzed using radii of gyration determined using gmx gyrate tool with default
settings.

The non-covalent interactions between gold nanoclusters are the basis of super-
structure stability. Firstly, the acidic pMBA ligands can form hydrogen bonds, thus
given the optimal solvent condition, orientation and the protonation pattern of
the clusters, the stable superstructure could be expected to form. Hydrogen bonds
between pMBA ligands in production NPT trajectory of 30-200 ns were analyzed
using Gromacs gmx hbond tool with default cut-off angle and radius of 30°and
0.35 nm, respectively.

Secondly, pMBA ligand in deprotonated form carries a negative charge, thus we
have investigated ionic interactions between nanoclusters and cations. Especially,
we have looked at so-called chelating cation interactions, where the cation lies close
(within 3 A) to carboxyl acid group carbon of two ligands simultaneously.

For both type of interactions the number of contacts averaged per cluster are
presented. The average, standard deviation and drift are reported, with drift
calculated as the difference between last and first point of a linear fit to the data in
question.
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For consistent ranking of the system stabilities, we performed a simple fit to
find weights whponds and wions for number of hydrogen bonds Hb and chelating
cations /c according to R = whponds * Hb + Wions * [¢. R is defined as the goodness
or stability score based on the closeness of average neighbor distance to the
experimental reference value, and the percentage of neighbor cluster distances
remaining within 0.2 nm of this reference value during the simulation in 2D
sheets. In spherical shell systems score is based on gyration radius. From the
fitted weights the new stability scores are calculated and compared between the
systems.
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Bl INTRODUCTION

Thiolate-protected gold nanoclusters Au,(SR),, have been
extensively studied during the past years, both experimentally
and theoretically.'~* Clusters studied so far range in size and
nature of the ligand and exhibit interesting electronic,™®
optical,” or catalytic properties® that could make them
promising building blocks for nanotechnology applications.
Because the ligand R-group can easily be made biocompatible,
these thiolate-protected clusters are also increasingly used in
biological research. For example, the clusters have been
conjugated with biomolecules to act as contrast agents in
electron microscopy imaging10 or as molecular rulers.'"'?

Whereas density functional theory (DFT) has been widely
used to investigate the electronic, optical, and even catalytic
properties of gold nanoclusters, the system size and time scales
that must be reached to investigate the interactions between
gold clusters and biomolecules precludes DFT and necessitates
classical molecular dynamics simulation in combination with a
molecular mechanics force field instead. To date, several
molecular dynamics simulations have been performed on
systems containing gold, either as a surface'”'* or nano-
particle.ls_29 However, as most of these studies were focused
on a specific gold cluster, the force field parameters are often
not transferable to clusters with different sizes or ligands.

i 1 © 2016 American Chemical Society
~ ACS Publications
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ABSTRACT: We present transferable AMBER-compatible force field parameters for thiolate-protected gold nanoclusters. Five
different sized clusters containing both organo-soluble and water-soluble thiolate ligands served as test systems in MD
simulations, and parameters were validated against DFT and experimental results. The cluster geometries remain intact during
the MD simulations in various solvents, and structural fluctuations and energetics showed agreement with DFT calculations.
Experimental diffusion coeflicients and crystal structures were also reproduced with sufficient accuracy. The presented parameter
set contains the minimum number of cluster-specific parameters enabling the use of these parameters for several different gold
nanoclusters. The parameterization of ligands can also be extended to different types of ligands.
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A notable exception are reactive force fields for gold
nanoparticles, such as REAX-FF,*°*® which are readily
transferred between clusters. However, due to the high
complexity of the potential functions, large number of
parameters, and lack of compatibility with the available
biomolecular force fields, reactive force fields are not yet
available in mainstream molecular dynamics programs. More-
over, the small time step with which the equations of motion
have to be integrated in reactive force field simulations creates a
severe bottleneck for simulating large biological systems.
Alternatively, the QM/MM approach,34r in which the gold
cluster is described at the QM level, is transferable®® as well, but
the computational effort required for the QM calculation
restricts accessing the biologically relevant time scales in the
simulation.

To systematically investigate the effect of size and
composition of thiolate-protected gold clusters on their
interplay with biomolecules, such as proteins, membranes, or
nucleic acids, we need a transferable force field that is
compatible with an existing biomolecular force field. Since
the AMBER force field*® has been specifically developed for a

Received: November 5, 2015
Published: February 4, 2016

DOI: 10.1021/acs.jctc.5b01053
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(d)

Figure 1. Clusters studied in this work. Coloring convention: green = gold; yellow = sulfur; cyan = carbon; white = hydrogen; red = oxygen. pMBA
= para-mercaptobenzoic acid and PET = phenyl-ethanethiol. (a) Au,s(PET) 57, (b) Ausg(PET),,, (c) Auy(pMBA),, (d) Auyyy(PET)g, and (e)

Auyy(PMBA) ¢
S Auy S i
lig Auyg Auyg Siip
Aulig Aulig
SS S Ssurf
surf Seurt
Au, rf Au, rf
(a) Ausurf Ausurf (b) s o (C) Ausurf Ausurf

Figure 2. Different ligand unit formations related to clusters studied in this work with naming conventions and colors: gold (green) and sulfur
(yellow). (a) Rectangular staple formation present in Ausg, Au,g,, and Auyy, clusters. The V-shape staple formation in (b) appears in Au,s and Ausg
clusters and in (c) in Au,, clusters (together with (a)). The alkylthiol groups are omitted.

wide range of biomolecules, we have optimized a set of generic
parameters to model the energetics of thiolate-protected gold
clusters with the AMBER potential functions. To facilitate
transferability, we avoided bonding interactions between gold
atoms in the core and rely on noncovalent interaction between
gold atoms instead to maintain the core structure. To verify the
validity of the new force field, we have performed MD
simulations on five representative thiolate-protected gold
nanoclusters (Figure 1) and compared the results of these
simulations to the available experimental data and DFT
computations.

B METHODS

In this work, we derive general force field parameters for
thiolate-protected gold nanoclusters based on a representative
set of such clusters. The geometries of these clusters were
obtained from DFT calculations. All MD simulations were
performed with Gromacs, versions 4.5 and 46>
Parameterization. The shape and anatomy of a gold
cluster is controlled by the number of gold atoms, chemical
nature of the ligands, and number of these ligands. The core
consists of gold atoms arranged in shells. This arrangement
depends on the number of gold atoms. For example, the Au,;
cluster has one gold atom in the center around which 12 gold
atoms form an icosahedron. In Augg, the core is less symmetric
and is composed of two merged icosahedra. Larger clusters
contain more gold layers with decahedral (Aup,) and
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icosahedral (Auy,,) centers and have a more globular overall
shape.

In previous force fields, constraints were employed to fix the
distances between the gold atoms of the core and maintain its
geometry.'®'? Such an approach, however, requires knowledge
about the interatomic distances, which vary with cluster size.
Therefore, force fields based on constraints between the core
atoms are not transferable and cannot be used to predict the
geometry of new gold clusters.

Instead, transferability requires that the force field functions
and parameters for the gold core do not depend on the details
of the cluster. To fulfill that requirement, we used the
noncovalent Lennard-Jones interatomic potential with param-
eters for metallic gold,38 as in ref 19, 21, and 39. In addition, no
partial charges are assigned to the gold atoms. Although this
choice was obviously motivated by our requirement that the
force field parameters are transferable to other clusters, it was
justified by Bader analyses on various thiolate-protected gold
nanoclusters, which suggest that the core atoms are indeed
almost neutral in most clusters.”*>*

The core is separated from the ligands by a sulfur—gold
interface layer that protects the core. The sulfur atoms connect
the ligands to the core by forming so-called staples (Figure 2),
in which the thiolates bind covalently with one gold atom at the
surface (Au,,,) and another at the interface (Auﬁg). To describe
these covalent interactions with a minimal set of parameters,
valid for a wide range of gold clusters, the equilibrium bond
lengths and angles were defined as the average of these values

DOI: 10.1021/acs jctc.5b01053
J. Chem. Theory Comput. 2016, 12, 1342—1350
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in the DFT-optimized structures of the five clusters, shown in
Figure 1. However, because the Auy,—Sy,—Auy, angle in the V-
shaped staples ranges from 100° in the smaller Au,s(PET)g
and Auyg(PET) g clusters to 119.2° in the larger Au,p,(PET),,
cluster (Figure 2), it was not possible to use a single
equilibrium value for this angle in all clusters. Therefore, we
introduced two values instead, depending on the shape of the
staple. Nevertheless, because the choice for which angle value
to use can be determined either a priori or a posteriori, having
two values for this angle does not affect transferrability.

The harmonic force constant for the Au,—S bonds was
adopted from ref 3S. This force constant is approximately an
order of magnitude smaller than the usual angle force constants
in AMBER. The harmonic force constants for the Au,—S—Au,
and S—Auy,—S angles were taken from ref 19, which are
comparable to those in AMBER. Nonbonded 1—4 interactions
involving the atoms of a staple were excluded and implicitly
accounted for by the torsion potential.

In the V-shaped staples of the Au,y,(PET),, cluster, it was
necessary to increase the S—Auy;,—S angle force constant in
order to maintain the strained staple shape open and stable in
simulations. This force constant was also taken from ref 19 and
is about three times larger than the typical angle force constants
in AMBER. For angles involving gold and ligand atoms (Au,—
S—C,), we used the same force constants as Banerjee et al,*
which are somewhat smaller than those in AMBER.

Finally, the ligand layer consists of organic molecules that
contain atom types for which AMBER parameters are already
available. However, for some combinations of these atoms,
bonded or angle parameters were missing. Missing equilibrium
values were determined by averaging these values over the DFT
optimized structures, whereas missing force constants were
selected based on similarity with existing interactions. The
partial charges on the ligand atoms were optimized with
Ambertools12,*" following the RESP charge fitting procedure
recommended for AMBER."* Charges were derived for a model
system consisting of two gold atoms connected to two ligands
via a sulfur atom, that is, Au,(PET), and Au,(pMBA),. Similar
model systems have been used previously in gold—thiolate
parameter derivations.’”"> The geometries of Au,(PET), and
Au,(pMBA), were optimized using Gaussian 09," using the
B3LYP functional in combination with LANL2DZ basis set and
the W06 density fitting basis.”> The electron density of the
optimized structure was used to calculate the electrostatic
potential at points selected according to Merz—Singh—Kollman
scheme*®*” in Gaussian 09. The radius of Au was set to 0.17
nm. Atomic charges were fitted to this potential in a two-stage
RESP procedure, constraining the charges of Au to zero. For
the pMBA ligand the partial charges were fitted for both
protonated and deprotonated structures. For the charged
Au,PET " cluster, the negative charge was distributed over all
ligands by scaling all charges. The optimized charges were
compared to the default AMBER charges of similar residue
parts, that is, phenylalanine, with no significant discrepancies
observed. Although we only considered the pMBA and PET
ligands (Figure 3), the procedure to parameterize the ligand is
sufficiently general to be applied to other ligands as well
Therefore, parameters for new ligands can be easily obtained
without modifying any of the core or interface parameters.

Force Field Validation. Molecular Dynamics Simula-
tions. The new force field was tested by performing 100 ns MD
simulations of the five clusters (Figure 1) in various solvents. In
all simulations, the leapfrog Verlet integrator was used with a
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(a) (b)

Figure 3. Alkylthiol ligands and naming conventions used in this work:
(a) pMBA = para-mercaptobenzoic acid and (b) PET = phenyl-
ethanethiol.

time step of 2 fs, periodic boundary conditions, 1.0 nm
Lennard-Jones cutoff with dispersion correction for energy and
pressure, PME electrostatics with a 1.0 nm cutoff and 0.12 nm
grid spacing,48 velocity-rescale thermostat with a reference
temgerature of 298.15 K and coupling time constant of 0.1
ps,” and Berendsen barostat with a reference pressure of 1 bar
and coupling time constant of 1 ps.so All bond lengths were
constrained with the LINCS algorithm.51 The Au,s(PET),5 and
Auyg(PET),, clusters were simulated in chloroform and the
Au, 4 (PET)y, cluster in dichloromethane. Chloroform and
dichloromethane (GAFF*?) parameters and structures were
obtained from the Virtual chemistry Web site (virtualchemistry.
0rg).53'S4r Both neutral and anionic forms of the Au,s(PET);s~
cluster were simulated. Clusters Au;o,(pMBA),, and
Au, 4 (pMBA)4, were simulated in TIP3P water, with all
pMBA groups deprotonated. The SETTLE algorithm was
used to constrain the internal degrees of freedom of the water
molecules.”® Sodium and chloride ions were added to neutralize
the system at a concentration of 0.1 M. Prior to the production
simulations, each system was energy minimized and equili-
brated under NVT (100 ps) and NPT (100 ps) conditions. The
deprotonated Au,;p,(pMBA),, and Auy,(pMBA)g, systems
were equilibrated for 1 ns under NPT conditions with a 1 fs
time step.

Density Functional Theory Computations. All the model
cluster structures Auys(PET) 4", Ausg(PET),4 Auyp(pMBA),,,
Auy44(PET)g, and Au,(pMBA), were relaxed to the energy
minimum configuration using density functional theory (DFT)
with PBE functional as implemented in the software package
GPAW that uses real-space grids and projector-augmented
waves.’® For the relaxation of the smaller clusters,
Au,s(PET),s~ and Auyg(PET),,, the criterion for the maximum
residual forces acting on atoms was 0.05 eV/A, whereas for the
larger clusters, Au;o,(pMBA),,, Au 4 (PET)g, and
Auy,(pMBA), the criterion was 0.1 €V/A. A grid spacing of
0.2 A was used in all calculations.

Activation barriers for flipping the chirality of the sulfur
atoms were computed for a model system containing a single
staple with three thiolate ligands (PET or pMBA) and four gold
atoms (Figure 4). The reaction coordinate was defined as the
torsion angle between the Au,—S, and S;—C, bond vectors.
This angle was varied in 23 and 18 discrete steps of 5.7°and
6.5° for the pMBA and PET model systems, respectively,
followed by a constrained geometry optimization keeping both
torsion angle and the two dangling gold atoms fixed. Afterward,
the potential energy profiles were re-evaluated at the force field
level to verify the validity of the latter.

DOI: 10.1021/acs jctc.5b01053
J. Chem. Theory Comput. 2016, 12, 1342—1350
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N N

Figure 4. Model system and reaction coordinate for computing the energy profile for flipping the chirality of the central sulfur atoms (three points
from the flipping path shown). The reaction coordinate is defined as the torsion angle between the bond vectors Au,—S, and S;—C,. For the rest of
the ligand, both PET and pMBA are used, but only pMBA is shown here.

Further validation based on DFT was performed by
comparing structural fluctuations between the force field and
DFT MD simulations of Au,sPET ¢~ and Au,s(SH),s~ at 300
K. The force field simulations were carried out in vacuum,
without cut-offs for Lennard-Jones or electrostatic interactions,
using a stochastic dynamics integrator with a 1 fs time step,
reference temperature of 300 K, and friction coeflicient of 0.01
ps™". Bonds involving hydrogen atoms were constrained. The
classical DFT-based molecular dynamics simulations were
performed with the LDA functional and the LCAO double-{
basis set using a Langevin integrator, with a friction of 0.004
ps”' and a 1 fs time step. The Au,PETy” cluster was
thermalized slowly to 300 K and subsequently simulated for 0.5
ps, whereas the 10 ps molecular dynamics trajectory of
Au,s(SH),s~ was taken from previous work.”’

Diffusion Coefficients. Diffusion coefficients for free
diffusion of Au,;(PET),s and Auss(PET),, in chloroform and
Au,,(PET), in dichloromethane were determined from 20
independent NPT simulations of 10 ns at 289.15 K and 1 bar.
Initial conditions were generated by randomly assigning
velocities from a Maxwell-Boltzmann distribution to the
atoms of the starting structure that was created by placing
the cluster in the center of a cubic periodic box filled with
solvent. As before, the force field parameters for the chloroform
and dichloromethane solvents were obtained from
virtualchemistry.org.”** To account for finite size effects, the
simulations were repeated with six different box sizes.*® Prior to
the production runs, the simulation boxes were equilibrated for
2.1 ns.

Diffusion coeflicients were calculated from the Einstein
diffusion equation (in three dimensions):

— lim <||1'i(t) - ri(o)”Z)
6t

t— o0

D

cluster (1)
where {||r;(t) — r;(0) ||*) denotes the mean square displace-
ment (MSD). The Stokes—Einstein equation relates the
hydrodynamic radius r of a spherical particle in homogeneous
solution to its diffusion coefficient by

kT

677:Dcluster’/, (2)
where 7 is the viscosity of the solvent.

Following Wang and Hou, we averaged the mean-square-
displacements (MSDs) over the 20 independent 10 ns
simulations for each cluster.”’ The diffusion coefficient was
obtained by linear fitting the MSD from 1 to 9 ns in eq 1. As
suggested in ref 58, a weighted linear fit was performed to the
diffusion coeflicients as a function of the inverse box length.
The weights were obtained from the standard deviations of
diffusion coefficients in each box. The diffusion coefficient at
infinite dilution was estimated from the intercept of this fit.
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Crystal Simulations. Further validation was performed by
simulating a crystal of Aul()z(pMBA)4460 under the experimental
crystallization conditions and comparing the structural
dynamics to the X-ray data. For this purpose, a periodic unit
cell with 72 neutral (protonated) Au,g,(pMBA),, clusters was
created and solvated in a mixture of water/methanol/NaCl/
NaOAc, which corresponds approximately to the crystallization
conditions reported in experiment.”” The water was described
with the TIP3P model®" The methanol (GAFF) parameters
were obtained from virtualchemistry.org, and sodium acetate
was parameterized with Ambertools12, using the default
settings. After energy minimization, the system was equilibrated
for 1 ns at 200 K and fixed volume with position restraints on
the heavy atoms of the clusters. After that, position restraints
were removed, and the system was further equilibrated for 1 ns
at 298.15 K and constant volume and subsequently for another
ns at 298.15 K and 1 bar pressure. After these equilibration
steps, the system was simulated for 100 ns at 298.15 K and 1
bar pressure. To investigate the influence of the crystallization
liquid, we also performed a simulations with pure water,
modeled as TIP3P water molecules.®'

B RESULTS AND DISCUSSION

Parameters. Table 1 lists the AMBER atom types for
thiolate-protected gold nanoclusters, Lennard-Jones parameters
o and ¢, and partial charges. The Lennard-Jones parameters for
gold were obtained from ref 38, whereas all other atom types
are standard types found in AMBER. Because the atom types
determine the force constants and equilibrium values for
bonded interactions, we only report the bonded parameters
that we have introduced ourselves (Table 2). These force
constants and equilibrium values describe interactions that
involve known atom types but that were not yet included in the
default AMBER force field.

For the clearly more open V-angle of the Au,p,(pMBA),,
cluster compared to similar staple shapes of the Au,(PET);q
and Ausg(PET)g) clusters, we recommend using the larger
angle and force constant to avoid strong structural
deformations. For simulating new clusters with a known
geometry of the staples, obtained from either experiment or
theory, we suggest to take the value that is closest to the
reference value. If, in contrast, the geometry is not known and
the purpose of the force field computations is to determine the
structure, we suggest choosing the smaller angle/force constant
combination first and update these parameters if needed.

Force Field Validation. In all simulations, the cluster
symmetries remained intact during 100 ns, suggesting the
validity of using only a Lennard-Jones potential to describe the
interactions between the gold atoms in the core of the cluster.
Next, we inspected the conformational dynamics of the staples.
In contrast to the dynamics of the gold atoms in the core,
rather large fluctuations of the staple geometries were observed

DOI: 10.1021/acs jctc.5b01053
J. Chem. Theory Comput. 2016, 12, 1342—1350
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Table 1. Nonbonded Parameters for All Atom Types Used in
Simulations”

atom atom

name type o (nm) € (kJ/mol) q (e)

Au Au 0.2629 22.1330 0
pMBA
C C 0339967  0.359824 0.6641 (0.7245)
cz CA o e 0.0689 (0.0827)
CD1 CA " " —0.0557 (—0.0707)
CB1 CA o e —0.1604 (—0.1985)
CA CA o e —0.0029 (0.0463)
CB2 CA s s —0.1604 (—0.1985)
CD2 CA e e —0.0557 (—0.0707)
HD1 HA 0.259964  0.06276 0.1191 (0.1000)
HB1 HA o e 0.1596 (0.1458)
HD2 HA o o 0.1191 (0.1000)
HB2 HA o e 0.1596 (0.1458)
HO HO 0.000000  0.00000 0.4619 ()
02 o 0295992  0.87864 —0.5237 (—0.7282)
OH OH 0.306647  0.880314 —0.6417 (—0.7282)
S S 0356359 1.04600 —0.1518 (—0.3504)
PET
CAl CA 0.339967  0.359824 0.0298 (0.0267)
CA2 CA R s —0.1582 (—0.1613)
CA3 CA T " —0.1582 (—0.1613)
CA4 CA s s —0.1799 (—0.1829)
CAS CA o e —0.1799 (—0.1829)
CA6 CA s s —0.0932 (—0.0964)
CT1 CT 0.339967  0.45773 —0.0026 (—0.0057)
CT2 CT L " —0.1101 (—0.1132)
HT3 H1 0247135 0.0656888 0.0773 (0.0742)
HT4 H1 o o 0.0773 (0.0742)
HA2 HA 0.259964  0.06276 0.1468 (0.1437)
HA3 HA T " 0.1468 (0.1437)
HA4 HA s s 0.1469 (0.1438)
HAS HA e e 0.1469 (0.1438)
HAG6 HA s s 0.1287 (0.1257)
HT1 HC 0264953 0.065888 0.0903 (0.0872)
HT2 HC L " 0.0903 (0.0872)
S S 0.356359  1.04600 —0.1990 (—0.2021)

“Partial charges for deprotonated pMBA and PET ligands to obtain
the negatively charged Au,s(PET)s” cluster are presented in
parentheses.

in our trajectories. In particular, the V-shaped staples of the
Au,y(PET) g~ cluster deviate significantly from the DFT
optimum geometry, as illustrated in Figure S.

In Figure 5, it is shown that the staples exhibit certain folding
or tilting from the top of the staple toward the cluster core.
Similar folding was also seen in vacuum MD simulations (next
section). Because this tilting or folding may not be physically
realistic, we recommend using these parameters with the
smallest Au,s(PET), s~ cluster with caution. Despite the folding,
the cluster core retains its shape during the simulations, and the
diffusion coefficient is in line with the experimental one (see
below).

To verify whether the fluctuations in staple geometries are
realistic, we performed DFT molecular dynamics simulations
and compared the staple dynamics to that observed in the force
field simulations.

MD/DFT Simulations. The dynamics and structural
fluctuations of the Au,(PET);s~ cluster were studied in a
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Table 2. Bonded Parameters”

bond k, (kJ mol™! nm™2) dyq (nm)
Aug,—S 62730%° 0.241
Au—S 62730%° 0.233
CA-S 198321.6* 0.175
CT-S$ 99113.0% 0.184

angle ko (kJ mol™ rad™?) 0.y (deg)

Aug,—S—Auy, 460.240" 91.3
S—Auy,—S 460.240" 1724
Auy—S—Auy, 460.240/1460.240" 100.0/119.2
Aug,—S—C 146.370%° 111.6
Auy,—S—C 146.370%° 106.8
CA—-C—OH 585.76* 112.0
CA-C-0 585.76* 126.0
CA—CA-S 418.40% 120.0
S—CT-HC 418.40% 107.0
H1-CT—-CA 418.40% 109.0

dihedral (kJ/mol) W
X—X—CA-S 4.60240% 180.00%
C—CA-CA—CA 4.60240% 180.00%

“Parameters with known atom types but not by default included in
AMBER are marked with *.

Figure S. Staple distortion in the simulation of Au,s(PET);s". Panels
(a) and (c) show the original DFT geometry, and panels (b) and (d)
show the structure averaged from the 100 ns MD simulation.

picosecond time scale in vacuum with DFT/MD simulations
and compared to classical MD simulations. Structural
fluctuations were studied by examining distributions of atomic
distances and angles in different simulations, presented in
Figures 6 and 7.

The distributions of distances and angles generally broaden
with increasing simulation time due to staple deformation. The
main differences between the DFT/MD and force field MD
simulations are the averages of these distributions. However, as
the averages depend strongly on the simulation time in the
force field MD simulation, we believe that the observed
differences between the Amber and DFT ensembles are due to
insufficient sampling of the latter rather than inaccuracies of the
force field. The overlap of the distributions furthermore suggest
that our force field parameters permit sampling DFT
geometries in classical MD simulations.

DOI: 10.1021/acs jctc.5b01053
J. Chem. Theory Comput. 2016, 12, 1342—1350
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Figure 6. Distribution of atom distances from the central Au atom.
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Figure 7. Bond and angle distributions.

Comparing the distance and angle distributions to longer
DFT/MD simulation (10 ps) for Au,s(SH),s~ presented in ref
57, there appears to be no drastic differences in the observed
distance and angle ranges. Especially, the ranges of the reported
distances and angle appearing on the longer time scale MD
simulations do not exceed those observed already in 10 ps
DFT/MD. Mean square displacements of atom positions
reported in ref 57 also qualitatively agree to those observed in
this work for similar time scales. The peak positions or averages
for bond distances qualitatively agree as well between MD and
DFT/MD. The only clear difference appears again in the Sy, —
Sip—Ssut angle, which on average for MD appears smaller
compared to DFT/MD.

In conclusion, the structural fluctuations in the smallest
cluster do not drastically differ between force field MD
simulations and DFT/MD simulations. However, the 0.5 ps
simulation at DFT/MD was probably too short to capture the
distortion or folding of the staples that was observed in the
longer force field MD simulations. Therefore, at this point, it is
difficult to say whether the distortions observed in the smallest
cluster are realistic or not. Nevertheless, the range of angles and
distances are in agreement with the DFT/MD simulations.
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Despite distortions of the staples, the force field maintains the
overall shape of the cluster, suggesting that the intracluster
interactions are sufficiently well described for the purposes of
this work.

Ligand Flipping. Also changes in the chirality of sulfur atoms
or flipping of the ligands over the staples were observed in the
simulations. Examples of ligand flips in 100 ns simulations are
presented in Figure 8. Flips occur when the sign of the dihedral

ligand 4

ligand 24 ligand 43 ——

flip angle (°)

Figure 8. Ligand flips in 100 ns simulations for three example ligands
in the Auy,(pMBA),, cluster. The change of sign in the angle
indicates flipping of the ligand.

angle C—Au—Au—S changes (Figure 8). Figure 8 shows the flip
angle versus time for three example ligands of the
Au,p,(pMBA),, cluster. Flips were observed in simulations
for all the five clusters studied.

Figure 8 shows ligand flips for three example ligands of the
Au,,(pMBA) 44 cluster. Similar flips are also observed for other
ligands and in simulations of the other four clusters as well. In
order to validate whether the flips are realistic, we calculated
DEFT energy profiles associated with these flips.

A potential energy profile for flipping the central ligand in
one isolated staple unit of Au,y,(pMBA),, and Au,s(PET) g
was computed with DFT. For comparison, we computed the
MM energies along these pathways as well. Both profiles are
shown in in Figure 9.

Constrained relaxation DFT predicts barriers of around 0.3
and 0.6 eV for the central ligand flipping in the Au,y, and Au,;
V-shaped staples, respectively. Corresponding barriers in MD
are around 0.35 and 0.45 eV. The barriers in MD are therefore
of the same order of magnitude compared to DFT. Due to
these relatively low barriers, flipping at room temperature is
anticipated for all these clusters and was indeed observed in the
MD simulations.

Diffusion Coefficients. Diffusion coefficients of three clusters
for which experimental data is available® are listed in Table 3
for various box sizes. An error-weighted linear fit of the
diftusion coefficient as a function of 1/L was extrapolated to
infinite box size to correct for finite size effects. The
extrapolated diffusion coeflicients are listed in bold. Exper-
imental results taken from ref 62 are presented for comparison.

The experimentally observed trend that the diffusion
coeflicient increases with decreasing cluster size is also observed
in our simulations. In general, the calculated diffusion
coefficients are smaller than the experimental ones. Never-
theless, the diffusion coefficients with the error estimates from
the simulations are within the error estimates of the
experimental diffusion coefficients.

The discrepancies between calculated and experimental
diffusion coefficients may have various origins in addition to

DOI: 10.1021/acs jctc.5b01053
J. Chem. Theory Comput. 2016, 12, 1342—1350



Journal of Chemical Theory and Computation

Selected dihedral angle [°]
2027 1914 180.0 1687 1574 1460 1347 1234 1121 1008

()

Energy (eV)

0 2 4 6 8
Reaction step

10

Figure 9. Ligand flipping potentials in isolated unit structures from clusters (a) Auyg,
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Table 3. Diffusion Coefficients Calculated from Einstein
Relation between 1 and 9 ns and Averaged over 20
Individual 10 ns Simulations + Standard Deviation”

system L (nm)  Dgyyer (1075 cm,/s) D)yl (1075 cm?/s)

Auy(PET) 227 0.014 + 0.009

323 0.077 + 0.079

4.13 0.177 + 0.126

S.12 0.333 + 0.449

6.06 0.373 + 0.306

7.17 0.686 + 0.595

00 0.373 + 0.09 0.484 + 0.04
Augg(PET),, 2.55 0.021 + 0.011

3.45 0.059 + 0.045

4.23 0.144 + 0.125

5.23 0.270 + 0.266

6.36 0.233 + 0.221

7.38 0.377 + 0.308

0 0.274 + 0.07 0.374 + 0.03
Auy(PET)q 344 0012 + 0.010

4.71 0.065 + 0.060

5.83 0.118 + 0.110

7.17 0.131 + 0.085

8.34 0.127 + 0.136

9.62 0.355 + 0.264

[+ 0.251 + 0.04 0.356 + 0.03

“Final result for infinite box size estimated from the intercept of the
weighted 6 point linear fit to results for different box lengths L.
Experimental diffusion coefficients®” are presented for comparison +
the reported experimental standard deviation at maximum of 8%.

inaccuracies in the force field. First, the convergence of the
calculated diffusion coefficients is rather poor. Second, the
diffusion coefficient is strongly dependent on solvent viscosity.
Viscosity in turn can depend on the deuteration of the solvent.
In the experiments, deuterated solvents (CDCly and CD,Cl,)
were used, whereas we used parameters for the protonated
solvents (CHCI; and CH,Cl,).

Despite these differences, the overall agreement between the
diffusion of the cluster in the simulations and experiment is
encouraging and suggests the relative hydrodynamic radii of the
clusters are in line with experiment. As the hydrodynamic
radius depends strongly on the fluctuations of the staples, we
can also consider these fluctuations to be realistic and part of
the normal thermal fluctuations of the gold clusters in solution.

Crystal Simulation. As a final test for the validity of our
force field parameters, we performed a 100 ns MD simulation
of a crystal of Au,g,(pMBA),,, for which the experimental X-ray
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structure is available.”” We performed simulations of 72

asymmetric units in a periodic unit cell. The empty cavities
between the clusters were filled with either pure water or a
mixture of water, methanol, NaCl, and NaOAc, which closely
resembles the solvent used during crystallization.”” Whereas in
simulations with water as a crystal solvent, the agreement with
the experiment quickly deteriorates (Supporting Information);
the crystal is stable when the mixture of solvents is used (Figure
10). The small structural deviations between the experimental
structure and the averaged simulated structure shown in Figure
10 could be due to using a single protonation state of the
pMBA ligands, which affects intermolecular hydrogen bonding.
Alternatively, the solvent may have not been fully equilibrated

Figure 10. Simulation of 72 cluster crystal of Auyg,(pMBA),,. Panels
(a), (c), and (e) show the experimental crystal structure, and panels
(b), (d), and (f) show the averaged structure from the 100 ns
production simulation.

DOI: 10.1021/acs.jctc.5b01053
J. Chem. Theory Comput. 2016, 12, 1342—1350
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during the simulation. Nevertheless, the overall agreement with
the X-ray data further supports the view that our force field is
sufficiently accurate for classical MD simulations, and we are
currently performing MD simulations of various systems
containing gold clusters.

In the Supporting Information, we provide the force field
files with our parameters for the Gromacs simulation program.
The contents of these files are easily converted to other
programs that support AMBER force fields.

Bl CONCLUSION AND OUTLOOK

We have optimized AMBER force field parameters for thiolate-
proteced gold clusters. For transferability, we have optimized
one parameter set for a wide range of clusters, rather than
multiple sets for specific clusters. Whereas the latter strategy
may provide the most accurate description of the cluster that
has been parameterized, the parameterization would need to be
repeated for every new cluster considered, which can be time
consuming. Also, geometries must be available beforehand,
which precludes the use of the force field to predict the
geometry of new clusters that are too large for a DFT
treatment. Instead, we have optimized the parameters by
considering five representative thiolate-protected gold clusters
simultaneously. Furthermore, we use a noncovalent Lennard-
Jones potential to describe the interactions between gold atoms
in the core, which is essential for a transferable force field.

We have validated our force field parameters by comparing
the results of classical MD simulations of gold clusters to the
results of both DFT calculations and the available experimental
data. The energetics and structural fluctuations show nice
agreement to DFT data, and also experimentally determined
diffusion constants and crystal structures could be reproduced
with sufficient accuracy in MD simulations.

Because AMBER is a force field with parameters for a wide
variety of biological compounds, including nucleic acids,
proteins, sugars, and phospholipids, our work opens the
possibility to systematically investigate the effect of thiolate-
protected gold nanoclusters on the structure and stability of
biomolecules. This is particularly relevant now that gold
clusters are increasingly being used as contrast agents or
molecular rulers in bioimaging applications. Understanding the
interactions between biological matter and gold clusters will
also be essential for designing new strategies to conjugate these
clusters with biomolecules. Atomistic simulations can provide
these insights and will therefore play an important role in

driving this field forward.
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Ligand-stabilized, atomically precise gold nano-
clusters with a metal core of a uniform size of just 1—-3 nm
constitute an interesting class of nanomaterials with versatile

SDepartment of Biology and Environmental Science, Nanoscience Center, University of Jyviskyld, FI-40014 Jyviskyld, Finland
possibilities for applications due to their size-dependent
properties and modifiable ligand layers. The key to extending

xﬁu *¢§‘
the usability of the clusters in applications is to understand the

chemical bonding in the ligand layer as a function of cluster '
size and ligand structure. Previously, it has been shown that
monodispersed gold nanoclusters, stabilized by meta-mercap-
tobenzoic acid (m-MBA or 3-MBA) ligands and with sizes of
68—144 gold atoms, show ambient stability. Here we show that
a combination of nuclear magnetic resonance spectroscopy, UV—vis absorption, infrared spectroscopy, molecular dynamics
simulations, and density functional theory calculations reveals a distinct chemistry in the ligand layer, absent in other
known thiol-stabilized gold nanoclusters. Our results imply a low-symmetry C, ligand layer of 3-MBA around the gold core
of Augg and Auy,, and suggest that 3-MBA protects the metal core not only by the covalent S—Au bond formation but also
via weak 7—Au and O—=C—OH-**Au interactions. The 7—Au and —OH-*Au interactions have a strength of the order of a
hydrogen bond and thus are dynamic in water at ambient temperature. The —OH-**Au interaction was identified by a
distinct carbonyl stretch frequency that is distinct for 3-MBA-protected gold clusters, but is missing in the previously
studied Au,o,(p-MBA),, cluster. These thiol—gold interactions can be used to explain a remarkably low ligand density on
the surface of the metal core of these clusters. Our results lay a foundation to understand functionalization of atomically
precise ligand-stabilized gold nanoclusters via a route where weak ligand—metal interfacial interactions are sacrificed for
covalent bonding.

"<—C=0—

gold nanocluster, thiols, molecular dynamics, NMR spectroscopy, vibrational spectroscopy, carboxylic acid

anipulation of gold nanoparticles with atomic and

molecular precision, in forms of 1—3 nm atomically

precise clusters covered by a monolayer of organic
molecules, has been made possible over the past decade by
breakthrou$hs in synthetic chemistry and characterization
techniques. > Properties of these versatile building blocks of
nanomaterials can be tuned by controlling the size of the metal
core and the chemical nature of the protecting molecular layer.
Water-soluble clusters are relevant in life science and
nanomedicine, for instance, for imaging, detection, and
theranostics. Since the clusters interact with the environment
via the protecting ligand layer, characterizing the structure and
dynamics of that layer in solution phase is key to understand

W ACS Publications  © 2017 American Chemical Society

the interaction to the environment.” This is an important
challenge to be solved for engineering practical applications.
Among several water-soluble thiols that can stabilize
nanometer-scale gold clusters,* meta-mercaptobenzoic acid (3-
MBA) was recently shown to produce three distinct-size
clusters that are readily reactive to thiol-modified DNA and
proteins with an exposed cysteine group.’ The atomic structure
of the gold core of the smallest cluster, Aug,, was previously
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solved via single-particle 3D reconstruction of transmission
electron microscopy (TEM) data.’ The companion paper of
the current work describes the atomic structure of the gold core
of the largest cluster Au,,, (ref 7). Here, we concentrate on the
structure and dynamics of the protecting ligand layer of Augg
and Auy,, clusters in solution and demonstrate dynamic
interactions at the ligand—metal interface that contribute
both to chemical protection of the gold core and opening
active metal sites for conjugation reactions. These interactions
are suggested from molecular dynamics (MD) simulations and
density functional theory computations (DFT) and supported
by infrared (IR) spectroscopy data. This observation can
explain the documented reactivity of 3-MBA-protected gold
nanoclusters and demonstrates a potential route for bio-
conjugation where covalent bonds to gold can irreversibly be
added at the ligand—metal interface. The existence of gold sites
at the ligand—metal interface, that are protected by weak
dynamic interactions and may be available, for example, for
catalytic reactions at ambient conditions in water, creates an
unexplored paradigm for the ligand—metal chemistry at the
thiolate—gold interface.®

RESULTS

3-MBA-protected Au,,, and Augg clusters were produced from
a synthesis described earlier by using thiol-to-gold ratios of 7:1
and 2:1, respectively.” We characterized the samples by nuclear
magnetic resonance (NMR) spectroscopy and diffusion
ordered spectroscopy (DOSY-NMR) as well as UV—vis and
infrared (IR) spectroscopies.

The ligand count of the Augg(3-MBA), cluster was previously
determined to be x ~ 32.° ESI-MS, XPS, and TGA analyses
reported in the companion paper indicate that the ligand count
x in Au;4(3-MBA), may be as low as 40.” This is in stark
contrast to known organo-soluble thiol-protected gold nano-
clusters of a similar size, such as the Au,,,(SCH,CH,Ph),.”"°
Our 'H NMR data of Au,,,(3-MBA)_,, in D,0O showed one
broad feature without resonance fine structure in the aromatic
region (5—9.5 ppm, Figure 1 and Figure S1, Supporting
Information), and no significant correlations were seen in 2D
spectra (Figures S2 and S3). This differs qualitatively from the
previously published '"H NMR data of Au,,,(SCH,CH,Ph),""
and Auloz(p—MBA)M3’12 as well as from Aug(3-MBA);,,

a Oy OH
B S

p-MBA

3-MBA

95 90 85 80 7.5 7.0 65 6.0 55 ppm

Figure 1. One-dimensional '"H NMR spectra. (a) Aromatic region
of 'H NMR spectrum of Au,g,(p-MBA),, in D,0-NaOH. (b) The
same for Aug(3-MBA);o_3, and (c) Auy,(3-MBA), in D,O.
Chemical structures of p- and 3-mercaptobenzoic acid ligands
with proton labels are shown on the right. The data for (a) is taken
from ref 12.

measured in this work (Figure 1 and Figure S4), where a
large number of resonance signals are visible in the 1D
spectrum and their 2D correlations give detailed information
on the local symmetry environments in the ligand layer.
Previously, we have been able to make a successful assignment
of the signals to the specific ligands in the protecting layer of
Auloz(P‘MBA)Mlz

UV—vis absorption of Au,4(3-MBA)_,, showed a weak
plasmonic shoulder around 500 nm (Figure 2), which is absent
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Figure 2. UV—vis absorption spectra. Theoretical spectra obtained
from LR-TDDFT computations for Au,,,(3-MBA), models for x =
40 (red) and x = 53 (blue), compared to the experimental spectrum
of Au,,,(3-MBA)_,, (inset). The arrow shows a weak plasmonic
band at 510 nm computed for Au,,,(3-MBA),, agreeing
qualitatively well with the band around 500 nm in the experiment.

in organo-soluble Au,,,(SCH,CH,Ph)s.”"* This points to
unexpected, significant differences in the response of the metal
electrons to light in these two systems that have exactly the
same number of gold atoms.

The experimental results described above show unambigu-
ously that the 3-MBA ligand induces very different properties of
Au,44(3-MBA) .4 from the ones of other gold nanoclusters of
similar size. Particularly, the location of the acid group at the 3-
position in the aromatic ring (Figure 1) creates a possibility for
weak interactions within the ligand layer that are absent in p-
MBA protected clusters or in organo-soluble clusters. This
motivated us to consider computational models (Figure 3) to
study the structure and dynamics of the 3-MBA ligand layer of
Auy,, and Aug. We built hundreds of structural models
(Supporting Information, Section B) of Aug(3-MBA);, and
Auy,(3-MBA), with x = 40, 42, 44, 47, 49, 51, 53, and
simulated the dynamics of the ligand layer in water and in
methanol, with varying degrees of protonation between 0 and
50%, at 300 K by using GROMACS MD software."* The
coordinates of the gold atoms in the metal cores of the models
for Augg(3-MBA);, and Au,4,(3-MBA), were taken from refs 6
and 7, respectively, in addition, the coordinates of the metal
core of Auy(3-MBA), are given in Section H, Supporting
Information.

Visual inspection of MD trajectories revealed several weak
interactions in the ligand layer and at the ligand—gold interface,
such as formation of interligand hydrogen bonds, interligand =
stacking (aromatic contacts), 7—Au interaction where the
aromatic ring lies “flat” on the gold core, and hydrogen-
bonding-like O=C—OH:---Au interaction when the hydroxyl
group is rotated toward the gold core. This interaction was
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Figure 3. Structural models for 3-MBA-protected Augg and Au,,, clusters. (a) Au,;44(3-MBA),, (b) Au,;4,(3-MBA);;, (c) Augg(3-MBA)s,. Au,
golden; S, yellow; C, dark gray; O, red; H, white.

a b

Figure 4. Interligand and ligand—metal interactions. Various conformations of 3-MBA and weak interactions in the ligand layer, found in the
MD simulations. (a) syn pointing out, (b) anti pointing out, (c) syn close to gold core, (d) anti close to gold core, (e) syn lying flat on the core,
and (f) interligand hydrogen bond. DFT calculations show that structures in a, ¢, and d are practically isoenergetic (within 25 meV).
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dynamic, that is, was continuously formed and broken during
the course of the runs. Figure 4 visualizes snapshots of the types
of the weak interactions in the ligand layer. Statistical analysis of
weak interactions over SO ns trajectories is shown in Table S6.

Although two 3-MBA ligands can in principle form a
hydrogen-bond pair, the analysis revealed only 0 to 1.9
hydrogen bonds (Figure 4f) in the ligand layer for Augg(3-
MBA);, and 0.3 to 5.4 bonds in the ligand layer for Au,,,(3-
MBA),o_s3. The higher deprotonation state was found to
promote the higher number of bonds. The low number of the
interligand hydrogen bonds could be explained by hydrogen
bonding with the solvent molecules and by a rather strong
tendency for a competing interaction, namely interligand #
stacking. On average, we found 1.4—1.5 aromatic contacts per
ligand in Augg(3-MBA);, and 1.3—1.8 contacts per ligand in
Auy,(3-MBA),o_s3, with the higher number of contacts in
clusters with the higher number of ligands. These numbers
indicate a good degree of ligand packing, taking into account
that the maximum is two contacts per ligand if all the aromatic
rings in the ligand layer would be “sandwiched” between two
neighboring ligands.

The analysis revealed also several other interesting and
unexpected interactions at the ligand—metal interface (see
Table S6 and Figure S4). It is well-known that carboxylic acids
can adopt two spatial arrangements in the preferable planar
geometry. In these conformations, the hydroxyl group is
pointing either parallel or antiparallel to the carbonyl group
(syn and anti conformations, respectively). In the absence of
any strong external interactions, syn conformer (Figure 4a) has
the lower energy and usually it will be the dominating species at
room temperature in the gas phase, however, explicit solvent—
solute interactions can reduce the syn/anti energy difference
dramatically in solution. Our MD simulations showed that 3-
MBA molecules in the ligand layer frequently transformed to
anti conformation (Figure 4b) as well as to distinct syn/anti
conformations where the OH group was rotated toward a close-
lying Au atom at the metal core surface (Figure 4c,d). This gave
rather close OH--Au interactions of 0.23—0.27 nm. DFT
computations based on locally relaxed structures from MD
simulations showed that configurations in Figure 4a,c,d are in
practice isoenergetic within 0.025 eV (which is less than the
inherent DFT inaccuracy of determining energies) and about
0.28 eV more favorable than the anti configuration in Figure 4b
(note, however, that no explicit solvent was considered in the
DFT calculations, thus the potential stabilization effect of
hydrogen bonding to solvent for the configuration shown in
Figure 4b is neglected). In all MD runs we also observed 7—Au
interactions where the aromatic ring was “lying down” on the
core surface (Figure 4e). DFT computations showed that the
7—Au interaction stabilizes the “lying down” 3-MBA ligand by
0.15 eV as compared to a “standing up” configuration.

To seek experimental signals of these weak interactions, we
turned to vibrational spectroscopy (Figure S). It is well-known
that the carbonyl stretch frequency is a sensitive measure for
the local environment of the O=C—OH moiety. IR data
measured for Au;,(3-MBA)_,, in deuterated methanol
(MeOD) showed three peaks in the carbonyl region at 1695,
1714, and 1731 cm™!, while the free 3-MBA and previously
studied Au,o,(p-MBA),, cluster showed only two peaks. These
two peaks belong to the syn and anti conformers of solvated
molecules as explained in the Supporting Information (section
C and Figure S9). For Augg(3-MBA);, we observed the same
three peaks as for the Auyy, cluster at 1692, 1711, and 1732

T T T

Auy44(BMBA). 49 —
Augg(BMBA)3, —
Auygo(4MBA),, —
free SMBA

Absorbance (a.u.)

1740 1700 1660
Wavenumber (cm'1)

1780 1620

Figure S. IR spectra of gold clusters. Au,,(3-MBA)_,, (purple),
Aug(3-MBA);, (blue), Au,,(p-MBA),, (brown), free 3-MBA
(red). The result for Au,p,(p-MBA),, is taken from ref 15. The
arrow indicates the distinct peak around 1730 cm™', observable
only in 3-MBA-passivated clusters, and interpreted as the signal of
the O=C—OH:Au interaction. All spectra were measured in
MeOD.

cm™". This result implied three distinct configurations of the
O=C-OH group in the ligand layer. The two lowest
frequencies matched with the signals from the free 3-MBA
ligand and with the previously studied Au,g,(p-MBA),, cluster
in MeOD"* (Figure 5 and Table 1). Temperature dependence

Table 1. IR-Active C=0 Modes”

system syn anti anti/interface
Exp 3-MBA in CCl, 1744 - -
Exp 3-MBA in MeOD 1693 1715 -
Exp Au,y,(3-MBA) 0 1695 1714 1731
Exp Augg(3-MBA)3, 1692 1711 1732
Calc free 3-MBA 1727 1748 -
Calc Auy4,(3-MBA); - 1754 1761

“Exp = measured. Calc = calculated. Unit is cm™. “Anti/interface”
refers to the —OH:--Au interaction shown in Figure 4d.

of the data showed that the relative intensities of the peaks
changed with the temperature, indicating dynamic equilibrium
between them (Figures S10 and S11). Repeating the same
measurements for Augg(3-MBA)3, in water under various pH
conditions, we observed a broad carbonyl band centered
around 1685 cm™ at lower pH values where most of the
ligands are still protonated, but could not resolve individual
features within the band (Figure S12).

We were able to assign the three IR signals measured in
MeOD (Figure S) with help of DFT computations. The
computed C=0 stretch frequencies of syn and anti forms of a
free 3-MBA are 1727 and 1748 cm™, respectively. For the free
3-MBA, we observed frequencies of 1693 and 1715 cm™' in
MeOD at room temperature, yielding the anti—syn difference as
22 cm™. This matched perfectly the computed anti—syn

DOI: 10.1021/acsnano.7b07787
ACS Nano 2017, 11, 11872-11879



ACS Nano

frequency difference of 21 cm™ and allowed us to assign the
peaks at 1695 cm™ (Au;44(3-MBA)_,) and at 1692 cm™
(Augg(3-MBA)3,) to the syn form (Figure 4a) and peaks at
1714 cm™ (Au44(3-MBA)_,0) and at 1711 cm™ (Aug(3-
MBA);,) to the anti form (Figure 4b).

Interestingly, DFT computations done on a locally relaxed
configuration of the O=C—OH:--Au interaction of 3-MBA in
the anti form (Figure 4d) gave the C=0 stretch of 1761 cm™,
which is 7 cm™ higher than the computed value for the
“normal” anti configuration in Figure 4b and 13 cm™ higher
than the computed value for the free anti 3-MBA. We thus
assigned the highest frequency observed for both Auy.,(3-
MBA)_4 and Aug(3-MBA),, to the O=C—OH:+-Au inter-
action visualized in Figure 4d. This interaction at the ligand—
metal interface has not been reported before for any thiolate-
protected gold nanocluster.

Self-assembling monolayers (SAMs) of thiols on flat gold
surfaces have been studied intensively from early 1980’s as a
convenient system for modifying physical and chemical
properties of gold surfaces for applications.” A vast majority
of the work has been done by using organosoluble thiols, which
cannot have such interactions with gold as what is discussed
here for 3-MBA. However, in a few cases, MBA-SAM systems
have been studied.'®'” Ref 16 is particularly interesting since it
presents a systematic FTIR investigation of SAMs on gold
consisting of 2-MBA, 3-MBA, and 4-MBA thiols. The freshly
prepared 3-MBA SAM shows C=0 stretch frequencies of both
free (monomer) and associated (dimerized) molecules.'® Upon
aging in H,O and CO,—free air, the monomer peak shifts to
lower frequencies (from 1750 to 1739 cm™') indicating
rearrangement of the ligand layer and possibly interaction
with the gold surface. It can be noted that the lower frequency
is close to our measured peak at 1731 cm™, assigned here to
the thiol—gold interaction.

DISCUSSION

The results reported in this work demonstrate several
properties of 3-MBA-protected gold nanoclusters that set
them apart from previously characterized organo-soluble or
water-soluble gold clusters stabilized by other thiol ligands.
Below, the distinct properties of Augg(3-MBA);, and Au,,(3-
MBA) ., are summarized, and some of their implications are
discussed.

C,-Symmetric Ligand Layer and Low Thiol Coverage.
Our complementary analysis of 'H—'H and 'H — BC
correlations using 2D TOCSY, NOESY, and 13C-HSQC
experiments indicated 126 signals from the ligand layer of
Augg(3-MBA);,. Since each 3-MBA contributes by 4 distinct
signals, this result implies 31—32 symmetry-unique ligand
environments (Tables S1—SS and Figures S5—S8). This count
is remarkably close to the previously reported molecular
composition of this cluster based on mass spectrometry’ and
shows unambiguously that the symmetry of the ligand layer is
C,. 'H NMR spectrum for Au,,,(3-MBA)_,, showed just one
broad, unresolved feature in the aromatic region which made
the more detailed analysis impossible (Figure 1). Our
previously published '"H NMR spectrum of compositionally
precisely determined, organo-soluble Au,,,(SCH,CH,Ph)4,
nanocluster'' was highly structured, which shows that while
the ligand layer of Au,,(SCH,CH,Ph)¢, must have a higher
symmetry, although still nondetermined, the most likely
symmetry of the ligand layer of Au;4(3-MBA)_,, is C; just
as in Augg(3-MBA)3,. In such a case, there are about 160 signals

produced by Au,4(3-MBA)_,, that merge together in the
aromatic region to produce the observed broad feature in
Figure 1c.

The C,-symmetric ligand layer implies chirality. While we
have not tried to separate the possible enantiomers of Au,,(3-
MBA)_4y or Aug(3-MBA);, clusters, we have calculated the
theoretical circular dichroism (CD) spectrum of the model
cluster Auy,,(3-MBA),(. The spectrum (Figure S13) has strong
signals in the visible and near-IR range, which confirms the
chiral nature of the model cluster.

The ligand count of Au,,,(3-MBA),_ 4, is remarkably low as
compared to its similar-size organo-soluble counterparts
Au144(SCH2CH2Ph)6079,13 Au133(sphtBu)52;18) and Au130(p—
MBT)s, (p-MBT = para methylbenzene thiol."” Previous
work’”*" has shown that bulky organosoluble ligands can
lead to gold cluster structures and gold:thiol ratios that are
significantly different from sterically small ligands. However,
our work implies that water-soluble thiol ligands such as 3-
MBA can have distinct effects on the structure of the thiol—
gold interface in case, where the ligand has an additional
functionality (weak interaction to gold) to the conventional
gold—sulfur bond. Here, our results can be contrasted to a
recent work’” that reports the total structure (from X-ray
crystallography) of the 4-MBA protected gold cluster Auy,5(4-
MBA);. This cluster, despite having almost the same count of
gold atoms as Au,44(3-MBA),_4, has a very different number of
thiols, different metal core, metal—thiol interface, and ligand
layer.”” The relatively low ligand density at the thiol—gold
interface found in this work for Au;4,(3-MBA)_,, and Aug(3-
MBA);, was found to lead to a situation where, in addition to
S—Au bonds, some of the thiols interact with the gold also by
intermolecular interactions via O=C—OH:-Au and 7—Au
configurations. These interactions, while known to exist in
small gold complexes,””** have not been previously discussed
in the context of large clusters.

The low ligand count in Au,4,(3-MBA)_4, is also supported
by comparison of the computed and measured UV—vis
absorption spectrum (Figure 2); the computed spectrum for
the atomistic model of Au;,(3-MBA),, agrees qualitatively
with the experimental data, indicating the experimentally
observed weak plasmonic band, while the spectrum of the
Au,4,(3-MBA);; model does not. Note that it has been well
established previously that organo-soluble
Au,4,(SCH,CH,Ph)g, clusters do not show the plasmon peak
in the experimental or simulated UV—vis spectrum,"” which
makes a clear contrast to Au,,,(3-MBA),_,. From a theoretical
viewpoint, one can understand the tendency to support the
plasmon as the number of thiols is decreased and number of
gold atoms remains the same, as the density of free electrons in
the same volume increases.”>*® The ultimate reasons why 3-
MBA thiols stabilize low-symmetry gold nanoclusters with low-
density ligand layer are still to be found. Reference MD
simulations for Auyg,(p-MBA)4,_, and Auy(p-MBA)g_
models with incomplete ligand layers (x = 12, y = 19
indicated that 7—Au interactions with “lying down” p-MBA
ligands are possible as well, but the —OH---Au interaction is not
sterically possible (Table S6). We speculate here that the initial
3-MBA/Au' polymer phase, from which the clusters nucleate by
reduction, already contains weak thiol—gold interactions in
addition to the S—Au covalent bonds, which lead to the lower
ligand density in the protecting monolayer.

Reactivity to Thiol-Modified DNA and Proteins. The
existence of the weakly protected gold sites at the thiol—gold
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interface gives a basis for understanding the reported reactivity
of 3-MBA-protected gold nanoclusters toward thiol-modified
DNA and proteins with an exposed cysteine,” thought
previously to occur via thiol-to-thiol exchange reaction. Azubel
and Kornberg reported recently’ (Figure S14) that while
reacting 4-MBA (p-MBA) protected gold clusters to thiol-
modified oligonucleotides, one sees the original unreacted gold
band and a few higher bands where presumably thiol-to-thiol
ligand exchange reaction produces 1, 2, ... additions of the new
molecule to the cluster. This is an equilibrium reaction, and
since the binding energies of 4-MBA and thiol-oligos are
presumably close to each other, one sees all the time also the
unreacted gold cluster band. On the other hand, in the reaction
for 3-MBA protected gold, the original band disappears
completely, indicating that the binding of thiol-oligos is
irreversible (equilibrium fully in the product side) and all
clusters bind at least one thiol-oligo. In the light of our results,
this can now be understood since (a) the weak interactions
appearing at the interface of 3-MBA/gold are only of the order
of 0.1—0.2 eV, and thiol binding is of the order of 2 eV, and (b)
the weak interactions are dynamic in water at room
temperature, and the gold sites protected by these interactions
will be all exposed to incoming thiol-oligo, inducing the
irreversible binding. Our simulations predict that there is only a
low number (on average 3—4) of gold sites per cluster that are
protected by the weak interactions, which agrees very well with
the observed maximum number of thiol-oligos bound per
cluster (Figure S14).°

Catalytic Sites at the Thiol-Gold Interface. Previously,
several concepts have been discussed in relation to usage of
ligand-stabilized gold nanoclusters as catalysts.”*”** Our work
defines a paradigm where utilizing the few weakly protected
gold sites of Augg(3-MBA);;, Auy(3-MBA)_ 4, and other
nanoclusters, that could be stabilized by ligands bonding to
gold via dynamic weak interactions, opens avenues for
engineering size-controlled, ambient-stable, catalytic gold
nanocatalysts that combine the concepts of heterogeneous
and homogeneous catalysis. In that respect, the suggested 7—
Au interaction is particularly relevant, since lifting the aromatic
ring at the interface exposes up to three Au sites for bonding of
reactant molecules.

CONCLUSIONS

In summary, our experimental and computational character-
ization of Aug(3-MBA);, and Au,4,(3-MBA)_,, shows that
gold nanoclusters stabilized by 3-MBA thiols have several
distinct characteristics as compared to many of the previously
studied organo-soluble or water-soluble gold clusters. The
protecting ligand layer has only C; symmetry which imposes an
asymmetric metal core. The acidic group in the meta position of
the aromatic ring in 3-MBA gives rise to weak interactions
within the ligand layer and at the ligand—gold interface. These
interactions are missing in organo-soluble ligand layers and also
in the previously well-studied p-MBA-stabilized clusters such as
Au,,(p-MBA),,. These interactions may also be indirectly
responsible for the unusually low ligand coverage in the
Au,44(3-MBA) 4. Several currently unknown compositions
and sizes of 3-MBA-protected gold nanoclusters will
undoubtedly be found by variations of the known syntheses,
which will open unexplored possibilities for applications of
these materials in biolabeling, catalyzing biochemical reactions,
imaging, detection, and theranostics.
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METHODS

NMR Measurements. For structural characterization of Augg(3-
MBA)j, and Auy(3-MBA)_,, clusters, a set of 2D correlation
experiments, that is, TOCSY and NOESY for '"H—'H through bond
and through space connectivities, respectively, and *C-HSQC for
'"H-"3C one-bond connectivities, were employed along with 1D 'H
NMR and DOSY NMR. TOCSY and NOESY spectra were collected
using mixing times of 20 and 200 ms, respectively. All NMR spectra
were measured in D,0 at 303 K using Bruker Avance III HD NMR
spectrometer, operating at 800 MHz of 'H frequency, and equipped
with a cryogenically cooled TCI 'H, *C, "*N probe head.

UV—vis and IR Spectroscopy. The FT-IR measurements were
done with a Nicolet Magna IR 760 spectrometer using a homemade
flow-cell cuvette equipped with CaF, windows. The optical path was
set to 25 um for the pure ligand measured in MeOD and 500 ym for
other measurements. Temperature of the sample was controlled with a
MiraCool thermostat, by circulating isopropanol in the aluminum
cuvette-holder. The system was equilibrated for 30 min at every
temperature. All spectra were measured with 2 cm™ resolution and
processed with Happ—Genzel apodization before Fourier transform.
256 or 512 scans were averaged. All spectra presented have the solvent
spectrum subtracted. The UV—vis measurements were done with a
PerkinElmer Lambda 850 spectrometer in a 1 mm quartz cuvette.

Molecular Dynamics Simulations. The initial configurations for
the ligand layers of Aug(3-MBA);, and Au,yy(3-MBA),, 53 were
created by using an in-house algorithm (see details on Section B,
Supporting Information). The gold core was fixed to the experimental
TEM structure.”” The ligand layer was further relaxed and dynamically
simulated by using the GROMACS 5.0.4'* MD simulation package
with an AMBER force field for thiol—gold interactions, parametrized
in our previous work.”” Each of the structural models was simulated
with varying degrees of the protonation state. After initial equilibration
phases (see technical details in the Supporting Information, pages 21—
22), the statistics were collected over 50 ns. Au,g,(p-MBA),," and
Auy(p-MBA)g, (model based on ref 10) clusters with full and
defective ligand shells were also simulated for reference.

DFT Calculations. Selected configurations from the GROMACS
MD simulations were further studied by DFT calculations. We used
the code package GPAW®” which employs the projector augmented
wave method (PAW) in the real-space grid. Scalar relativistic effects
for gold were included in the PAW setup. Total energy calculation and
structure optimization were carried out by using the Perdew—Burke—
Ernzerhof (PBE) exchange—correlation functional®® and a real space
grid spacing of 0.2 A. The structure optimization was carried out until
the residual forces were below 0.1 eV/A. During the optimization, all
Au atoms were kept fixed with the positions determined from the
TEM experiments.”” The optical absorption spectra for the optimized
structures were calculated by using the linear response time-dependent
DFT (LR-TDDFT) as implemented in GPAW.*” The PBE functional
was used for the exchange—correlation kernel, and the spacing in the
real space grid was 0.25 A. The plotted continuous absorption spectra
in Figure 2 of the main text are sums of the individual absorption lines
broadened with 0.05 eV Gaussians. IR vibration analysis of selected
ligands was done on structures optimized by a tighter criterion with
0.05 eV/A residual force.
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ABSTRACT: Biocompatible gold nanoclusters can be utilized
as contrast agents in virus imaging. The labeling of viruses can
be achieved noncovalently but site-specifically by linking the
cluster to the hydrophobic pocket of a virus via a lipid-like
pocket factor. We have estimated the binding affinities of three
different pocket factors of echovirus 1 (EV1) in molecular
dynamics simulations combined with non-equilibrium free-
energy calculations. We have also studied the effects on binding
affinities with a pocket factor linked to the Au,,pMBA,,
nanocluster in different protonation states. Although the
absolute binding affinities are over-estimated for all the systems,
the trend is in agreement with recent experiments.” Our results
suggest that the natural pocket factor (palmitic acid) can be
replaced by molecules pleconaril (drug) and its derivative
Kirtanl that have higher estimated binding affinities. Our results also suggest that including the gold nanocluster does not
decrease the affinity of the pocket factor to the virus, but the affinity is sensitive to the protonation state of the nanocluster, i.e., to
pH conditions. The methodology introduced in this work helps in the design of optimal strategies for gold—virus bioconjugation
for virus detection and manipulation.

Bl INTRODUCTION simulations consisting of the full EV1 virus in water and
composed of about 3.2 million atoms.

Molecular dynamics (MD) simulations are commonly used
to investigate large biological systems. In the field of gold
nanoclusters and their effects in biological systems, MD

simulations have been utilized, for example, in studying the
12-18

Recent years have seen many breakthroughs in the synthesis
and characterization of atom-precise, ligand-stabilized gold
nanoclusters in the size range of 1 to 3 nm.' The ability to
produce biocompatible thiolate-protected gold nanoclusters via
ligand tuning has promoted their use in biological applications )
(for example, as potential imaging agents,” > molecular lnterpllgy bemzr(e)en gold nan(z)(():lzlisters and membranes,
rulers®™® and in biological sensing and medical analysis).””"" RNA, ™ DNA,™ and proteins.” " Ligand binding can also be
Recent studies have demonstrated the potential use of thiolate- addressed in MD simulations, and we use that here to explore
the binding affinity of various pocket factors.

protected gold nanoclusters as contrast agents in virus imaging
For large complex systems, equilibrium free-energy ap-

with TEM™® by either covalent” or noncovalent” linking of gold

nanoclusters to the virus surface. While the covalent linking proaches are often impractical due to the long equilibration
relies on the formation of sulfur linkages between the gold times associated with the changes under investigation. The
nanocluster functionalized by a suitable linker molecule and non-equilibrium approaches based on Jarzynski equality enable
accessible cysteine residues of the protein,” the noncovalent the obtaining of the free-energy estimate from the distribution
linking is achieved by the replacement of the natural pocket of work values of many repeated non-equilibrium processes via
factor (e.g., palmitic acid in EV1) in the hydrophobic pocket of exponential averaging”* Steered MD simulations combined
the virus by a pleconaril (PLE) drug-like molecule Kirtan1 with with free-energy calculations can shed light on many types of
a linker tail that extends to the outside of the hydrophobic properties and processes of biomolecules, such as elastic
pocket and connects covalently to the gold nanocluster.® properties,23 and, additionally, for viruses,”** protein folding
Although the noncovalent binding was deemed successful based and conformations,”*™*” ion transport,”*~** and ligand-binding
on the transmission electron microscopy (TEM) imaging,’ no and -dissociation processes.”>** In the field of gold nano-
molecule-scale structural information is available from the
experiments. This has motivated us to study the interactions Received: June 27, 2017
between the viruses, hydrophobic pocket factors, and the gold Revised:  August 11, 2017
nanoclusters via large-scale all-atom molecular dynamics Published: August 14, 2017

ACS Publications  © 2017 American Chemical Society 2327 DOI: 10.1021/acs.bioconjchem.7b00367
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(a)

- ,B; %
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Figure 1. Pocket factors of EV1. (a) Natural pocket factor palmitic acid (PLT), (b) drug molecule pleconaril (PLE), and (c) pleconaril-derivative
Kirtan1 molecule with a linker tail extending outside the pocket (KIR). The pull group carbon is shown highlighted in yellow. Coloring convention:
cyan, carbon; red, oxygen; blue, nitrogen; green, fluorine; and white, hydrogen.

(b)

(d) (e)

(f)

Figure 2. (a) Full virus with PLT pocket factor (drawn in VDW spheres) at the beginning of the pulling simulation, with 1/60 unit highlighted in red
and close-ups in panels b and in ¢ with 90° rotation around a vertical axis. (d—f) The full virus and 1/60 unit close-ups at the end of one pulling

simulation.

clusters, free-energy calculations have been utilized in studying
their interactions with membranes'® and RNA."

In practice, the direct Jarzynski estimate is biased due to the
finite sample size, and corrections need to be applied.*”*’
Simplest corrections include using cumulant expansions of the
work distributions.>* However, such simple corrections are not
suitable for highly non-Gaussian distributions.”’ However, an
alternative option is to utilize the Crooks fluctuation theorem™
by performing non-equilibrium simulations in both the forward
and the reverse directions of the process being studied to
reduce the bias of the estimate.*

In this work, we studied echovirus 1 (EV1) with three
different pocket factors shown in Figure 1 (the natural pocket
factor palmitic acid, a drug molecule (pleconaril), and a
pleconaril-derivative Kirtanl molecule) by means of all atom
MD simulations with a complete model of the EV1 protein
capsid in water. We have investigated the interactions and
estimated the binding affinities of the different pocket factors
using free-energy calculations. Because the complexity and size,
on the one hand, and the lack of similarity between the pocket
factors on the other hand, preclude equilibrium free-energy
approaches, such as thermodynamic integration, free-energy
perturbation, or umbrella sampling, we have used steered

2328

center of mass pulling MD simulations and a non-equilibrium
Jarzynski equality-based, bias-corrected analysis method, as
suggested by Zuckerman et al.*”*' instead for obtaining the
binding affinity estimates. Due to the complexity of the system,
the simulations were only performed in one direction, namely
from the inside of the pocket into the water. Because we
simultaneously pulled out all 60 pocket factors in our
production simulations, we obtained statistics from 60 pullings
per each simulation, benefiting the extensive statistics that such
non-equilibrium methods call for.

In addition, we have studied the effects of different
simulation parameters and initial conditions on the free-energy
estimates. Lastly, we have studied the effects of adding the gold
nanoclusters by linking a Au,4,pMBA,, gold nanocluster to a
Kirtanl molecule to study in detail the effects on the binding
affinity and interactions and, hence, assess the applicability of
such functionalized gold nanoclusters in virus-imaging
applications.™”

B RESULTS AND DISCUSSION

Pulling Simulations. A total of 25 4.5 ns pulling
simulations were performed for each of the S systems. Figure
2 shows snapshots at the beginning and at the end of one

DOI: 10.1021/acs.bioconjchem.7b00367
Bioconjugate Chem. 2017, 28, 2327—-2339
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(8) (h)

Figure 3. (a—c) Full virus and 1/60 unit close-ups with PLE, (d—f) with KIR, and (g—i) with CLUKIR pocket factor at the end of one pulling

simulation.

representative pulling simulation for the natural pocket factor
palmitic acid (PLT) system with the full virus and a close-up of
one of the 1/60 protomer units. The end states from one
representative pulling simulation of the full virus and 1/60 unit
for the PLE, KIR, and Kirtanl linked to Aul02pMBA44 gold
nanocluster in a half protonated and -deprotonated state
(CLUKIR) systems are presented in Figure 3.

From Figures 2 and 3, it can be seen that all the pocket
factors exit the pockets. From Figure 3g—i, the trend can be
seen of the gold nanoclusters tending to remain close to the
virus surface while the pocket-factor part slips past the cluster
and exits the pocket. This could affect the binding affinity
estimate if the gold nanocluster would significantly affect the
water solubility of Kirtanl. To address this, we performed
extended pulling simulations in which the gold nanocluster
completely detached from the virus surface.

The root mean square deviations (RMSD) of the hydro-
phobic pocket in the extended reference and pulling trajectories
are presented in Figure 4. The black vertical lines denote the
time at which the pulling simulation was started. The left side
of the black line shows the RMSD of the reference trajectory,
and the right side shows the 4.5 ns extension of the reference
trajectory and pulling trajectory in green. The scale of the time
axis is widened for the extended and pulling part for clarity.

2329

From Figure 4, it can be seen that for all systems the RMSDs
observed in the pulling simulations do not significantly exceed
the values observed in the extended reference trajectory.
Furthermore, no visual rupture of the protein or the pocket
factors were observed in the pulling simulations. We also
compared pocket-factor conformations in pulling and in free
simulations (Supporting Information), and no significant
differences were observed. Therefore, we conclude on the
basis of this structural analysis that pulling does not seem to
induce unphysical conformational changes in the protein.

Free-Energy Calculations. The work distributions from
the 25 pulling simulations (i.e., 1500 pulling events) with mean,
standard deviation, and skewness indicated (in kJ/mol) are
presented in Figure S. From this, it can be seen that the work
distributions show large standard deviations and positive skew.
It is therefore clear that analysis methods requiring near-
Gaussian distributed data are not applicable. Instead, we resort
to the analyses methods suggested by Zuckerman et al,***
suitable for skewed and non-Gaussian data. Comparing the
averages of the work distributions, the following trend is
observed:

MWorr) < Mo < (Wir) < Woerukm) < WeLukr)

The convergence of the block averaged direct Jarzynski
estimate (average and standard deviation from 500 repetitions

DOI: 10.1021/acs.bioconjchem.7b00367
Bioconjugate Chem. 2017, 28, 2327—-2339
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Figure 4. Root mean square deviations of the hydrophobic pocket in extended reference and pulling trajectories.

Work distributions from 1500 pullings

001 PLT(330.1/63.4/0.2) o
0.00 L 0.
0 200 400 600 800 100012001400
001 KIR (513.0/93.4/05) o
0.00 - 0.
0 200 400 600 800 100012001400
DCLUKIR (695.1/230.3/1.6)

0l ——r—T1 T T
000 | ==t P
0 200 400 600 800 100012001400

01 PLE (486.6/88.0/1.7)
00 N . N N
0 200 400 600 800 100012001400
o1 CLUKIR (801.6/197.5/1.2)
00 i 1 LI
0 200 400 600 800 100012001400

Figure 5. Work distributions from 25 pulling simulations with indicated mean, standard deviation, and skewness in kJ/mol.

of each N, with n = 1--N as described earlier) as a function of
total number of work values N included in the analysis is
illustrated in Figure 6. From there, it can be seen that the
change in the estimate in between for example the N = 1000
and 1500 estimates is relatively small for all of the systems.
Therefore, the full data set of N = 1500 work values is expected

2330

to be sufficient to give at least qualitatively relevant results. The
mean and standard deviation of the work distributions and the
binding affinity estimates of the block-averaged direct Jarzynski
estimates (JE) and the results with linear (LE), quadratic (QE),
and cumulative integral (CI) extrapolations are presented in
Table 1.

DOI: 10.1021/acs.bioconjchem.7b00367
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Figure 6. Block-averaged direct Jarzynski estimates with different total
number of work values N included in the analysis (N = 1500 is the
maximum). Shown is the average from 500 repetitions.

As the final estimate, we report the average plus or minus the
combined error obtained from the LE, QE, and CI estimates,
from lowest to highest binding affinity: AGp,r = —168.1 + 12
kJ/mol, AGpcpuxr = —293.6 + 19 kJ/mol, AGgg = —295.3 +
13 kJ/mol, AGpz = —299.9 + 18 kJ/mol, and AG¢ ki =
—392.3 + 14 kJ/mol. The natural pocket factor palmitic acid
shows the lowest binding affinity, and Kirtanl bonded to the
half-protonated and -deprotonated gold nanocluster shows the
highest binding affinity. Pleconaril, Kirtanl, and Kirtanl
bonded to the fully deprotonated gold nanocluster show
similar affinities.

Among the highest binding affinities in nature is the one of
avidin—biotin complex, with a dissociation constant of 107*°
M* or a binding affinity of —85.4 kJ/mol. Compared to this
value, the absolute binding affinity estimates obtained here are
high, and the replacement of the natural pocket factor with such
a high binding affinity would be implausible. The over-
estimation of the binding affinities could originate from
different factors discussed in the next section, such as pulling
velocity and pulling distance. The general trend in the
calculated estimates is nevertheless in agreement with the
experimental result that palmitic acid can be replaced by
pleconaril or Kirtanl molecules, which, in this analysis, show
higher affinity estimates compared to that of palmitic acid.
Furthermore, pleconaril and Kirtanl exhibit similar affinities,
which could be expected based on the similarity of the core
structures of these molecules. This could also suggest the linker
tail does not notably affect the binding affinity.

It is to be noted that in the experiments,’ a 5000-fold excess
of Kirtanl was used, which contributes to the binding affinity
with an entropic term of — kT log(5000) ~ —21 kJ/mol. In

comparison to the estimated binding affinity values as well as
error estimates, this contribution is relatively small and does
not change the interpretation of the simulation results.

Based on these results, the addition of the gold nanocluster
in a half-protonated and -deprotonated state appears to overall
enhance binding of Kirtanl to the virus. The affinity estimate
decreases with the fully deprotonated state of the cluster, and
this estimate is close to the estimate of pure Kirtanl, possibly
because the deprotonated gold nanocluster enhances the
solubility.

Interactions. Protein—ligand interactions were analyzed for
a representative pulling trajectory and listed in Table 2. The
contact counts are shown as the difference between the initial
state (average of the first 300 ps of the pulling simulation) and
the final state (average of last 300 ps of the pulling simulation)
so that the negative numbers denote broken and the positive
numbers newly formed contacts. All counts were divided by 60
to obtain an estimate for the interactions of one pocket factor
(plus a gold nanocluster in CLUKIR and DCLUKIR systems).
HB denotes hydrogen bonds, HP denotes hydrophobic bonds,
R denotes ring contacts, and pf denotes pocket factors. The
contacts for the linker part of Kirtanl molecule are presented in
parentheses.

The negative numbers quantifying the contacts between the
protein and the pocket factors or the pMBA groups indicate
overall breaking of interactions between these parts of the
systems occurs during the pulling simulation for all the studied
systems. Similarly for all the systems hydrogen bonds between
the solvent and the pocket factors or the pMBA groups are
increasingly formed as indicated by the positive numbers.

To build a rapid scoring function to estimate the binding
affinity trends, the relative strengths of the interactions were
estimated simply by assigning weights HB,, HP , and R, to
best fit to HB,, X HB + HP,, X HP + R, X R = AG,. The values
giving the best fit are HB,, = 31.25, HP,, = 16.75, and R,, =
25.25. In general, it can be estimated that not merely hydrogen
bonds but also both hydrophobic and ring contacts are likely to
contribute to the binding affinities of these molecules.

Snapshot Dependency. The mean and standard deviation
of the work distributions and the free energy estimate obtained
from the LE, QE, and CI analyses for different snapshots, and
their average are presented in Table 3. The total number of
work values was 60 for each snapshot (1 simulation per
snapshot).

Based on the estimates and their errors from different
snapshots, in Table 3, there seems no systematic dependency of
the work values or binding affinity estimates on the reference
simulation starting snapshot for any of the systems. Therefore,
no bias is expected to be caused by whether the pulling was
started from a later or an earlier snapshot of the reference
simulation, indicating sufficient equilibration of the reference
simulation for the purposes of this work.

Table 1. Work and Binding-Affinity Results in kJ/mol from N = 1500 Work Values with the Reported Affinity Estimate Averages
and Standard Deviations Obtained from 500 Repetitions of the Block Averaging Plus Extrapolation Analyses

system W (mean/standard deviation) JE
PLT 330.1/63.4 —182.2/0.1
PLE 486.6/88.0 —317.9/0.1
KIR 513.0/93.4 —323.5/0.2
CLUKIR 801.6/197.5 —428.5/0.2
DCLUKIR 695.1/230.3 —342.5/0.3
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IE} QE CI
—-172.9/2.2 -167.5/0.2 —164.0/10.9
—-307.7/2.3 —303.0/0.2 —289.0/17.9
—285.9/9.2 —308.2/0.3 —291.6/8.2
—391.5/7.8 —399.8/0.3 —385.5/11.3
—269.9/17.0 —311.8/0.5 —299.0/8.2
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Table 2. Counted Interactions from One Representative Pulling Trajectory for Each System”

interaction type PLT PLE
HB: protein—pf -39 -0.2
HB: protein—pMBA - —
HB: pf—pMBA - -
HB: solvent—pf 4.3 2.8
HB: solvent—pMBA - -
HP: protein—pf —-10.4 -11.9
HP: protein—pMBA - -
HP: pf-pMBA - -
R: protein—pf - -7.2

R: protein—pMBA
R: pf—pMBA

KIR CLUKIR DCLUKIR

—-0.6 —-0.8 -1.0

- -34 -3.5

- 0 0

4.8 4.7 5.3

- 49 62
—114 (—4.1) —10.6 (-3.6) -9.7 (-3.3)

- —-10.0 =51

- 0.8 (1.2) 0.1 (0.9)
-6.8 -72 —7.4

- -2.0 -1.6

- 1.7 0.3

“HB, hydrogen bonds; HP, hydrophobic contacts; and R, ring contacts. A negative sign denotes overall broken interactions, whereas no negative sign

denotes overall formed interactions.

Table 3. Work (Distributions Presented in Figure S1) and
Binding Affinity Results in kJ/mol from N = 60 Work Values
for Pulling Simulations Started from Different Snapshots”

starting
snapshot w

system (ns) (mean/standard deviation) ~ AG (kJ/mol)
PLT 29 338.1/70.5 —187.2 + 35
PLT 52 329.1/46.6 —221.4 + 29
PLT 77 329.1/67.7 —1752 £ 78
PLT 114 332.8/72.3 —131.0 + 135
<PLT> average 332.3/65.2 —150.6 + 41
PLT full 330.1/63.4 —168.1 + 12
PLE 29 504.1/151.0 —335.1 + S8
PLE 57 485.9/71.7 —357.3 + 36
PLE 77 492.3/80.5 —299.7 + 103
PLE 91 504.8/123.8 —-3109 £ 41
<PLE> average 496.8/111.8 —320.3 + 32
PLE full 486.6/88.0 -299.9 + 18
KIR 29 516.8/77.9 —3103 + 99
KIR 57 502.9/85.7 —331.3 + 56
KIR 92 501.3/98.6 —342.4 + 61
KIR 103 519.6/92.7 —340.5 + 44
<KIR> average 510.1/89.5 —336.5 + 32
KIR full 513.0/93.4 —2953 + 13
CLUKIR 26 786.1/170.0 —444.1 + 65
CLUKIR 57 768.8/199.5 —424.6 + 75
CLUKIR 82 801.5/200.3 —401.9 + 122
CLUKIR 111 828.8/260.2 —483.7 + 62
<CLUKIR> average 796.3/211.2 —428.7 + 41
CLUKIR full 801.6/197.5 —392.3 + 14
DCLUKIR 26 696.8/256.1 —367.5 + 69
DCLUKIR 57 663.2/202.3 —293.1 £ 129
DCLUKIR 82 684.8/221.0 —363.9 + 102
DCLUKIR 111 691.1/210.6 —366.6 + 82
<DCLUKIR> average 684.0/223.8 —308.4 + 64
DCLUKIR full 695.1/230.3 —293.6 + 19

“The estimate from the full data set is shown in bold for comparison.

While the exact time point of the reference simulation
snapshot used as a starting structure does not have systematic
effect on the binding affinity estimate, in comparing the
averaged snapshot results to the full result, differences of up to
~41.2 kJ/mol can be observed. These discrepancies in the
estimates could indicate limitations in the comparability of
these results due to an insufficient amount of data obtained
from one simulation (or 60 work values from distinguishable
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pocket factors) only. This is also indicated by the large errors of
AG estimates obtained for averaged snapshot results.

Dependency on Pulling Velocity. The mean and
standard deviation of the work distributions (denoted W,
where i is the pulling velocity in nm/ ns) and the free-energy
estimate obtained from the LE, QE, and CI analyses similarly to
previous sections (denoted AG;) for pulling simulations with
different pulling velocities are presented in Table 4. The total
number of work values was 60 for each velocity (one simulation
per velocity). The estimates from full data (W, and AGgy)
with 1 nm/ns pulling velocity are shown for comparison.

Considering the work data in Table 4, a consistent trend of
decreasing average W with decreasing pulling velocity can be
observed for all the systems. The free-energy estimates AG; also
decrease with decreasing pulling velocity, with the exception of
the PLT system between AG,s and AGs. This is probably
due to the small number of work values in the distributions and,
hence, statistical inaccuracy. Comparing the average AG, for
one simulation data and average AGg,, similar to the previous
section, significant differences of up to 45.3 kJ/mol can be
observed. The trends stay nevertheless the same among
different velocities, such that the PLT system shows the lowest
and the CLUKIR system the highest affinity, and PLE and KIR
systems show similar affinities. However, with the lower pulling
velocities, a clear narrowing in the difference between PLE,
KIR, and CLUKIR systems can be observed. Considering the
error estimates and the fact that, as noted also in the previous
section, analyses based on data from only 1 simulation or 60
work values can produce results in discrepancy with those from
the full data set, this narrowing in the difference may be an
artifact from the analyses with insufficient statistics. Figure 7
shows the average and standard deviation (as error bars) of the
pulling work values of 60 ligands in one pulling simulation with
different pulling velocities for the PLE system.

Although there is a systematic effect of pulling velocity on the
binding-affinity estimates, the general trends in binding
affinities between the systems stay the same among different
pulling velocities. In addition, the 1 nm/ns pulling velocity, a
compromise between accuracy and statistical efficiency, should
still fall within the activated process regime with no significant
frictional effects. This can also be seen in Figure 7 with a visual
change of regime around the pulling velocity of 2 nm/ns.
Therefore, the analyses using a 1 nm/ns pulling velocity are
expected to give over-estimated but qualitatively reliable results.

Cooperative Effects. The mean and standard deviation of
the work distributions (denoted W, where i denotes the pulled
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Table 4. Work (Distributions Presented in Figure S2) and Binding Affinity Results in kJ/mol from N = 60 Work Values for
Pulling Simulations Performed with Different Pulling Velocities

system Wi W, Wos Woas Whan
PLT 547.9/85.8 327.8/59.9 288.2/59.1 253.0/58.0 330.1/63.4
PLE 771.1/122.8 504.8/123.8 456.2/94.1 400.2/101.6 486.6/88.0
KIR 834.6/120.3 519.6/92.7 463.6/89.7 427.2/101.9 513.0/93.4
CLUKIR 1699.7/396.1 808.9/194.3 680.1/170.3 575.4/136.4 801.6/197.5
system AGy AG, AGy, AGy,s AGgy
PLT -3319 + 60 —157.7 + 77 —118.8 + 76 —1448 + 19 —168.1 + 12
PLE —515.4 + 86 —3116 + 36 —287.1 + 83 —248.6 + 38 —299.9 + 18
KIR —565.7 + 94 —340.6 + 48 —275.1 + 90 —259.5 + 29 -2953 + 13
CLUKIR —838.1 + 576 —4042 + 78 —388.6 + 46 —2725 + 66 —3923 + 14

1000

Average work dependency on pulling velocity in PLE system

<W> (kJ/mol)

200 i i i i
0 2 4 6 8 10

pulling velocity (nm/ns)

Figure 7. Velocity dependence of average work in one pulling
simulation of 60 ligands of the PLE system.

group(s)) and direct Jarzynski free-energy estimate (denoted
JE,) for pulling simulations with different simultaneously pulled
groups are presented in Table S. The results extracted for the
corresponding groups from a simulation with all groups pulled
simultaneously are shown in parentheses.

After the work distributions and JE estimates from different
subgroup pullings between the systems are compared, there
appears to be no clear systematic trend in the estimates being
larger or smaller for specific groups. Similarly, there is no
consistent increase or decrease observed for specific groups in
comparison with the results extracted from the simulation with
all groups pulled simultaneously.

On average, however, there is a tendency for group 1(21)
(that is: singly pulled pocket factor number 21) to exhibit the
largest and pental and pental2 the smallest average work
values and JE estimates. Comparing the estimates extracted
from the simulation with all groups pulled, the differences
between these subgroups are not as evident. This could suggest
that there may be some dependency on how many and which
groups are being pulled simultaneously. However, taking into
account that the differences between subgroup pullings and the
corresponding results from the simulation with all groups
pulled are mostly within the standard deviations of the work
distributions, in combination with a smaller set of work values
for the JE estimate, it is difficult to conclude whether the
observed effects originate from cooperativity or from statistical
deviations between different simulations. Although we cannot
exclude the possibility of the cooperative effects, the possible
effect is unlikely to affect the binding affinity estimates in the
large-scale statistics.

Extended Pulling. The mean and standard deviation of the
work distributions (denoted W;, where i is the pulling time in
ns) and the free-energy estimate obtained from the LE, QE, and
CI analyses, similar to previous sections for full systems
(denoted AG;) or the direct Jarzynski estimate for the
pentamer systems (denoted JE;) for extended pulling
simulations, are presented in Table 6. The estimates obtained
from the full data (Wg;, AGg, and JEg;) are shown for
comparison.

Considering pulling in the full system and taking into
account the large error estimates, no significant differences in
W or AG estimates can be observed between 4.5 and 6 ns
pulling for any of the systems. However, possibly due to
statistical inaccuracy resulting from smaller set of work values,
the AG estimates of KIR and CLUKIR are closer to each other
compared to AGyg, results, while DCLUKIR exhibits

Table 5. Work (Distributions Presented in Figure $3) and Direct JE Results in kJ/mol for Pulling Simulations Performed with

Different Simultaneously Pulled Groups

system W, w,

w,

random12
333.7/61.2 (326.0/70.3)
493.4/73.7 (503.0/81.5)
475.1/72.1 (490.0/70.7)
891.6/165.1 (906.7/152.8)

JEcandom12

W1(21)
364.4 (272.8)
511.3 (500.2)
422.4 (500.9)
899.7 (809.4)
JEiG)

Wiso)
350.8 (333.6)
486.7 (494.1)
518.6 (461.8)
515.8 (615.8)
JE1(s9)

pental pental2

PLT 361.0/50.4 (345.0/69.7) 325.6/56.6 (327.0/49.6)
PLE 476.3/93.5 (483.6/83.8) 478.0/64.0 (504.7/66.3)
KIR 463.7/80.4 (493.5/34.6) 497.6/69.3 (499.0/62.1)
CLUKIR 832.1/112.4 (818.8/134.4) 823.7/185.5 (852.4/223.0)

system Wehem JE entar2

PLT —302.0 (—280.2) —233.5 (—259.7)

PLE —374.2 (—374.7) —368.0 (—385.2)

KIR —374.1 (—443.3) —372.9 (—402.0)

CLUKIR —665.3 (—669.6) —580.7 (—610.6)

—237.8 (—204.7)
—378.5 (—327.3)
—389.4 (—364.9)
—691.4 (—=705.2)
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—364.4 (—272.8)
—511.3 (—500.2)
—422.4 (—500.9)
—899.7 (—809.4)

—350.8 (—333.6)
—486.7 (—494.1)
—518.6 (—461.8)
—515.8 (—615.8)
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Table 6. Work (Distributions Presented in Figure S4) and Direct JE Results in kJ/mol for Extended Pulling Simulations of
Kirtan1-Containing Systems for the Full Virus and 1 Pentamer (1/12) Unit

system Wys Wy Wea
KIR 522.1/92.9 527.8/92.1 513.0/93.4
CLUKIR 808.9/194.3 882.8/211.3 801.6/197.5
DCLUKIR 692.4/224.8 760.3/262.2 695.1/230.3
system W,s Wis

KIR (pentamer) 569.0/151.1 453.8/83.9
CLUKIR (pentamer) 1036.8/119.6 891.7/55.3
DCLUKIR (pentamer) 430.7/123.3 554.4/161.8

AGys AGg AGgy,
—358.8 + 40 —371.6 + 35 —2953 + 13
—401.4 + 88 —386.7 + 168 —392.3 + 14
—=317.5 + 145 —308.5 + 161 —293.6 + 19
W JEqys JE:s JEqa
513.0/93.4 —4219 —340.5 -3122
801.6/197.5 ~914.0 ~835.0 —4129
695.1/2303 —3422 ~383.0 ~3189

consistently the smallest AG estimates. Again, significant
differences in the AG estimate in comparing the results from
the full data set of 1500 work values versus a single pulling set
of 60 work values can be observed.

For pentamer systems, the extension of the pulling distance
results in a decrease of the average work and JE estimate for
KIR and CLUKIR systems, while for DCLUKIR, the effect is
opposite. This could be due to insufficient statistics. In
pentamer pullings, the CLUKIR system exhibits clearly larger
work values and JE estimates compared with KIR and
DCLUKIR. While large error estimates and small statistics
make it difficult to draw definite conclusions, it appears that,
while the affinity of Kirtan molecule to the virus is affected by
the gold nanocluster’s protonation state, the gold nanocluster
(in either protonation state) does not significantly decrease the
affinity of Kirtan molecule to the virus, even when full
detachment of the clusters from the virus surface is allowed.

Bl CONCLUSIONS

We have estimated the binding affinities of five different pocket
factor systems to the hydrophobic pocket of EV1 virus capsid
utilizing MD simulations with non-equilibrium free-energy
calculations and analysis methods based on the Jarzynski
equality with block averaging and extrapolation schemes that
account for the bias associated with the direct estimate. The
binding affinity estimates were obtained by extracting work
values from steered MD simulations of simultaneously pulling
all of the 60 pocket factors out from the pockets that they
occupied. A total of 25 such pulling simulations for each of the
S systems were performed, constituting a total of 1500 work
values per system for the free-energy estimations.

While experimental results for absolute binding affinities of
these systems are not available by comparing these results to
one the highest binding affinities in the nature of an avidin—
biotin complex (with binding affinity of approximately —85.4
kJ/mol),** the over-estimation is evident. This could in part be
explained by the relatively high pulling velocity used in the
simulations. Lowering of pulling velocity lowers the affinity
estimates with no observed convergence. While the pulling
velocity is high, no structural deformation of the protein or
pocket factors in terms of RMSD or visual inspection were
observed in the pulling simulations. Experiments suggest’ that
the exchange of the pocket factor to be a dynamic process, with
the virus retaining its functionality and, hence, overall structure
upon the exchange. In this sense, our simulations do not
contradict the experiments.

In addition, the pulling distance has effect on binding affinity
estimates of systems containing the Kirtanl molecule. The
effects of both pulling velocity and distance could be in part due
to insufficient statistics related to the analyses of these effects.
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Nevertheless, the qualitative trends are reproduced con-
sistently for different simulation parameters, such that the
natural pocket factor palmitic acid shows the lowest aflinity.
The known drug molecules pleconaril and its derivative
Kirtanl, sharing similar core structures, show similar affinities
that are both higher than that of palmitic acid. Conceptually a
molecule with lower binding affinity can be replaced by one
with higher binding affinity. In this sense, our results are in
qualitative agreement with recent experiments’ showing that
palmitic acid is replaceable by pleconaril or Kirtanl molecules.
Furthermore, the experiments’ show decreased melting
temperatures of virus capsids with hydrophobic pockets
occupied by palmitic acid, in comparison to capsids with
pockets occupied by pleconaril or pleconaril-based molecules
while retaining infectivity. This indicates the higher stability of
capsids containing drug-based molecules in the hydrophobic
pockets and, hence, higher binding affinities. Our calculations
are also in agreement with this trend. Therefore, despite the
over-estimation, the simulations give qualitatively relevant
results, and similar simulation procedures could be utilized in
estimating the binding affinities of new molecules in this virus
system.

After the gold nanoclusters were attached to Kirtanl for the
purposes of imaging, the highest binding affinity is consistently
exhibited by Kirtanl conjugated to half-protonated and
-deprotonated gold nanoclusters, while with the fully
deprotonated nanoclusters, the affinity is more similar to that
of pure Kirtan1. This suggests that the affinity is sensitive to the
protonation state of the gold nanocluster, ie., pH conditions.

Comparing the binding affinity estimate trends to the
numbers of interactions, in addition to hydrogen bond
interactions, hydrophobic and ring contacts are all expected
to play a crucial role in determining the binding affinities of
these molecules. The simple model of correlating numbers of
interactions and binding-affinity estimates could be taken into
consideration when designing molecules for purposes similar to
those described here.

Conjugating Kirtanl to the gold nanocluster in either of the
protonation states does not seem to significantly decrease its
affinity to the virus. Our results therefore suggest that using
noncovalent binding to virus pockets schemes are a viable route
to labeling viruses with gold nanoparticles. The consistency of
the trends among various conditions suggest that simulations
could be used to predict binding affinity of new pocket factors
with respect to the natural pocket factor palmitic acid. This
could be utilized in the design of new pocket factors.

In this work, we have only considered the labeling of the
virus with gold nanoclusters in terms of binding affinities and
large-scale conformational changes, not focusing on any
possible atomistic scale structural changes that may arise as a
result of this labeling. A more-detailed study of these possible
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structural changes and interactions would be important in
further assessing the effects of the gold nanoclusters on the
structure and functions of the virus.

B METHODS

In this work, we performed all-atom MD simulations for five
systems consisting of a full model of EV1 capsid (without the
genome) with all of its 60 hydrophobic pockets occupied by
one of the three different pocket factors: (1) natural pocket
factor palmitic acid, (2) pleconaril, and (3) Kirtanl. In addition,
two systems with (4) Kirtanl linked to Au,,pMBA,, gold
nanocluster in a half-protonated and -deprotonated state and
(5) in a fully deprotonated state were simulated. These
simulations mimic the experiments in ref 3. We have estimated
the binding affinities of the different pocket factors from the
work distributions of simultaneously pulling out the 60 pocket
factors from the pockets using steered molecular dynamics
simulations and Jarzynski equality with block averaging and an
extrapolation analysis scheme suggested by Zuckerman and co-
workers.*>*!

Construction of the Virus—Pocket Factor Systems.
The structure of the virus protein was obtained from the
Protein databank with a PDB ID 1EV1 protomer structure for
echovirus 1% containing proteins VP1—VP4 as well as two
different fatty acids: myristic acid bonded to the VP4 chain and
palmitic acid located in the hydrophobic pocket of VP1. The
missing amino acid residues from the VP4 chain were added to
the structure using Modeler 9.11 loop builder***” and manual
alignment.

The force-field parameters for myristic and palmitic acids
were obtained bgf using suitable available parameters of the
Amber99sb-ildn*® force field. The partial charges assuming
deprotonated acids were optimized following the RESP charge
fitting procedure recommended for Amber."” The geometry
optimization and ESP calculations according to the Merz—
Singh—Kollman scheme®”*" were performed with Gaussian09™*
at a HF/6-31F* level of theory. Atomic charges were fitted to
the obtained potential in a two-stage RESP fit procedure with
Ambertools12>® and are included in the Supporting Informa-
tion.

The full structure with 60 protomer units was constructed
with visual molecular dynamics (VMD)** based on PDB
BIOMT records and the available mono2poly script. In
constructing the Gromacs topology, protonations for all
amino acid residues except those of histidines were assigned
on the basis of their intrinsic pK, value and a pH of 7.
Histidines were protonated based on visualizing the possibilities
of hydrogen bond formations in one protomer unit.
Replacement of the natural pocket factor palmitic acid by
pleconaril and Kirtanl was done by fitting the structures onto
the palmitic acid position in the original crystal structure using
VMD** and the Molefacture tool.

Due to the higher complexity of pleconaril and Kirtanl
structures (Figure 1) compared to palmitic acid, the force-field
parameters were not obtained from the readily available
parameters but derived using an AmberTools12°* Antechamber
program to obtain the generalized Amber force field
parameters.”” The Gromacs topologies were obtained using
ACPYPE code (emulating ameng).56 The charge derivations
were performed similarly to palmitic and myristic acids and are
also included in the Supporting Information.

Linking a Au,;5,pMBA,, cluster to the Kirtanl molecule was
done manually using VMD** by connecting the terminal C of
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the linker tail of Kirtanl to the terminal O atom of the pMBA
group. The pMBA that connects to the linker was selected to
correspond to one of the reported pMBA groups most likely to
undergo ligand exchange reactions in the Au,;o,pMBA,,
nanocluster.”” The force field bonded parameters for the
aliphatic linker were selected on the basis of standard Amber
alkane parameters of similar interactions. To enable linking, one
H atom bonded to the terminal C atom of Kirtanl was
removed. The charge of the removed H atom was evenly
distributed to the remaining atoms to conserve the overall
neutral charge of the molecule. The force-field parameters for
Au,;,pMBA,, were described in a previous paper.™®

Reference Molecular Dynamics Simulations. Prior to
the steered pulling simulations, 90—120 ns molecular dynamics
simulations were performed (later referred as the reference
simulations) for all five systems to test the simulation setup and
to obtain an ensemble of statistically independent starting
configurations for the pulling simulations. Before the reference
simulations, energy minimizations and short equilibrations were
performed. For the systems without the gold nanoclusters, the
equilibration procedure consisted of S0 ps NVT (NVT =
constant number of atoms, volume and temperature) at 200 K
plus 100 ps NVT at 300 K plus 100 ps NPT (NPT = constant
number of atoms, pressure and temperature) at 300 K at 1 bar,
with position restraints on the protein and pocket factors. For
the systems with gold nanoclusters, we used first 1 ns of NPT
(300 K and 1 bar) annealing with position restraints, followed
by 1 ns of unrestrained NPT at 300 K and 1 bar. Each system
was simulated in dodecahedral simulation box solvated with
TIP3P water” and sodium and chloride ions,°® which were
added to neutralize each system at a concentration of 0.1—0.15
M.

For the reference simulations, we used Gromacs versions 4.5
and 4.6°"* and the Amber99sb-ildn force field*® with added
parameters for thiolate-protected gold nanoclusters,” myristic
and palmitic acids, pleconaril and Kirtanl. In the simulations,
we used a leapfrog integrator with a 2 fs time step, periodic
boundary conditions, a 1.0 nm Lennard—Jones cutoff with
dispersion correction for energy and pressure, PME (PME =
particle mesh Ewald method) electrostatics with a 1.0 nm cutoff
and 0.12 nm grid spacing,®® a velocity-rescale thermostat with a
reference temperature of 300 K and a coupling time constant of
0.1 ps,®* and the Berendsen barostat with a reference pressure
of 1 bar and coupling time constant of 1 ps.”> For improved
performance, the lengths of covalent bonds containing
hydrogens were constrained with the LINCS algorithm® for
the systems not containing gold nanoclusters. For the gold-
nanocluster-containing systems, constraints were applied on all
bond lengths.

Pulling Simulations. In the pulling simulations, we have
the center-of-mass pulling code in Gromacs 5.0.4°" with a
harmonic potential with a force constant of 10 000 kJ/mol nm *
and a pulling velocity of 1 nm/ns. Comparable force constants
and pulling velocities have been used in previous works,*76%69
The carbon atom on which the pulling force was exerted
(indicated in Figure 1) was selected on the basis of initial tests.
A total of three different pulling groups, carbons at the ends of
the molecule and the center of mass of the full molecule, were
tested for the pulling of palmitic acid. The selection of the
pulling group was made based on the smallest average work
obtained from one pulling simulation of 60 pocket factors. The
pulling direction for each pocket factor was taken as the vector
connecting the center of mass of the pocket factor and virus
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measured from the averaged structure of the reference
simulation. For CLUKIR and DCLUKIR systems, the same
directions were used as for KIR system.

Each pulling simulation started from a snapshot taken from
the reference simulation with random velocities assigned to the
atoms. All 60 pocket factors were pulled out simultaneously
during a 4.5 ns simulation. Visual inspection confirmed
externalization of all pocket factors. Simulation settings were
otherwise identical to those of the reference simulations, but
constraints were applied on hydrogen bond lengths in all
systems. Forces obtained from the simulations were integrated
to obtain the work for pulling each pocket factor from its initial
position inside the pocket to the final position outside the
pocket. A total of 25 pulling simulations were performed for
each system, constituting a total 1500 work values for the free-
energy estimations.

We also analyzed the effect of pulling out the pocket factor
on the conformational dynamics of the virus by comparing the
reference simulation of the virus to the situation after the
pocket factors have been pulled out. To investigate the effect of
pulling on the structure of the hydrophobic pocket and its
proximity, the RMSD of one representative pulling trajectory
and of the reference trajectory extended by 4.5 ns (length of
pulling trajectory) without pulling were compared for all
systems. Protein residues located within a 1.5 nm spherical
volume of the pocket factor at the starting configuration were
included in the analysis.

To better understand the origin of the binding affinities and
build a simple scoring function for later use, we investigated the
interactions in one representative pulling trajectory for each
system in more detail by simple distance criteria. The hydrogen
bonds were analyzed using Gromacs’ g_hbond tool with a 0.35
nm and 30° cutoff radius and angle. Hydrophobic contacts were
counted as the number of hydrophobic protein residues having
an atom closer than 0.7 nm to the center of mass of a pocket
factor. Aromatic ring contacts were counted similarly, but only
atoms in the rings were included, and instead of centers of mass
of the full pocket factors, centers of mass of the rings were used
in the distance criterion (for PLE, KIR, CLUKIR, and
DCLUKIR systems). For the CLUKIR and DCLUKIR systems,
the interactions of the pMBA groups were also considered. To
illustrate the effects of these interactions in the most simple
manner, their relative strengths were estimated based on
counted contacts by assigning weights HB,,, HP,, and R, to
best fit to HB, X HB + HP_, X HP + R, X R = AG,, where HB,
HP, and R denote the (overall broken and formed) number of
hydrogen bonds, hydrophobic contacts, and ring contacts,
respectively, and AG; is the binding affinity estimate of each
system.

Free-Energy Estimation. The free energy or binding
affinity AG can be estimated from the non-equilibrium pulling
work values W with the Jarzynski equality:

(") = e (1)

1
where f = o
B

Because direct estimation is biased, corrections are needed.
Due to the non-Gaussian nature of our work distributions and
technical difficulties with using forward—reverse simulations,
we utilized block averaging and extrapolation analyses methods
as introduced by Zuckerman and co-workers in refs 40 and 41.
The full set of N = 1500 work values was resampled by taking n
= 1---N unique work values and calculating AG from eq 1. The
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procedure was repeated for each n a total of N/n times. The
averaged direct Jarzynski estimate AG is then obtained as a
smooth function of work values in the block.

To extrapolate beyond n = 1---N work values, the conversion
¥ =n"" is performed. Extrapolations can then be applied to the
X average AG data to obtain the AG estimate for large number
of work values. Following the procedure of Zuckerman et al, 7
was fixed to 0.5 for linear and quadratic fits, and three
alternative extrapolated estimates were obtained by:

(1) performing a linear fit to the 1/5 tail of the AG, y data
and
(2) performing a quadratic fit to the full AG, y data.

Estimate (3) was obtained by utilizing cumulative integral
(CI) extrapolation, as presented in ref 41. With the optimal
value of 7, the CI values converge for the small y (1/5) tail, and
the best estimate is the cumulative integral value at minimum y,
corresponding to value of the optimized 7 for which the slope
of the 1/5 tail is closest to 0. The block averaging and
extrapolations were repeated 500 times to obtain averages and
standard deviations for each estimate.

Factors Affecting the Free-Energy Estimate. To
estimate the effects of different simulation parameters and
initial conditions, we performed pulling simulations using
various pulling velocities, pull groups, distances, number of
pocket factors being pulled simultaneously, and protonation
state of the gold nanocluster. In addition, we also tested a
possible dependency on the starting snapshot and inspected the
end structures to confirm that the pulling had not disrupted the
protein or the pocket factors. The statistics of this section are
often from one pulling simulation only, which for the full
system equals N = 60 pulling work values for the analyses. In
case of data sets with N < 60, block averaging and
extrapolations were not performed, but only the work
distributions and direct Jarzynski estimates are compared.

To verify that there is no initial bias originating from the
reference simulations, we studied the dependency of the
binding affinity estimate on the reference trajectory snapshot,
from which the pulling was started, by comparing the free-
energy estimates from pulling simulations initiated from 4
independent reference simulation snapshots between 26 and
114 ns for all S systems.

Dependency of binding affinity on pulling velocity can be
considered to originate from friction (linear dependence on
pulling velocity, dominating with pulling velocities of above
approximately 1 m/s (=1 nm/ns)) and activated processes
(logarithmic dependence on pulling velocity, dominating for
slower velocities).”” To address the effect of pulling velocity on
binding affinity estimates, additional pulling simulations
corresponding to approximately 4.5 nm pulling were performed
with pulling velocities of 10, 0.5, and 0.25 nm/ns for the PLT,
KIR, and CLUKIR systems. For the PLE system additional
pulling simulations with velocities of 0.8, 2.0, 3.0, 5.0, and 8.0
nm/ns were performed. The results are compared to the
estimate with 1 nm/ns velocity started from the same snapshot
of the reference trajectory.

By simultaneously pulling all 60 pocket factors, we neglect
cooperative effects, if any. Whether such cooperative effects
exist, was tested for PLT, PLE, KIR, and CLUKIR systems by
performing pulling simulations with only a subset of the pocket
factors being pulled out simultaneously:

(1) all pocket factors of one pentamer unit (S simultaneous
pullings, N = S, denoted pental),
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(2) one symmetrically equivalent pocket factor of each
pentamer unit in the whole virus capsid (N = 12,
denoted pental2),

(3) random pocket factor from each pentamer unit (N = 12,
denoted random12), and

(4) one pocket factor (N = 1, denoted 1(group number)) at
a time, for two different groups.

Free-energy estimates were compared with the free-energy
estimates when all 60 pocket factors were pulled out
simultaneously. Because the number of pullings was signifi-
cantly smaller, only the averages and standard deviations of the
work values and the direct Jarzynski estimate are compared.

For CLUKIR and DCLUKIR systems, the pulling time of 4.5
ns results in the externalization of the pocket factors, but the
gold nanoclusters remain close to the virus surface. This might
cancel the effects of the gold nanoclusters on the solubility of
the Kirtanl molecule. To estimate the effect of the gold
nanoparticle on the overall solubility of the linker—gold
nanoparticle construct, the pulling was extended to 6 ns for
systems KIR, CLUKIR, and DCLUKIR. Further extensions
require a larger simulation box. To avoid the steep increase in
computational costs, these simulations were performed on a
subsystem containing one isolated pentamer unit, 1/12 of the
full virus. A series of 15 ns pulling simulations for the KIR,
CLUKIR, and DCLUKIR subsystems were performed to
achieve the clear detaching of gold clusters from the virus
surface. Because the number of work values is lower than 60,
only the averages and standard deviations of the work values
and direct Jarzynski estimate are compared.

In the first set of pulling simulations, the protonation state of
the gold nanocluster pMBA groups was selected to be half
protonated and half deprotonated (with a charge of —22e per
cluster), reasonable for physiological pH conditions’" and the
protonation—deprotonation pattern obtained from constant pH
MD simulations.”" To study the effect of difference in the
protonation state, we performed a 120 ns reference simulation
and 25 pulling simulations using clusters with all pMBA groups
deprotonated (DCLUKIR, charge of —44e per cluster).
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