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ABSTRACT: Ion mobility mass spectrometry studies on Aun-Lyz adducts
showed gradual unfolding of the protein structure during binding of Au+ to
the protein. The change of the charge state envelope in Aun-Lyz from that of
Lyz in ESI MS data confirmed the relaxation of the protein structure. This
Au+ binding occurs at cysteine sites through the breakage of disulfide bonds
and this ruptures the H-bonded folded network structure of the protein
leading to ∼30% change in helicity. Nearly 15% loss in the total H-bonding
occurred during the attachment of 8 Au to the protein as calculated by a
molecular dynamics simulation. Different Aun-Lyz structures were simulated,
which confirmed significant unfolding of the protein. The structural insights
were used to understand similar unfolding in the solution state as seen via
circular dichroism (CD) and Fourier transform infrared (FTIR) spectros-
copy. This open structure is indeed necessary to accommodate a cluster core
inside a protein cavity during luminescent cluster synthesis. These studies
unambiguously establish noble metal binding-induced conformational changes of protein structures to accommodate the clusters.

■ INTRODUCTION

Atomically precise, luminescent clusters of noble metals,
especially gold, are new materials of immense promise.1−6

Intense luminescence, molecular nature of subnanometer
dimensions, possibility to incorporate in various matrices,7−9

novel catalysis,10 and efficient sensing of analytes11,12 are some
of the important benefits of such cluster materials. While
research in this area has expanded tremendously in the recent
past, another fascinating area has emerged in which metal
clusters are grown in protein templates. Metal nanoparticles
have been grown in Lysozyme crystals.13−17 These clusters
embedded in proteins have been characterized extensively with
mass spectrometry (MS).18−22 However, their structures have
not been precisely determined by X-ray diffraction (XRD).
Even with this limitation, this area of protein protected clusters
has grown rapidly due to the stability of their lumines-
cence,23−26 especially in chemical and biological situations. An
important application area of such luminescent clusters is in
sensing of metal ions and organic analytes. The luminescence
property has been used widely for sensing of heavy metal
ion11,12,17,27 in water and for small molecules of biological
relevance.
Development of reliable, sensitive, and biocompatible

platforms are highly desirable in modern biomedical research.28

Surface functionalization of NCs with protein, peptide, and
DNA make them biocompatible, which allows them to be used
for biomedical applications29 for special binding and targeted

drug delivery,30,31 multimodal imaging,32−34 therapeutic
applications,35 targeted biolabeling,36−38 and so on.
Despite the large interest in such materials, their formation

and associated effects have not been explored in detail. In a
recent report, Baksi et al. looked at the growth of clusters in
lysozyme (Lyz) and bovine serum albumin (BSA) in solution
using small-angle X-ray scattering (SAXS) and found that
during the formation of clusters, the protein size changes
significantly, leading to a higher degree of unfolding.39 In a
typical cluster synthesis, metal ion (specifically gold) at an
appropriate concentration is complexed with the protein (∼pH
5.5), which is known as the adduct. The metal-protein adduct is
subjected to reduction in highly basic conditions, typically using
NaOH. While the protein and the adduct at pH 5.5 can be
examined in electrospray ionization mass spectrometry (ESI
MS), the cluster formed in basic condition (pH 12) does not
ionize effectively by ESI MS. As a result, no ESI MS of protein
bound clusters is known until now. All such studies of clusters
have been confined through matrix-assisted laser desorption
ionization (MALDI) MS.
While these equilibrium studies examined protein shell and

the cluster core in some detail, the early stages of cluster
formation, namely, the metal ion protein adducts have not been
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looked at in detail in any of the reports. Proteins are known to
form adducts with metals, especially at the carboxylate ends.
Such noncovalent interactions, also known as nonspecific
binding, leads to contraction of the protein as a whole.40−42

Such investigations of noncovalent protein binding with metal
ions and corresponding structural changes have been explored
through ion mobility mass spectrometry. On the other hand,
interactions of the noble metal with protein is supposed to be
specific (covalent), expected to happen through the cysteine
sites. Moreover, such studies performed on adducts of
relevance to protein protected clusters is expected to derive
new insights into the early stages of cluster formation.
In the following, we present an investigation of the Aun-Lyz

system just after the addition of Au ions into the protein when
the pH is 5.5. Using ion mobility along with ESI MS, our
studies have shown distinct Aun-Lyz (n = 1−8) species, all of
which exhibit different conformers. An analysis of the Aun-Lyz
species established the gradual opening of the protein structure
with increasing n, allowing the accommodation of the cluster
core inside. A computational analysis of the gradual structural
relaxation shows a significant unfolding of the protein, a large
change in its secondary structure upon binding with Au in
solution. Breakage of disulfide bonds, as well as a decrease in H-
bonding, are directly related to the unfolded state of the
protein. Calculated structural change is in good agreement with
the collision cross section (CCS) values determined from ion
mobility studies. Experimental studies show that structural
relaxation occurs, in the solution state itself. Here, for the first
time, we have shown how a noble metal ion can affect the
protein structure in the process of cluster formation.

■ EXPERIMENTAL SECTION

Reagents and Materials. Tetrachloroauric acid trihydrate
(HAuCl4·3H2O) was prepared in-house starting from elemental
gold. Lyz (>90% purity) was purchased from Sigma-Aldrich.
Millipore water was used in all the experiments.
Instrumentation. All the experiments described in this

paper were carried out using a Waters Synapt G2Si HDMS
instrument. The instrument consists of an electrospray source,
quadrupole ion guide/trap, ion mobility cell, and TOF detector.
Different gases were used in different parts of the instrument.
Nitrogen was used as the nebulizer gas. Ultrahigh pure N2
(99.9995%) was used inside the ion mobility cell and the ions
were directed through a drift tube. To reduce fragmentation,
helium was used as the curtain gas (ion cooling) before the ions
entered the mobility cell. High pure Ar gas was used for
collision induced dissociation (CID). All the experiments were
done in positive ion mode.
To get the well-resolved mass spectrum in ion mobility (ESI

IM-MS) mode, the following instrumental parameters were
used: sample concentration, 1 μg/mL; solvent, water; flow rate,
10−20 μL/min; capillary voltage, 2−3 kV; cone voltage, 65 V;
source offset, 0 V; desolvation gas flow, 400 L/h; trap gas flow,
1.5 mL/min; He gas flow, 90 mL/min; ion mobility gas flow, 25
mL/min; bias voltage, 45 V; wave velocity, 500 m/s; wave
height, 15 V.
For probe distance dependent study, the distance of the

probe from the MS inlet was gradually changed from 5 to 10
mm and IMS was collected at those distinct spray positions.
Fourier transform infrared (FTIR) spectra were measured

with a PerkinElmer Spectrum One instrument. KBr crystals
were used as the matrix for preparing the samples. The second

derivative of FTIR spectrum was taken using “spectrum one”
software provided by PerkinElmer.
Circular dichroism (CD) spectra were measured in a Jasco

815 spectropolarimeter with Peltier setup for the temperature-
dependent measurements. CD studies were done with a 10 mm
path length cell. The concentration of the sample in the cuvette
used for CD measurement was 2 × 10−6 g mL−1.

Synthesis. Lyz (150 μM) and Au3+ were incubated at
different molar ratios such as 1:1.5, 1:3 and 1:4 (Lyz/Au3+) for
3 h. In the case of 1:4 ratio, attachment of seven Au ions was
observed. Before ESI MS and Ion Mobility MS study, these
adducts were diluted with Millipore water.

Computational Details. The structure of Lyz was taken
from protein data bank (pdb id: 1AKI).43 The structure of Lyz
at pH 5.5 and 7 are shown in Figure S1. Molecular dynamics
(MD) simulations have been performed for the structure of Lyz
in which the amino acids (Asp, Glu, and His) were protonated.
The structure at the end of the simulation (at 100 ns) was
considered to bind with gold ions. The cysteine (CYS) residues
involved in disulfide bonds were changed to deprotonated
cysteine (CYM) with −1 charge. Then Au+ were covalently
attached to the sulfur of CYM. AMBER99 force field was used
for Lyz.44 Lennard-Jones parameters for gold atoms were
obtained from the literature and the charge used for gold atoms
was +1.45,46 The force constants for bonds and angles that
involved gold atoms were taken from previous reports.45,46 The
structures of Lyz with gold ions were solvated in a cubic box
using the TIP3P model. The positive charge of Lyz was
neutralized by adding Cl− ions and those systems were energy
minimized with the help of steepest decent method. The
obtained structures were equilibrated for 1 ns at 300 K and 1
bar. Temperature and pressure were controlled using V-rescale
and Parrinello−Rahman algorithms.47−49 MD simulations have
been performed for 100 ns using a time step of 2 fs with the
help of Gromacs-4.6.2 package50−52 in NPT ensemble. The
electrostatic interactions were calculated using Particle Mesh
Ewald with the interpolation order of 4 and a grid spacing of
1.6 Å.53 Bonds between hydrogen and heavy atoms were
constrained at equilibrium bond lengths using the LINCS
algorithm.54 The trajectories obtained from MD simulation
were visualized using VMD.55 The trajectories were analyzed
using tools available in Gromacs package.

■ RESULTS AND DISCUSSION
In the course of cluster formation, the first step is the formation
of metal-protein adducts (Aun-Lyz), which was achieved by
incubating the metal ions with the desired protein in solution.
The covalent interaction between the noble metal ions and the
protein leads to the formation of Aun-Lyz and these are
considered to be the intermediates for the protein protected
clusters (Au@Lyz). To explore the Aun-Lyz in the solution, we
have performed an ESI MS study. Typical ESI MS obtained
from any protein shows well-defined charge state distribution
and is often used as a fingerprint for a specific protein. More
folded or unfolded state of the same protein shows a different
envelope. Shifting of the envelope toward higher charge state
(lower m/z) is conventionally attributed to the unfolded state
of the protein while shifting toward lower charge state (higher
m/z) is considered to be due to more folded state of the same
protein. Here as Lyz was studied in detail along with its gold
bound adduct, definite changes in the distribution of the charge
states were observed. In Figure 1, different charge states like [M
+ 8H]8+, [M + 9H]9+, [M + 10H]10+, [M + 11H]11+, and [M +
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12H]12+ were observed, where M is the molecular ion of the
protein. Charges lower than +8 were not seen for Lyz under
these experimental and instrumental conditions, but using
buffer solutions lower charge states like +7 or +6 have been
observed for Lyz.56

The mass spectrum of the Lyz (blue trace) was compared
with the Aun-Lyz (black trace) in Figure 1, where +11 charge
state appeared at maximum intensity, unlike the parent protein,
which appeared at +10 charge state pointing toward the
unfolded state of the protein due to metal attachment. Multiple
Au attached peaks were observed. For low charge state, like +10
(m/z 1431), seven additional major peaks were observed
separated by m/z 19.7 due to seven Au attachments. While the
charge increased (lower m/z and lower separation between two
neighboring charge states), up to five Au additions could be
observed clearly for +12 and +13 charge states. The separation
in the mass spectrum between the free protein peak and the
gold uptake peaks changes with the charge state. The separation
is 19.7 for +10 charge, while it is 21.9 for +9 and 24.6 for +8.
The resulting full range MS was deconvoluted to achieve the
molecular ion peak, which also confirmed seven Au attachment
to the protein (inset of Figure 1). The separation of 197 in the
deconvoluted mass spectrum indicates the attachment of one
Au atom. Other peaks in a given cluster are due to the Na
attachment and water attachment/detachment to/from the
protein. Schematic of Aun-Lyz are shown along with the
corresponding spectrum. Crystal structure of Lyz was used for
the construction of the schematic.
The protein, Lyz, has 129 amino acids, including eight

cysteine [SCH2CH(NH2)CO2H] residues and can form four
disulfide bonds, located between positions 6 and 127, 30 and
115, 64 and 80, and 76 and 94. As shown later in the

manuscript, theoretical simulations predicted that a maximum
of eight Au ions can be attached to a single Lyz molecule. In the
mass spectrum, however, up to seven Au attachments could be
clearly observed (indicated in Figure 1). The peak correspond-
ing to the eighth Au attachment merged with the next charge
state of the Aun-Lyz complex and, hence, was difficult to isolate
in the MS. This is true for all the charge states. The appearance
of higher charge states like +13 and +14 in the mass spectrum,
and change in the charge state distribution was the indication of
unfolding of the protein upon attachment of gold ions.57

Ion mobility is considered to add a third dimension to mass
spectrometry, with the other two being intensity and the m/z
value. Ion mobility coupled with ESI MS can measure the mass
of a protein as well as can separate different conformers.58,59 It
is an easy way to separate isomers and is often considered as a
gas phase chromatographic technique. As the name implies, the
technique relies on the mobility of the ion in the gas phase,
which strongly depends on its size and shape. Depending on
the effective collision cross section (CCS, discussed later),
different structural isomers can be separated along the time axis,
often known as drift time. Drift time is directly proportional to
m/z and the size of the molecule of interest. Considering
proteins as the molecules of interest, different conformers will
have different drift times, although they have the same m/z.
When a protein molecule interacts with another entity and
becomes unfolded or more folded in the process, changes in the
drift time will give a direct proof of such changes in protein
structure in the gas phase.
To incorporate the Au ion in Lyz, the disulfides bonds

should break leading to a relatively opened structure. At the
same time, H-bond forming amino acids will be separated, and
hence, more unfolding will occur. This unfolding of the protein

Figure 1. Comparative ESI MS of Lyz (blue) and Au bound Lyz (black) in positive mode, showing 7 Au attachments to a protein molecule.
Deconvoluted spectrum achieved from the charge state and m/z distribution also shows seven Au attachments (inset). Schematics of protein and
gold adducts are given.
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structure will be reflected in the drift time and there will be a
change in the relative population of the conformers. A detail
IM-MS was performed to understand the structural change of
the Lyz before Au@Lyz formation, in the gas phase. All the
experimental conditions were kept the same for the next set of
experiments. First full range ESI IM-MS were obtained and
each of the peaks was studied for their respective drift time
values. For convenience, only +10 charge state of different Au-
attached Lyz peak was expanded in Figure 2. Parent Lyz had

mostly one conformer at +10 charge state with mild
interference of two other conformers and the peak for parent
Lyz followed an almost Gaussian nature. The peak starts
flattening at both ends with the emergence of two more peaks
at either side of the main peak with increasing number of Au
attachment to the protein.
Considering successive Au attachment to Lyz, the protein has

to expand to accommodate multiple Au ions inside its cavity
resulting more uncoiled structures leading to unfolding. These
unfolded states will have their own conformers making it
difficult to separate them from a broader envelope. An increase
in protein size was reflected in the higher drift time of the
conformer as seen in the mobilogram (Figure 2). This
unwrapped structures of the Aun-Lyz complexes lead to the
higher drift time as a result of larger CCS. Slight shift at higher
drift time may be a contribution of additional mass due to Au
attachment. To disprove this possibility, we have done
collision-induced unfolding (CIU) experiments, which will be
discussed later in the manuscript (Figure 4).
In protein structure, majorly three conformers are present:

folded, partially folded, and unfolded. Among these three
conformers, the most abundant one having more uniform shape
is attributed to the folded conformer. Here the conformers
were denoted by #1, #2, and #3. After addition of Au ion to the
protein, the parent conformer was named as #2 and, between
the other two, #2 is partially folded. The conformer, which
contributed to the broadened Gaussian shape of the parent
conformer and almost nonseparable was #3, the unfolded one.

The #1 conformer appeared at lower drift time, formed due to
the phenomenon that, while the protein gets opened, some
lower collision cross section species have been generated. This
lower drift time conformer can be justified in another way.
Considering elongation of the protein in one dimension, it is no
more a spherical entity and hence have two axes with different
length. In our experiment, drift time was calculated assuming a
spherical approximation for the protein, which is no longer the
case for its unfolded state. This can result in lower drift time
when the molecule is seen from its minor axis considering an
elliptical structure after unfolding. These findings point toward
partial unfolding of the protein while adduct formation is
occurring, followed by more unfolded states when the uptaken
ions start clustering. This is seen experimentally for the first
time, and this data seems to answer a long unanswered puzzle
on how clusters form inside a protein cavity.
The different charge states of a protein can exhibit different

types of conformers as reported for charge induced unfolding of
the protein.60−62 Mainly two forces are responsible for gas-
phase conformations of the protein ions. The balance between
attractive intramolecular interactions, intramolecular charge
solvation, and coulomb repulsion decides the conformational
change of proteins. For higher charge state of the protein ion,
coulomb repulsion predominates the intramolecular interac-
tions. To minimize the repulsion, unzipping of the protein
structures take place. Considering these phenomena, different
charge states will show different degrees of unfolding upon Au
addition. To confirm this claim, +10, +11, +12, and +13 charge
states before and after Au binding were compared in Figure 3.
To reduce complications, the effects of five Au attachments

on +10, +11, +12, and +13 charge states are shown in Figure 3.
The folded state of Lyz has a +10 charge state at maximum
intensity and shows a proper Gaussian shape in its mobilogram.
As discussed above, decreased or increased charge state of the
same entity may have different conformers leading to multiple
peaks in the mobilogram. Each of these conformers upon Au
addition will have more conformers with a slight change in their
size and shape. This will lead to the broadening of the overall
mobilogram, as all of the conformers cannot be separated from
the larger envelope. The degree of broadening and number of
conformers are highly depended on the charge state. This is
reflected for five Au attachments to Lyz where +10, +11, +12,
and +13 charge states showed a completely different degree of
unfolding resulting in different CCS values. In the process of
ion mobility separation, the ions are subjected to collide with
N2 gas. The effective area for the interaction between the
individual ion and the neutral gas through which it is traveling
is the measure of the collision cross section of the ions. From
the CCS value, the structurally different conformers can be
isolated in the gas phase. The unfolded structure will show
more CCS value than the folded one as a result of different
cross section values while colliding with N2 gas. Here the Au
attachment to protein increased the CCS value more than the
native protein. Each of the CCS values was calculated separately
and plotted against the number of Au attachments to the
protein for a specific charge state (Figure 3E), which follows an
almost linear relationship, confirming stepwise unfolding of the
protein upon Au addition.
Collision-induced unfolding (CIU)41,63 is a technique to

understand the change of a native protein after forming a
complex in ion mobility mass spectrometry through fragmenta-
tion of a specific charge state by collision/surface induced
dissociation (CID/SID). A specific charge state is normally

Figure 2. Ion mobility drift time of each Au-attached protein (for
charge state +10) showing successive unfolding due to Au attach-
ments. Broadening of the peaks signifies unfolding. Another hump at
lower drift time suggests the opening of the protein to give an uncoiled
conformer.
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selected, and the fragmentation is monitored at different
collision energies. The same charge state of the protein adduct
is also studied in a similar way and compared with the native
protein. The relative changes in the protein structure are
analyzed by this method, which is an established way to
understand protein unfolding/folding in the gas phase. If the
minimal collision energy required to fragment the adduct is
more than the native protein, the adduct is more stable than its
native form and vice versa. Most of the proteins try to attain a
folded state if not get modified and require more energy to
fragment. During adduct formation, unfolding occurs and the
protein becomes more susceptible to fragmentation at the same
condition. This, in turn, validates the relative stability of the
two. This phenomenon was studied in detail for Lyz and the
Aun-Lyz system, and the data are represented in Figure 4. The
CIU plot for Lyz at its +10 charge state is shown in Figure 4A

which, although exhibits successive fragmentation at higher
collision energy, the parent protein peak was more intense than
the fragments, even at a CE of 80 V (laboratory collision
energy). Partial unfolding of the protein upon formation of
Aun-Lyz was evident from the broadness of the mobilogram as
well as from the higher CCS value. Moreover, Au2-Lyz showed
a higher tendency for fragmentation and was not present
beyond a CE of 60 V (Figure 4B). As more unfolded state is
prone to higher fragmentation, Aun-Lyz was less stable than the
parent protein when compared to the same charge state. This
study confirms a lesser stability of the protein upon Au
attachment and a higher tendency to fragmentation, which in
turn confirms the unfolding of the protein after Au binding.
The corresponding CID data were given in Figure S2. A similar
observation was found while cluster formations occurred where
more protein fragments were found.39 This conjecture again

Figure 3. Ion mobility drift time of different charge states. The degree of unfolding depends highly on the charge state: +10 (A), +11 (B), +12 (C),
+13 (D) represent different charge states of protein and Aun-protein adduct. (E) Collision cross sections (CCS) calculated from the ion mobility MS
data show increasing unfolding (higher ccs value) with higher numbers of Au attachment.
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presents the need to understand the change in protein structure
and a detailed mechanistic pathway of protein unfolding during
cluster formation.
To understand the unfolding in solution and compare the

findings that obtained from gas phase studies, CD and IR were
studied in detail. Helicity of a protein can be directly measured
from its CD spectrum.18 With the increase in Au3+

concentration compared to protein, a gradual decrease in %α-
helix was observed, as the peak at 222 nm becomes more

shallow when more Au3+ is added. More than half of the helicity
disappeared at the maximum Au3+ concentration. This data
clearly prove solution state unfolding of the protein upon Au
addition (see Figure 5A).
This conformational relaxation of protein after Au3+ addition

was characterized by FTIR spectroscopy also.18,25,64 The
change in the protein’s secondary structure is reflected in the
amide region, amide bands I (1600−1690 cm−1), II (1480−
1575 cm−1), III (1229−1301 cm−1), and amide A (3300 cm−1).

Figure 4. (A) Ion mobility drift time of Lyz at different collision energy showing unfolding of the protein at higher collision energy. (B) Aun-Lyz
adduct at different collision energy showing more unfolding and more prone toward fragmentation.

Figure 5. (A) CD spectra of the Lyz and Aun-Lyz complex at different Au/Lyz ratios like 1:1.5, 1:3, and 1:4. (B) Second derivative of FTIR spectra
of Au attached Lyz in these ratios. (C), (D), (E), (F) are the simulated structures of the Lyz and Aun-Lyz complexes of 2, 4, and 6 Au. Condensed
phase results are well matched with the simulated ones.
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The band near 1650 cm−1, a signature of amide I, appears from
the contribution of CO stretching vibration and out of plane
C−N stretching. The change of N−H bending in the structures
is attributed to the Amide II regions. A broad band near 3300−
3000 cm−1 in the amide A region can be assigned due to N−H
and O−H stretching vibrations. The second derivative of IR (in
the region 1600−1700 cm−1) is more sensitive toward the
changes in the amide region during Aun-Lyz formation. A large
change in the α-helix region among all the changes of
secondary structures like α-helix (1651−1658 cm−1), β-sheets
(1618−1642 cm−1), random coils (1640−1650 cm−1), and
turns (1666−1688 cm−1) was clear from Figure 5. The band
around 1654 cm−1 was found to become featureless at higher
Au ion concentration, which supports the earlier IR data
reported for Au@Lyz.18 Due to the huge perturbation in the α-
helical region, the protein structure became relaxed which
supports our gas phase data also. The full range IR spectra of
Lyz and Aun-Lyz complexes are shown in Figure S3 and the
amide band I region (1600−1690 cm−1) of each spectra are
shown along with their second derivatives in Figure S4.
Experiments have shown that gold ions bind to proteins

through the formation of Au−S bonds with cysteine.18,36 In
Lyz, free cysteine residues are not available, as they are involved
in disulfide bonds. The secondary structural units hold together
with the help of four disulfide bonds. Gold ions were covalently
attached to cysteine by breaking the disulfide bonds. For each
cystine, two Au+ were added in order to understand the
structural changes in Lyz after complexation with Au+. First,
two gold ions were added to the disulfide bond (Cys127 and
Cys6), which were present on the outer surface of Lyz. Then 4
(2 two disulfide bonds), 6 (3 disulfide bonds), and 8 (4
disulfide bonds) gold ions were attached to Lyz through Au−S
bond formation. Molecular dynamics simulations have been
carried out for all the complexes of gold ions and Lyz. The
snapshots of the simulated structures were shown in Figure
5C−F. It may be noted from Figure 5C−F that variations occur
in the secondary structure of Lyz. The enlarged snapshots of all
the simulated structures are shown in Figures S5−S9. The
calculated residue-wise secondary structures for all the
complexes are shown in Figures S11 and S12 and the same

for native Lyz is presented in Figure S10. It can be observed
that the residues (98−114) underwent slight changes in their
conformation after addition of two gold ions. The deviations in
the α-helical structural units of Lyz increased with the increase
in the number of gold ions. The calculated helical content of
Lyz is 40, 36, 34, 34, and 28% in the case of native Lyz, Au2-
Lyz, Au4-Lyz, Au6-Lyz, and Au8-Lyz, respectively. In all the
cases, α-helical conformation adopts the turn form after Lyz
bind to Au+. The changes in α-helicity calculated from the CD
spectra corroborate well with the values obtained from MD
simulations.
Conditions used in electrospray ionization are known to have

definite effects on the structure of the analyte species.65,66

Changes in relative abundances of isomers were observed
during ionization for small molecules such as peptides,
carbohydrates etc. In a very recent report, Xia et al. have
shown67 that changing the probe position, desolvation
temperature, capillary voltage, sample infusion flow rate and
cone voltage, the relative population of the tautomer can be
changed in the case of p-hydroxybenzoic acid. When the probe
tip is close to the cone aperture, that is, under high field
conditions, ions can preserve their solution based ionic
structures. But when the distance between the spray needle
and the entrance orifice is more, that is, under low field
condition, gas phase ion population is enhanced. This
phenomenon can be justified by charge ion evaporation and
charge residue models. For macromolecules like proteins, the
structure shrinks in the gas phase due to dehydration.68 In the
solvent-free environment, the structures turn “inside out”, that
is, the hydrophobic part comes out and the polar segment
moves inward.58

If a protein is unfolded in the solution before ESI, it will not
show any change with varying probe distance. But if the
unfolding is a purely gas phase phenomenon, there will be a
significant change with decrease or increase in probe distance.
To illustrate the structural changes of the protein due to the Au
attachment, a probe distance dependent ESI IM-MS study was
performed for both native protein and its Au-adduct. The
native protein showed substantial changes while changing the
probe distance, confirming shrinkage in the gas phase

Figure 6. Probe distance-dependent study of protein and complex. (A) Schematic of different probe distance in MS. (B) and (C) are the structural
changes for Lyz and Au attached Lyz, respectively.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b02436
J. Phys. Chem. C 2017, 121, 13335−13344

13341

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b02436/suppl_file/jp7b02436_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b02436/suppl_file/jp7b02436_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b02436/suppl_file/jp7b02436_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b02436/suppl_file/jp7b02436_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b02436/suppl_file/jp7b02436_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b02436


compared to condensed phase when the probe distance was
varied from 5 to 10 mm (see Figure 6B). As the probe distance
was increased, the protein was exposed to the gaseous state for
more time. Consequently, the structures became more compact
and the drift times shifted to lower values.
This kind of change in the drift time, however, was not

observed for the Aun-Lyz with varying probe distances (Figure
6C). These suggest that the Au-induced unfolding of Lyz has
already happened in the solution state. Shrinkage of these
unfolded species does not happen effectively during the
electrospray ionization process, resulting in similar drift time.
To prove such fluctuation in the protein structures upon Au

binding, we have calculated the root-mean-square fluctuation
(RMSF) and conformational entropy for Lyz and Aun-Lyz. The
calculated RMSF for Lyz in the case of native Lyz and Au8-Lyz
are presented in Figure S13. The fluctuation of residues is
suppressed slightly upon binding with Au+ ions except for the
residues from 40 to 60. The decrease in the flexibility of Lyz is
marginal in the presence of gold ions when compared to native
Lyz. Conformational entropy values were calculated using
principal component analysis which was performed on the
trajectories of native Lyz and Au8-Lyz. The calculated
conformational entropy values for Lyz are 2.45 and 2.21 kJ
mol−1 K in the case of native Lyz and Au8-Lyz, respectively.
The less conformational entropy in the case of Au8-Lyz
indicates more rigidity of Lyz in the adduct than in the native
state.The secondary structural elements present in Lyz are α-
helix, antiparallel β sheet, long loop, and a 310 helix. These
structural units are stabilized with the formation of the
hydrogen bonds between the residues. The calculated number
of hydrogen bonds is presented in Figure 7. It can be clearly
seen that a decrease in a number of hydrogen bonds occurs
with an increase in simulation time. The average number of
hydrogen bonds of Lyz in the case of 2Au+, 4Au+, 6Au+, and
8Au+ addition are 88, 85, 84, and 75, respectively. The

reduction in hydrogen bonds increases with the increase in a
number of Au+. Overall, the results affirm the unfolding of
secondary structural elements of Lyz upon binding with Au+.

■ SUMMARY AND CONCLUSIONS

A comparison between gas phase and solution phase studies of
Lyz and Aun-Lyz demonstrated the structural changes of
protein during Au@Lyz formation. Gas phase conformers
observed for different charge states of native protein as well as
Aun-Lyz were separated by ion mobility mass spectrometry.
Change in their collision cross section upon Au binding showed
qualitative unfolding of the protein. The unfolding was indeed a
solution phase phenomenon and such conformers were
retained in the gas phase. A detailed understanding of the
protein’s conformational change was performed by MD
simulations, which supported the experimental observation in
the gaseous and condensed phases. This study would help to
understand the exact mechanism of formation of protein
protected clusters and can explain a few puzzles related to the
formation event. The difference between the CCS of the native
protein and after cluster formation may allow us to estimate the
cluster size and structural changes of the protein simulta-
neously.
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Figure 7. Simulated data of breaking of H-bonds with time for 2, 4, 6, and 8 Au attached protein, showing more Au attachment leads to uncoiling of
the protein structure.
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