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ABSTRACT: Ultrasmall peptide-protected gold nanoclusters are a promising class of bio-responsive material exhibiting pH-
sensitive photoluminescence. We present a theoretical insight into the effect peptide-ligand environment has on pH-respon-
sive fluorescence, with the aim of enhancing the rational design of gold nanoclusters for bio-applications. Employing a hybrid
quantum/classical computational methodology, we systematically calculate deprotonation free energies of N-terminal cyste-
ine amine groups in proximity to the inherently fluorescent core of Auzs(Peptide)is nanoclusters. We find that subtle changes
in hexapeptide sequence alter the electrostatic environment and significantly shift the conventional N-terminal amine pKa
expected for amino acids free-in-solution by up to 5 pKa units. Our findings provide an insight into how the (de)protonation
equilibrium of N-terminal amine and sidechain carboxyl groups cooperatively respond to solution pH changes; explaining the
experimentally observed, yet elusive, pH-responsive fluorescence of peptide-functionalised Auzs clusters.
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Atomically precise, photoluminescent gold nanoclusters
(AuNCs) are an emerging class of materials with distinct
and tuneable physicochemical properties. Due to their small
size (2-3 nm diameter Au core), ligand-protected AuNCs ex-
hibit strong quantum confinement effects that result in dis-
crete molecule-like electronic structure and favourable op-
tical qualities (e.g., enhanced photostability and appreciable
photoluminescence).!5 As such, the photophysical proper-
ties of AuNCs are attracting intense interest for applications
that range from antimicrobial devices,® to biomedical
theranostics,’° and industrial photocatalysts.1?

Over the past decade, a synergy of theoretical, experi-
mental and computational advances has dramatically im-
proved our understanding of AuNCs.11-20 [t is now well es-
tablished that thiyl/thiolate-protected?! Aum(SR). clusters
contain a highly ordered, symmetrical nucleus, or “kernel”,
of Au(0) atoms that is capped by oligomeric “staple” motifs,
SR[Au(SR)]x (eg., x = 1: -RS-Au-SR-, x = 2:
-RS-Au-SR-Au-SR-, etc.).22 For example, Auzs(SR)1s, one
of the most extensively studied atomically precise AuNCs,?3
comprises an icosahedral Auis kernel surrounded by six di-
meric staple motifs, [Auz2(SR)3].2% 25 Due to these arrange-
ments, surface ligands not only protect the AuNC metal core
from aggregation and degradation,?¢ they are dynamic?’ and
integral structural components that influence the AuNCs’
inherent and environmentally responsive physicochemical
properties.?® 29 It is therefore crucial to carefully and delib-
erately design capping-ligands that tailor AuNC functional-
ity through: i) interior ligand-core interactions, which af-
fect electronic structure, photoluminescence and optical ab-
sorption (via intra/interband transitions and charge trans-
fer processes);30-3¢ and ii) exterior ligand-environment

interactions (e.g., solvent, other nanoparticles, and in-
tra/extracellular molecular components), which dictate
AuNC solubility, selectivity, sensitivity, and responsiveness
to environmental changes (e.g., pH, salt, etc.).37-3°

In the context of solubility, ligand chemistry determines
whether a AuNC will be hydrophobic (organically-soluble)
or hydrophilic (water-soluble). Hydrophobic Aum(SR)x clus-
ters (e.g., R = aliphatic/aromatic hydrocarbons) have well-
controlled atomic precision that is advantageous for cataly-
sis,*0 crystallography,#! and other structural characterisa-
tions.#244 On the other hand, hydrophilic clusters (e.g., R =
peptide/protein, or functional alkanethiols with -COOH, -
OH, -NH:z headgroups) are generally less deterministic in
their size and structure but their non-toxicity, biocompati-
bility, and photostability improves their suitability for bio-
applications.* 46 Peptide-ligands in particular possess an
attractive set of features for functionalising biologically be-
nign, bio-responsive, and water-soluble AuNCs since they
can be systematically selected, designed, synthesised and
controlled using standardised methods.*” 48 For example,
peptide-ligands on Auzs(Peptide)is biomedical probes can
be optimised to sensitively and selectively respond to dis-
ease microenvironments via regulating AuNC in vivo cata-
lytic activity,*® or in vitro photoluminescence emission in-
tensity.50

To explore and characterise the AuNC-biomolecular in-
terface, theoretical and computational modelling ap-
proaches complement experimental findings and are an in-
dispensable tool able to provide (sub)molecular scale infor-
mation difficult to achieve experimentally.>! The prototypi-
cal Auzs(SR)1s cluster is fundamental to many computa-
tional studies since predicted properties can be directly



compared to available experimental data and its small size
is ideal for first principles calculations (albeit mostly in vac-
uum or implicit solvent environments).>2-5 Quantum me-
chanical (QM) approaches, such as all-electron (ab initio)
and density functional theory (DFT) methods, are vital for
elucidating accurate structural, electronic, and optical prop-
erties of AuNCs, however, they can be computationally pro-
hibitive for representing biologically relevant conditions.5%
58 To reduce computational cost, QM studies often: use trun-
cated, simplified ligands that are water-insoluble (e.g., R =
H, CHs, CH2CHs, benzene);5° neglect or approximate solvent
effects; and/or perform local geometry optimisations at ab-
solute zero temperature (0 K), disregarding thermal fluctu-
ations and conformational mobility of the ligands. In con-
trast, classical approaches based on molecular dynamics
(MD) simulations can explore AuNC conformational ligand
dynamics and thermodynamic properties in more realistic
biological environments;®0-¢4 however, commonly used
methodologies ignore electronic polarisation effects by re-
quiring molecules to have static protonation states that are
based on pre-assigned partial atomic charges. While the
abovementioned techniques allow for many beneficial and
accurate results to be obtained for specific systems and re-
search questions, in isolation they may be less than ideal for
studying the complex and dynamic phenomena that inher-
ently pH-responsive functionalised AuNCs exhibit in an
aqueous environment. Therefore, a multi-scale approach is
desirable to synergistically combine classical MD conforma-
tional sampling for the biomolecular (peptide) components
with accurate electronic structure calculations for the Au
core and titratable residues.

Recently, some of us used a combined experimental and
multi-scale computational strategy to explore a library of 23
hexapeptide-functionalised Auzs nanoclusters, focussing on
the role ligand-core interactions have in affecting the pho-
toluminescent (PL) properties of the gold clusters.®s The
previously synthesised [Auzs(SR)1s] nanoclusters were sys-
tematically and deliberately designed to assess how PL is af-
fected by peptide structure alteration (e.g., N-terminal acet-
ylation, primary sequence, removal/inclusion of titratable
residues, and aromatic/hydrophobic character), as well as,
varying environmental conditions (e.g., pH and salt concen-
tration). Amino acid sequence, nanoparticle hydration, and
environmental pH were each shown to be capable of modu-
lating Auzs(Peptide)is PL. Interestingly, several different
peptide-ligand sequences imparted pH-responsive PL qual-
ities to Auzs, with a significant PL intensity increase consist-
ently observed when the solution pH was decreased from
7.5 to 5.5. The pH-sensitivity of the PL signal was not found
to result from protonation state changes in the titratable
histidine residues (whose pKa of % 6 falls within the experi-
mentally investigated pH interval), since pH-responsive-
ness of the systems was unchanged upon histidine replace-
ment. Instead, it was hypothesised that the pH-sensitivity
may originate from local environment induced changes in
the protonation of the peptide N-terminal amine groups lo-
cated in proximity to the inherently PL Auis kernel. The ex-
act mechanism, however, that relates the N-terminal proto-
nation/deprotonation equilibrium to the emission intensity
remained elusive. Herein, we address this hypothesis by in-
vestigating three hexapeptide sequences for Auzs(Pep-
tide)1s systems whose experimental PL intensity is pH-re-
sponsive (Figure 1).6°> We compute local pKavalues for the

peptide N-terminal amines through applying a hybrid quan-
tum/classical approach that employs both MD simulations
and the perturbed matrix method (PMM). Termed the MD-
PMM approach,®® this technique has been previously used
to compute molecular reduction potentials and reorganisa-
tion energies within proteins®” 8 and in the presence of
gold,®® with recent extensions also allowing for the calcula-
tion of molecular pKa values.”® This is achieved via the cal-
culation of accurate deprotonation free energies while ac-
counting for variations in the local chemical environment.
In the current work we exploit these MD-PMM develop-
ments to determine deprotonation free energies for the N-
terminal amine groups in the Auzs(Peptide)is systems and
compare against the deprotonation free energy of me-
thylammonium in solution to obtain local amine pKavalues
within the nanocluster environment. The calculated pKaval-
ues are then used to inform how the local environment near
the kernel of the nanoclusters changes with pH to influence
PL emission intensity.
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Figure 1. a) The peptide-ligand sequences investigated,
with varying amino acids at residue numbers 2 and 3. b)
Effect of peptide-ligand sequence on the experimentally
measured intensity of gold nanocluster photolumines-
cence (PL) at pH = 5.5 (I55, yellow) and pH = 7.5 (I, red).
The pH-sensitivity of the signals is presented as a PL ra-
tio = I /1,5 (purple). Error bars represent standard devi-
ation from triplicate measurements. Adapted with per-
mission from Lin et al.% using the publicly available ex-
perimental raw data (DOI: 10.5281/zenodo0.2202306). Cop-
yright 2018, American Chemical Society.




RESULTS AND DISCUSSION

Local N-terminal amine pKj calculations. To explore the
pH-sensitive PL of Auzs(Peptide)is and test the hypothesis
that PL intensity is related to the (de)protonation equilibria
of peptide N-termini in proximity to the Au core,% we com-
pute local pKa values for N-terminal amine groups on three
specific  peptide-ligated =~ AuNCs:  Auzs(CYYGDD)1s,
Auzs5(CVVGDD)1s, and Auzs(CGGGDD)1s. Each hexapeptide-
ligand (Figure 1a) consistently features a cysteine (C) resi-
due at the N-terminus (necessary to anchor the peptides to
the Au surface via covalent gold-sulphur bonding), two as-
partic acids (DD) at positions 5 and 6 (essential for AuNC
solubility), and a glycine (G) spacer at position 4. At posi-
tions 2 and 3 they vary in composition with either two tyro-
sine (YY), valine (VV) or glycine (GG) residues. The AuNCs
investigated herein are strategically chosen from a broad
set of previously investigated Auzs(Peptide)is nanoclus-
ters®s because they feature a particularly informative pH-
responsiveness. They each exhibited a systematic increase
in experimental PL when solution pH was decreased from
7.5 to 5.5, however, two residue variation in the peptide se-
quence following the Cys attachment (i.e., in closest proxim-
ity to the Au core) distinctly impacted the resulting experi-
mental PL intensities and pH-sensitivities.®5 It was found
that the polarity, hydrophobicity, electron-withdrawing af-
finity, and size of the amino acids in positions 2 and 3 (Fig-
ure 1a) drastically influenced the measured PL intensities
(Figure 1b).%> Indeed, MD simulations further revealed that
sidechain chemistry significantly affects the local chemical
environment near the Auisz kernel of Auzs(Peptide)is by
means of imparting changes in: peptide layer thickness,
conformation, and steric orientation; water penetration;
electron density; and electrostatic potential.5> Therefore,
absolute PL intensities do not only depend on protona-
tion/deprotonation equilibria but are intrinsically linked to
more complex, environment-dependent, phenomena. For
example, previous studies have established that aromatic
rings (such as those in tyrosine) close to the gold kernel im-
prove PL yields compared to aliphatic chains (such as those
in valine).3? For this reason, to investigate pH-sensitivity we
focus on the ratio of the PL intensities at pH 5.5 and 7.5 ra-
ther than on absolute PL intensities, since the dimension-
less ratio “normalises” the pH-sensitivity when making rel-
ative comparisons. As reported in Figure 1b, the tyrosine
comprising sequence (CYYGDD) has the lowest PL intensity
ratio (pH-sensitivity) of the clusters; valine replacement
(CVVGDD) results in intermediate values; and the glycine
rich (CGGGDD) ligated cluster features the highest PL ratio.
In other words, the three Auzs(Peptide)is nanoclusters’ PL
can be ranked from least to most pH-sensitive as: CYYGDD
< CVVGDD < CGGGDD.

Here we investigate how local electrostatic environment
affects pH-sensitivity by exploiting the MD-PMM methodol-
ogy (details provided in the Theory and Methods section, in-
cluding the specific chemical groups treated at the quan-
tum/classical level). Initially, we compute the deprotona-
tion free energy of methylammonium in solution to be used
as reference for all subsequent calculations (see Equation 4
in Theory and Methods). We recently showed that the solu-
tion pKa of methylammonium calculated with MD-PMM
(10.9 £ 1.8)7% accurately reproduces the corresponding ex-
perimental value with excellent agreement (pKarf = 10.6).7!

In the present study, we recalculate the pKa of methylammo-
nium using the AMBER99SB-ILDN force field’2 and obtain a
slightly overestimated value by 1.8 pKa units. Although the
change in force field leads to a modest discrepancy, it is
within the standard error of the previous calculations and
crucially ensures the reference deprotonation free energy is
consistently estimated with the same interatomic potentials
as the CVVGDD and Auzs(Peptide)is calculations. Further-
more, and most importantly, we are interested in compu-
ting relative pKa shifts of the selected peptides with respect
to the methylammonium reference and, therefore, the abso-
lute pKa overestimation does not relevantly affect the accu-
racy our calculations.

Next, we further test the reliability of the MD-PMM ap-
proach by computing the relative change in free energy
needed to deprotonate the N-terminal amine group of a sin-
gle CVVGDD peptide free-in-solution (AG). Our results show
that MD-PMM produces a N-terminal pKa. for the solvated
peptide that is essentially unaltered with respect to the ref-
erence pKa of methylammonium (Table 1). In the absence of
a specific experimental estimate for the N-terminal pKa of
solvated CVVGDD, we note that the calculated pKa is up-
shifted by ~ 2.5-3 pKa units compared to typical amino-ter-
minals in proteins (pKa = 7.5). We also note that the pres-
ence of the negatively charged cysteine sidechain is con-
sistent with an upshifted deprotonation free energy. In fact,
the calculated pKa agrees very well with the experimental
pKa of amine in zwitterionic cysteine (i.e., 10.3)73 in which
deprotonation of the N-terminal is known to occur after
thiol sidechain deprotonation.

Similarly, we predict the average N-terminal pKavalue for
each AuNC with different peptide-ligand sequence. Relative
changes in free energy, A(AG), presented in Table 1 describe
how the dynamic perturbing electrostatic environments of
each nanocluster (ligands, gold core, and solvent) affect the
amount of energy needed to deprotonate one N-terminal
amine group (AGaunc) with respect to methylammonium in
solution (AGref). All three AuNCs are found to have a nega-
tive A(AG), signifying the nanocluster environment encour-
ages N-terminal amine deprotonation. For the AuNCs with
bulkier residues in positions 2 and 3, Auzs(CYYGDD)1s and
Auzs5(CVVGDD)1s, there is a significant change in deprotona-
tion free energy (~20-30 kJ/mol), while for
Auzs(CGGGDD)1s the change is negligible.

It is important to differentiate between microscopic and
macroscopic pKa values in systems that contain multiple ti-
tratable groups, since the protonation of one group can af-
fect the proton dissociation propensity of another group
(discussed further in the “Effect of protonation equilibria on
pH-responsive PL” subsection below and in the Supporting
Information).”# Microscopic pKa values refer to the specific
dissociation propensity of a single titratable group while the
protonation states of all other groups are fixed. Macroscopic
pKa values, such as those obtained from potentiometric ti-
trations, describe the observable loss of a proton to change
the total number of bound/dissociated protons across all ti-
tratable sites in the polyprotic system (i.e., the net charge),
regardless of the functional group involved. It should be em-
phasised that average microscopic pKa values are presented
in Table 1. Values are calculated using A(AG) averaged from
the complete set of 18 local microstate transitions where
the first N-terminal amine deprotonates in an environment



where the N-termini of 17 peptide-ligands are protonated
and the aspartate carboxylate groups on all ligands are
deprotonated (expressed as a ratio of positively charged
protonated N-termini to negatively charged deprotonated
aspartate residues, +17:-36). In other words, we consider
all protonated N-terminal amine moieties in the “zwitteri-
onic” reference state (+18:-36) to be equivalent in their af-
finity for protons. As such, regardless of the specific titrata-
ble sites involved, the 18 possible microstate transitions
from the “zwitterionic” reference state (+18:-36) to the set
of microstates with a singly deprotonated N-terminal
(+17:-36) occur with equal probability and are character-
ised by the same average microscopic dissociation constant
(pKa, Table 1).

To gauge how deprotonated basic sites affect the micro-
scopic pKa of successive N-terminal dissociations, we also
perform a representative MD-PMM calculation of
Auzs(CVVGDD)1s going from a +1:-36 microstate to the
“fully deprotonated” microstate, 0:-36. Here we find that N-
terminal deprotonation to the “fully deprotonated” state
(+1:-36 > 0:-36) is upshifted by +3.6 pKa units with refer-
ence to deprotonation from the “zwitterionic” state (+18:-
36 > +17:-36). To a first-order approximation, the average
between the upper and lower microscopic pKa estimates
from the two extremes provides an approximate micro-
scopic pKa for N-terminal amine in Auzs(Peptide)is, implic-
itly taking into consideration amine-amine effects (Table 1,
values in parentheses. The same half-shift of +1.8 pKa units
is used for all three peptide-ligated AuNCs).

As shown in Table 1, Auzs(CYYGDD)1e and
Auzs(CVVGDD)1s display considerable pK. downshifts with
respect to methylammonium in solution (up to = 6 pKa
units). Although pKa differences of this magnitude are un-
common for titrating groups on the surface of proteins, ex-
perimental measurements of large pKa. variations are not
exceptional for amino acids in atypical environments (e.g.,
buried in the protein interior and/or inside protein active
sites).”> Changes in pKa relative to solution values (up to =
6-6.5 units) have been reported for several residues,”6-80 in-
cluding a downshifted pKa of ~ 4-5 units for the sidechain
amino group of Lys.81.82 In the current work, significant pKa
shifts are not unexpected since the N-terminal groups are
embedded in an environment that differs substantially from
that of surface groups in proteins: the amino groups are
close to the Au surface, the tethering Au-S bond between
the gold core and Cys residues restricts conformational re-
arrangement, and the N-terminal groups are situated in a
crowded and relatively desolvated environment. Further-
more, if we consider the approximate microscopic pKa val-
ues accounting for amine-amine dependencies (Table 1,
values in parentheses), the observed shifts are in line with
many experimental protein measurements (= 3-4 pKa
units).

CVVGDD +2 10.9 +0.3
Auzs(CYYGDD)1s -34 47(65) -59(-4.1)
Auzs(CVVGDD)1g -26 6.1(7.9) -45(-2.7)
Auzs(CGGGDD)1g -8 9.2 (11.0) -1.4 (+0.4)

aA(AG) = AG - AGref, with AGres being the deprotonation free en-
ergy computed for methylammonium in solution. The standard
error for A(AG) is £7 kJ/mol. ®Values in parentheses are up-
shifted by 1.8 units to implicitly consider amine-amine de-
pendencies. cThe pKa shifts relative to the experimental pKa of
10.6 for methylammonium.

Impact moieties have on electrostatic potential and depro-

tonation energy. To identify factors that determine the com-
puted pKatrend of each system, we resolve the electrostatic
potential (V) exerted at the target N-terminal amine group’s
centre of mass into contributions from the system’s constit-
uent components (i.e., the AuNC, the ligand peptides, the
solvent and the counterions). Since the electrostatic poten-
tial heavily influences the perturbation operator in the MD-
PMM methodology, V plays a major role in determining the
N-terminal amine’s electronic ground state energy change
upon deprotonation, and hence the deprotonation free en-
ergy (see Theory and Methods).8? An ensemble average of
each component’s contribution to V is obtained from the
MD trajectories and in Figure 2 we report A(q(V)), the rela-
tive deprotonation energy contributions due to the mean
electrostatic potential of Auzs(CGGGDD)1s with respect to
Auzs5(CYYGDD)1s and Auzs(CVVGDD)1s:
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Given that Auzs(CGGGDD)is features the highest com-
puted deprotonation free energy, which is also very similar
to the deprotonation free energy of methylammonium in so-
lution, examining A(g(V)) upon residue substitution allows
us to elucidate the origin of the decreased pKa. values for
Auzs(CYYGDD)1s and Auzs(CVVGDD)1s.

Table 1. Calculated deprotonation free energy differ-
ences, A(AG), and microscopic pK, values.

N-termi-
nal
system A(AG)2 K] /mol amine ApKabe
pKab
methylammonium 0 10.6 -

—-404 +946245 +361

| 1 | cGe-cyy
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Figure 2. Relative change in energy upon N-terminal
amine deprotonation due to the mean electrostatic po-
tential. A(q(V)) is presented for Au,;(CYYGDD),s and
Au,;(CVVGDD),s relative to Au,5(CGGGDD),s and decou-
pled into terms for the: water molecules and counterions
(Solv); the Au,s core (Au); and individual peptide resi-
dues in their N-to-C-terminal order, i.e., CXXGDD, where
XX represents YY (top) and VV (bottom).

Figure 2 reveals that solvent/counterions molecules as
well as the peptide-ligands both strongly influence each sys-
tem’s mean electrostatic potential with opposing contribu-
tions. The solvent affects the electrostatic potential to exert
a negative contribution to A(q(V)), whereas the peptides
provide a positive contribution that is ~30 kJ/mol larger in
magnitude. As such, the peptides’ influence overcompen-
sates the solvent effects, leads to a net positive A(g{V)) and,



subsequently, a decreased pKa for Auzs(CYYGDD)is and
Auzs(CVVGDD)1swhen compared to Auzs(CGGGDD)1s. Inter-
estingly, ~80% of the peptide-ligands’ positive contribu-
tions result from the Asp residues. This indicates that the
calculated pKa differences among the three ligand peptides
is heavily modulated by the tendency of the COO- sidechain
groups of the C-terminal Asp residues to interact with the
NHs* N-terminal amine groups.

The propensity for these end-to-end electrostatic interac-
tions to occur is dictated by the chemistry of the peptide-
ligand sequence that, in turn, impacts on the overall confor-
mation of the system. We recently showed that the glycine-
rich sequence in Auzs(CGGGDD)1s causes the peptide-lig-
ands to almost exclusively adopt collapsed conformations,
with short distances measured between N-terminal Cys and
C-terminal Asp residues.®® On the contrary, in
Auzs(CYYGDD)1s and Auzs(CVVGDD)1s more elongated con-
formations were sampled (Figure S1).65 Here we establish
that solvent significantly affects the electrostatic potential
around the nanocluster core to encourage an increase in N-
terminal amine pKa of Auzs(CYYGDD)1s and Auzs(CVVGDD)1s
with respect to Auzs(CGGGDD)s. This contribution can be
explained by investigating how the average number of sur-
face-bound water molecules differ between the three sys-
tems (Figure S2). In the Auzs(CGGGDD)1s system, the con-
densed ligand layer reduces the amount of internalised wa-
ter close to the gold surface with respect to Auzs(CYYGDD)1s
and Auzs(CVVGDD)1s.%5 This implies that the presence of
water near the amino groups has a stabilising effect on the
protonated form (NHs*) to determine a higher pKa. None-
theless, the stabilising effect is overcompensated by the
contribution of surface-proximate Asp residues. Interest-
ingly, Figure 2 reveals that there is a small, but non-negligi-
ble, positive contribution from the residues in positions 2
and 3 when they are mutated from two Gly to two Val/Tyr
residues. We suggest that this contribution may also be con-
nected to the abovementioned reduced number of surface-
bound water molecules in Auzs(CGGGDD)1s. The absence of
these water molecules is in fact accompanied by an increase
in the number of electron-rich atoms near the gold surface
(Figure S3),%5 and we suspect that these atoms, such as the
polar backbone atoms of glycine residues 2 and 3 in
Auzs(CGGGDD)1s further stabilise NHs* to give a higher pK..

Effect of protonation equilibria on pH-responsive PL. The
importance of the Asp residues’ influence on the amino
group pKavariation suggests that Asp residues play a crucial
role in influencing the pH-responsiveness of the investi-
gated systems. Based on the above results, we believe these
groups are implicated in tuning the PL signal intensity upon
pH increase. In particular, the calculated pKa values for the
three peptides and their relative differences suggest that
the pH dependence is partially correlated to electrostatic in-
teractions between positively charged N-terminal groups
and negatively charged Asp sidechains. Electrostatic
NH3*---COO- interactions affect the dielectric environment
around the AuNC core and therefore the balance between
the population of deprotonated and protonated NHz/NHs*
and COO-/COOH groups should be carefully considered to
rationalise the pH-responsiveness of the AuNCs’ PL signal.
In fact, the Asp sidechain is itself a titratable group whose
protonation/deprotonation equilibrium can affect the be-
haviour of the system. Although the typical solution pKa for

an Asp sidechain is #473 and below the lowest investigated
pH, it cannot be overlooked that each AuNC features a total
of 36 Asp residues (ie., 18 peptide-ligands each with two
Asp residues at the C-termini). The short length of the teth-
ered hexapeptide-ligands and the steric arrangement in the
Augzs(Peptide)is structures enable relatively dense packing
of Asp residues resulting in high local concentrations of neg-
ative charge. This highly charged environment may argua-
bly raise the Asp sidechain pKa to a value within the experi-
mentally investigated pH interval. Therefore, by increasing
solution pH from 5.5 to 7.5, the proportion of deprotonated
COO- Asp sidechains is expected to increase, while the pop-
ulation of protonated NHs* terminals will increase accord-
ing to the computed pKa values (Figure 3a). To evaluate the
microscopic pKa of Asp residues, we use MD-PMM to com-
pute deprotonation free energies for the 36 Asp sidechains
of each peptide-ligated AuNC. The results show that, on av-
erage, the microscopic pKa of Asp is upshifted by ~3 units
with respect to the solution case. Therefore, the pKa of the
Asp residues in our peptides is ~7 (further detailed in the
Supporting Information and Table S1).

The calculated pKa values for Asp sidechains, as well as
those for the N-terminal amine groups of Auzs(CYYGDD)1s
and Auzs(CVVGDD)s1s, are found to coincide with the experi-
mentally investigated pH interval of 5.5-7.5. This suggests
that the pH-responsive PL of Auzs(Peptide)is can be ration-
alised by considering the combined protonation/deproto-
nation equilibria of N-terminal amine groups and aspartic
acid sidechain carboxyl groups, and their electrostatic inter-
actions, at different solution pHs. It is therefore necessary
to relate the calculated proton affinities (i.e., microscopic
pKa values) to the overall polyprotic equilibria of the sys-
tems (i.e., macroscopic pKa values). Below we employ two
approaches, with roots in statistical mechanics, that have
been beneficial in describing polyprotic titration within
proteins,’* namely, “the null model” and “the smeared-out
charge (mean-field) model” (details provided in the Sup-
porting Information).

The null model provides the simplest first-order approx-
imation of the polyprotic equilibrium by considering all ti-
trating sites to be sufficiently separated from each other so
that their microscopic proton affinities (pKa) are unchanged
with respect to the protonation state of neighbouring sites.
Although this approximation provides qualitatively reason-
able results (Figure S4) that correlate to the experimental
pH-responsive PL trends, the null model, by definition, does
not support the N-terminal microscopic pK. upshift ob-
tained from MD-PMM considering amine-amine dependen-
cies (Table 1).

Instead, a smeared-out charge approach is utilised to ap-
propriately estimate macroscopic pKa values with depend-
ent titratable groups. Within this mean-field model, the pro-
tonation state of chemically equivalent sites influences the
microscopic pKa of successive dissociations, i.e., N-terminal
amine-amine dependencies or Asp sidechain carboxyl-car-
boxyl dependencies. From a macroscopic description (see
Supporting Information), this approach provides the results
depicted in Figure 3a. More specifically, ~50% Asp residues
will be deprotonated (COO-) at solution pH = 5.5 whereas
~90% Asp residues will be deprotonated at pH = 7.5. As for
the  peptide-ligands’ N-terminal amine  groups:
Auzs(CYYGDD)1s is expected to have ~65% of N-terminals



protonated (NHsz*) at pH = 5.5 and ~30% at pH = 7.5;
Auzs5(CVVGDD)1s will have ~90% of N-terminals protonated
at pH = 5.5 and ~55% at pH = 7.5; and Auz5(CGGGDD)1s is
predicted to have all ligand N-terminals protonated at both
pHs.

Building on the suggestion of Lin et al. that deprotonated
amine moieties (i.e., electron donating groups) close to the
gold kernel promote PL quenching, here we broaden the
picture by considering any event that increases the ligand-
to-metal (LTM) electron-donating capability of the peptide
layer as an event that promotes PL quenching. On the con-
trary, any event that decreases LTM electron donation (i.e.,
increases electron-withdrawing capability) should be con-
sidered as PL enhancing. For example, the protonation of a
N-terminal amine nitrogen simultaneously removes a lone
pair of electrons while also adding a positive (i.e., electron-
withdrawing) group close to the kernel, and this has the net
effect of strongly enhancing PL. In contrast, the presence of
COO- groups close to the gold kernel improves electron-do-
nating capabilities and thus promotes PL quenching. In re-
lation to pH-sensitivity, we reason that although proximal
COO- groups are expected to induce quenching, due to steric
and screening effects their main influence is in mitigating
the NHs* electron-withdrawing capacity. In other words, the
establishment of a NHs*/COO- interaction decreases the
electron-withdrawing ability of NHs*, and thus is detri-
mental to PL yield. For clarity, herein we refer to these
NH3*/COO- interactions as “shielding” of NHs* from the
nanocluster kernel, and the corresponding NH3* and COO-
groups as being “shielded” NHs* and COO- groups. To relate
the experimental PL trend with the microscopic view re-
vealed by our simulations, we identify which events take
place as a function of pH, and to what extent they are ex-
pected to modify the electron-donating capabilities of the
gold-proximal groups.

In Lin et al. we suggested in fact that the protonation equi-
libria of these two titratable groups (NH3*/COO-) is likely
linked to the pH-sensitivity of the PL signal,®®> we reveal here
that there is indeed a correlated influence and rationalise
the effect. Although all systems are expected to exhibit sim-
ilar Asp sidechain deprotonation as the solution pH in-
creases, the varied peptide sequences alter the local chemi-
cal environment to affect the amount of unshielded charge
groups close to the nanocluster kernel (Figure 3b). Upon pH
increase, for CYYGDD the net effect is a reduction in the
number of shielded NHs* that are transformed into depro-
tonated NH2 groups (Figure 3b). This type of change has a
minor influence on altering PL since both transforming
groups have similar, and minimal, PL quenching capabili-
ties. In addition, very few unshielded COO- groups will be
electrostatically drawn close to the gold core at either pH
5.5 or at pH 7.5. Thus, unshielded COO- is also unlikely to
affect the PL yield. This analysis justifies CYYGDD exhibiting
the lowest experimental pH-sensitivity, as expressed by the
PL ratio (Figure 1b). On the contrary, for CGGGDD, a pH shift
from 5.5 to 7.5 concurrently increases the amount of
shielded NH3* and unshielded COO- groups near the NC sur-
face (Figure 3b). These two effects are expected to contrib-
ute a significant amount of quenching upon pH increase, and
indeed this is evidenced by CGGGDD undergoing a relative
decrease of its PL intensity by ~81% at the higher pH. Fi-
nally, the changes underwent by the CVVGDD system are in-
termediate between those described for CYYGDD and for

CGGGDD, coherently with its intermediate experimental pH
sensitivity.

Furthermore, when NH3*/COO- interactions were experi-
mentally removed by design via acetyl N-terminal capping,
this was shown to suppress the pH-responsiveness of the PL
signal while simultaneously enhancing the PL intensity
compared to the corresponding uncapped AuNCs.%> In MD
simulations of these acetyl-capped systems, the absence of
strong electrostatic interactions between the peptide ter-
mini lead to an overall AuNC volume increase with a thicker
peptide layer shielding the nanoclusters from solvent inter-
actions and correlating with an enhanced emission inten-
sity.%5 This strongly supports the rationale proposed here
that the onset of NH3*/COO- interactions modulate the PL
signal. Nonetheless, we recognise that the computational
analysis presented simplifies a rather complex scenario. In
the investigated systems there is a large number of titrata-
ble groups and their intricate and interdependent protona-
tion/deprotonation equilibria are treated here in a simpli-
fied manner (e.g., all titratable sites are considered equiva-
lent, ionic strength effects are neglected).8* Although this
may non-trivially affect the overall pH-responsiveness of
the systems, taking all into consideration, we demonstrated
the model we propose here agrees with, and rationalises,
the experimental observations.

CONCLUSIONS

Through the systematic calculation of local environment-
dependent deprotonation free energies, we provide insight
into how the PL emission intensity of peptide-coated Auzs is
inversely related to solution pH, in line with previous exper-
imental and multi-scale computational observations.®> Uti-
lising the MD-PMM approach, we deliver a simplified com-
putational description of the multifaceted, complex, and
non-trivial coupling that a large number of ionisable groups
impose on the interdependent protonation/deprotonation
equilibria of Auzs(Peptide)is nanoclusters. We find that the
pH-sensitive nature of Auzs’s PL emission can be explained
via pH-tuneable electrostatic interactions occurring be-
tween titratable N-terminal amine and C-terminal aspartate
moieties. Our calculations reveal that hexapeptide-ligand
sequence mutations modulate the crowded environment
near the Au-S bonding interface of Auzs(Peptide)is
nanoclusters to significantly shift pKa. values of individual N-
terminal amine groups by up to 5 pKa units. Our results
highlight the microscopic impact that NHs* and COO- elec-
trostatic interactions have on the polyprotic equilibria of
Augzs(Peptide)is nanoclusters. As such, they provide guid-
ance for the deliberate design and control of peptide se-
quence, solution pH, electrostatic environment near the PL
AuzsSis centre of the nanoclusters, and ultimately, the PL
emission intensity. The insight from this work provides a
functional platform for the engineering of bio-responsive
materials. Our findings aid the rational design of biologically
nucleated gold nanoparticles to be used for several relevant
applications. For instance, the bottom-up engineering of
peptide coatings with biocompatibility and biologically spe-
cific functionalities can be pursued together with the delib-
erate modulation of their photoluminescent properties.
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Figure 3. a) Number of charged moieties as a function of
pH, as obtained using the mean-field model for chemi-
cally equivalent groups that display interdependent pro-
ton affinities. b) Schematics showing the protonation
equilibria for the investigated peptide-ligated Au,
nanoclusters at pH 5.5 and 7.5. For clarity, the experimen-
tally measured pH-sensitivity of each system® is pre-
sented as a percent decrease going from pH 5.5 to 7.5,
which is derived from the PL Ratio (I,5/Is5-1)x100%. The

influence of charged moieties on the photoluminescence
(PL) of the Au,;S;s kernel is expected to be shielded/miti-
gated when opposite charge groups (NH;*/COO-) are in-
teracting with each other.

THEORY AND METHODS

The molecular dynamics—perturbed matrix method. In the MD-
PMM computational strategy,®6 a system is partitioned into two re-
gions: i) the quantum centre (QC), which contains atoms associated
to the processes of interest requiring a quantum level of treatment
(i.e., the titratable group in the present case); and ii) the remainder
of the system (the environment), which affects the properties of
the QC via an electrostatic perturbation obtained from the system’s
atomistic classical MD configurations. Unlike other QM/MM ap-
proaches where the QC is expensively (and often prohibitively)
simulated with ab initio MD in the perturbing environment of the
non-QM region, in the MD-PMM the perturbation operator is ex-
panded so that the presence of the environment is applied a poste-
riori onto the instantaneous quantum properties of the QC. This ap-
proximation allows perturbed quantum properties to be estimated
efficiently for a comprehensive ensemble of configurations ob-
tained from extended classical MD simulations of the whole system
(including the quantum part). The (unperturbed) quantum prop-
erties of the isolated QC are calculated quantum-chemically in vac-
uum, ie., in the gas phase. Then, for each (whole system) configu-
ration/frame generated by all-atom classical MD simulations, the
QC Hamiltonian operator is perturbed by the distinct electrostatic
field resulting from the environment’s instantaneous atomic ar-
rangement. Therefore, the electronic Hamiltonian operator H of
the QC embedded in the perturbing environment of configuration
i is expressed as:

B=0+7 )

where A°is the QC unperturbed electronic Hamiltonian obtained
considering just the isolated QC and 7; is the perturbation operator
from environment configuration i. In typical PMM calculations, the
perturbing electric field provided by the environment’s atomic
charges is used to determine the perturbation operator V via a
multipolar expansion centred on the QC’s centre of mass, ro (QC-
based expansion). In the present work, we employ a recent devel-
opment of the PMM approach that was refined to include higher
order terms by expanding the perturbation operator around each
individual atom of the QC (atom-based expansion).¢¢ When con-
structing the perturbed Hamiltonian matrix, the atom-based ex-
pansion is used for the diagonal elements, whereas the non-diago-
nal matrix elements of the perturbation operator are obtained by
using the QC-based perturbation operator expansion within the di-
polar approximation. Therefore, the elements Vi of the perturba-
tion operator matrix element between the electronic states I and J
can be expressed as:

Vi = 8y ) VRaw - (Bro) - w)(1-8) (@)
N

with N running over all QC atoms, Ry the nucleus position of the
Nth atom of the QC and gw, the corresponding atomic charge in the
state I, V the electrostatic potential exerted by the perturbing en-
vironment, E the perturbing electric field (E = —dV/dr), piythe QC
transition dipole moment, and &y the Dirac delta function.

At each frame of the MD simulation ensemble, the perturbed elec-
tronic Hamiltonian matrix is constructed and diagonalised to pro-
vide a continuous trajectory of perturbed eigenvalues and eigen-
vectors. The QC’s instantaneous perturbed quantum observable of
interest is then evaluated at each frame of the trajectory.

Calculation of pK, values. The MD-PMM approach is useful for ef-
ficiently estimating local acid dissociation constants (Ka), where
pKa = -log(Ka), through the calculation of deprotonation free ener-
gies (comprehensive description can be found in 70). Compared to
other pK. predicting methodologies, the MD-PMM approach



investigates quantum properties of the titratable group while ex-
ploiting extensive MD sampling of the environment (in the present
case, 1.8x106 conformations are used for each peptide) to give in-
sights into the molecular determinants affecting the free energy
change. In addition, MD-PMM does not require the use of any ad-
hoc parameters that need to be adjusted depending on the system
or chemical process under investigation.85-87 Therefore, it can be
applied in non-standard environments, as is the present case.
Briefly, gas-phase QM calculations are performed for the proto-
nated (acid) and deprotonated (base) QC of interest, as well as MD
simulations with the whole system explicitly solvated in water and
the QC in a fixed protonation state (either acidic or basic). The QM
calculations provide the acid and base QCs’ unperturbed electronic
Hamiltonians (H°), whereas the MD simulations determine the en-
vironment that gives an ensemble of perturbation operators (V).
Exploiting Equation 1, perturbed Hamiltonians for the acid and
base QCs are established (H) and used to calculate AU,, the per-
turbed electronic ground state energy change of the QC upon
deprotonation (acid = base). Subsequently, the Gibbs free energy
change AG upon deprotonation is given by:

AG = _kBTln(e_BAue)acid = _kBTln(e_BAue>base (3)

where kg is the Boltzmann constant, T is temperature, 8 = 1/kgT,
and the subscript on the angled brackets indicates that both energy
change and ensemble-averaging are obtained in the perturbing en-
vironment of a static protonation ensemble, ie., the protonated
(acid) or deprotonated (base) ensemble. In other words, the envi-
ronment configurations that perturb the QC’s QM properties are
obtained from MD simulations that have the QC in a fixed protona-
tion state. Note that although MD-PMM can be used to calculate ab-
solute free energy differences by averaging AG obtained in both the
protonated and deprotonated ensembles,’? in the present case we
are interested in relative pKa shifts (Equation 4) and therefore a
single MD simulation in a fixed (protonated) ensemble provides a
sufficient AG estimate. When computing absolute pKa values, the
accuracy of the absolute estimate is determined by the accuracy
determined by the accuracy of multiple factors, namely: the calcu-
lated AG, the gas-phase quantum chemical calculations, and the ex-
periment-based estimates used to obtain the pKa. values (ie., the
gas-phase standard reaction free energy and the solvation free en-
ergy of the proton).”? This leads to a relatively high error propaga-
tion for absolute pKa values (= 1.7 pKa units). Conversely, ApKa
shifts depend only on the accuracy of the calculated AG (= 1 pKa
unit), which is in line with estimates from other computational
methods (e.g., QM/MM or continuum electrostatics), as thoroughly
discussed in 70,

For the specific task of computing the N-terminal amine pKa of
Auzs peptide-ligands, the deprotonation free energy of a single
amine group in Auzs(Peptide)1s (AGaunc) is calculated. We investi-
gate the N-terminal amine pKa of three representative hexapep-
tide-ligand sequences that vary only in residue positions two and
three (CYYGDD, CVVGDD, and CGGGDD; Figure 1a). These amino
acid substitutions were specifically chosen since they are known to
affect the ligands’ electron-withdrawing affinity, hydrophobicity,
steric packing, intermolecular interactions and, ultimately, varia-
tions in Auzs(Peptide)is PL pH-responsiveness.®> Gas-phase QM
calculations are performed on methylammonium (CH3NHs*) and
methylamine (CHsNHz) molecules to obtain the unperturbed H°
for the acid and base QCqwm, respectively. Then, from every frame of
our MD simulations, the N-terminal amino and alpha carbon me-
thine moieties (-C«HNH3*) on one peptide-ligand are selected as
the QCwmp to extract the perturbing electrostatic environment of:
the solvent, the Auzs nanocluster, the other 17 peptide-ligands
bound to the AuNC, as well as the non-QCmp remainder of the cho-
sen peptide-ligand (Figure 4). This is systematically repeated, se-
lecting the QCwmp from a different Auzs(Peptide)isligand each time,
so that the overall distribution of AGaunc values encompasses all 18
N-terminal groups (at all MD frames). The pKa estimate for N-ter-
minal amine is therefore:

AGAuNC - AGref

ref
23031k | Pfa )

PK, = ApK, + pK," =
where pKaref of 10.6 is the experimental pKa of methylammonium,”?
and the reference deprotonation free energy of methylammonium
free-in-solution (AGrer) is calculated with the entire solute molecule
as the QCqm and all solvent atoms (from MD) contributing to the
perturbing environment.”? Following the above procedure, we also
estimate the pKa value for a single peptide free-in-solution, where
the same N-terminal group of the peptide is considered as the QCmp
that is perturbed by the solvent and the rest of the peptide. To es-
timate how deprotonated basic sites affect the microscopic pKa of
successive N-terminal dissociations (see Results and Discussion
section), we calculate the pKa shift Auzs(CVVGDD)1s undergoes
when 1 N-terminal deprotonates in the presence of 17 protonated
N-termini (+18:-36 - +17:-36) and compare to the pKa shift ob-
tained when 1 N-terminal deprotonates in the presence of 17
deprotonated N-termini (+1:-36 = 0:-36). Considering the large
difference in the statistical sampling between the two abovemen-
tioned microstates (for the first one we performed the calculation
on 18 titratable sites, for the second one on a single site), we esti-
mate the free energy difference between the two microstate tran-
sitions using the linear response approximation, i.e., by assuming a
Gaussian distribution for the energy change upon deprotonation
and considering the mean values of the deprotonation energy ob-
tained along the MD trajectories. With respect to the full calcula-
tion of A(AG), the linear response approximation is less affected by
inaccuracies due to sampling issues. All investigated deprotonation
processes are listed in Table 2.

N-terminal amine
(quantum centre)

Solvent

Figure 4. Representative snapshot from molecular dy-
namics (MD) simulation highlighting the Quantum Cen-
tre (QCwmp) and perturbing environments for the
Au,;(CYYGDD),s nanocluster.




Quantum mechanical calculations. To calculate pKa values for N-
terminal amine in Auzs(Peptide)is, QM calculations for me-
thylammonium (protonated QC) and methylamine (deprotonated
QC) were previously performed?0 and are here only briefly summa-
rised. For both QC protonation states, the isolated molecule
(CHsNHs* or CH3NHz) is geomet ry optimised in the gas-phase and
used to obtain the unperturbed electronic eigenfunctions and
properties. Calculations are performed in the Gaussian09 pack-
age,88 using the Density Functional Theory (DFT) approach®® with
the 6-31+G(d) basis set? and the B3LYP functional.®? Time-de-
pendent DFT (TD-DFT) is used with the same functional and basis
set for evaluating the properties of the excited states. A 6x6-dimen-
sional Hamiltonian matrix is evaluated and diagonalised at each
MD simulation step using the electrostatic environment produced
by non-QC atoms (see MD-PMM methodology above). Charges em-
ployed in the atom-based expansion procedure are obtained by fit-
ting the classical electrostatic potential outside the molecule to the
corresponding QM potential via the electrostatic potential fit pro-
cedure (ESP charges).%2

Molecular dynamics simulations. Explicit solvent MD simulations
were used to sample the conformational landscapes of each system
(Table 2) and generate equilibrated ensembles of atomic configu-
rations. Specifically, we modelled: methylammonium, the CVVGDD
peptide, and the Auzs(CYYGDD)is, Auzs(CVVGDD)1s, and
Auzs(CGGGDD)1s nanoclusters. MD for all systems was performed
using the GROMACS 4.6.5 software®3 and the all-atom
AMBERO99SB-ILDN force field,”2 with equivalent simulation condi-
tions and settings as described in 6> (further details given in the
Supporting Information).

In peptide-containing systems, N-termini were protonated
(NH3*) and C-termini were capped with a NH2 moiety, consistent
with the experimental ligands.65 For Auzs(CVVGDD)1s, an addi-
tional simulation was performed with 17 deprotonated (NH2) N-
termini and 1 protonated N-terminal, which was then used as
quantum centre for the deprotonation free energy calculation. For
CVVGDD (in solution), MD was conducted with the N-terminal cys-
teine’s thiol sidechain deprotonated to best represent the N-termi-
nal amine deprotonation process (Table 2), since the pKa of thiol in
zwitterionic cysteine is approximately 2 pKa units lower than the
N-terminal amino group (ie., 8 versus 10.3).73 Analysis was per-
formed on 50 ns of equilibrated MD. For the Auzs(Peptide)is
nanoclusters, all 18 peptide-ligands are anchored to gold via their
protonated N-terminal cysteines (Figure 1a), and 200 ns of equili-
brated conformations were used for the analysis of each system.

Simulations for methylammonium free-in-solution followed our
previously described simulation protocol,”’? except using the all-
atom AMBER99SB-ILDN force field to maintain consistency with
the MD simulations of the Auzs(Peptide)is models and CVVGDD in

solution. Statistics from 25 ns of equilibrated MD was used for anal-
ysis.
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The Supporting Information is available free of charge on the
ACS Publications website.

Additional information of MD parameters and settings;
adapted figures of our previous MD results¢5 emphasising
differences in peptide-conformation, surface-bound water
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cient atoms around the Au kernels of the various Auzs(Pep-
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Table 2. Deprotonation processes investigated using the Molecular Dynamics-Perturbed Matrix Method (MD-

PMM).
aqueous deprotonation process
system charge state
protonated ensemble — deprotonated ensemble
amine
methylammonium« +1 - 0 CH3NHs* — CH3NH2
CVVGDD? +1:-2 - 0:-2 +*H3sN-(Pep)-2 — H2N-(Pep)-2
Auzs(CVVGDD)1s¢ +1:-36 — 0:-36 Auzs(Hz2N-(Pep)-2)17(*H3N-(Pep)-2)1 — Auzs(HzN-(Pep)-2)1s
Auzs(Peptide)1s? +18:-36 — +17:-36 Auzs(*HsN-(Pep)-2)1s — Auzs(*H3N-(Pep)-2)17(HzN-(Pep)-2):
carboxyl
Auzs(Peptide)1se  +18:-35 — +18:-36 Auzs(*HsN-(Pep)-2)17(*H3N-(Pep)-1)1 — Auzs(*H3N-(Pep)-2)1s

aReference calculation (free-in-solution). /N-terminal amine of CVVGDD peptide (free-in-solution). cN-terminal amine of CVVGDD
ligand to the “fully deprotonated” microstate (0:-36). 9N-terminal amine from the “zwitterion” microstate (+18:-36), repeated for
the 18 ligands. eAsparate carboxyl sidechain to the “zwitterion” microstate, repeated for the two aspartic acids in each of the 18

ligands. ¢¢Peptide = CYYGDD, CVVGDD, or CGGGDD.
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